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Chapter 110

1.1 Introduction
Oral cancer is a disease that occurs in approximately 800 new patients in the Netherlands each

year. Most of these patients have a history of heavy smoking, often in combination with the fre-
quent use of alcoholic drinks, especially strong liquors. More than 90% of these cancer patients
suffer from oral squamous cell carcinomas which arise from the upper layer of the tissue: the oral
mucosa. It is this mucosa that has been exposed to tobacco and alcohol, and is therefore at risk for
developing premalignant lesions and invasive tumours. During the process of so-called ‘field can-
cerization’, multiple areas of the oral mucosa undergo carcinogenic changes. This is an important
feature of oral carcinogenesis and it can explain why the occurrence of second primary tumours
in patients is so often seen. In fact, 28% of the patients diagnosed with a squamous cell carcinoma
(SCC) of the oral mucosa will develop a second primary tumour within ten years. As with all can-
cers, the prospects for the patient are better when the malignancy is found in an early stage.
Treatment of small tumours, without regional metastases, give higher survival rates, better functio-
nal and esthetic results and a lower morbidity than in the case of advanced tumours. Early treat-
ment strongly improves the survival rates and results in a lower morbidity. For example, a prema-
lignant lesion can be removed by CO2 laser evaporation of the affected epithelium (a mildly inva-
sive treatment), while advanced squamous cell carcinoma’s generally require extensive surgery
and/or radiotherapy which may profoundly affect certain essential functions like swallowing and
speech. Furthermore, these advanced carcinomas can metastasise, which significantly reduces the
survival chances. For this reason, patients who are at high risk for developing oral cancer, i.e.
patients that have been treated for oral cancer, are submitted to a strict screening protocol by a
specialized oral and maxillofacial surgeon (oral oncologist). Upon discovery of a lesion of the oral
mucosa by visual inspection, it is impossible to classify the lesions as harmless or potentially malig-
nant. Most premalignant lesions present as whitish (leukoplakia) or reddish (erythroplakia) lesions
and usually resemble some far more common benign lesions, even to the experienced eye. Only a
biopsy can provide the final diagnosis. Unfortunately, the number of biopsies that can be obtained
within one session is usually limited due to the complex anatomy of the head and neck region.
Furthermore, the biopsy can result in some discomfort for the patient and of course the pathologi-
cal examination costs time and money. Another important drawback is that the biopsy results are
not always representative for the complete lesion. An oral lesion can contain local premalignant
changes at one position, while it can still be benign at a position only a few millimetres away. This
can result in underdiagnosis, or the need for repeated biopsies if the oral oncologist is not convin-
ced that a lesion is benign.

1.2 Optical spectroscopy
The disadvantages of the traditional biopsy form a strong clinical rationale for developing other

techniques to improve the detection of early premalignant changes in the oral mucosa. One of
these techniques under investigation is optical spectroscopy. Optical spectroscopy allows non-inva-
sive physical and chemical characterisation of biological tissues. The structural and chemical com-
position of cells and tissues strongly influences their optical features, and therefore alterations in
the optical characteristics may indicate the presence of diseased tissue. Optical spectroscopy may
provide possibilities in the early detection of cancerous tissues in humans. Biochemical and struc-
tural/morphological information can be gained by measuring absorption, (auto)fluorescence, elas-
tic scattering or Raman scattering. These spectroscopic techniques each have separate physical
bases and all have the potential to become an adjuvant method to conventional cancer detection
methods. However, of all these optical techniques, spectroscopy of tissue autofluorescence has
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been favoured the most promising. In a pilot study, we found excellent results for distinguishing
cancerous tissue from healthy oral mucosa. Also, the techniques required for autofluorescence
spectroscopy are relatively easily applicable and cheap. Therefore, we decided to investigate the
value of autofluorescence spectroscopy in a clinical study. Such a study requires extensive analysis
of a wide variety of lesions and tissue conditions and we have therefore limited ourselves to solely
investigate autofluorescence spectroscopy as a technique for cancer detection.

1.3 Autofluorescence
Autofluorescence is the fluorescence of tissues to which no chemical substances have been app-

lied: it is the natural fluorescence of the tissue itself (‘auto’). Fluorescence in general is the process
by which excitation with light evokes the emission of light of a different (lower) wavelength, i.e.
red-shifted light. In this thesis, the excitation light is in the near-UV to visible range and the evo-
ked autofluorescence is in the visible to near-infrared range. Fluorescence is the result of a process
that occurs in certain molecules called fluorophores. The process responsible for the fluorescence
of fluorophores is illustrated by the electronic-state diagram (Jablonski diagram) shown in Figure 1.1. 

Figure 1.1 Jablonski diagram.

(1) : A photon of energy h ex (h=Planck’s constant, ex =excitation wavelength) is supplied by an
external source such as a lamp or a laser and absorbed by the fluorophore, creating an excited
electronic singlet state (S1'). 
(2) : The excited state exists for a short time (picoseconds) during which the energy of S1' is parti-
ally dissipated through internal conversion, yielding a relaxed singlet excited state (S1) that typical-
ly exists for 1-10 nanoseconds and from which fluorescence emission originates. Not all the mole-
cules initially excited by absorption return to the ground state (S0) by fluorescence emission; other
processes may also depopulate S1. The fluorescence quantum yield, which is the ratio of the num-
ber of fluorescence photons emitted to the number of photons absorbed, is a measure of the rela-
tive extent to which these other processes occur. 
(3): A photon of energy h em, with h em the emission wavelength, is emitted. The fluorophore
returns to its ground state S0. Due to energy dissipation during the excited-state lifetime, the ener-
gy of this photon is lower and therefore of longer wavelength than the excitation photon h ex.
The difference in energy or wavelength represented by (h ex – h em) is called the Stokes shift. The
difference in wavelength between excitation and emission light allows one to easily separate the
evoked fluorescence light from the reflected excitation light, which is generally much higher in
intensity. Continuous excitation of the fluorophore causes continuous emission of fluorescent
light, unless the fluorophore can be destroyed by excitation (‘photobleaching’).  
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1.4 Biofluorophores
In the literature, various naturally occurring biofluorophores such as keratin, porphyrins,

NAD(P)H, collagen and elastin have been claimed to be useful for the classification of lesions.
Carcinogenic processes produce alterations at the cellular level but also in the structural tissue
composition. Both may be reflected in autofluorescence spectral shape and intensity. For example
keratin, which is located mainly at the upper layer of the mucosa, is strongly fluorescing. For this
reason, hyperkeratotic lesions will show more keratin autofluorescence and possibly can be distin-
guished from healthy mucosa thanks to this. Another example is porphyrin-like fluorescence,
which has been claimed to be associated with tissue alterations and with malignancy in particular.
If this is true, the relatively narrow porphyrin fluorescence peak may be informative about the
mucosa under investigation. For distinguishing between different lesion types, in particular
between (pre-)malignant and benign lesions, much attention has been given to NAD(P)H, i.e., the
reduced coenzyme nicotinamide adenine dinucleotide and its phosphorylated form. Having both
oxidized NAD(P)+ and reduced NAD(P)H forms, coenzymes NAD(P) play an important role in
cellular metabolism. Only the reduced form is fluorescing. Since (pre-)malignant lesions are cha-
racterized by cell proliferation, which costs a lot of energy and causes the metabolic activity to
increase, the reduced form of NAD(P)H is expected to predominate in these lesions. A higher
observed autofluorescence intensity may result. However, no convincing evidence for this hypothe-
sis has been given yet. 

Collagen and elastin from the connective tissue layer can be decomposed by processes associated
with disease, in particular for (pre-)malignant lesions. This may be reflected in a lower autofluores-
cence intensity. Epithelial thickening may shield the collagen and elastin fluorescence from the
deeper layers. Also, angiogenesis may result in an increased amount of blood, which contains
hemoglobin that will partly absorb both excitation and fluorescence light. In this way, the presence
of disease will be reflected in the autofluorescence spectra in a less direct way. From this last
example, it is clear that blood absorption can be useful on its own for lesion characterization. The
same goes for scattering, which may for example be increased in malignant tumours because of
the large number of scattering nuclei in cancerous mucosa.

1.5 Classification
The classification of lesions will probably be difficult. Due to the optical properties of living tis-

sue, it is impossible to retrieve the exact fluorophore concentrations in the oral mucosa by analy-
zing autofluorescence spectra. For example, hemoglobin in the blood will partly absorb the excita-
tion light as well as the evoked autofluorescence. Since the distribution of blood within the tissue
under investigation is not known, and because the unknown variable oxygenation influences the
wavelength-dependency of blood absorption, these effects cannot be undone mathematically.
Furthermore, tissue contains many light scattering particles, such as cell nuclei and organelles.
The scattering effects that these induce are wavelength-dependent and therefore do not only
change the total autofluorescence intensity by multiple reflections within the tissue, but also the
spectral shape. Since the distribution of scatterers within the tissue is not known, these artifacts
cannot be completely removed from the autofluorescence spectra. Next to these scattering and
absorption effects, most fluorophores have very broad and overlapping emission peaks that com-
plicate the determination of fluorophore concentrations. 

Since the exact concentrations of fluorophores cannot be reliably calculated from the spectra, it
will not be possible to construct a simple lesion classification rule. Other, more empirical mathe-
matical approaches have to be applied to extract the relevant tissue characteristics. For this reason,
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various techniques have been applied in the literature, such as principal components analysis,
emission wavelength ratios and artificial neural networks. 

1.6 Aim of our study
Several scientific papers indicate that spectroscopy of tissue autofluorescence provides a sensitive

and easily applicable method for detection of small and superficial lesions. Published data show
that this technique may be able to differentiate between normal mucosa, hyperkeratosis and
(pre)malignant lesions of the mucosa at an early stage. In this thesis, we will study the applicability
of autofluorescence spectroscopy in the diagnosis of oral (pre)malignant lesions. Our hypothesis is
that autofluorescence spectroscopy will detect premalignant lesions and squamous cell carcinoma
of the oral cavity at an earlier stage than visual inspection. We will try to establish the usefulness
of autofluorescence spectroscopy as a guide to decide which location is best to take biopsies and as
a method to detect (pre-)malignant lesions at an earlier stage. We need to know whether the
method is capable of distinguishing between benign lesions on the one hand, and dysplastic and
cancerous lesions on the other hand. If this distinction can successfully be made, we will study
which alterations in the autofluorescence emission spectrum are responsible for the classification.

In this thesis we study:
• Influences of anatomical location on the autofluorescence characteristics of oral 

mucosa. The oral cavity is lined with a rich variety of mucosal types. The resulting influences 
on autofluorescence characteristics might be large and possibly have to be taken into account 
when performing lesion diagnostics.

• Influences of individual characteristics on autofluorescence characteristics of the 
oral mucosa. For example, tobacco is known to produce tissue alterations that may eventually 
lead to cancer. It is conceivable that the influence of smoking is also reflected in autofluores-
cence of healthy oral mucosa. The same goes for the influence of alcohol consumption. We 
also examine influences of age, gender, wearing of dental prostheses and skin colour.

• Lesion diagnostics with autofluorescence spectroscopy. We use various combinations 
of classification algorithms and excitation wavelengths. Three clinical questions are addressed: 
oral cancer vs. healthy mucosa, lesions vs. healthy mucosa, and (pre-)malignant vs. benign lesions.

• Autofluorescence microscopy of freeze-dried tissue sections from lesions. We investi-
ga te the autofluorescence characteristics of the different tissue layers. A comparison with Raman 
spectra from the same sections is made.

• Reflectance spectra in lesion diagnostics. These white light spectra, which are sensitive to 
absorption and scattering only, are recorded in addition to the autofluorescence spectra in order 
to study their potential for lesion diagnostics, combined with autofluorescence or on its own; and 
to investigate to a first approximation the influence of blood absorption and tissue scattering 
effects on the diagnostic potential of autofluorescence spectroscopy.

• Scientific literature. To put our own results into a perspective, we extensively review the litera-
ture on autofluorescence imaging and spectroscopy for the oral mucosa.
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Summary

Background and Objectives: Autofluorescence spectroscopy is a promising tool for
oral cancer detection. Its reliability might be improved by using a reference database of
spectra from healthy mucosa. We investigated the influence of anatomical location on
healthy mucosa autofluorescence.
Study Design/Materials and Methods: Spectra were recorded from 97 volunteers
using seven excitation wavelengths (350–450 nm), 455–867 nm emission. We studied
intensity and applied principal component analysis (PCA) with classification algorithms.
Class overlap estimates were calculated.
Results: We observed differences in fluorescence intensity between locations. These
were significant but small compared to standard deviations (SD). Normalized spectra
looked similar for locations, except for the dorsal side of the tongue (DST) and the ver-
milion border (VB). Porphyrin-like fluorescence was observed frequently, especially at
DST. PCA and classification confirmed VB and DST to be spectrally distinct. The remai-
ning locations showed large class overlaps. 
Conclusions: No relevant systematic spectral differences have been observed between
most locations, allowing the use of one large reference database. For DST and VB
separate databases are required.

2.1 Introduction
Autofluorescence spectroscopy is a non-invasive and easily applicable tool for the detection of

alterations in the structural and chemical compositions of cells, which may indicate the presence
of diseased tissue [1–4]. Autofluorescence of tissues is due to several endogenous fluorophores.
These comprise fluorophores from tissue matrix molecules and intracellular molecules like colla-
gen, elastin, and NADH. Early detection of pre-malignant lesions and malignant tumours may
reduce patient morbidity and mortality, and therefore is of great clinical importance [5,6].

(Pre-)malignant lesions of the oral mucosa are clinically not easily distinguishable from benign
lesions. Current clinical diagnosis procedure, therefore, includes a biopsy. Unfortunately, it is diffi-
cult to determine the optimal, i.e., most dysplastic, location for biopsy, leading to repeated biopsies
and the risk of underdiagnosis. Autofluorescence spectroscopy can be useful in guiding the clinici-
an to the optimal location for biopsy and has shown promising results for lesion screening as well
[7–14].

In a previous study of autofluorescence spectroscopy for the detection of oral lesions performed
by our group, we obtained a sensitivity of 86% and a specificity of 100% for the classification of
visibly abnormal tissue. In that study, we divided lesion spectra by corresponding contralateral
spectra measured in the same patient to correct for intra- and inter-individual variations [13].
However, there is no evidence for the assumption that contralateral tissue in patients with oral lesi-
ons is normal. The influence of carcinogens like tobacco smoke and alcoholics can cause long-
term damage of the oral mucosa (‘‘condemned mucosa’’) which can lead to ‘‘field cancerization’’
[15]. This process is reflected in the fluorescence characteristics of the upper aerodigestive tract
[16]. Our earlier study showed that spectroscopic changes occur not only at the center and border
of lesions, but also in the surroundings, where no abnormalities are visible [13]. This suggests that
the distinction between healthy and diseased tissue within a patient is not always well defined. If
classification algorithms become less dependent on a patient’s own ‘‘healthy’’ oral mucosa, they
will probably be more robust. Therefore, we are developing a reference database of autofluores-
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Autofluorescence characteristics of healthy oral mucosa at different anatomical sites 17

cence spectra of healthy mucosa of a large group of volunteers.

Figure 2.1. Sections of healthy oral mucosa of the dorsal side of the tongue (DST) (a) and of the palate (b).
Note the difference in structure between the anatomical locations. Tongue tissue has a papillary structure whe-
reas the palatal epithelium is flat.

However, unlike most other organs suitable for fluorescence detection of malignancies, the oral
cavity is lined with a rich variety of mucosal types. Figure 2.1 shows sections of healthy oral
mucosa of (a) the dorsal side of the tongue (DST) and (b) the palate, demonstrating the differen-
ces in structure between anatomical locations. These variations might translate into differences in
autofluorescence spectral shape and intensity. For example, the cheeks, inner lip, soft palate, and
floor of the mouth are lined with non-keratinized mucosa, while keratinized mucosa can be found
on the hard palate, gingiva, and tongue. The presence of lingual papillae and taste buds makes
the histological anatomy of the tongue unique. Furthermore, the palatal mucosa and gingiva are
supported by bone, which might increase the reflection of incident and fluorescent light. Savage et
al. examined five anatomical locations in the oral cavity and found statistically significant differen-
ces in emission wavelength intensity ratios [17]. If spectroscopic differences between anatomical
locations are of the same order of magnitude and type as differences between healthy and disea-
sed tissue, we will have to use separate location databases for future lesion comparison. In this way,
the lesion classification algorithm will not be affected by variations that are irrelevant for the pur-
pose of lesion diagnostics. In the present study, we investigated the influence of anatomical locati-
on on healthy autofluorescence characteristics to determine if a separation into different anatomi-
cal reference databases is necessary. We measured oral mucosa autofluorescence spectra at 13
well-defined anatomical locations in 97 healthy volunteers. The spectra were acquired in prepara-
tion of a large-scale clinical study in which we measure autofluorescence characteristics of oral
lesions.

We used elaborate statistical methods in order to establish any, potentially subtle, differences
between spectra from different anatomical sites. After studying fluorescence intensity, we therefore
applied k-means clustering, principal component analysis (PCA) using multiple classifiers, and we
calculated class overlaps of different locations based on the classification errors of the different
classifiers.  
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2.2 Materials and methods

Volunteer population
Autofluorescence spectra were collected from 97 volunteers with no clinically observable lesions of

the oral mucosa, after they had given their informed consent. The population included volunteers
from the Department of Oral and Maxillofacial Surgery of the University Hospital of Groningen,
as well as patients who had been referred to the hospital for conditions not affecting their oral
mucosa. This study was approved by the Institutional Review Board of the University Hospital of
Groningen.

Experiments
Before we recorded the spectra, volunteers were asked to complete a questionnaire concerning

their smoking and drinking habits, most recently consumed food and beverage and the use of any
medication. A visual inspection of the oral cavity was performed by an experienced dental hygie-
nist to be certain that no oral lesions were present at the time of measurement. If present, the vol-
unteers were asked to remove their dentures. All volunteers then rinsed their mouth for 1 minute
with a 0.9% saline solution in order to minimize the influence of consumed food and beverages.

Figure 2.2. The experimental set-up.

The measurement set-up (Figure 2.2) consisted of a Xe-lamp with monochromator (Photomax
60100+ 77250, Oriel Instruments Corporation, Stratford, CT) for illumination and a 1,024 pixel
optical multi-channel analyzer (OMA) (Instaspec-IV 77131 CCD-camera+Multispec 125 spectro-
meter, Oriel Instruments Corporation) for spectroscopy. The light source and OMA were connec-
ted to the separate illumination and fluorescence detection arms of a Y-fibre. A measurement
probe, consisting of an imaging fibre bundle of 8 mm in diameter, was connected to the end of
the third fibre arm where the illumination fibre and fluorescence fibre joined. Tissue excitation
wavelengths were 350, 365, 385, 405, 420, 435, and 450 nm (bandwidth ≤15 nm full width half
maximum). The total output at the tip of the probe ranged from 20 to 100 W. The output
varied with excitation wavelength due to the grating efficiency and spectral intensity dependence
of the lamp output. A 460-nm shortpass filter was used to prevent any long wavelength light, due
to higher order transmission of the monochromator, from reaching the mucosa. Fluorescence
spectra were recorded in the 455–867 nm range. A 460-nm long pass filter removed any reflected
excitation light. The short pass and long pass filters were a custom made filter set, designed to
have minimum overlap (Omega Optical, Inc., Brattleboro, VT). Without this filter set the uninten-
ded transmission of stray light through the excitation monochromator that was reflected from the
tissue surface influenced the shape of measured spectra. Using different filter sets for different
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Autofluorescence characteristics of healthy oral mucosa at different anatomical sites 19

excitation wavelengths would have extended the emission range, but unfortunately for practical
reasons this was not possible. However, since the emission spectra of the important tissue fluoro-
phores are very broad, we expect to collect part of their information nonetheless [18].

The measurement probe was disinfected using 2% chlorhexidine digluconate in ethanol and
covered with plastic film. The probe was placed in contact with the oral mucosa. The measure-
ments were performed in a completely darkened room to prevent stray light from entering the
OMA. In each subject, we measured excitation–emission maps at 13 anatomical positions cove-
ring different tissue types. The anatomical locations measured were the cheek, tongue (lateral bor-
der, dorsal and ventral side), transition of tongue to floor of mouth, floor of mouth, free mucosa
of mandible and maxilla (i.e., mandibular and maxillary fold), gingiva, lower inner lip mucosa,
vermilion border (VB) of the lip and soft and hard palate (Figure 2.3). Three experienced dental
hygienists, that had been trained by a maxillofacial surgeon in placing the fluorescence probe at
well-defined positions, performed the measurements.

Figure 2.3. The 13 anatomical locations as measured in the volunteers.

For each anatomical location and excitation wavelength, three sequential measurements of 1-
second integration time were recorded. This allowed us to remove occasional spectra containing
extremely high values for discrete pixels due to electronic noise. On each measurement day, a set
of background spectra was recorded for each excitation wavelength by placing the probe in a
light-absorbing black cylinder box, thus enabling us to subtract any fluorescence generated by the
equipment. The output of a spectral calibration lamp (Hg(Ar) 6035, Oriel Instruments
Corporation) and reference spectra of a stable fluorescing standard at different excitation wave-
lengths were measured to correct for the spectral variation in lamp output as well as for any other
varying experimental circumstances.

Data processing
Data preprocessing. Detection wavelength calibration was performed for all spectra using the mercu-

ry–argon calibration lamp. Background spectra for the appropriate excitation wavelength were
subtracted. The spectral regions below 455 nm and above 867 nm were omitted since they contai-
ned no fluorescence. Spectra were averaged per four CCD pixels and eventually consisted of 199
sample points. Averaging the data in this way was justified because the spectral resolution of the
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spectrograph was less than 2 nm (867–455 nm/199 points). To be certain that pixel averaging did
not influence the analysis, part of it was performed on spectra without averaging measurement
points. This did not influence the results significantly.

Data analysis. First the k-means clustering algorithm was applied to all non-normalized autofluo-
rescence spectra as well as to spectra normalized by their mean intensity [19]. We applied the k-
means algorithm for 2, 3, and 4 clusters to see if any clear clustering was apparent. As the algo-
rithm was applied to non-normalized as well as to normalized spectra for all seven excitation
wavelengths, this resulted in 3x2x7=42 k-means clustering tests. After this, we applied PCA to
establish any differences between different anatomical locations. We used three principal compo-
nents (PCs) of spectra that were normalized by the area under the 498–520 nm part of the spec-
trum. This was done in order to study spectral shape instead of intensity. PCA was applied for
each of the seven excitation wavelengths separately. We examined the spectral shape of the PCs.
PC scores for different locations were analyzed using one-way analysis of variance, followed by a
multiple comparison test of the means of single PC scores for all locations. The mean value of a
PC score for a certain location was considered to be significantly different from that of another
location only if the 95% confidence intervals (CI) of the mean values did not overlap. 

We then applied leave-one-out classification methods on the first ten PC scores for autofluores-
cence spectra using three different classifiers. Our purpose is not to classify spectra into anatomi-
cal sites, since this is clinically irrelevant. However, a good classification score, i.e., low classificati-
on errors, may indicate the presence of spectral differences between anatomical locations. For this
reason classification errors give information about the dependence of spectral characteristics on
anatomical site. We performed classification methods for the 405 nm excitation wavelength spec-
tra only because a trial analysis showed no significantly different results for different excitation
wavelengths. Furthermore, 405 nm excitation is commonly used in autofluorescence spectroscopy
[4,20–23]. The spectra were normalized individually by dividing the intensity at each of the 199
spectral samples by the total fluorescence intensity (=the area under the curve) of the spectrum.
We chose this method for normalization because in a small trial, it revealed more differences
between anatomical sites than non-normalized spectra or spectra that were normalized by the
fluorescence intensity around 500 nm. The total fluorescence intensity was added to the data as a
200th feature. 

The classifiers used were the Karhunen-Loeve Linear Classifier (KLLC), which is also known as
regularized linear classifier assuming normal distributions, the quadratic classifier (QC) assuming
normal distributions and a neural network (NN) with one hidden layer, consisting of ten neurons
[24–26].

Finally, we assessed the class overlap of autofluorescence spectra of the remaining anatomical
location classes that did not seem separable. Assuming normal distribution of locations, we could
estimate the class overlap by a classification error obtained by the QC applied to a sequence of
two-class problems. In these two-class problems, we compared each location separately to all loca-
tions combined. 
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Autofluorescence characteristics of healthy oral mucosa at different anatomical sites 21

2.3 Results

General description of the data
We measured 49 men and 47 women with a mean age of 50 years (range 18–85, standard deviati-

on (SD) 16 years). Of the 96 volunteers, six were measured again on another occasion and one
subject was measured on three different occasions to study measurement reproducibility. In five
volunteers, a total of six locations could not be measured for various reasons, for example retching
reflexes and extreme mandibular resorption. Thus, a total of 9,295 autofluorescence spectra was
collected. The mean healthy autofluorescence spectra of different anatomical locations were
approximately of the same spectral shape for each excitation wavelength. Figure 2.4 shows spectra
recorded at 405-nm excitation for four representative locations. Spectra recorded at other wave-
lengths are not shown because they look very similar. All spectra show dips around 540 and 577
nm that are caused by oxyhemoglobin absorption. A Student’s t-test showed significant differences
(P<0.05) in total fluorescence intensity between almost all different anatomical locations for most
of the excitation wavelengths. Averaged over all volunteers, the total fluorescence intensity varied
greatly between different locations, up to a factor 2.3. However, the distributions of fluorescence
intensities were overlapping.

Figure 2.4. Mean autofluorescence spectra of healthy oral mucosa obtained at four representative locations, excitation
wavelength 405 nm.

The lowest total intensities were recorded at the VB of the lip and the lateral border of the ton-
gue. Highest intensities were observed for the palatal locations and at the mucosa of the cheek.
The mean SD of the total fluorescence intensity of different locations within individuals was
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29–49% for separate excitation wavelengths. Besides the variation in fluorescence intensity
between different anatomical locations, we observed an even larger variation between the indivi-
dual volunteers. The average SD of total fluorescence intensities within separate anatomical loca-
tions for the group of volunteers was 55–63% for separate excitation wavelengths. The overall SD
of total fluorescence intensities at all locations in all volunteers was approximately 86% for each
excitation wavelength.

Some anatomical locations produced distinct autofluorescence spectra. For example, in 94% of
all healthy volunteers the DST showed a fluorescence peak at 636 nm for at least one of the
seven-excitation wavelengths. The highest intensity for this peak was produced at 405 and 420 nm
excitation. The 636-nm peak could be as large as or even larger than the autofluorescence intensi-
ty maximum around 520 nm. For relatively high 636 nm peak intensities, an accompanying smal-
ler peak centered around 705 nm was observed. The 636/705 peak combination strongly resem-
bled the in vivo emission of Protoporphyrin IX, a photosensitizer commonly used in photodyna-
mic therapy [27]. A peak of the same shape appeared at the lateral border of the tongue in 51%
of the volunteers for at least one of the excitation wavelengths. At this location, the peak was
generally much smaller than at the DST. In some volunteers, porphyrin-like peaks occasionally
appeared at other locations as well. Percentages of volunteers showing these peaks ranged from 1
to 14% for different locations for at least one of the excitation wavelengths. In other locations
than the DST, the peaks were generally small. However, in some cases they were as large as at the
DST. Locations frequently showing porphyrin-like peaks (>10% of volunteers for at least one of the
excitation wavelengths) were free mucosa of the mandible, gingiva, soft and hard palate. 

The reproducibility of our measurements was studied using multiple sessions in our volunteers. We
found the SD of total autofluorescence intensity between different measurements to be 38% in the
combination group of anatomical sites showing the least interlocational intensity variations (floor of
mouth, lateral border of tongue, free mucosa of the maxilla, and free mucosa of the mandible).

Statistical results 
K-means clustering

The k-means clustering plots showed no obvious clustering with regard to anatomical location.
Therefore, we evaluated the cluster labels the algorithm had attached to spectra of the 13 anato-
mical locations. We calculated the percentage of the dominant label that a location group had
received. We then subtracted the percentage it would have received when no information was con-
tained in the spectra, so that all labels would have been attached randomly (i.e., 25% for four clus-
ters). We considered only the cases in which this difference ‘D’ was larger than 20%. The localiza-
tions showing most separate clustering, with values of D over 60%, were the dorsum of tongue
and the VB of the lip. In general, larger D arose from normalized spectra than from nonnormali-
zed spectra. In general, excitation wavelengths above 385 nm showed more clustering. For 350 nm
excitation, some clustering was found for the hard palate, with four of the six clustering methods
for this excitation wavelength showing D between 21 and 26%. 
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Figure 2.5. The first three principal components (PCs) for autofluorescence spectra of all 13 healthy anatomical locations,
excitation wavelength 365 nm. Spectra were normalized by the area under the 498–520 nm part of the spectrum.

Figure 2.6. The first three PC scores plotted in three-dimensional space for the dataset of all 13 healthy anatomical locati-
ons, recorded at excitation wavelength 405 nm. Spectra were normalized by the integrated area under the spectrum, which
was added as an extra feature to the data. There is no apparent clustering with regard to anatomical location. PCA can
cause symmetrical clouds of points with respect to the coordinate origin; please note that these are not data clusters.
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Principal component analysis

Figure 2.5 shows an example of the loadings of the first three PCs for all locations. The PCs
shown correspond to an excitation wavelength of 365 nm. PC1 corresponds to the mean autofluo-
rescence spectrum for all locations. PC2 looks similar to the porphyrin-like peak at 636 nm. PC3
mainly seems to show the influence of blood absorption, with absorption maxima around 540 and
575 nm. There appear to be some common features for PC1 and PC2, as well as for PC2 and
PC3. The latter similarity is even more pronounced for higher excitation wavelengths. The mean
scores for PC2 and PC3 were only 3 and 0.2% of the mean score for PC1, respectively. The three
PCs together accounted for 98.8–99.7% of the variance in spectra for the different excitation
wavelengths. This means that the data are well described by these first three PCs. Figure 2.6
shows the first three PCs for the dataset at 405-nm excitation. PCA produces symmetrical map-
pings because the sign of coefficients can be positive or negative. This can cause symmetrical
clouds of points with respect to the coordinate origin; however, these are not data clusters. It is
clear that the general dataset does not consist of separate groups of objects. This also explains the
ineffectiveness of the k-means-clustering algorithm for this dataset.

Figure 2.7. Representative example of a multicomparison of PC scores for normalized autofluorescence spectra obtained at
13 sites. Mean PC score values are plotted with 95% confidence intervals (CI). Only non-overlapping CI show significant
differences between locations. This example shows scores of the third PC for 435-nm excitation.

We performed a multicomparison analysis of the mean values and 95% CI of the first three PC
scores for different anatomical locations. This was done for all seven excitation wavelengths sepa-
rately. In 86% of all 21 multicomparisons (=three PCs for seven excitation wavelengths), the DST
and/or the VB of the lip were the only clear outliers. For all other locations, the 95% CI showed
overlap, meaning that the first three PC scores are not statistically different. A representative
example is shown in Figure 2.7. To study the differences between autofluorescence spectra obtai-
ned at different anatomical sites in more detail, we performed classification of the locations using
the first ten PCs. These turned out to preserve 99.99% of the total variance in the data, meaning
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that the data are almost completely covered. We studied the classification errors to see whether the
autofluorescence spectra of different healthy locations are different. The lower the classification
errors are, the more spectral differences must exist between anatomical locations. The results are
shown in Table 2.1. In order to know whether the obtained class classification errors show signifi-
cant differences between data distributions, they have to be compared to the random classification
error. If the classification error does not fall within two SD intervals from this random error, the
data distributions of PC scores for separate locations are significantly different. In this study, the
predicted random classification error can be calculated to be 0.923 (=12/13) with a SD of 0.0302.
The 2-STD interval for random classification, therefore, is [0.863; 0.984]. Obtained errors falling
outside this interval are marked with (*) in Table 2.1. 

Table 2.1. Leave-One-Out classification errors per class (location) under 405 nm excitation, obtained by the Karhunen-
Loeve Linear Classifier (KLLC), the Quadratic Classifier (QC), and the Neural Network (NN) with one hidden layer, con-
sisting of ten neurons. Classification errors with (*) show that there exist significant differences in distributions of the data
classes (locations).

The results show that all locations except the gingiva have significantly different distributions in
the 10-dimensional subspace spanned by the first ten PCs. All three considered classifiers agree
that the DST and the VB of the lip are most easily separated from all other locations. The remai-
ning 11 locations have different distributions for the first ten PCs, which are probably heavily over-
lapping. To check this, we performed a class overlap estimate. 

Class overlap estimate
A multicomparison of the first three PCs and classification trials for the first ten PCs have shown
that autofluorescence spectra obtained from the DST and the VB of the lip are clearly different
from those obtained from other anatomical locations. The remaining 11 locations seem to be dis-
tributed similarly but not identically, since they still are distributed significantly different. The first

Location KLLC QC NN (10 neurons)

Cheek mucosa 0.7051* 0.9103 0.7179*

Lateral border of tongue 0.8462* 0.8846 0.6538*

Dorsal side of tongue 0.2949* 0.3462* 0.1795*

Ventral side of tongue 0.7013* 0.9870 0.4675*

Floor of mouth 0.8974 0.6024* 0.7308*

Transition of tongue to 
floor of mouth 0.7564* 0.8333* 0.9231

Mandibular buccal fold 0.8333* 0.8974 0.8205*

Maxillar buccal fold 0.8205* 0.9487 0.9487

Gingiva 0.9744 0.9487 0.9744

Lip mucosa 0.8205* 0.4487* 0.8974

Vermilion border 0.4744* 0.5385* 0.1282*

Soft palate 0.8442* 0.8442* 0.7662*

Hard palate 0.5769* 0.7949* 0.3462*
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three PCs show that these 11 locations are heavily overlapping. In order to test whether they also
overlap in the first ten PCs space, the class overlap between these locations is considered for a set
of 2-class problems: each of the 11 anatomical locations separately against all 11 locations combi-
ned. The results are shown in Table 2.2. 

Table 2.2. Leave-One-Out classification error of the QC for the first ten principal components (PCs) of 405 nm excitation
autofluorescence spectra. An overlap of more than 18% means that a location overlaps with other locations. A 100% class
overlap would indicate complete overlap of the data.

For a 2-class problem the maximum classification error (50%) is obtained when data classes are
completely overlapping (100% class overlap). Consequently, the class overlap for a 2-class problem
is defined as two times the classification error. If the chosen location overlaps only with itself
(represented in the large data class consisting of all 11 locations), then the obtained classification
error is equal to 1/11=0.0909 and the class overlap is equal to 2x1/11=0.1818. Therefore, if the
obtained class overlap exceeds the value of 0.1818, it means that the selected location overlaps
with other locations. Table 2.2 shows that indeed the remaining 11 locations are heavily overlap-
ping (65–97% overlap).

2.4 Discussion
This study shows that most mucosal linings in the oral cavity can spectroscopically be regarded as
nearly identical. The fluorescence intensity has its maximum between 500 and 510 nm and is
comparable to values found in other studies for excitation at approximately the same wavelength,
in vivo as well as in vitro [10,13,28–30]. A prominent dip in fluorescence emission was seen in most
spectra around 575 nm, as well as a less pronounced dip around 540 nm, as has been observed
before [10,13,28,30]. From 13 anatomical locations in the oral cavity, 11 were not clearly separa-
ble by k-means clustering or by PCA. Only the VB of the lips and the dorsum of the tongue were
reliably classified as spectroscopically different. The results need to be carefully interpreted becau-
se small differences exist among the anatomical locations. Comparing the first three PCs of the
autofluorescence spectra,we found that the DST and the VB of the lip are clear outliers for

Location class (compared to group of 11 locations) Class overlap (%)

Cheek mucosa 66

Lateral border of tongue 96

Ventral side of tongue 94

Floor of mouth 84

Transition of tongue to floor of mouth 80

Mandibular fold 87

Maxillar fold 97

Gingiva 96

Lip mucosa 73

Soft palate 79

Hard palate 64
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almost all excitation wavelengths and PCs. For the remaining 11 locations, the 95% CI for the
mean values of the first three PCs overlapped, meaning that they are not statistically different. A
refined PCA using the first ten PCs on the 405-nm excitation spectra using two classifiers and a
NN showed that spectral shape is statistically different for all anatomical locations except for the
gingiva. The DST and the VB of the lip were most easily classified, showing again that they are
very different from the other anatomical locations in the oral cavity. Classification error rates of
the remaining 11 locations were statistically different from the random classification error.
However, class overlap estimates made clear that the 11 locations heavily overlapped (64–97%).
This is a result of the fact that the spread of PC scores of spectra recorded within an anatomical
location is much larger than the differences between the means of these groups. Although we do
not know at this point what the differences in PC scores between benign and (pre-)malignant lesi-
ons are, we can conclude that differences in means are irrelevant if the spread within an anatomi-
cal location is much larger. This convinces us that these 11 locations can be combined in a refe-
rence database for future lesion diagnostics. 

For the DST and the VB of the lip, there is no a priori basis to conclude that the differences in
mean PC scores between locations are irrelevant. Therefore, initially two separate reference data-
bases will have to be created for these locations. 
Previous attempts have been made to identify cancerous lesions in different organs by comparing
fluorescence intensities between normal and diseased tissue [1,31,32]. Often intensities at a selec-
ted emission wavelength are used or the ratio of two emission wavelength (ranges) is calculated
[33–35]. We found that total fluorescence intensities differed significantly between almost all loca-
tions for most excitation wavelengths. However, the SD of the total fluorescence intensities within
locations were much larger than the differences between locations, so that the intensity distributi-
ons of anatomical locations heavily overlapped. This means that the differences in total autofluo-
rescence intensity between different anatomical locations are irrelevant for our purpose. We found
that the variation in total fluorescence intensity is large between volunteers for one specific anato-
mical site (55–63%). Anatomical locations within one specific volunteer showed high fluorescence
intensity SD (29–49%) in spite of the fact that these anatomical locations are spectroscopically
comparable. This tells us that total fluorescence intensities are highly inconsistent, both intra- and
inter-individually. The use of ratios of emission peaks at a single wavelength was not investigated
in this study. However, we anticipate that ratio-techniques and statistical methods applied to nor-
malized spectra will be more accurate than techniques that rely on the absolute intensity for their
diagnostics. These techniques will reduce interpatient variability as well as irreproducibility, since
spectral shape seems more consistent than fluorescence intensity.

There are several possible biological explanations for the large intra- and inter-subject variability
in total fluorescence intensity. Fluorescence intensity can be influenced by intersubject variability
in the amount of blood, with absorption leading to a wavelength-dependent decrease in fluores-
cence intensity. Also, variability in the presence of porphyrin-producing microorganisms can influ-
ence the total fluorescence intensity by providing an additional amount of fluorescence at 636 nm.
Besides the biological variation, varying experimental circumstances can influence the total fluo-
rescence intensity. Although it is our intention to keep the fluorescence probe in the same position
for all measurements, variations in positioning will probably account for some part of the variati-
on in fluorescence intensity. 

We frequently observed 636 nm peaks that we believe to be caused by porphyrins, which are
fluorescing substances produced by living cells. This porphyrin-like peak has been reported by
other authors [11,28]. It seems generally accepted that it is caused by endogenous porphyrin pro-
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duction. This may be either by cells of the body, or by microorganisms that find a natural habitat
in papillary cavities like those at the DST. The porphyrin-like peaks were found most frequently at
this location (94% of volunteers). The presence of a porphyrin-like peak at this location probably
explains the low error rates in location classification for the DST. The variability in the appearan-
ce of porphyrin-like peaks at the lateral border of tongue may be due to small variations in the
location of the measurement probe, because the lateral border of the tongue is in fact a transfor-
mation zone of papillary to normal flat mucosa. Other locations frequently showing porphyrin-
like peaks were the mandibular fold, the gingiva, the soft and the hard palate. We assume the 636
nm peaks at the mandibular fold and the gingiva to be caused by porphyrins appearing in dental
plaque [36]. The peaks appearing at the soft and hard palate may be explained by the frequent
contact of these locations with the tongue. This is plausible because at least part of the porphyrin-
like fluorescence producing substances is located on top of the surface of the tongue. This we
have concluded from an experiment in which we tried to diminish the 636-nm peak intensity.
Rinsing the mouth with saline had no effect on the height of the peak at the tongue, but rubbing
the tongue could reduce the 636-nm peak to about 30–40% of its original height. If all of the
fluorescence producing substances were located in the tongue tissue cells, it would have been
impossible to diminish the porphyrin-like peak. Porphyrin fluorescence transfer has been obser-
ved previously by Harris et al., who found transfer from squamous cell carcinoma’s in the ham-
ster cheek pouch to surrounding tissue and a Q-tip [37]. Another explanation for porphyrin-like
peaks appearing at other locations than the tongue might be found in bacterial infections that
are not noticed clinically [38,39].

Although successes have been obtained in diagnosing malignancies searching for porphyrin-
like peaks appearing in these lesions, we believe that this method is not reliable for the oral cavi-
ty [9,11]. The presence of porphyrin-like peaks in autofluorescence spectra of healthy oral
mucosa, most frequently on the DST but also at all other sites, will lead to false positive classifi-
cations. 

In three volunteers, we observed fluorescence peaks in the 670–680 nm emission wavelength
range that were about as high as the fluorescence intensity at 520 nm. These 670–680 nm peaks
appeared for excitation wavelengths 405–450 nm and occurred at the floor of mouth in one
volunteer and at the mandibular fold in two volunteers. The 670–680 nm peaks might be cau-
sed by pheophorbide A and/or pheophytin A, degradation products of chlorophyll A that have
been shown to cause the 674 nm fluorescence peak in mouse skin [40]. These substances might
be present in the oral cavity due to recently consumed food, for example, leafy vegetables.

For future lesion diagnostics, we plan to investigate the use of our reference database for com-
parison. Different anatomical locations showed significantly different autofluorescence intensi-
ties. However, the interpatient variability was much larger. We presume that, because of its
large variation between both anatomical locations and volunteers, the total fluorescence intensi-
ty can not easily be used as a method of diagnosing tumour tissue when using a reference data-
base.

We have concluded that all anatomical locations, except the DST and the VB of the lip, are
interchangeable for the purpose of autofluorescence spectroscopy for the detection of
(pre)malignant lesions. For our lesion diagnostics algorithm development, we will compare the
results for methods using reference spectra recorded at the contralateral anatomical position in
the same patient and for methods in which we compare the lesion spectra to our reference data-
base. For the first type of method, we can probably use not only spectra of contralateral tissue
in the same patient, but spectra of any anatomical location that we have found to be interchan-
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geable with it. For the second type of method,we will use separate reference databases for the
DST and the VB of the lip. We will study whether the use of a reference database improves the
sensitivity and specificity of early cancer detection. 
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Summary

Background and Objectives: Autofluorescence spectroscopy is a tool for detecting tis-
sue alterations in vivo. In our previous study, we found spectral differences between cli-
nically normal mucosa of different patient groups. These are possibly caused by associ-
ated patient characteristics. In the present study, we explore the influences of volunteer
characteristics on healthy oral mucosa autofluorescence.
Study Design/Materials and Methods: Autofluorescence spectra were recorded in 96
volunteers with no clinically observable oral lesions. We applied principal components
analysis to extract the relevant information. We used multivariate linear regression tech-
niques to estimate the effect of volunteer characteristics on principal component sco-
res.
Results: Statistically significant differences were found for all factors but age. Skin color
strongly affected autofluorescence intensity. Gender differences were found in blood
absorption. Alcohol consumption was associated with porphyrin-like peaks. However,
all differences but those associated with skin color were of the same order of magnitu-
de as standard deviations within categories.
Conclusions: The effects of volunteer characteristics on autofluorescence spectra of the
oral mucosa are measurable. Only the effects of skin color were large. Therefore, in
lesion classification, skin color should be taken into account.

3.1 Introduction
Autofluorescence spectroscopy is a non-invasive tool for the detection of alterations in the struc-

tural and chemical composition of cells[1-4]. Autofluorescence of tissues is produced by several
endogenous fluorophores. These include fluorophores from tissue matrix molecules and intracellu-
lar molecules like collagen, elastin, keratin and NADH. The presence of disease changes the con-
centration of these fluorophores as well as the light scattering and absorption properties of the tis-
sue, due to changes in blood concentration, nuclear size distribution, epithelial thickness and colla-
gen content. It is therefore expected that the presence of disease will be identifiably reflected in
autofluorescence spectral shape and intensity. 
In our previous study on lesion classification, we observed statistically significant spectral differen-
ces between clinically normal mucosa of oral cancer patients and clinically normal mucosa of
patients with benign lesions[5, chapter 4 of this thesis]. This suggests that autofluorescence spec-
troscopy is not only sensitive to disease, but also to other tissue alterations. Our hypothesis is that
the non-pathological tissue alterations that cause these differences in autofluorescence characteris-
tics correspond to characteristics of the individual, such as tobacco and alcohol consumption, age
and wearing of dentures. 

The inflammatory effects of nicotine on oral mucosa have been demonstrated in vitro[6].
Epithelial atypia of the oral mucosa is correlated with smoking habits, while epithelial differentia-
tion due to nicotine has been demonstrated in vitro[7;8]. Pigmentation effects of smoking were
observed, as well as correlations between smoking behavior and leukoedema[9–11].
Keratinization indexes of the oral mucosa change due to smoking[12] and an increased cell pro-
liferation index is associated with smoking behavior[13]. 

Alcohol has been found to increase the permeability of the oral mucosa in animals and
humans[14–16]. Reduction in total cell area, mean cytoplastic and mean nuclear area were obser-
ved in humans with a history of chronic alcohol use[17;18]. Effects of chronic alcohol use on the
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oral mucosa in rodents include, amongst others, a thickening of the basal cell layer and basal cell
pleomorphism, enlarged cell nuclei and a tendency towards epithelial dysplasia[19–21].

Denture wearing is associated with stomatitis, angular cheilitis, traumatic ulcers, denture irritati-
on hyperplasia and flabby ridges[22]. The wearing of dentures is associated with changes in kera-
tinisation and epithelial thickness, inflammatory changes, and the replacement of collagen fibers
with oxytalan fibers[23–25]. In skin, the autofluorescence characteristics alter with age and possi-
bly this could happen with the oral mucosa as well[26].

To understand the differences in healthy oral mucosa autofluorescence spectra between different
patient groups, we searched for correlations between characteristics of the individual and spectral
properties in our healthy volunteers reference database. This was done by applying multivariate
linear regression techniques on principal components (PC) scores, which contain the most relevant
information from the recorded autofluorescence spectra. The multivariate linear regression techni-
que was chosen because it reduces the risk of attributing the observed spectral differences to varia-
bles that are merely correlated to the true causal factors. 

3.2 Materials and methods

Volunteer and patient population
Autofluorescence spectra were collected from 96 healthy volunteers with no clinically observable lesi-

ons of the oral mucosa as described in our previous study[27, chapter 2 of this thesis]. The populati-
on included volunteers from the Department of Oral and Maxillofacial Surgery of the University
Hospital of Groningen, as well as patients who had been referred to the same department because
of conditions that did not affect the oral mucosa. This study was approved by the Institutional
Review Board of the University Hospital of Groningen. 

Experiments 
Before recording the spectra, volunteers were asked to complete a questionnaire concerning their

tobacco and alcohol consumption and most recently consumed food and beverage. A visual
inspection of the oral cavity was performed by an experienced dental hygienist to ensure that no
oral lesions were present at the time of measurement. The presence of any dentures was listed, as
well as the volunteers’ date of birth, skin color and medical history relating to the oral cavity. If
present, the volunteers and patients were asked to remove their dentures. All patients and volun-
teers rinsed their mouth during 1 minute with a 0.9% saline solution in order to minimize the
influence of consumed food and beverages.

The measurement set-up (Figure 2.1), as described in detail in Chapter 2, consisted of a Xe
lamp with monochromator, a spectrograph and a custom-made set of 460 nm longpass and short-
pass filters[27]. Tissue excitation wavelengths were 365, 385, 405, 420, 435 and 450 nm. Using
different filter sets for different excitation wavelengths would have extended the emission range,
but unfortunately for practical reasons this was not possible. However, since the emission spectra
of the important tissue fluorophores are very broad, we expected to collect at least part of the
relevant information[28;29].

The measurement probe was disinfected using 2% chlorhexidine digluconate in ethanol, and
covered with plastic film. The probe was placed in contact with the oral mucosa. The measure-
ments were performed in a completely darkened room to prevent stray light from entering the
spectrograph. A dental hygienist performed the measurements.
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For each measured location and excitation wavelength, three sequential measurements of 1-
second integration time were recorded. This allowed us to remove occasional spectra containing
extremely high values for discrete pixels due to electronic noise. On each measurement day, a set
of calibration measurements was performed. 

Data processing
Data preprocessing was performed as described in our previous study[27]. Preprocessed spectra

consisted of 199 data points, covering the 467–867 nm emission range. We used two different nor-
malization methods, which comprised normalization by the area under the curve and by the fluo-
rescence intensity in the 502–523 nm range. The 502–523 nm spectral region corresponds to the
peak autofluorescence intensity of the spectra when porphyrin-like peaks around 635 nm are not
considered. We performed a principal components analysis (PCA) for each excitation wavelength
separately. PCA searches for the orthogonal components of the spectra that account for the maxi-
mum of variance within the complete dataset. The first four principal components covered >99%
of the variance, and therefore these were saved as spectrum representatives for each spectrum. 

Statistical analysis 
Because of their distinct spectral characteristics, we excluded spectra recorded from the vermili-

on border of the lip and the dorsal side of the tongue from all analyses[27]. We applied multivari-
ate linear regression techniques for evaluating the contributions of different volunteer variables to
PC scores. Tobacco and alcohol consumption, gender, denture wearing and skin color were consi-
dered as nominal values, while age was included as a continuous scale variable. To be less sensitive
to outliers, the PC scores were truncated to exclude the upper and lower 5% of values. Since we
study the prevalence of general trends, this data truncation is not disturbing. Differences with
p<0.01 were considered as statistically significant. 

3.3 Results

General description of the data
We measured 49 men and 47 women with a mean age of 50 years (range 18–85, standard devia-

tion 16 years). Ninety-one volunteers were Caucasian, 1 was Asian, 1 was Latin-American and 3
were Negroid. The medication used was diverse, most common were analgesics and antidepres-
sants. These medications were not expected to have a direct influence on autofluorescence charac-
teristics.

Of the volunteers, 3 were frequent users of inhalers for asthmatic diseases, and 7 volunteers used
inhalers occasionally. Of the 96 volunteers, 5 were measured again on another occasion and one
subject was measured on three different occasions.

The recently consumed food categories were too diverse to allow for a reliable statistical analysis
and therefore were not considered. In five volunteers, a total of six locations could not be measu-
red. In total, 9295 autofluorescence spectra were collected. The volunteer characteristics are des-
cribed in Table 3.1. The general shape and intensity of the spectra for the group as a whole have
been described in Chapter 2 of this thesis.
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Table 3.1. Volunteer characteristics in terms of the categories
that were included in the multivariate regression analysis.

Statistical analysis
Normalization by the 502–523 nm intensity gave rise to 17% more statistically significant diffe-

rences between PC scores. Therefore, we decided to summarize the results for 502–523 nm nor-
malization only.

Since we used six excitation wavelengths and four PCs, a maximum of 6 * 4 = 24 statistically sig-
nificant differences could be found for each comparison between two category groups. We expres-
sed the number of statistically significant differences for each comparison as a percentage of 24,
so that 0% means that no significant differences were found, and 100% means that all PC scores
for all excitation wavelengths were significantly different. 

Influence of smoking
The results of the multivariate analysis of the PC scores are summarized in Table 3.2. The most

significant differences were found between non-smokers and smokers (Table 3.2), especially for
those consuming 10–20 cigarettes a day (21%) and heavy smokers (29%). The most differences
were found for excitation wavelengths 435 and 450 nm. We examined the spectral shape of the
PC loadings that gave rise to the observed differences. In most cases, these PC loadings turned out
to correspond to the average autofluorescence spectrum (45% of significantly different PC scores)
or porphyrin-like peaks (35%). In Figure 3.1, the average normalized autofluorescence spectra at
405 nm excitation are plotted for the different smoking behavior categories. Please note that in
this non-multivariate figure the volunteers may differ not only in their tobacco consumption
habits, so that we possibly look at associated factors as well. However, because of the relatively
large numbers of volunteers in all smoking groups, we assume these to average out to a large
extent. We can see from Figure 3.1 that an increase in tobacco consumption is correlated with a
relative increase in red autofluorescence. We could observe no correlation between smoking beha-
vior and absolute fluorescence intensity. Hardly any differences were observed between non-smo-
kers and ex-smokers. Since the sample size of ex-smokers was larger than that of the separate
smoking groups, for which we did find significant differences, there truly are few differences
between non-smokers and ex-smokers in our spectra. Apparently, the effects of smoking on auto-
fluorescence spectra recorded from the oral mucosa are of a temporary nature. We also observed

Smoking habits
Non-smokers 39
1-10 cig./day 14
10-20 cig./day 13
> 20 cig./day 11
Former smokers 19

Alcohol consumption
< 5 alcoholic units/day 84
> 5 alcoholic units/day 6
Former alcoholics 6

Dental prosthesis
No dentures 48
Lower dentures 3
Upper dentures 7
Full dentures 38

_PROEF_H3_P032_044  23-03-2005  14:07  Pagina 37



Chapter 338

a reasonable number of significant differences between heavy smokers and ex-smokers, which
confirms the observation that ex-smokers’ autofluorescence characteristics are similar to those of
non-smokers.

Table 3.2. Percentage of significantly different PC scores between smoking habits categories.

Figure 3.1. Mean autofluorescence spectra for the
five smoking habits categories, a representative
example recorded at 405 nm excitation. All indivi-
dual spectra were normalized by the 502–523 nm
intensity. The right part of the normalized spectrum
rises with smoking frequency, while the former smo-
kers are very similar to the non-smokers.

Although many statistically significant differences were observed between the smoking behavior
categories, these differences can still be small compared to variations within the categories. To test
this hypothesis, we calculated standard deviations and average values of PC scores for different
categories. We found that for the comparisons giving the most significant differences (non-smokers
vs. intermediate and heavy smokers), the standard deviations of the PC scores within the catego-
ries were of the same order of magnitude as the differences between these scores. For the catego-
ries showing fewer significant differences, standard deviations within categories were approximate-
ly 4–7 times larger than differences between categories. These findings make it clear that it will
not be possible to perform classification of an individual’s smoking behavior by recording auto-
fluorescence spectra. 

Influence of alcohol consumption
In Figure 3.2, the average normalized autofluorescence spectra at 405 nm excitation are plotted

for the three alcohol consumption behavior categories. Again, please note this univariate plot
might display the influence of other, associated factors, like tobacco consumption, as well. The

Non-smokers <10 cig./day 10-20 cig./day >20 cig./day Ex-smokers

Non-smokers - 0 21 29 0

<10 cig./day - 0 0 0

10ñ20 cig./day - 0 13

>20 cig./day - 21

Ex-smokers -
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results of the multivariate analysis of PC scores are summarized in Table 3.3.
Most information about alcohol consumption was contained in the PCs resembling the porphyrin-
like peak (50% of significantly different PC scores). The most relevant excitation wavelength was
405 nm, which is the peak excitation wavelength for porphyrin. For the comparisons showing the
most significant differences, the standard deviations of the PC scores within the categories were
about 0.65 times the differences between these scores. Again, reliable classification of alcohol con-
sumption of individuals will not be possible.

Figure 3.2. Mean autofluorescence spectra recorded
at 405 nm excitation for the three alcohol consump-
tion categories. All individual spectra were normali-
zed by the 502–523 nm intensity. The right part of
the spectrum rises with alcohol consumption. For the
average individual consuming over five alcoholic
beverages a day, a clear porphyrin-like peak is
observed.

Table 3.3. Percentage of significantly different PC scores between alcohol consumption habits categories.

Influence of denture wearing
We found statistically different PC scores between upper denture wearers and volunteers without

dentures (42%). A large amount of differences was present between upper denture wearers and
full denture wearers as well (29%). Differences seemed to be associated mainly to blood absorption
(75% of significantly different PC scores). Most significant differences were observed for 365 and
435 nm excitation. To test the influence of anatomical location on the amount of differences, we
repeated the calculations while omitting each of the 11 anatomical locations in turn. This resulted
in almost equal amounts of significant differences, except for the mandibular and maxillary fold.
For these two locations, the omission resulted in a 25% decrease of significant differences. The
overall conclusion is that the information about denture wearing is not specifically contained with-
in autofluorescence spectra recorded at any specific location. However, the influence of upper

<5 Alcohol consumptions/day >5 Alcohol consumptions/day Ex-alcoholics

<5 Alcohol 
consumptions/day - 29 0

>5 Alcohol 
consumptions/day - 0

Ex-alcoholics -
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dentures is slightly more prominent in the mandibular and maxillary folds.

Influence of skin color
Despite the small number of subjects in the dark skin color group, significant differences were

very frequently found between Caucasian and dark skin color volunteers (67% of PC compari-
sons), as well as between lightly colored and dark skin volunteers (42%) (Figure 3.3). This is proba-
bly caused by mucosal pigmentation for dark skin type volunteers, which strongly influences the
spectral shape by absorbing both excitation and emission light. The differences were mainly con-
tained in the PC resembling the average autofluorescence spectrum. Most differences were found
for 365, 385 and 450 nm excitation. For the significantly different PC scores, the standard deviati-
ons within dark and Caucasian skin color categories were about half the size of the differences
between the categories. 

Figure 3.3. Mean autofluorescence spectra recor-
ded at 405 nm excitation for the three skin color
categories. All individual spectra were normalized
by the 502–523 nm intensity. The right part of the
spectrum is raised for pigmented skin. This is pro-
bably caused by relatively more absorption in the
left part of the spectrum.

Influence of gender and age
The multivariate analysis led to 33% significant differences between male and female volunteers.

These differences could be attributed mainly to blood absorption (67% of significantly different
PC scores). There was no dependence on excitation wavelength. Hardly any dependence of PC
scores on age could be observed.

3.4 Discussion
We studied autofluorescence spectral dependence on volunteer characteristics using a multivaria-

te analysis on PC scores and found many significant differences for spectra normalized by their
502–523 nm intensity. However, standard deviations within groups were relatively large, which
makes classification impossible. The first four PC loadings of the complete dataset for all excitati-
on wavelengths resembled the average autofluorescence spectrum, blood absorption dips, porphy-
rin-like peaks and mixtures of these. This means that these features account for most of the vari-
ance within the volunteer population. Most significant differences observed between volunteer
characteristics groups could be attributed to porphyrin-like peaks (40%), followed by PCs resem-
bling the average autofluorescence spectrum (25%) and blood absorption (23%). The remaining
significant differences corresponded to two PCs, both occurring at 450 nm excitation, that could
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not be reduced to any known autofluorescence features.
In terms of excitation wavelength, the lowest excitation wavelength (365 nm) and the two highest

ones (435 and 450 nm) were responsible for most of the observed differences.
We found statistically significant differences in autofluorescence characteristics to be associated
with skin color, tobacco and alcohol consumption, the wearing of upper dentures and gender.
Because this was a volunteer study, we did not take any tissue samples from the volunteers, which
makes it difficult to attribute the found differences to any histological changes. Autofluorescence
spectra are inherently complex and cannot be reduced reliably to constituting fluorophore spectra,
and therefore are not suitable for clear explanations of the observed significant differences.
Therefore, only the shape of the PC loadings that are responsible for the differences can give us
some information about the origins.

Tobacco consumption mainly had an effect on the score for the PC resembling the average auto-
fluorescence spectrum. We could not interpret changes in this PC score in terms of histological
alterations. The non-multivariately analyzed normalized spectra showed an increase in red auto-
fluorescence with tobacco consumption. In lesions, a relatively large contribution of red autofluo-
rescence is frequently observed as well[30;31]. In these cases, this is caused by a decrease in green
autofluorescence, probably due to thickening of the epithelial layer. In our study, however, smo-
king consumption was not associated with a decrease in absolute green autofluorescence, since the
spectra of smokers had a higher absolute intensity for all emission wavelengths. Apparently, the
effect of smoking that is responsible for changes in autofluorescence is not epithelial thickening.
To our surprise, we found that the effect of smoking on autofluorescence characteristics was of a
temporary nature. 

The effects of alcohol consumption habits were noticed when comparing <5 and >5 consumpti-
ons/day categories, and were associated with porphyrin-like peaks. Possibly, the regular presence
of alcoholic beverages in the oral cavity shifts the oral flora balance in such a way that porphyrin-
producing micro-organisms are more likely to prevail. Also, chronic alcohol abuse is associated
with a diminished care for oral hygiene[32;33], which augments the number of micro-organisms.

Denture wearing affected autofluorescence characteristics, especially in the case of upper dentu-
res with own lower teeth. Possibly, in this case masticatory forces are large and therefore induce
measurable changes to the supportive soft tissue. We expected to find influences of keratinization,
reflected in fluorescence intensity. The main correlation found, however, was with blood absorpti-
on. Possibly, the thickening of the mucosa by keratinization in the case of denture wearing redu-
ces the spectral influence of blood absorption. The effects were not specific for the gingiva.

In skin, the alterations in fluorescence spectra with age are commonly attributed to photoaging
due to UV exposure. For the oral mucosa, we found hardly any significant influence of age on
autofluorescence spectra, which might be explained by the low amount of daylight reaching the
oral mucosa.

Gender did have a significant influence on autofluorescence spectra. To our surprise, males’
autofluorescence spectra showed more blood absorption than females’. The average autofluores-
cence spectra for men and women show equal peak intensities, indicating that the higher blood
absorption is not a normalization artifact. The observed differences can perhaps be explained by
the differences in vascularization between men and women or by a difference in epithelial thic-
kness. We could not find substantial evidence for these hypotheses in the literature. However, diffe-
rences between male and female near-infrared spectra recorded from the skin of the forearm have
been observed[34]. These differences could be attributed to a smaller peak at 1212 nm (lipid) and
a larger absorption peak at 578 nm (blood absorption) in male volunteers. The 1212 nm peak falls
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outside our recording range, but the observation of more blood absorption in males is equal to
our own. This could mean that similar differences in blood absorption between males and females
exist in skin as well as in oral mucosa. Because of the multivariate analysis applied, the established
differences cannot be produced by any gender-correlated factor that was itself included in the
analysis, such as smoking behavior. However, non-included and therefore irretrievable gender-cor-
related factors might be of influence.

The effects of skin color on autofluorescence spectroscopy were very prominent, even though the
number of volunteers with a dark skin color was only 3. These differences are caused by mucosal
pigmentation, which absorbs excitation and fluorescence light. When autofluorescence is applied
for lesion diagnostics, the presence of mucosal pigmentation should be taken into account. In one
volunteer with a dark skin color, the autofluorescence was almost completely absorbed due to oral
pigmentation. For patients with strong oral pigmentation, autofluorescence spectroscopy may the-
refore not be applicable. 

The differences resulting from volunteer characteristics help to explain the large variation obser-
ved in autofluorescence spectra of healthy oral mucosa, that complicates lesion diagnostics[5;27].
However, the observed differences are generally small—in the same order of magnitude as the
standard deviations within categories. This means that it will not be possible to discriminate volun-
teer characteristics by means of autofluorescence spectroscopy.

Although the differences associated with all other factors are small, they can still provide interes-
ting information about the effects of individual characteristics on oral mucosa autofluorescence
for groups of people. We believe that the differences observed between clinically normal mucosa
of different patient groups as observed in our previous study, is at least partially caused by diffe-
rences in alcohol and tobacco consumption, gender, and wearing of dentures between these
groups. However, we believe that it will be impossible to correct for interindividual variations
when classifying lesions, since a very large part of the variation in the population was not associa-
ted with the factors studied. It seems improbable that other etiological factors can be found that
can help to explain this variation. Possibly, the variations are related to different mucosa types for
individuals, that may be defined genetically. The only parameter that explained enough of the
variation to be taken into account in lesion classification, was skin color. 
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Summary

Background and Objectives: Autofluorescence spectroscopy shows promising results
for detection and staging of oral (pre-)malignancies. To improve staging reliability, we
developed and compared algorithms for lesion classification. Furthermore, we exami-
ned the potential for detecting invisible tissue alterations.
Study Design/Materials and Methods: Autofluorescence spectra were recorded at 6
excitation wavelengths from 172 benign, dysplastic and cancerous lesions and from 97
healthy volunteers. We applied Principal Components Analysis (PCA), Artificial Neural
Networks and red/green intensity ratios to separate benign from (pre-)malignant lesi-
ons, using 4 normalization techniques. To assess the potential for detecting invisible tis-
sue alterations, we compared PC scores of healthy mucosa and surroundings/contrala-
teral positions of lesions.
Results: The spectra showed large variations in shape and intensity within each lesion
group. Intensities and PC score distributions demonstrated large overlap between
benign and (pre-)malignant lesions. The Receiver-Operator Characteristic Areas Under
the Curve (ROC-AUCs) for distinguishing cancerous from healthy tissue were excellent
(0.90-0.97). However, the ROC-AUCs were too low for classification of benign vs. (pre-
)malignant mucosa for all methods (0.50-0.70). Some statistically significant differences
between surrounding/contralateral tissues of benign and healthy tissue and of (pre-
)malignant lesions were observed.
Conclusions: We could successfully separate healthy mucosa from cancers (ROC-AUC >
0.9). However, autofluorescence spectroscopy was not able to distinguish benign from
visible (pre-)malignant lesions using our methods (ROC-AUC<0.65). The observed signi-
ficant differences between healthy tissue and surroundings/contralateral positions of
lesions might be useful for invisible tissue alteration detection.

4.1 Introduction
Autofluorescence spectroscopy is a non-invasive tool for the detection of alterations in the struc-

tural and chemical composition of cells, which may indicate the presence of pathologic tissue [1-
4]. Autofluorescence of tissues is produced by several endogenous fluorophores. These include
fluorophores from tissue matrix molecules and intracellular molecules like collagen, elastin, keratin
and NADH. The presence of disease changes the concentration of these fluorophores as well as
the light scattering and absorption properties of the tissue, due to changes in amongst others
blood concentration, nuclear size distribution, epithelial thickness and collagen content. It is there-
fore expected that the presence of disease will be identifiably reflected in autofluorescence spectral
shape and intensity.

Early detection of pre-malignant lesions and malignant tumours may reduce patient morbidity
and mortality because treatment at a less invasive stage is more successful, and therefore is of
great clinical importance[5,6]. Unfortunately, (pre-)malignant lesions of the oral mucosa often go
by unnoticed. In high-risk groups, premalignant and malignant lesions are often diagnosed in an
advanced stage. Once the patient or dentist does observe a lesion, it is generally unclear whether
the lesion is benign or (pre-)malignant. Current clinical diagnosis procedure therefore includes a
biopsy. However, determining the optimal, i.e. most dysplastic, location for biopsy is difficult. This
leads to repeated biopsies and to the risk of underdiagnosis, which delays the necessary treatment.
Autofluorescence spectroscopy can be a useful tool for guiding the clinician to the most dysplastic
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location for biopsy.
Autofluorescence spectroscopy is capable of distinguishing (pre-)malignant lesions from healthy

mucosa in the oral cavity[7-12]. In a previous pilot study for the staging of oral leukoplakia per-
formed by our group we obtained a sensitivity of 86% and a specificity of 100% for distinguishing
abnormal from normal tissue. However, the distinction between lesions in general and healthy oral
mucosa is not relevant for the clinical question of staging visible lesions and finding the optimal
location for biopsy, since the presence of a lesion is already established by its being noticed.

Therefore, in this study we investigated the potential of autofluorescence spectroscopy for staging
oral lesions in a large patient population. Our primary goal was to separate between benign lesi-
ons on the one hand and dysplastic and malignant lesions on the other hand, since this is one of
the most relevant clinical question. For this classification, we applied 4 different normalization
approaches, including normalization by the spectrum recorded from the contralateral position of
a lesion in the same patient. This normalization was aimed at correcting for interindividual varia-
tions in spectral properties of the mucosa that are irrelevant for our purpose. However, we cannot
be certain that contralateral tissue in patients is normal. The influence of carcinogens like tobacco
and alcohol can cause long-term damage of the oral mucosa (“condemned mucosa”), which can
lead to “field cancerization”[13-16]. Furthermore, our pilot study showed that spectroscopic
changes occur not only at the center and border of lesions, but also in the surroundings, where no
abnormalities are visible[17]. Also, Fryen et al. found keratinization of the borders of tumours,
allowing imaging detection of even small tumours[18]. These findings suggest that the distinction
between healthy and pathologic tissue within a patient is not always well-defined[17]. Therefore,
we also applied 3 normalization methods that did not use the contralateral position spectrum.

Other studies concerning in vivo autofluorescence spectroscopy in the oral cavity have predomi-
nantly been aimed at distinguishing cancerous lesions from healthy tissue, or distinguishing lesions
of any type from healthy tissue [2,8,10,11,19,20]. To allow for a comparison of the results obtai-
ned using our methods with those achieved in the literature, we therefore addressed these ques-
tions as well.

Besides for lesion classification, autofluorescence of oral mucosa is also potentially useful for the
detection of still invisible tissue alterations. However, it is not possible to measure spectra of invisi-
ble lesions to test this hypothesis, since we clearly cannot know where these lesions are present. To
scan the complete oral cavity using point spectroscopy is, for practical reasons, not feasible.
Therefore, we used another approach to establish any spectroscopic evidence of lesion develop-
ment. For this purpose, we assume that the process of lesion transformation can extend to the
mucosa at other locations than the visible lesion. This assumption is again supported by our pilot
study, in which we observed alterations in the autofluorescence characteristics of tissue surroun-
ding lesions, even though the tissue looked healthy to the eye at the position of measurement[17].
We compared autofluorescence spectra of mucosa surrounding or contralateral to a lesion with
healthy oral mucosa spectra to test for any significant differences between different data subsets.

4.2 Materials and methods

Volunteer and patient population
Autofluorescence spectra were collected from 96 healthy volunteers with no clinically observable
lesions of the oral mucosa as described in our previous study, and from 155 patients with oral lesi-
ons after they had given their informed consent. The population included volunteers from the
Department of Oral and Maxillofacial Surgery of the University Hospital of Groningen, as well
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as patients who had been referred to the same department because of an oral lesion. This study
was approved by the Institutional Review Board of the University Hospital of Groningen.

Experiments
Before recording the spectra, volunteers were asked to complete a questionnaire concerning their

smoking and drinking habits, most recently consumed food and beverage and the use of any
medication. This was done to track the causes of possible outliers during data analysis. A visual
inspection of the oral cavity was performed by an experienced dental hygienist. In the volunteer
group, this was done to ensure that no oral lesions were present at the time of measurement. In
the patient group, the dental hygienist located and described the lesions to be measured. If pre-
sent, the volunteers and patients were asked to remove their dentures. All patients and volunteers
rinsed their mouth during one minute with a 0.9% saline solution in order to minimize the influ-
ence of consumed food and beverages. 

The measurement set-up (Figure 2.1), as described in detail in Chapter 2, consisted of a Xe-
lamp with monochromator for illumination, a spectrograph and a custom-made set of 460 nm
longpass and shortpass filters[21]. Tissue excitation wavelengths were 365, 385, 405, 420, 435 and
450 nm (bandwidth ≤ 15 nm Full Width Half Maximum). Using different filter sets for different
excitation wavelengths would have extended the emission range, but unfortunately for practical
reasons this was not possible. However, since the emission spectra of the important tissue fluoro-
phores are very broad, we expected to collect at least part of the relevant information[2,22]. The
measurement probe was disinfected using 2% chlorhexidine digluconate in ethanol and covered
with plastic film. The probe was placed in contact with the oral mucosa. The measurements were
performed in a completely darkened room to prevent stray light from entering the spectrograph.
In our patient group, we measured four positions for each lesion: the center of the lesion, the bor-
der, the surrounding tissue and the supposedly healthy tissue at the contralateral position. The
dental hygienist performed the measurements.
For each measured location and excitation wavelength, three sequential measurements of 1-
second integration time were recorded. This allowed us to remove occasional spectra containing
extremely high values for discrete pixels due to electronic noise. On each measurement day, a set
of calibration measurements was performed. 

In our previous study, in which we investigated the autofluorescence properties of 13 anatomical
locations in the oral cavity, we concluded that oral mucosa can be divided into three categories
with different spectroscopic characteristics[21]. These comprise: 1) the dorsal side of the tongue,
2) the vermilion border of the lip and 3) a group of all other anatomical locations, which are
interchangeable with regard to their autofluorescence characteristics. In this study, we performed
all our data analysis within these 3 location groups separately.

Data processing
Data preprocessing was performed as described in our previous study[21]. Preprocessed spectra

consisted of 199 data points, covering the 467-867 nm range. For our first approach, autofluores-
cence spectra measured at the center of lesions were divided by spectra recorded from the contra-
lateral position. Since the high wavelength region of spectra shows very low fluorescence intensity,
dividing this part results in extremely noisy data. For this reason, only the 467-801 nm part of the
divided spectra (=160 data points) was considered.
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Principal components scores multicomparison

Principal components analysis was applied to spectra recorded from the center and border positi-
ons of lesions, separately as well as combined. We compared the values of the first 4 principal
component (PC) scores for spectra of lesions, divided into benign, dysplastic and malignant lesi-
ons. This was done to get an impression of the spectral differences between different lesion types.
We performed the non-parametric Kruskal-Wallis procedure for each excitation wavelength sepa-
rately and for 4 different normalization types. These comprised normalization by the peak intensi-
ty, by the area under the spectrum, by the spectrum recorded from the contralateral position in
the same patient and non-normalization. The Kruskal-Wallis procedure was chosen because of its
reduced sensitivity to outliers and unbalanced data (=data with unequal sample sizes for the diffe-
rent groups). This reduced sensitivity occurs because the procedure performs an analysis of vari-
ance (ANOVA) on the ranks of the PC scores, rather than on their numeric values, like in stan-
dard ANOVA. We performed a multicomparison on the Kruskal-Wallis results to test for any sig-
nificant differences of mean PC scores between different pairs of lesion types (benign, dysplastic,
malignant). If the mean PC scores are not significantly different for different lesion types, classifi-
cation by means of the information contained in the PC scores is impossible. However, please
note that the existence of statistically significant differences alone does not imply separability of
the data classes, since separability also requires small standard deviations in comparison to the dif-
ference between the mean values.

Classification of (pre-)malignant versus benign lesions

For the purpose of classification of benign v. (pre-)malignant lesions, we compared autofluores-
cence spectra recorded from the center of (pre-)malignant lesions on the one hand, with center
measurements of benign lesions on the other hand. This was done without normalization, with
normalization by the peak intensity, by the area under the spectrum and by the spectrum recorded
at the contralateral position in the same patient.

For each normalization method, classification was attempted with Principal Components
Analysis (PCA), Artificial Neural Networks (ANNs) and emission wavelength ratios as have been
applied in the literature[4,8,9,12,19,23-29]. All methods were performed on the basis of leave-
one-out classification, to ensure that no overly positive results were obtained. We investigated all
six excitation wavelengths. PCA classification was applied both with the first 10 and the first 4
principal components (PCs). We used the combination of PCA and linear classifier, which for tra-
ditional reasons we call the Karhunen-Loeve Linear Classifier (KLLC). This classifier is also
known as the regularized linear classifier assuming normal distributions. Before applying other
classifiers, first the PCA was performed. Then we applied the Quadratic Classifier assuming nor-
mal distributions (QNC) to the retrieved first 4 or 10 principal components. ANN was applied
using 1 hidden layer consisting of 10 neurons. For the red/green ratio techniques, we searched for
ratios in the literature that could be applied to our emission wavelength range. We compared
635/(467-489) nm, 640/500 nm, 680/600 nm and 630/560 nm ratios[9,25,27,28]. To make the
methods more robust, we integrated spectral areas of approximately 4 nm width around the selec-
ted emission wavelengths. We calculated Receiver Operator Characteristics (ROC) curve areas
using Leave-One-Out (LOO) classification for all methods. In these curves, sensitivities for detecti-
on of lesions are plotted against corresponding values of (1-specificity). The more accurately a
method separates the data classes, the closer the corresponding ROC-AUC (ROC - Area Under
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the Curve) approximates 1. We compared the areas under different ROC curves. This allowed us
to make a fair judgment of the effectiveness of different methods without being constricted to sin-
gle values of sensitivity and specificity, which largely depend on the threshold value chosen[30].
Some of the calculations were repeated for the combined set of center and border measurements
to investigate whether this affected the results.

Distinguishing lesions from healthy mucosa

We calculated ROC-curves for distinguishing 1) cancerous lesions or 2) the complete set of lesi-
ons on the one hand from healthy tissue on the other hand. We used the four red/green ratio
techniques as described above and the KLLC on the first 10 PC scores. We compared the center
measurements of all lesions to the healthy oral mucosa data set, leaving out spectra recorded from
the vermilion border of the lip and the dorsal side of the tongue for both groups. We evaluated
areas under the ROC curve using LOO procedures for all excitation wavelengths. We repeated
the calculations for border measurements and for the combined center and border measurements
of lesions to see whether extending the dataset could improve the results.

Detection of invisible tissue alterations

For assessing the possibility of early lesion detection, we performed a multicomparison on the
PC scores of spectra recorded from 3 groups of mucosa: healthy oral mucosa, tissue surrounding
a lesion and tissue contralateral to a lesion. Spectra were normalized by the area under the spec-
trum. We compared the means of the first 4 PC scores for each of the 6 excitation wavelength
separately to test for any statistically significant differences (24 comparisons). This was done for 6
different data subsets. Again, we used the non-parametric Kruskal-Wallis procedure and perfor-
med multicomparisons on the outcomes. Based on the outcomes of these tests, we also calculated
ROC-AUCs for classification using the KLLC on the first 10 PC scores. 

4.3 Results

General description of the data
Our volunteer population has been described before and consisted of 97 healthy volunteers (mean

age 50, range 18-85, standard deviation 16 years)[21]. Our patient population consisted of 155
persons (mean age 57, range 20-91, standard deviation 13 years). Some patients suffered from
multiple lesions, so that a total of 172 unique lesions could be measured. Several lesions were
measured for 2 or 3 times at different occasions for comparison, leading to a total of 199 lesion
measurements sessions. Lesion characteristics are described in Table 4.1. 
Of the 199 measurement sessions on lesions, 23 were left out of the analysis because they could
not be staged satisfyingly, could not be located clinically or had already been receiving therapy.
These sessions were saved as additional test data.
In 13 of the remaining 176 measurement sessions, the contralateral tissue of the lesions could not
be measured for various reasons. For example, the lesion was present bilaterally, the lesion was
large and centrally located or the patient had abnormalities at the contralateral position that did
not allow classification of the tissue as healthy. For our staging algorithm development approach
using divided spectra, we substituted the spectra measured at the surrounding tissue for these cases
if possible. For 2 of the 176 valid measurement sessions, the ratio spectra were not calculated at
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Lesion type Number of lesions Included in the Suspicious lesions,
(number of measurement analysis, location included in the 
sessions) group 3 (# sessions) analysis, location group 3 

(# sessions)

Squamous cell Malignant: 19 (20) Malignant: 16 (16) Malignant: 16 (16)
carcinoma

Adenocarcinoma Malignant: 1 (1) Malignant: 1 (1) Malignant: 0 (0)

Erythroplakia Dysplastic: 2 (2) Dysplastic: 2 (2) Dysplastic: 2 (2)

Leukoplakia Dysplastic: 13 (17) Dysplastic: 9 (13) Dysplastic: 9 (13)

Benign: 50 (56) Benign: 45 (51) Benign: 45 (51)

Erosive leukoplakia Dysplastic: 1 (1) Dysplastic: 1 (1) Dysplastic: 1 (1)

Benign: 1 (1) Benign: 1 (1) Benign: 1 (1)

Actinic keratosis Dysplastic: 1 (1) Dysplastic: 0 (0) Dysplastic: 0 (0)

Benign: 5 (7) Benign: 0 (0) Benign: 0 (0)

Oral lichen planus Benign: 35 (39) Benign: 33 (37) Benign: 32 (36)

Candidiasis Benign: 12 (15) Benign: 10 (13) Benign: 10 (13)

(Nonspecific) ulcus Benign: 9 (10) Benign: 7 (8) Benign: 6 (7)

Lymphangioma Benign: 1 (1) Benign: 1 (1) Benign: 0 (0)

Fibroma Benign: 4 (4) Benign: 3 (3) Benign: 0 (0)

Aphtous lesion Benign: 1 (1) Benign: 1 (1) Benign: 0 (0)

Mucosa morsicatio Benign: 1 (1) Benign: 0 (0) Benign: 0 (0)

Actinomycosis Benign: 1 (1) Benign: 1 (1) Benign: 1 (1)

Scar tissue Benign: 2 (2) Benign: 1 (1) Benign: 1 (1)

After CO2 laser Benign: 3 (9) Benign: 0 (0) Benign: 0 (0)
treatment

Lingua geographica Benign: 1 (1) Benign: 1 (1) Benign: 0 (0)

Hyperemic mucosa Benign: 1 (1) Benign: 1 (1) Benign: 0 (0)

Smoker’s palate Benign: 1 (1) Benign: 1 (1) Benign: 0 (0)

Heavy deposit of Benign: 1 (1) Benign: 0 (0) Benign: 0 (0)
the tongue

Mucocèle Benign: 2 (2) Benign: 0 (0) Benign: 0 (0)

Paresthesia of Benign: 1 (2) Benign: 0 (0) Benign: 0 (0)
the tongue

Rest lesion muco- Unknown: 1 (1) Unknown: 0 (0) Benign: 0 (0)
epidermoid 
carcinoma

Total Malignant: 20 (21) Malignant: 17(17) Malignant: 16 (16)

Dysplastic: 17 (21) Dysplastic: 12 (16) Dysplastic: 12 (16)

Benign: 132 (156) Benign: 106 (120) Benign: 96 (110)

Unknown: 1 (1)

Table 4.1. Summary of lesions included in the dataset. All dysplasias and cancerous lesions were histologically proven.
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all because surrounding and contralateral tissue spectra both could not be measured, leaving 176
sessions for approach A and 174 sessions for approach B.

The clinical staging of the lesions was based on clinical appearance in the case of obviously
benign and therefore unbiopsied lesions, and on histology reports in the case of suspicious lesions.
Of the 176 measurement sessions that were included in the data analysis, 20 were classified as
squamous cell carcinomas, 1 turned out to be an adenocarcinoma and 21 were dysplastic lesions
(17 leukoplakia, 2 erythroplakia, 1 erosive leukoplakia and 1 actinic keratosis). The remaining 134
lesions were classified as benign lesions.

We performed our analysis in location group 3 only (= all anatomical locations besides the dorsal
side of the tongue and the vermilion border of the lip), because the amount of dysplastic and
malignant lesions in the other categories was too low to allow for a reliable analysis. The measure-
ment sessions of lesions at the vermilion border of the lip and the dorsal side of the tongue were
saved as additional test data for the algorithms.

Autofluorescence spectra characteristics
The median fluorescence spectra for center and border measurements at healthy tissue, benign

lesions, dysplastic lesions and malignant tumours at excitation wavelength 405 nm are shown in
Figure 4.1. We chose to plot median instead of average spectra, since averaged spectra are more
sensitive to outliers and can therefore be biased. It is clear from Figure 4.1a that lesions produce
less autofluorescence than healthy tissue. However, note that the spectra recorded from dysplastic
lesions are in between those recorded from benign lesions and from healthy tissue. The normali-
zed plot (Figure 4.1b) shows that lesions and especially malignant tumours have relatively more
fluorescence in the red spectral range. Again, note the mixing of benign and dysplastic lesions. 

Figure 4.1a. Median autofluorescence spectra of lesions of the oral mucosa of different types, excitation wavelength 405 nm. 
b. Normalized spectra.

Figure 4.2 shows the 405 nm excitation median fluorescence spectra of center and border mea-
surements of benign, dysplastic and malignant lesions, normalized by spectra measured at the
contralateral position in the same patients. Dysplastic and benign lesions again show similar
median spectra. In Figure 4.3, we have plotted example spectra recorded from a benign, a dys-
plastic and a malignant lesion to illustrate that there is no general trend of fluorescence characte-
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ristics in relation to lesion type. All lesion types can show porphyrin-like peaks, not only malignant
or dysplastic lesions. This peak is of the same shape as the one frequently observed in our healthy
volunteer study, especially at the dorsal side of the tongue [21]. For all three lesion types, in most
cases the center of a lesion shows less fluorescence intensity than the contralateral tissue recorded
in the same patient. However, the percentage of cases in which the center of a lesion produces less
total intensity than the contralateral tissue is only 67% for benign, 55% for dysplastic and 72% for
cancerous lesions, showing that this criterion is not useful for classification.

Figure 4.2. Median autofluorescence spectra of different lesion
types in the oral cavity, excitation wavelength 405 nm, divided
by spectra recorded from the contralateral position in the same
patient.

Figure 4.3. Spectra of different lesion types in different patients,
excitation wavelength 405 nm. 
a) Leukoplakia of the retromolar trigone (benign)
b) Leukoplakia at the transition of tongue to floor of mouth (dys-
plastic)
c) Planocellular carcinoma of the mandibular fold (malignant
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Statistical results

Principal Components Scores Multicomparison

Plots of the first 4 PCs for all center and border of lesions spectra after normalization by the
area under the spectra are shown in Figure 4.4 (405 nm excitation). PC1 appears to correspond to
the bulk autofluorescence, PC2 contains the porphyrin-like peak around 638 nm, while PC3 and
PC4 contain a mixture of blood absorption and porphyrin-like fluorescence. The first 4 principal
components accounted for >99% of the variance in the data.

We observed that the differences between tumours and benign lesions, as well as between
tumours and dysplastic lesions, were more prominent than those between dysplastic and benign
lesions (i.e., a higher percentage of the 24 PC scores comparisons yielded significant differences,
Table 4.2). The results look similar for all excitation wavelengths considered, however, 365 nm
excitation tends to yield somewhat more differences between lesion groups. The normalization
method that exposed the most differences was normalization by the area under the curve.

The diversity in the group of benign lesions can possibly reduce the amount of significant diffe-
rences that are found between benign and (pre-)malignant lesions by creating more spectral varia-
tion. We therefore selected only those benign lesions that were clinically suspicious for dysplasia
and/or malignancy (leukoplakia, lichen planus, candida, ulcus, erythroplakia and actinic kerato-
sis), and applied PCA for the classification of dysplastic and malignant versus benign lesions
again. This approach did not improve the results. The results must be interpreted carefully, becau-
se reduction of the dataset on itself makes the appearance of statistically significant difference less
probable.

Figure 4.4. First four principal components loadings of spectra of center and border measurements of lesions that were included
in the analysis, excitation wavelength 405 nm. Loadings are normalized to the area under the curve and centered around zero.
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Table 4.2. Percentage of significantly different principal components scores between benign, dysplastic and malignant lesions
for different normalization methods. For each comparison between two lesion types, 24 pairs of PC scores were available
(first 4 PC scores, 6 excitation wavelengths). Comparisons were performed using the Kruskal-Wallis procedure. Benign and
malignant lesions show the most differences, hardly any differences exist between benign and dysplastic lesions.

Classification of (pre-)malignant versus benign lesions

In general, an area under the ROC-curve close to 0.5 indicates that the method used has failed
and is as effective as random classification. An area >0.9 indicates excellent classification, corres-
ponding to excellent separability of the two classes. The results for ANN, PCA, KLLC and QNC
for distinguishing (pre-)malignant from benign lesions all turned out to be bad (area<0.65).
Including the spectra recorded at the borders of lesions did not improve the results, nor did the
use of border spectra exclusively. Selecting only those benign lesions that were clinically suspicious
for dysplasia or SCC, as described before, still gave areas under the ROC <0.65. Distinguishing
between benign and dysplastic lesions was not successful either (areas < 0.65). We applied the
KLLC classifier on the first 10 PCs for spectra that had been divided by spectra recorded from the
contralateral position. This resulted in ROC curve areas of approximately 0.5 for all excitation
wavelengths, meaning that classification of dysplastic vs. benign lesions failed. For the distinction
between benign and malignant lesions, i.e. excluding dysplastic lesions from the analysis, areas
were higher (0.59-0.75). This implies, in agreement with the PC scores multicomparison results,
that the difficulties are caused by the problems in distinguishing dysplastic from benign lesions and
not so much by distinguishing benign from cancerous lesions. In fact, the distinction between dys-
plastic and malignant lesions could more successfully be made than that between benign and dys-
plastic lesions (areas under the ROC curve 0.67-0.82 for KLLC on the first 10 PCs, depending on
the excitation wavelength). 

Malignant v. Malignant v. Dysplastic v.  Mean for all 3 
benign dysplastic benign classifications

Non-normalized 38 38 8 28

Normalized by the 29 33 8 23
peak intensity

Normalized by the 67 54 4 42 
area under the 
spectrum

Normalized by the 13 0 0 4
spectrum recorded 
at the contralateral 
position
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Distinguishing lesions from healthy tissue

The results for distinguishing all lesions or cancerous lesions only from healthy oral tissue are
shown in Tables 4.3a-b. Classification was most successful for distinguishing cancerous from healt-
hy tissue (ROC-AUC: mean 0.93 ± 0.03 for all excitation wavelengths and methods, except
ANN). The maximum value of ROC-AUC was 0.97, occurring for ratio 1, 2 and the combined
ratios for several excitation wavelengths between 405 and 435 nm. The ROC-AUC for the separa-
tion of combined lesions (suspicious benign, dysplastic and malignant) from healthy oral mucosa
was lower than for the separation of cancerous lesions from healthy mucosa, but still was high
(mean value + standard deviation ROC-AUC: 0.81 ± 0.03 for all excitation wavelengths and
methods, except ANN). The maximum ROC-AUC was 0.88 at 365 nm excitation using KLLC
on PC scores. The addition of measurements recorded from the border of the lesion did not
improve the results, nor did the use of border spectra exclusively. This suggests that autofluores-
cence characteristics recorded from the center of lesions contain the most information about tis-
sue type. This contradicts the results of our pilot study, in which the border of lesions seemed to
contain the most information. However, the present study is based on a larger patient population
and therefore more reliable.

Chapter 456
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Squamous cell carcinoma versus healthy oral mucosa, center measurements.

Center measurements of tumours, dysplastic and suspicious benign lesions versus healthy oral mucosa.

Table 4.3. Areas under the ROC curve. All spectra were recorded within location group 3. Areas were calculated
using leave-one-out analysis for the Karhunen-Loeve Linear Classifier. Ratio 1: 680/600 nm, ratio 2: 635/(455-
490) nm, ratio 3: 630/560 nm, ratio 4: 500/640 nm. Artificial Neural Network using 10 hidden neurons. Only
“real” lesions located in anatomical location group 3 were included. We applied normalization by the area under the
spectrum.

10 PCs Ratio 1 Ratio 2 Ratio 3 Ratio 4 Ratio 1+4 Ratios ANN on 
combined 10 PCs

365 nm 0.92 0.93 0.93 0.82 0.88 0.88 0.88 0.58

385 nm 0.92 0.94 0.95 0.90 0.92 0.92 0.95 0.44

405 nm 0.92 0.96 0.97 0.95 0.95 0.95 0.97 0.50

420 nm 0.92 0.97 0.96 0.94 0.91 0.93 0.96 0.47

435 nm 0.93 0.95 0.97 0.93 0.93 0.93 0.97 0.60

450 nm 0.94 0.95 0.91 0.89 0.89 0.91 0.91 0.68

10 PCs Ratio 1 Ratio 2 Ratio 3 Ratio 4 Ratio 1+4 Ratios ANN on 
combined 10 PCs

365 nm 0.88 0.84 0.78 0.73 0.80 0.80 0.80 0.51

385 nm 0.85 0.83 0.82 0.77 0.82 0.83 0.82 0.50

405 nm 0.83 0.81 0.82 0.79 0.81 0.81 0.81 0.50

420 nm 0.83 0.81 0.81 0.79 0.81 0.81 0.81 0.51

435 nm 0.84 0.81 0.81 0.79 0.81 0.82 0.82 0.49

450 nm 0.84 0.83 0.76 0.77 0.81 0.82 0.81 0.51
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Detection of invisible tissue alterations

Multicomparison of the first 4 PC scores for the surroundings and contralateral sites of benign,
dysplastic and malignant lesions showed some significant differences in mean values for different
PC scores. These results are not shown in a table. For benign versus malignant lesions, 54% of the
24 PC scores (6 excitation wavelengths, 4 PCs) were significantly different. For dysplastic versus
malignant lesions, this number was reduced to 25%, and for benign versus dysplastic lesions only
4% of PC scores were significantly different. A multicomparison of spectra with randomly atta-
ched labels of benign, dysplastic and malignant returned no statistically significant differences at
all. This makes us confident that the calculated significant differences for PC scores between diffe-
rent lesion types are not a statistical artifact but truly are the consequence of different spectrosco-
pic properties. However, the causes of these differences remain speculative because biopsy proven
histologic data were not available from these apparently healthy locations.

To further investigate the differences, we repeated the calculations for spectra recorded either at
the surroundings of lesions or at the contralateral position, separately. For surrounding positions,
no differences for the three lesion types were observed at all. For the contralateral measurements,
we found 46% differences between benign and malignant and 29% between dysplastic and malig-
nant lesions. This suggests that, to our surprise, contralateral tissue is more influenced by lesion
type than surrounding tissue is. Possibly, the observed differences in PC scores are caused by field
cancerization or tobacco smoking habits, which are correlated to lesion type. The tissue surroun-
ding lesions might demonstrate some lesion-related effects, like slight inflammation, that oversha-
dow the effects of field cancerization and smoking habits. This might explain why benign and
(pre-)malignant lesions show more differences within the contralateral than within the surrounding
data subset. A PC scores multicomparison between surroundings and contralateral spectra of lesi-
ons (all types grouped or separately), showed no significant differences between these locations.
However, this still does not rule out the possibility of lesion-related effects overshadowing the diffe-
rences caused by field cancerization. The standard deviations of PC scores within lesion type
groups can be larger than a possible difference between surroundings and contralateral tissues. For
our sample size, this would make it improbable to detect significant differences even if they exist
in the general population. 

To further investigate the underlying causes for the observed significant differences, we expanded
the PC scores analysis dataset with spectra from the healthy volunteer reference database. Spectra
recorded from the dorsal side of tongue and at the vermilion border of the lip again were exclu-
ded. Please note that the expansion of the dataset leads to the extraction of different principal
components loadings. These are now mainly determined by the - much larger - set of healthy
mucosa spectra. 

The results are summarized in Table 4.4. The combination of healthy reference database spectra
with spectra recorded from the surroundings and contralateral position of lesions, yields more sig-
nificant differences in PC scores between the subsets. This is probably caused by the larger
amount of data available, which makes the appearance of any differences that exist in the general
population more probable. Again, differences are more prominent in the subset containing contra-
lateral measurements than in the subset with spectra recorded from the surroundings of lesions.
This might be explained by the spectral effects of field cancerization or smoking habits as explai-
ned before. 

_PROEF_H4_P045_063  23-03-2005  14:08  Pagina 58



A clinical study for classification of benign, dysplastic and malignant oral lesions using autofluorescence spectroscopy 59

Table 4.4. Percentage of significantly different principal components scores between pairs of different lesion types, data
including healthy volunteer measurements. For each comparison between two lesion types, 24 pairs of PC scores were 
available (first 4 PC scores, 6 excitation wavelengths). Comparisons were performed using the Kruskal-Wallis procedure.
We applied normalization by the area under the spectrum.

After obtaining these results, we were curious about the possibility to classify lesions by means of
autofluorescence spectra recorded at the surroundings and contralateral position. We therefore
applied the linear classifier using 10 PCs to separate (pre-)malignant from benign lesions. Areas
under the ROC curves were between 0.50-0.72 for the combined set, meaning that classification
was useless. Distinguishing malignant from benign lesions gave comparable results. The distinction
between malignant and dysplastic lesions could more successfully be made (surroundings: 0.52-
0.67; contralateral: 0.67-0.85; combined: 0.65-0.75). Again, the contralateral dataset performed
best. We added the healthy oral mucosa reference database and attempted classification of benign
and healthy oral mucosa versus dysplastic and malignant mucosa. ROC-AUCs were 0.62-0.82,
best results were obtained for the contralateral dataset. Distinguishing all lesions from healthy
mucosa by means of their surrounding and/or contralaterally recorded spectra resulted in ROC-
AUCs of 0.59-0.73. We can conclude that classification of lesion type by means of surrounding
and contralateral tissue spectra was not possible. However, the results imply that some information
on tissue type is contained at the clinically healthy contralateral tissue.

4.4 Discussion
We were well able to distinguish lesions in general from healthy tissue (maximum ROC-AUC =

0.88 using KLLC and PCA) and achieved excellent results for distinguishing cancerous tumours
from healthy tissue (maximum ROC-AUC = 0.97 using ratios). The results were not influenced
noticeably by the choice of excitation wavelength. Concatenation of spectra recorded at different
excitation wavelengths, as has been suggested in the literature, did not improve the results[10].
The best results were obtained when spectra were normalized by the area under the curve. Center
measurements contained the most relevant information. Normalization by the spectrum recorded
at the contralateral position revealed the fewest significant differences between lesion types. To our

Data subset used for Healthy mucosa + Healthy mucosa + Healthy mucosa +
PCA analysis PP PP lesion surroundings contralateral positions lesion surroundings +
Pair of tissue contralateral positions
types comparedSS

Benign v. malignant 0 29 54

Dysplastic v. malignant 0 17 21

Benign v. dysplastic 4 0 8

Healthy v. benign 33 21 50

Healthy v. dysplastic 8 0 25

Healthy v. malignant 42 50 58
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surprise, this contradicts the results found in our pilot study by Van Staveren et al.[17]
Our results for distinguishing lesions from healthy oral mucosa, as well as for distinguishing can-

cer from healthy mucosa, were comparable with results found in the literature. Majumder et al.
achieved 86% sensitivity, 63% specificity for distinguishing oral cancer from healthy mucosa, while
Wang et al. achieved a sensitivity of 81% and a specificity of 94% for the same problem[11,12].
Gillenwater et al. established a 94% sensitivity, 100% specificity for distinguishing abnormal from
normal oral mucosa, while Müller et al. found a 96% sensitivity, 96% specificity for the same
question when using a combination of autofluorescence and diffuse reflectance measure-
ments[9,20]. 

Contrary to our success in distinguishing all lesions or cancerous lesions from healthy oral muco-
sa, the relevant clinical question could not be answered. We were not able to separate benign from
(pre-)malignant lesions using our methods (area under the ROC curve <0.65 for all methods). In
our opinion, this is due largely to the fact that the oral cavity is more complex than other organs,
in which autofluorescence spectroscopy for the staging of lesions has been applied more succes-
sfully using comparable excitation wavelengths[2,25,31-34]. The reasons for this complexity can
be as follows. In general, tumours as well as benign and dysplastic lesions can be of various
degrees of keratinization, hyperplasia and blood content. All these factors influence the shape and
intensity of autofluorescence spectra, and since they show large variance within each lesion cate-
gory, a mixing of categories by means of autofluorescence spectroscopy classification can easily
result. In the oral cavity, there could be more difficulties than in other organs, because the diffe-
rent oral tissue types may show different reactions to disease. However, we would need large
amounts of lesions for each anatomical location to test this hypothesis. 

The mixing of different lesion types for our dataset can be observed in Figure 4.1, in which
median spectra from benign and dysplastic lesions are intertwined for normalized as well as for
non-normalized autofluorescence spectra.

In contrast with our findings, Wang et al. established a sensitivity of 81% and a specificity of
96% for distinguishing “premalignant and malignant” lesions from “benign” lesions in the oral
cavity by means of autofluorescence spectroscopy[35]. Spectra were recorded under 330 nm exci-
tation and classified using a partial least-squares and artificial neural network (PLS-ANN) classifi-
cation algorithm. The divergence of our mutual results can potentially be explained by the choice
of excitation wavelength, since a lower excitation wavelength may lead to excitation of different
fluorophores. However, we expect to collect at least part of the fluorescence from the important
tissue fluorophores as well, since they show broad absorption and emission spectra. The use of dif-
ferent multivariate analytic methods is probably not the cause for the divergence in results either,
since we applied many different methods, which did not improve the results. Also, the methods
used are quite similar in concept. We therefore think that the discrepancy in results is probably
caused by the different patient populations. All lesions measured by Wang et al. were located at
the oral buccal mucosa, and all were induced by areca quid chewing and smoking habits. Their
lesion set thus was much more homogeneous, which may facilitate the classification. 

In contrast with our results as well, Heintzelman et al. achieved 90% sensitivity and 88% specifi-
city for distinguishing dysplastic and cancerous tissue from benign and healthy oral mucosa in a
training set, and 100% sensitivity, 98% specificity in their validation set using 3 excitation wave-
lengths[10]. These results cannot be compared to ours because a different classification was per-
formed. If the number of benign lesions is relatively low, effectively the more successful
lesion/healthy classification has been made. The results for the training set for this question are
comparable to ours. Sensitivity and specificity for the validation set are higher than we found,
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which might be explained by the data distribution (277 normal sites, 2 dysplastic and 2 cancerous
sites) or the combination of excitation wavelengths used.

Diagnostic algorithms based on the presence of a porphyrin-like peak around the 638 nm emis-
sion wavelength have been applied successfully in the literature [9,36]. It seems generally accepted
that this peak is caused by endogenous porphyrin production. This may be either by cells of the
body, or by microorganisms. In our previous study, we have shown that rubbing the tongue could
diminish the height of the porphyrin-like peak by 30-40%, suggesting that at least part of the por-
phyrins are located outside of the tissue. We have not tried to diminish porphyrin-like peaks by
rubbing lesions because of practical drawbacks. 

In our study we saw porphyrin-like peaks appearing in benign lesions (32%), dysplastic lesions
(19%), malignant lesions (73%) and even occasionally in healthy oral mucosa [21]. Therefore,
ratio 2 (=635/(455-490) nm) was not successful in distinguishing benign lesions from dysplastic
and malignant lesions in our patient population. The high occurrence rate of 638 nm fluorescen-
ce of tumours in combination with the reduced total fluorescence intensity explain why the less
relevant distinction between malignant and healthy tissue could successfully be made using ratio 2.

We observed statistically significant differences between PC scores of surrounding and contrala-
teral mucosa of benign lesions on the one hand, and of dysplastic and malignant lesions on the
other hand. This is surprising, because the differences between center and border measurements
of lesions of both groups were not even pronounced enough to allow for a reliable classification.
However, we must remember that statistically significant differences between means of groups do
not imply separability of the classes. Furthermore, it is possible that the differences found for sur-
rounding and contralateral tissues are not a result of an invisible effect of the lesion itself, but
merely a symptom of field cancerization. In fact, this is very probable when considering the fact
that contralateral tissue showed more significant differences between benign, dysplastic and malig-
nant lesions than surrounding tissue did. However, all conclusions remain speculative because bio-
psy proven histologic data of the surroundings and contralateral positions were not available.
Applying autofluorescence imaging may expand our knowledge of this subject, and may be useful
– if not for lesion staging, then still for lesion detection. This is especially helpful for follow-up
inspection in patients at high risk for developing oral cancer.

To potentially improve our diagnostic accuracy for lesion staging, we will include diffuse reflec-
tance spectra in our future analysis. These spectra are sensitive to scattering and absorption pro-
perties of the tissue, and therefore indirectly to the degree of keratinization and the amount of
blood, respectively. Incorporating reflectance spectra into the classification algorithms may reduce
the influence of variations in blood content and keratinization and thus the amount of informati-
on that is non-specific for malignant transformation. Performance can possibly be improved by
including other optical diagnostical methods.
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Summary

Background and Objectives: Autofluorescence and diffuse reflectance spectroscopy
have been used separately and combined for tissue diagnostics. Previously, we asses-
sed the value of autofluorescence spectroscopy for the classification of oral (pre-)malig-
nancies. In the present study, we want to determine the contributions of diffuse reflec-
tance and autofluorescence spectroscopy to diagnostic performance.
Study Design/Materials and Methods: Autofluorescence and diffuse reflectance spec-
tra were recorded from 172 oral lesions and 70 healthy volunteers. Autofluorescence
spectra were corrected in first order for blood absorption effects using diffuse reflec-
tance spectra. Principal Components Analysis (PCA) with various classifiers was applied
to distinguish 1) cancer and 2) all lesions from healthy oral mucosa, and 3) dysplastic
and malignant lesions from benign lesions. Autofluorescence and diffuse reflectance
spectra were evaluated separately and combined.
Results: The classification of cancer versus healthy mucosa gave excellent results for
diffuse reflectance as well as corrected autofluorescence (ROC areas up to 0.98). For
both autofluorescence and diffuse reflectance spectra, the classification of lesions ver-
sus healthy mucosa was successful (ROC areas up to 0.90). However, the classification
of benign and (pre-)malignant lesions was not successful for raw or corrected autofluo-
rescence spectra (ROC areas < 0.70). For diffuse reflectance spectra, the results were
slightly better (ROC areas up to 0.77).
Conclusions: The results for plain and corrected autofluorescence as well as diffuse
reflectance spectra were similar. The relevant information for distinguishing lesions from
healthy oral mucosa is probably sufficiently contained in blood absorption and scatte-
ring information, as well as in corrected autofluorescence. However, neither type of
information is capable of distinguishing benign from dysplastic and malignant lesions.
Combining autofluorescence and reflectance only slightly improved the results.

5.1 Introduction
Early detection of pre-malignant lesions and malignant tumours may reduce patient morbidity

and mortality because treatment at a less invasive stage is more successful, and therefore is of
great clinical importance[1;2]. Unfortunately, (pre-)malignant lesions of the oral mucosa frequent-
ly go by unnoticed. In high-risk groups, premalignant and malignant lesions are therefore often
diagnosed in an advanced stage. Once the patient or dentist observes a lesion, it is generally un-
clear whether the lesion is benign or (pre-)malignant. Current clinical diagnosis procedure there-
fore includes a biopsy. However, determining the optimal, i.e. most dysplastic, location for biopsy
is difficult. This leads to repeated biopsies and to the risk of underdiagnosis, which delays the
necessary treatment. 

Autofluorescence and diffuse reflectance spectroscopy have been studied as non-invasive in vivo

tools for the detection of (pre-)malignant tissue alterations[3-7]. Autofluorescence of tissues under
excitation with light is produced by several endogenous fluorophores. These include fluorophores
from tissue matrix molecules and intracellular molecules like collagen, elastin, keratin and NADH.
The presence of disease changes the concentration of these fluorophores, which makes autofluo-
rescence spectroscopy sensitive to tissue alterations. Diffuse reflectance is the result of single and
multiple backscattering of the white excitation light. Both autofluorescence and diffuse reflectance
signals are affected by the light scattering and absorption properties of the tissue. Light scattering
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is affected by tissue morphology, such as nuclear size distribution, epithelial thickness and collagen
content, all of which can change with the presence of disease. For the relevant visible wavelength
range, absorption is mainly due to oxy- and deoxyhemoglobin. Therefore, absorption is affected
by changes in blood content and oxygenation, which are known to accompany the presence of
disease due to altered tissue metabolism and, in some cases, neovascularization. In summary, diffu-
se reflectance and autofluorescence spectroscopy can be used separately for detecting tissue altera-
tions based on their sensitivities to tissue scattering and absorption properties and – in the case of
autofluorescence – fluorophore concentrations. 

It has been suggested that the most relevant information is contained in the fluorophore concen-
trations, and that tissue scattering and absorption effects merely have a negative effect on the perfor-
mance of tissue diagnostic algorithms, since they are assumed to be less specific for malignant trans-
formation[8-10]. For this reason, attempts have been made to recover the so-called intrinsic auto-
fluorescence from the recorded autofluorescence spectra by combining autofluorescence and diffuse
reflectance signals. This approach is based upon the assumption that fluorescent and reflected pho-
tons experience similar scattering and absorption events while travelling through the tissue.

In the present study, we will compare the diagnostic potential of autofluorescence spectroscopy,
as has been described in our previous paper[11, chapter 4 of this thesis], with the diagnostic
potential of diffuse reflectance spectroscopy and a simplified form of intrinsic autofluorescence,
respectively. For the extraction of our simplified form of intrinsic autofluorescence, which we will
call “corrected autofluorescence”, we apply a simple model of dividing autofluorescence spectra
by diffuse reflectance to a variable power. We will apply various statistical methods including
Principal Components Analysis (PCA) and calculate areas under the Receiver Operator
Characteristic (ROC) curve for comparison of the methods. Using these methods we will try to
distinguish (pre-)malignant lesions from benign lesions, cancer from healthy mucosa, and lesions of
any type from healthy mucosa. Furthermore, we will examine whether raw autofluorescence, cor-
rected autofluorescence and diffuse reflectance supply complementary information by combining
them in the classification.

5.2 Materials and methods

Volunteer and patient population
Autofluorescence and diffuse reflectance spectra were collected from 70 healthy volunteers with

no clinically observable lesions of the oral mucosa and from 155 patients with oral lesions after
they had given their informed consent. The population included volunteers from the Department
of Oral and Maxillofacial Surgery of the University Hospital of Groningen, as well as patients
who had been referred to the same department because of an oral lesion. This study was appro-
ved by the Institutional Review Board of the University Hospital of Groningen. 

Experiments
A visual inspection of the oral cavity was performed by an experienced dental hygienist. In the

volunteer group, this was done to ensure that no oral lesions were present at the time of measure-
ment. In the patient group, the dental hygienist located and described the lesions to be measured.
If present, the volunteers and patients were asked to remove their dentures. All patients and vol-
unteers rinsed their mouth during one minute with a 0.9% saline solution in order to minimize
the influence of consumed food and beverages. 
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Figure 5.1. Scheme of the experimental set-up. For autofluorescence measurements, the monochromator picks an excitation
wavelength, a 460 nm shortpass filter is placed at A and a 460 nm longpass filter at B. For diffuse reflectance measure-
ments, the transmitting beam (zeroth order) of the monochromator is used, a 0.1% neutral density filter is placed at A and
no filter is placed at B.

The measurement set-up (Figure 5.1) consisted of a Xe-lamp with monochromator for illumina-
tion, a spectrograph, a custom-made set of 460 nm longpass and shortpass filters for autofluores-
cence measurements, and a neutral density filter for decreasing the white light excitation intensity
during the diffuse reflectance measurements to prevent saturation of the CCD. Autofluorescence
excitation wavelengths were 365, 385, 405, 420, 435 and 450 nm (bandwidth ≤ 15 nm Full Width
Half Maximum). Using different filter sets for different excitation wavelengths would have exten-
ded the emission range, but this would have been very impractical because of the required manu-
al filter replacements. However, since the emission spectra of the important tissue fluorophores are
very broad, we expected to collect at least part of the relevant information[12;13]. For diffuse
reflectance measurements, the transmitting beam (zeroth order) of the monochromator was used
for excitation. The measurement probe was disinfected using 2% chlorhexidine digluconate in
ethanol and covered with plastic film. The probe was placed in contact with the oral mucosa. The
measurements were performed in a completely darkened room to prevent stray light from entering
the spectrograph. In our patient group, we measured four positions for each lesion: the center of
the lesion, the border, the surrounding tissue and the supposedly healthy tissue at the contralateral
position. In the volunteer group, we measured 13 representative anatomical locations. The dental
hygienist performed the measurements.

For each measured location and excitation wavelength, autofluorescence was recorded in three
sequential measurements with a 1-second integration time. This allowed us to remove occasional
spectra containing extremely high values for discrete pixels due to electronic noise. Diffuse reflec-
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tance was recorded in three sequential measurements of 0.25-second integration time for the
same reason. On each measurement day, a set of calibration measurements was performed, inclu-
ding 3 sequential 0.25-seconds integration time diffuse reflectance measurements of spectralon.
The diffuse reflectance spectra recorded in vivo were divided by the spectralon diffuse reflectance
spectra to ratio out the Xenon arc lamp spectrum. A total of 48 diffuse reflectance spectra was
missing in the dataset because of problems with the experimental equipment or because the ana-
tomical location could not be measured in the patient.

In a previous study, in which we investigated the autofluorescence properties of 13 anatomical
locations in the oral cavity, we concluded that oral mucosa can be divided into three categories
with different spectroscopic characteristics[14]. These comprise 1) the dorsal side of the tongue, 
2) the vermilion border of the lip and 3) all other anatomical locations. In this study, we perfor-
med our data analysis within location group 3 only, since the other groups contained too few spec-
tra for reliable analysis.

Sample description
We measured diffuse reflectance and autofluorescence spectra in 70 healthy volunteers (37 men

and 33 women) with a mean age of 50 years (range 18-85, standard deviation 15 years). Of the
70 volunteers, 4 were measured again on another occasion. Not in all volunteers could all 13 loca-
tions be measured, due to e.g. retching reflexes or problems with opening the mouth. Only the
first measurement sessions were taken into account in the data analysis, and measurements at the
dorsal side of the tongue or the vermilion border of the lip were omitted. We removed the measu-
rement sessions for which either autofluorescence or diffuse reflectance spectra were missing due
to problems with the experimental equipment. As a result, a total of 581 healthy oral mucosa
spectra, distributed almost equally over the 11 anatomical locations, could be included in the data
analysis.

Our patient population consisted of 155 persons (mean age 57, range 20-91, standard deviation
13 years). Some patients suffered from multiple lesions, so that a total of 172 unique lesions could
be measured. Several lesions were measured for 2 or 3 times at different occasions for comparison,
leading to a total of 199 lesion measurements sessions. Only first measurements on a specific lesi-
on were included in the data analysis, resulting in 172 remaining measurement sessions. We remo-
ved 28 sessions because they were recorded from the dorsal side of the tongue or the vermilion
border of the lip. A further 11 measurement sessions were left out of the analysis for different rea-
sons: 1) because an accurate diagnosis was not available for the lesion at the time of measurement,
2) because we were not certain enough that the probe had been located at the correct position
because the lesion was hardly visible or very small, or 3) because the patient had already been
receiving therapy. We removed measurement sessions recorded from benign lesions of which the
diagnosis was overly clear, such as aphtous lesions or lingua geographica (11). Finally, we removed
7 lesion measurement sessions for which either autofluorescence or reflectance spectra were mis-
sing due to problems with the experimental setup at the time of measurement. This resulted in a
total of 115 lesion measurement sessions, of which 88 were benign, 11 dysplastic and 16 cance-
rous. Because of the relatively small sample of dysplastic lesions, we decided not to separate these
into mild, moderate or severe dysplasias. We did not have permission to perform additional bio-
psies, therefore only those lesions for which the dental surgeon decided that a biopsy was necessa-
ry could be diagnosed by means of histopathology. However, all dysplastic and malignant lesions
were histologically proven. Biopsies were always performed after the spectra had been acquired so
as not to influence the spectra. If no histopathology was available, diagnosis was obtained by visu-
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al inspection by the dental surgeon. Details of lesions included in the data analysis are summari-
zed in Table 5.1.

Table 5.1. Description of lesions included in the data analysis.

Data processing
Autofluorescence spectra preprocessing – After manual removal of occasional spectra disturbed by elec-

tronic noise, the 3 or remaining 2 sequentially recorded autofluorescence spectra from each locati-
on and excitation wavelength were averaged. Detection wavelength calibration was performed for
all spectra using a mercury–argon calibration lamp. Background spectra recorded from the same
tissue site at the same excitation wavelength were subtracted. The spectral regions below 455 nm
and above 867 nm were omitted since they contained no fluorescence. Spectra were averaged per
four CCD pixels and eventually consisted of 199 sampling points. 

Diffuse reflectance spectra preprocessing – After preprocessing of the recorded spectra in a similar way
as for autofluorescence spectra, all diffuse reflectance spectra recorded in vivo were divided by the
spectralon spectrum to ratio out the lamp spectrum. However, a Xenon lamp shows large peaks in
the long wavelength part of the spectrum, which are unstable in time. Dividing the tissue spec-
trum by the spectralon spectrum therefore results in extreme noise in the near infrared spectral
region, even though the maxima of the Xenon peaks maintain at the same wavelength. For this
reason we cut the diffuse reflectance spectra above 700 nm. Also, because the Xenon lamp has a
very low intensity around 350 nm, hardly any diffuse reflectance is collected in this area. This also
results in extreme noise when the tissue diffuse reflectance is divided by spectralon diffuse reflec-
tance. We therefore skipped the part below 400 nm as well. After preprocessing, the spectra con-
sisted of 556 points covering the 400-700 nm range.

Corrected autofluorescence preprocessing – A first order approximation of intrinsic autofluorescence
spectra was obtained by dividing the autofluorescence spectra by diffuse reflectance spectra recor-

Lesion type Benign lesions Dysplastic lesions Malignant lesions

Oral leukoplakia (48) 40 8 -

Erosive leukoplakia (2) 1 1 -

Oral lichen planus (30) 30 - -

(Nonspecific) ulcus (5) 5 - -

Candidiasis (10) 10 - -

Erythroplakia (2) - 2 -

Actinomycosis (1) 1 - -

Scar (1) 1 - -

Cancerous tumours (16) - - 16

Total 88 11 16
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ded at the same anatomical location to some variable power. We have applied the following
model. For diffuse light, the total diffuse reflectance Rd( ) - which is expressed as a fraction of the
total incident flux - is related to the tissue absorption coefficient a( ) by

where <l>r, is the expected mean pathlength traveled by the diffuse reflectance photons in the
tissue[15]. All these variables are wavelength-dependent. The recorded autofluorescence Fr is
affected in the same way:

where F i( ) is the intrinsic fluorescence as evoked by the fluorophores and <l>f, is the expected
mean pathlength traveled by the fluorescence photons in the tissue[15]. In a simple model with a
homogeneous distribution of scatterers and fluorophores, the absorption coefficient is constant at
all locations and only depends on the wavelength of the photons. 
For any given wavelength, there will be a difference in mean expected pathlengths for diffuse
reflectance and fluorescence light. We can write <l>f, = k( ) · <l>r, with k( ) depending on the
tissue under investigation. Therefore,

We now assume that k( ), the ratio between the pathlengths for fluorescence and diffuse reflec-
tance light, is independent of wavelength. In reality this is not exactly the case since the scattering
properties of the tissue, which for a large part define the pathlength, are wavelength-dependent,
too. However, based on the results that show little blood absorption dips and for our simple pur-
pose, we are satisfied with this simplification. Our intrinsic autofluorescence spectra to a first
approximation were therefore recovered by dividing the recorded fluorescence by the diffuse
reflectance to a variable power k. The variable power was fitted in such a way that the blood
absorption dips that appear around 545 and 575 nm in the corrected autofluorescence spectra
were as small as possible. This was achieved by minimizing an approximation of the area of the
575 nm (second) blood absorption dip, which is represented by a triangle spanned by the spectral
data points at wavelengths 563, 582 and 604 nm. These data points were selected empirically by
visual inspection of the resulting spectra. For each wavelength point, three pixels were averaged.
Empirically, we found that including the 545 nm blood absorption dip in the algorithm made the
results worse, i.e. the resulting spectra contained more blood absorption dips, probably because
this 545 nm dip is less pronounced, so that noise in the spectrum starts playing a role. The same
was true for trying to approximate the area with a polynomial. Probably, the spectral details of the
blood absorption dip are more subject to noise than its more robust triangular representation.

Various refined models have been developed to recover intrinsic (auto)fluorescence spectra from
recorded fluorescence spectra by means of a diffuse reflectance spectra[9;16-18]. These models
are much more complete in taking into account scattering effects, probe geometries et cetera.
However, the models are also very complex and require tissue phantom measurements, which
introduces other assumptions into the model. We therefore chose to use a simple approximation in
this paper. To our opinion this was justified by the question that we wanted to answer: whether
the removal of blood absorption artifacts would improve the classification. If this were the case,
then removing most of the blood absorption artifacts up to a level at which they were not visible
in the spectra would already imply an improvement in classification. 
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Statistical analysis

Diffuse reflectance spectra

Diffuse reflectance spectra were normalized using three different normalization methods: norma-
lization by the unit area (UA), Savitzky-Golay smoothing + derivative (SGS+D), and by the stan-
dard normal variate transformation (SNV). Afterwards, we performed PCA and applied Artificial
Neural Networks. For classification based on the PCs, we used the Karhunen-Loeve Linear
Classifier (KLLC), also known as the regularized linear classifier assuming normal distributions,
the Quadratic Classifier assuming normal distributions (QNC), the 1-nearest neighbor classifier (1-
NN) and the Pseudo-Fisher Linear Discriminant (PFLD) based on normal distributions of data
classes. These classifiers were applied to the retrieved first 5, 10, 20 or 30 PCs. We calculated
Receiver Operator Characteristics (ROC) curve areas using Leave-One-Out (LOO) classification
for all methods. In these curves, sensitivities for detection of lesions are plotted against correspon-
ding values of (1-specificity). The more accurately a method separates the data classes, the closer
the corresponding ROC-AUC (Area Under the ROC-Curve) approximates 1. We compared the
areas under different ROC curves. This allowed us to make a fair judgment of the effectiveness of
different methods without being constricted to single values of sensitivity and specificity, which
largely depend on the threshold value chosen[19]. The calculations were repeated for the combi-
ned set of center and border measurements to investigate whether this affected the results.

Autofluorescence spectra

Autofluorescence spectra that had been corrected for blood absorption as well as raw autofluo-
rescence spectra were classified in the same way as described above. 

Complementarity of diffuse reflectance and (corrected) autofluorescence 

Possibly, autofluorescence and diffuse reflectance spectra can supply supplementary information
about the tissue properties. To test this hypothesis, we compared the scores for all individual lesi-
ons using different spectral information. We compared autofluorescence and corrected autofluo-
rescence, both at the six excitation wavelengths using 10 PCs, and diffuse reflectance spectra using
10 or 30 PCs. For all these methods, we classified lesions versus healthy tissue using the KLLC
and investigated the correlations between the predictions of the different classifiers. 

Next, we applied six different combining rules to test whether the combining of autofluorescen-
ce, corrected autofluorescence and reflectance spectra could improve the results and thus whether
they contain complementary information. The majority rule voting classifies the sample into the
class that is chosen in majority by the three classifiers (for three types of spectra). A second combi-
ner is obtained by training the nearest mean classifier on the three labels given by the separate
classifiers. The remaining combiners were based on posterior class probabilities. Such probabilities
are given by each classifier and represent its confidence that a sample belongs to a certain class.
For example, a tissue measurement can yield a confidence of 0.9 of representing a lesion (Plesion

=0.9), and a confidence of 0.1 of being healthy (Phealthy=0.1). If only one classifier is used, then
this measurement will of course be classified as a lesion (Plesion>Phealthy). When three classifiers are
used, different combining rules can be applied to the separate confidences. The product rule defi-
nes the total confidence of representing a lesion as the product of the confidences of representing
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a lesion for the three different types of spectra, and similarly for healthy tissue. The maximum
rule defines the total confidence as the maximum of the confidences of the three classifiers, and
the mean rule defines it as their mean value. 

The fixed combining rules (like the product, the mean and the maximum) ignore the distribution
of the obtained posterior probabilities (confidences) that might be very informative. Therefore,
besides the fixed combining rules we have applied the trained combiner (in our case, the NMC) to
posterior probabilities obtained by 3 classifiers constructed on 3 types of spectra.

5.3 Results

General description of the data
Examples of autofluorescence, corrected autofluorescence and diffuse reflectance spectra of a

single lesion have been depicted in Figure 5.2. The shape of autofluorescence spectra in general
has been described before[11]. Corrected autofluorescence appeared similar, but the prominent
blood absorption dips were missing. Frequently the intensity ratios for different locations changed
after the correction, as can be seen in Figure 5.2. The average power k as fitted for optimal reduc-
tion of the blood absorption dips was 0.84 with a standard deviation of 0.32 for the healthy tissue
dataset, and 0.84 ± 0.33 for the lesion set. This means that in our model the expected mean
pathlength of the fluorescence photons is approximately 84% of that of the reflectance photons.
That it is shorter is consistent with reality, because fluorescence is evoked at a certain average
depth in the tissue, while reflectance photons travel from probe through tissue to probe. Diffuse
reflectance spectra showed clear blood absorption dips around 400-450, 540-550 and 570-580
nm. In general, the slope of the >620 nm part of the diffuse reflectance spectra appeared flat and
no further relevant spectral features could be distinguished. Much variance was observed between
different spectra, especially in spectra recorded from the center or border of lesions. There were
no significant differences in diffuse reflectance signal intensity between center, border and sur-
roundings of lesions. However, center, border as well as surroundings of lesions showed signifi-
cantly less diffuse reflectance intensity than contralaterally measured diffuse reflectance (p<0.001).
In about 89% of all cases, the contralateral position yielded higher fluorescence intensity than
border, center and surroundings of the lesion. We believe that this decrease in intensity is caused
by blood absorption. Between the different types of lesions (benign, dysplastic and malignant), no
significant differences in diffuse reflectance intensity were observed for spectra recorded at the
center or border of the lesion. Other spectral features than those related to blood absorption, in
particular spectral slopes, did not show any trends in relationship to lesion type or probe location
at the lesion.
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Figure 5.2. Example spectra of one single lesion: a) diffuse reflectance, b) autofluorescence and c) autofluorescence correc-
ted for blood absorption. Autofluorescence excitation wavelength was 405 nm, the lesion was a benign lichen of the ventral
side of the tongue. Please note the disappearing of blood absorption dips in the corrected autofluorescence spectra, and the
differences in intensity in comparison with uncorrected autofluorescence spectra that were provoked by this correction.

Statistical results

Autofluorescence spectra corrected by diffuse reflectance spectra

All statistical results are summarized in Table 5.2. Distinguishing cancerous lesions from healthy
tissue was very successful, resulting in ROC areas of up to 0.98, in this case corresponding with a
sensitivity of 94% and a specificity of 94% (minimum Euclidian distance to the maximum value
of 100% for sensitivity and specificity). For all methods, there seemed to be no clear dependence
of the results on the excitation wavelength. 

For the classification of lesions of any type versus healthy mucosa, the results were slightly less
positive than for the classification of cancer versus healthy tissue. However, the best result still gave
an ROC area of 0.90, in this case corresponding with a sensitivity of 83% and a specificity of
86%. The results did not seem to depend much on the excitation wavelength, however, 365 nm

Chapter 574
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excitation was slightly more successful. 
The results for the relevant clinical question - distinguishing benign from dysplastic and cance-

rous lesions - were all unsatisfying (ROC areas < 0.70 for all excitation wavelengths and classifica-
tion methods).

Diffuse reflectance spectra

Distinguishing malignant lesions from healthy mucosa gave good results. For all three normaliza-
tion methods, the KLLC gave the best results with ROC areas of 0.88-0.93 for 20 or 30 PCs (best
results: sensitivity 82%, specificity 88%). The classification of all lesions combined versus healthy
mucosa gave comparable results (best results: sensitivity 89%, specificity 80%). The results for dis-
tinguishing benign from dysplastic and cancerous lesions were slightly better than for autofluores-
cence corrected by diffuse reflectance. Most classifiers gave ROC areas < 0.70, but some combi-
nations of normalisation method and classifier gave values that were higher (best results: ROC -

Type of spectra PP Corrected autofluorescence spectra Diffuse reflectance spectra

Normalization SS

Unit area normalization 0.83-0.96 (KLLC with 5, 10, 20 or 30 PCs) 0.90-0.93 (KLLC with 20 or 
30 PCs)

Savitzky-Golay smoothing 0.89-0.97 (NN-1 with 5, 10, 20 or 30 PCs) 0.88-0.89 (KLLC with 20 or 
+ derivative 30 PCs)

Standard normal variate 
transformation 0.89-0.98 (NN-1 with 10, 20 or 30 PCs) 0.89-0.92 (KLLC with 20 or 

30 PCs)

Type of spectra PP Corrected autofluorescence spectra Diffuse reflectance spectra

Normalization SS

Unit area normalization 0.83-0.88 (KLLC with 10, 20 or 30 PCs) 0.89-0.90 (KLLC with 20 or 
30 PCs)

Savitzky-Golay smoothing 0.77-0.83 (NN-1 with 10, 20 or 30 PCs) 0.87-0.90 (KLLC with 20 or 
+ derivative 30 PCs)

Standard normal variate 0.82-0.90 (QNC with 10, 20 or 30 PCs) 0.88-0.89 (KLLC with 20 or 
transformation 30 PCs)

Distinguishing malignant lesions from healthy oral mucosa

Distinguishing all types of lesions from healthy oral mucosa

Table 5.2. Best results in terms of areas under the ROC curve, applied classifier noted between brackets.
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AUC 0.77, sensitivity 69%, specificity 77%). This can be considered as reasonable but not good
enough for clinical application.

Autofluorescence spectra

Our analysis of autofluorescence spectra that were not corrected for the influence of blood
absorption has been described more extensively before[11, chapter 4 of this thesis]. The classifica-
tion of malignant lesions versus healthy oral mucosa was very successful, resulting in ROC areas
of 0.90-0.98 for different normalizations and classifiers. Separating all lesion types combined from
healthy oral mucosa was best achieved by applying the KLLC, resulting in a maximum ROC area
of 0.88 (sensitivity 89%, specificity 71%). The results for the relevant clinical question, that is to
distinguish malignant and dysplastic lesions from benign lesions, were all unsatisfying (ROC areas
< 0.65).

Complementarity of diffuse reflectance and (corrected) autofluorescence

The results based on raw and corrected autofluorescence spectra all were highly correlated. 
We compared 12 autofluorescence methods (6 excitation wavelengths, 2 types of autofluorescence
spectra) pairwise, and found that, on the average, the pairs predicted the same classification (lesion
or healthy) in 86% of the cases. The two types of diffuse reflectance spectra (using 10 or 30 PCs)
agreed on lesion classification in 80% of the cases. However, the agreement in classification
between the methods based on diffuse reflectance on the one hand and those based on autofluo-
rescence on the other, showed less agreement in lesion classification. On the average, autofluores-
cence and reflectance classifications agreed in 66% of the cases.

Next, we examined the possibilities of combining the three different methods to see if any classifi-
cation improvement could be obtained, and thus to test whether the methods contain complemen-
tary information. The best result was obtained for the product rule (ROC area 0.90, sensitivity
88%, specificity 74%). This was slightly higher than the best result for uncorrected autofluorescen-
ce spectra at 365 nm excitation (ROC area 0.88, sensitivity 89%, specificity 71%). Combining only
reflectance and corrected autofluorescence gave similar results (ROC area up to 0.89). Combining
was also tested for the classification of malignant and dysplastic versus benign lesions. The overall
results for the KLLC were slightly better (best result: ROC-AUC 0.73 for the product rule and the
maximum rule, sensitivity 68%, specificity 70%) than for corrected autofluorescence and reflectan-
ce separately, but still too low for clinical application. We can conclude that combining autofluores-
cence and reflectance spectra has a positive influence on the results, but the improvement is small.

5.4 Discussion
In agreement with our results for autofluorescence spectra that had not been corrected for blood

absorption[11], the classification of cancerous lesions versus healthy oral mucosa was excellent for
corrected autofluorescence as well as for diffuse reflectance spectra. The results for corrected and
uncorrected autofluorescence spectra were almost equal (best results: ROC area 0.98 and 0.97,
respectively). The results for diffuse reflectance spectra seemed to be slightly less positive (maxi-
mum ROC area 0.93). This can probably be explained by the loss of information that was contai-
ned in the porphyrin-like peak, which appears in fluorescence but not in diffuse reflectance spec-
tra and is especially useful for classifying ulcerating tumours. However, these findings also mean
that blood absorption and scattering effects are very efficient for distinguishing cancer from healt-
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hy mucosa. 
While the influence of blood absorption has at least for a large part been reduced, the corrected

autofluorescence give almost equal results as the raw autofluorescence spectra. This means that
the fluorescence in itself is apparently also sufficient for distinguishing cancer from healthy muco-
sa. We can conclude that absorption and scattering effects as contained in reflectance spectra, as
well as corrected autofluorescence characteristics, independently contain sufficient information for
distinguishing cancer from healthy oral mucosa.

The separation of all lesion types combined from healthy oral mucosa was less successful but still
gave good results, in agreement with our previous study on autofluorescence spectra that had not
been corrected for blood absorption[11]. The results for diffuse reflectance, plain autofluorescence
and corrected autofluorescence were similar (best results: ROC area of 0.90, 0.88 and 0.90, res-
pectively). Although the differences are very small, the uncorrected autofluorescence spectra gave
a slightly worse result than the other two, which could perhaps implicate that separating autofluo-
rescence from blood absorption effects simplifies the classification for our algorithms.

Three lesions were misclassified by means of (corrected) fluorescence and diffuse reflectance
spectra for almost all classification methods. These lesions were studied in more detail. They tur-
ned out to be a (benign) lichen planus of the cheek, a benign leukoplakia of the cheek and a
benign hyperplastic, hyperkeratotic lesion of the lateral border of the tongue. All these lesions
showed higher fluorescence intensity than their surrounding and contralateral healthy tissue. We
believe that this higher intensity was produced by hyperkeratosis and that this produces the
misclassifications. Probably, the algorithm relies for a large part on autofluorescence and diffuse
reflectance intensity in combination with the relative depth of blood absorption dips. Similar
effects have been reported in the lungs[20].

We have seen that combining classifiers based on autofluorescence and on reflectance spectra
slightly improves the result. However, for the most relevant clinical question, the resulting sensitivi-
ties and specificities are still too low for clinical application. 

In the literature, in vivo diffuse reflectance spectroscopy and autofluorescence spectroscopy have
been applied for distinguishing between benign and (pre-)malignant tissue types in various organs.
Georgakoudi et al. and others have proposed a method called trimodal spectroscopy, in which dif-
fuse reflectance, autofluorescence and light scattering spectroscopy are used together for tissue
diagnosis [8;13;21;22]. For this method, diffuse reflectance and autofluorescence spectra are mea-
sured, and two models are applied to extract intrinsic autofluorescence (IFS) and light scattering
spectra (LSS). DRS, IFS and LSS are then used in a majority rule to establish the diagnosis. This
method has proven successful in various organs. Studies performed for Barrett’s esophagus (16
patients) and the cervix (44 patients) gave higher sensitivities and specificities for the combined
methods than for any of the methods separately. For a study using the same techniques in 8 volun-
teers and 15 patients with oral lesions, similar results were obtained when distinguishing lesions
from healthy mucosa (sensitivity 96%, specificity 96%)[22]. These results were again higher than
for the separate spectroscopic techniques. The distinction between cancerous and dysplastic tissue
was made with a sensitivity of 64% and a specificity of 90%. In comparison with our results for
the oral cavity, the results found by Muller et al. for distinguishing lesions from healthy mucosa are
better. We believe that this is caused by the differences in patient population. Our lesion set was
very diverse, which may complicate the classification. Unfortunately, the generally more difficult
benign versus dysplastic/malignant classification was not performed by Muller et al. because of
the small amount of benign lesions included.

Lin et al. compared in vivo autofluorescence and diffuse reflectance spectra from brain tumours
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and normal brain tissue[23]. A two-step algorithm based on fluorescence and diffuse reflectance
intensity at 460 nm produced a sensitivity of 89% and specificity of 76% for distuinguishing
tumour-bearing from normal brain tissue. Nordstrom et al. measured autofluorescence and diffuse
reflectance spectra from the cervix and applied multivariate analysis[24]. Autofluorescence obtai-
ned high sensitivities (86-91%) and specificities (87-93%) for distinguishing cervical intraepithelial
lesions from normal squamous tissue. However, metaplasia (benign) and cervical intraepithelial
lesions could not be separated. For diffuse reflectance, the results for distinguishing CIN from nor-
mal tissue were lower, but the classification of metaplastic vs. dysplastic lesions was more succes-
sful (sensitivity 77%, specificity 76%). This is a striking similarity with our own results, in which
diffuse reflectance spectra were more successful for distinguishing different lesions types, too. 
No attempts were made to develop an algorithm that combined the two types of spectra. 

Although other organs cannot truly be compared to the oral cavity, which has a complex anato-
my and in which many diverse lesions occur, we can conclude that classification of lesions by
means of diffuse reflectance and autofluorescence spectroscopy is fairly good. However, the classi-
fication of (pre-)malignant versus benign lesions is more difficult. These results are in agreement
with our own.

Reflectance spectroscopy has also been studied on its own as a method for distinguishing diffe-
rent tissue types. Koenig et al. used diffuse reflectance spectroscopy to detect bladder carcino-
ma[25]. They found a sensitivity of 91% and a specificity of 60% for distinguishing 9 malignant
and 2 dysplastic lesions from 6 normal sites and 9 benign lesions, using an algorithm that was
based on the total amount of blood in the tissue. Ge et al. studied colonic dysplasia and neoplasia
by means of diffuse reflectance spectroscopy in a large patient population[26]. They found predic-
tive accuracies of 81-85% for distinguishing adenomatous (dysplastic) from hyperplastic (benign)
polyps using different pattern recognition tools (sensitivity 89%, specificity 75%). Zonios et al. stu-
died colonic polyps with reflectance spectroscopy as well[7]. The spectra were analyzed using an
analytical light-diffusion model. Differences in hemoglobin concentration and effective scatterer
size were observed between normal and adenomatous tissue sites, but no classification was attemp-
ted. Mirabal et al. have applied reflectance spectroscopy using variable source-detector separation
distances for the detection of cervical neoplasia[27]. They found a sensitivity of 72% and a speci-
ficity of 81% for distinguishing squamous intraepithelial lesions from normal squamous mucosa,
and similar for squamous intraepithelial lesions versus normal columnar mucosa. 

From these studies, we can conclude that classification of (pre-)malignant versus benign lesions is
performed with higher sensitivities and specificities than in the oral cavity, although the results are
still insufficient for clinical application. From our studies and from the literature we can conclude
that although lesions of the oral mucosa can be reliably distinguished from healthy mucosa, cor-
rect classification of lesion types is not possible. Therefore, the current setting in which fluorescen-
ce spectroscopy, reflectance spectroscopy or combination of these techniques are used is not appli-
cable in clinical use for the oral cavity.
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Summary

Background and Objectives: Autofluorescence spectroscopy and Raman spectroscopy
have been suggested for lesion diagnostics. We will investigate the information contai-
ned in autofluorescence and Raman spectra recorded from oral tissue slices of various
lesion types.
Study Design/Materials and Methods: Thirty-seven lesions of the human oral mucosa
were biopsied and freeze-dried. Complete autofluorescence images and spectra at a
number of positions were recorded under 20 m sections of these tissue specimens.
Raman spectra were acquired from the same positions for 12 of the sections. Cluster
analysis was applied to find any relations between spectral shape and lesion type or
cell layer.
Results: Autofluorescence images showed high intensities for keratin layers and con-
nective tissue, but hardly any intensity for the epithelium. Autofluorescence spectra
were centered around 520 nm and did not show specific spectral features. No cluste-
ring with regard to lesion type or cell layer was observed. Raman spectra allow for reli-
able classification into cell layers, but differences between lesion types were not signifi-
cant in this study.
Conclusions: Autofluorescence spectra of freeze-dried oral mucosa sections appear not
to contain useful information. For Raman spectra, a larger study is required.

6.1 Introduction
Autofluorescence spectroscopy and Raman spectroscopy have been applied in vivo and ex vivo for

the detection of early cancers in many organs [1-7]. The principles on which the techniques rely
are very different, and therefore both of them are sensitive to different tissue alterations that are
possibly related to disease. In the present study, we want to perform autofluorescence and Raman
microspectroscopy on the same oral tissue sections to investigate the information provided by the
two methods. The tissue sections from which the spectra were recorded, were also measured in vivo

before performing the biopsy.
Autofluorescence in tissue has been attributed to many fluorophores, such as collagen, elastin,

NADH, keratin and flavins. In vivo autofluorescence spectra are influenced not only by concentra-
tions of these fluorophores, but also by tissue morphology and light absorption, mainly by blood.
However, ex vivo autofluorescence spectra can be measured from different tissue layers separately,
so that morphological influences are avoided. Moreover, the mucosal sections generally do not
contain blood, and therefore the spectra recorded from these sections will contain only the pure
fluorophore spectra without scattering or absorption artifacts. Therefore, we could imagine that
spectra that are recorded in vivo can partly be understood in terms of ex vivo autofluorescence spec-
tra recorded from tissue specimens obtained from the same anatomical location. However, some of
the fluorophores and in particular NAD(P)H have been reported to loose their fluorescent proper-
ties after resection[8]. The oxygenation of ex vivo tissue leads to a shift from NAD(P)H to its oxidi-
zed form NAD(P), which does not fluoresce. Also, changes in oxygen concentration and pH will
influence the fluorescent properties of the tissue. Therefore, the spectra measured in vivo cannot 
be modeled reliably by using autofluorescence spectra measured from frozen-thawed tissue speci-
mens. 

When monochromatic light enters tissue, about one in a million of the (otherwise elastically)
scattered photons have a shifted wavelength. This phenomenon is called Raman scattering, and it
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is caused by the transition of molecules to virtual vibrational states. In order not to be sensitive to
fluorescence, which is many times more effective than Raman scattering, excitation wavelengths
are usually in the infrared region of the spectrum, for which fluorescence is less frequently evoked.
The wavelengths of the frequency-shifted Raman photons contain information about the type of
molecules in the sample. When applied to tissue, this information may assist in the identification
of disease. Raman spectroscopy has obtained much success in classifying tissue samples of various
organs ex vivo and in vitro [9-14]. More recently, some progress has been made for in vivo diagnos-
tics as well[1;5;15;16]. 

Raman spectroscopy is suitable for small tissue sample sizes, and provides very accurate informa-
tion on the molecules present in the tissue by showing sharp spectral features. However, control-
ling the measurement equipment is still very difficult. For the oral cavity, only one explorative ex
vivo study incorporating Raman measurements has been performed[17]. Only differences in fat
composition were detected.

The effects of freezing and storing tissue samples are expected to be smaller on Raman spectra
[18].  No Raman spectra recorded in vivo were available for our study, so that no modelling could
be applied. 

For both autofluorescence and Raman spectra, we will test whether it is possible to spectrally
identify the different cell layers, and whether 1) different cell layers and 2) benign, dysplastic and
malignant samples can be distinguished. We will describe the general impression of captured
autofluorescence images.

6.2 Materials and methods
Thirty-seven oral lesions from 35 patients were biopsied over a period of two and a half years. 

A part of the tissue samples was used for regular pathology evaluation, while the other part was
available for our study. These tissue specimens were snap-frozen in liquid nitrogen and then stored
at -80° C for five months to two years until they were cut in 20 µm tissue slices with a cryotome
and positioned on quartz slides using Tissue-Tek. Tissue sections alternately underwent regular
HE staining and no staining for autofluorescence measurements. Before performing the measure-
ments, the slides were thawed to room temperature. Original histopathological diagnoses obtained
from the sample parts that underwent regular diagnostics were compared with diagnostics on our
own HE staining tissue section by an experienced oral histopathologist. In the case of discrepancy,
we used the diagnosis of our own HE staining sections.

In vivo autofluorescence measurements
In vivo spectra were recorded from four locations for each lesion: the center, the border, the sur-

rounding tissue and contralateral (healthy) tissue. For each location, spectra were acquired using
seven excitation wavelengths between 350 and 450 nm, among which the wavelengths used for
microscopy (405 and 435 nm). Although we cannot apply modeling by means of ex vivo spectra,
we will include example spectra recorded in vivo to demonstrate the main differences.

Autofluorescence microscopy measurements
A fluorescence microscope had been adjusted to measure autofluorescence images and spectra as

shown in Figure 6.1 (Leica Microsystems B.V., Rijswijk, The Netherlands). First, a white light sur-
vey image of each slice was recorded under 10x magnification using the halogen light source of
the microscope. The integration time was 100 ms and the image was saved to a computer. Then
two 10x magnification autofluorescence images (405 and 435 nm excitation) were recorded using
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a mercury lamp for excitation, while the halogen light was blocked completely. A 460 nm longpass
filter was used to prevent excitation light of higher wavelengths from reaching the tissue, while a
460 nm shortpass filter was placed in front of the microscope’s camera to block the reflected mer-
cury light. We used 405 and 435 nm bandpass filters to obtain the corresponding excitation wave-
lengths.

Figure 6.1. Scheme of the autofluorescence microscopy set-up. Tissue samples were exposed from above.

The spectra were recorded through a 100 µm optical fiber using a specially designed fiber adap-
ter. The magnification used for recording spectra was 20X, in which case the sampling area dia-
meter was equal to 7.7 µm. The standard integration time, used to achieve a sufficient signal to
noise ratio, was 15 seconds. However, in the case of very high fluorescence intensity at the measu-
rement location, this integration time was manually changed to 10, 5 or 3 seconds to prevent
CCD saturation. All spectra were recorded using a spectrograph (USB2000, Ocean Optics,
Duiven, The Netherlands, www.oceanoptics.nl). Each location at which microspectroscopy was
performed, was documented by recording a 20X magnified white light image of the surrounding
area while a white-light source was attached to the spectrograph-end of the fiber. This produced a
small white spot at the exact position of spectral probing. The digital images with the spot were
saved to acquire Raman spectra from the same positions at a later time. Background images
recorded for the appropriate integration time were automatically subtracted from the recorded
autofluorescence images.

Raman measurements
Raman spectra of the tissue sections were obtained by a near-infrared multichannel Raman

microspectrometer built in-house. Briefly, the setup consists of a microscope (DM-RXE, Leica,
Cambridge, UK) coupled to a Raman spectrometer (System 100, Renishaw, Wotton under Edge,
UK). Laser light of 847 nm is focused on the sample by an 80x NIR optimized objective
(Olympus, Japan). The objective also collects light that is scattered by the sample, which is then
analyzed by the spectrometer. Raman signal was collected in the spectral interval from 400 to
1800 cm-1, with a spectral resolution of 8 cm-1. This system has been described in detail 
before[19]. 

The tissue sections were placed on an xyz-motorized, computer controlled sample stage (Leica
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DM STC, Cambridge, UK), which enabled automatic scanning of the sample. The laser light was
focused below the surface of the tissue at such a depth that the signal intensity was maximized.
The area to be scanned and the scanning step size were chosen therefore dividing up the area of
interest into small square areas (here termed Raman pixel). Spectra were obtained consecutively
from the tissue in each of these Raman pixels, the size of which varied between 0.25 and 400
µm2, for different measurements. The 80x microscope objective focused the laser light to a spot of
less than 1 µm2. Therefore, in order to obtain a spectrum that is representative for the tissue in a
Raman pixel, the area of the Raman pixel was scanned during each spectral measurement.
Acquisition of Raman spectra and microscopic stage movement was controlled by the WiRE 1.2
software (Renishaw) running under Grams/32 Spectral Notebase Software (Galactic Industries
Corp., Salem, NH, USA). Raman mapping software was implemented in Array Basic (the inter-
nal software platform of Grams) and controlled the Leica microscope unit and the microscope
stage. Tissue samples were excited with 90–110 mW of laser power during Raman experiments.
Spectra were usually obtained using 10-20 seconds of signal collection time per Raman-pixel.

Data analysis
Autofluorescence images were studied visually to describe the general features of the tissue secti-

ons. Autofluorescence spectra were analyzed using multivariate techniques. First, a k-means cluste-
ring algorithm was applied to find any clusters that could possibly be related to information con-
tained in the autofluorescence features (cell layer or type of lesion). Afterwards, we applied k-
means clustering to the scores on the first 10 principal components with the same purpose.
Raman spectra were analysed by hierarchical cluster analysis using the scores on the first 20 prin-
cipal components. 

6.3 Results
Lesion characteristics of the original histopathological reports obtained from regular diagnostics

are summarized in Table 6.1. Our tissue section of one lesion that was classified as benign by the
pathologist turned out to contain only healthy mucosa. Two dysplastic lesions showed only benign
tissue alterations in our sections, and one cancerous lesion contained only benign alterations in
our section. The diagnoses of these tissue sections were corrected accordingly. For Raman spec-
troscopy, only 12 tissue slices were measured because of limited availability of the experimental
setup and because of spectral artifacts (like high fluorescence and local burning, which occurs
when highly absorbing tissue inclusions are hit with the laser). 
A total of 237 autofluorescence and 57 Raman spectra could be measured, see Table 6.2 for furt-
her details. 
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Table 6.1. Characteristics of all oral lesions included in autofluorescence microscopy and microspectroscopy.

a.

b.

Table 6.2. Numbers of recorded a) autofluorescence and b) Raman spectra. Benign lesions were oral lichen planus, 
hyperkeratosis, hyperplasia, inflammation. Malignant lesions were squamous cell carcinomas.

Anatomical location Total 

Benign (lichen planus, Gingiva (1) 25
inflammation, hyperkeratosis, Lip mucosa (1)
hyperplasia) Mandible (1)

Floor of mouth (1)
Hard palate (2)
Oropharynx (1)
Ventral side of the tongue (3)
Lateral border of the tongue (6)
Trigonum retromolare (1)
Cheek mucosa (8)

Dysplasia Soft palate (1) 4
Free mucosa of the mandible (1)
Free mucosa of the maxilla (1)
Lateral border of the tongue (1)

Squamous cell carcinoma Floor of mouth (2) 8
Free mucosa of the mandible (1)
Gingiva (1)
Ventral side of the tongue (1)
Lateral border of tongue (1)
Vermillion border of the lip (1)
Lip mucosa (1)

Cell layer PP Keratin Epithelial Connective tissue Total
Lesion type SS

Benign 15 114 69 198

Dysplastic 0 6 3 9

Malignant 1 18 11 30

Total 16 138 83 237

Cell layer PP Keratin Epithelial Connective tissue Total
Lesion type SS

Benign 7 21 11 39

Dysplastic 0 4 2 6

Malignant 0 4 8 12

Total 7 29 21 57
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Autofluorescence images
There were no observable differences between autofluorescence images recorded under 405 or

435 nm excitation, except for the fluorescence intensity which was higher for 435 nm excitation
due to a higher output of the lamp at this wavelength. Therefore, after studying the first 20 secti-
ons we decided not to record 405 nm excitation autofluorescence images anymore. The freezing
and thawing of sections that had already been frozen did not seem to influence the intensity or
shape of autofluorescence images. Unfortunately, we did not have the possibility to compare the
frozen-thawed sections with fresh tissue sections. A representative autofluorescence image under
435 nm excitation and the corresponding phase contrast image of a section are shown in Figure
6.2. The autofluorescence images did not show cell-like features, but resembled the general outline
of the white light image. It is clear that most of the autofluorescence intensity is produced by the
keratin layer and the connective tissue, while the epithelium is much less fluorescent.      

Hyperkeratotic lesions were identifiable by a strong fluorescence from the keratin layer. No diffe-
rences were observed between autofluorescence images of dysplastic and benign lesions. Tumours
were characterized by irregular shapes of the different cell layers, which could be noticed more
clearly in the familiar white light images. 

Figure 6.2. White lesion of the lateral border of the tongue, histological conclusions: benign hyperplastic and hyperkeratotic
lesion. 
a) Phase contrast image, magnified 10X
b) Autofluorescence image (405 nm excitation, >460 nm detection), magnified 10X, 15 seconds integration time

Autofluorescence spectra
All recorded autofluorescence spectra appeared to consist of a broad peak around 510-520 nm,

which is consistent with our in vivo findings[20], but no specific features like blood absorption dips
or porphyrin-like peaks were observed. Example spectra from one and the same lesion for micros-
copic as well as in vivo measurements are shown in Figure 6.3. It is clear that the fluorescence
maxima are at similar wavelengths, but the differences are striking as well. In vivo measurements
show the influence of blood absorption, with absorption maxima round 540 and 575 nm, and in
some cases porphyrin-like peaks centered around 630-640 nm. Also, the fluorescence intensity for
especially the center and the border of the lesion is greatly reduced because of blood absorption.
None of these features are reflected in the microscopically recorded autofluorescence spectra.

a. b.
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Please note that the small irregularities seen in these spectra are an artifact caused by a lower sig-
nal-to-noise ratio.

Figure 6.3. Example autofluorescence spectra from a benign lesion (squamous hyperplasia with hyperparakeratosis and
inflammation), recorded under 435 nm excitation a) in vivo and b) ex vivo. 

Median autofluorescence spectra with standard deviations from the mean are plotted for the epi-
thelial, keratin and connective tissue layer in Figure 6.4a, and for benign, dysplastic and malignant
lesions in Figure 6.4b. For the autofluorescence spectra, we chose to plot median spectra instead of
the more common mean spectra to avoid the noise (especially large “spikes”) from disturbing the
general picture. In general, standard deviations were much larger than differences between different
spectra, as can be seen from the figure. The difference between fluorescence intensities of the diffe-
rent tissue layers may therefore not seem very impressive. However, for each separate tissue section,
fluorescence intensity was higher for the connective tissue layer than for the other cell layers.

Figure 6.4. Median autofluorescence spectra under 435 nm excitation for a) the three types of cell layers and b) benign
(lichen planus, inflammation, hyperkeratosis, hyperplasia), dysplastic and malignant (squamous cell carcinoma) tissue.
Vertical bars indicate standard deviations. 

a. b.

a. b.
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Performing the k-means clustering of autofluorescence spectra under 435 nm excitation or their
first 10 principal components did not produce any clusters. No relation to lesion type or cell layer
could be observed. We repeated the clustering for the different tissue layers (epithelial, connective,
and keratin layer) separately. This did not change the results.

Raman spectra
Mean spectra for the two groups showing the most spectral differences, i.e. connective tissue

layer and epithelial/keratin layer, are plotted in Figure 6.5. The spectra from connective tissue lay-
ers show higher contributions of collagen whereas the spectra of the epithelium show higher con-
tributions of keratin (peaks between 1200 and 1350 cm-1). No spectral dependency on lesion type
was observed. 

Figure 6.5. Mean Raman spectra of oral tissue sections for different tissue layers.

Hierarchical Cluster Analysis shows a clear distinction between different tissue layers. The den-
drogram showed that most spectra were automatically arranged in two major branches correspon-
ding with spectra recorded from 1) the connective tissue layer and 2) the epithelial or keratin layer
(Figure 6.6). The branch containing the connective tissue layer spectra did not contain any epithe-
lial/keratin layer spectra. However, the branch containing the  epithelial spectra contained 4 spec-
tra recorded from the connective tissue layer. All these misclassifications could be explained by
wrong positioning of the Raman microscope , since these spectra were all located at the basal cell
layer or right next to that. No further groups for lesion type or further layer information could be
distinguished. We repeated the clustering in spectra recorded from the collagen and epithelium
separately, in order to find any clustering related to lesion type. This was not successful.
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Figure 6.6. Dendrogram for Raman spectra according to cell layer.

6.4 Discussion
We have observed that autofluorescence spectra recorded from oral tissue sections that have been

freeze-dried do not show specific spectral features like blood absorption or porphyrin-like peaks,
unlike spectra recorded from the same lesions in vivo. The spectral shape was very similar for both
different cell layers and different lesion types, but variations in autofluorescence intensity were
large. By looking at the autofluorescence images, we conclude that the main attributors to auto-
fluorescence of freeze-dried oral tissue sections are keratin and the connective tissue fluorophores,
probably elastin and collagen. The epithelium showed very low autofluorescence intensity.
Possibly, this is caused by the effects of freezing and thawing on the epithelial fluorophores. 
No clustering of spectra was observed. 

_PROEF_H6_P081_092  23-03-2005  14:10  Pagina 90



Autofluorescence and Raman microspectroscopy of tissue sections of oral lesions 91

For Raman spectra, we could distinguish clear differences between the different cell layers (kera-
tin/epithelium vs. connective tissue layer). These were probably associated with the different spec-
tral properties of collagen and keratin. However, any possible spectral differences associated with
lesion type were much smaller than those related to type of cell layer. When looking within mea-
surements from the epithelium or the connective tissue separately, some differences can be obser-
ved, but they are not significant in this study. 

We can conclude that autofluorescence spectromicroscopy was not able to separate benign from
dysplastic and malignant lesions, as was the case in our in vivo study[20]. We believe that the suc-
cessful in vivo classification of lesions vs. healthy oral mucosa is explained by hyperkeratosis, blood
absorption artifacts and porphyrin-like peaks, which are all nonspecific for malignancy. Since the
present autofluorescence microscopy study was performed on frozen sections, which might sub-
stantially influence the fluorescent properties of the tissue, the results cannot be used to support
the findings of our in vivo study. However, they do not contradict the results of the in vivo study
either.

Raman spectroscopy was more successful than autofluorescence spectroscopy, since it was very
well possible to separate the different cell layers. However, only non-significant differences between
spectra of different lesion types could be observed. Unfortunately, we did not have enough spectra
available to study the differences within cell layers. Since the Raman spectral differences between
cell layers are so large, it is well possible that these overshadow any differences between benign,
dysplastic and malignant lesions. We therefore propose to perform a larger Raman microspectros-
copy on oral mucosa sections.  In such a study, it will be sensible to measure maps of complete
sections or large parts of these instead of point measurements. In this way, it will be easier to
search for the largest differences. Also, the risks of mispositioning of the microscope will then be
avoided. 
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Summary

Autofluorescence spectroscopy and imaging have been studied for the early detection
and classification of (pre)malignancies of the oral mucosa. In the present review we will
give an overview of the literature on autofluorescence imaging and spectroscopy for
various clinical questions. From the studies performed so far we hope to conclude whe-
ther autofluorescence spectroscopy and imaging are helpful in the diagnosis of lesions
of the oral mucosa, and if this is the case: for which clinical questions they are suitable.
A strong emphasis is put on in vivo human studies of the oral mucosa.

7.1 Introduction
The common procedure for detecting (pre)malignant lesions consists of visual inspection, followed
by biopsy of any suspicious lesions found. However, benign lesions––which are very common and
diverse (lichen planus, candida infections, inflammation, hyperkeratosis, ulcerations and so
on)––may present very similar to early malignant or premalignant lesions, which makes it difficult
to distinguish them even for experienced clinicians. Therefore, a technique that can distinguish
between different lesion types in a reliable and non-invasive way would be very useful. Such a
device providing in vivo lesion classification would be particularly useful for finding the
optimal––i.e. most dysplastic––biopsy site, so that the risk of underdiagnosis and need for repea-
ted biopsies is avoided. Another important clinical improvement would be to detect premalignant
changes and lesions in an earlier stage, preferably before visual detection is possible. It has been
claimed that autofluorescence spectroscopy and imaging can assist in oral oncology for the detecti-
on and classification of lesions. In this paper, we will give an overview of the literature on auto-
fluorescence imaging and spectroscopy for various clinical questions. What we intend to conclude
from the studies performed so far is whether autofluorescence spectroscopy and imaging are help-
ful in the diagnosis of lesions of the oral mucosa, and if this is the case: for which clinical ques-
tions they are suitable. Therefore, a strong emphasis is put on in vivo human studies.

A short history of fluorescence spectroscopy and imaging
Autofluorescence for the detection of malignant lesions emanated from photodynamic therapy, a

technique for cancer treatment.[1,2] In this therapy, the light-sensitive drug (“photosensitizer”) is
localized in a tumour, either through systemic or topical application or by administration of a pre-
cursor, such as protoporphyrin IX (PpIX). The photosensitizer produces singlet oxygen upon exci-
tation with light of a certain wavelength, which damages vital cell organelles inducing death of
cells in the direct environment. Since some of the sensitizers were believed to accumulate in
malignant tissues, they could possibly serve for diagnostics as well. The use of exogenous fluores-
cence for tumour detection has been investigated for various organs.[3–8] For the oral cavity, some
promising results have been obtained.[9–15] However, the use of exogenous fluorophores has
some major drawbacks. A certain waiting time after application is necessary for the fluorophore to
reach its optimal fluorescence intensity. Furthermore, the application of photosensitizers leaves the
patient temporarily sensitive for light, which negatively affects his daily life. This makes the techni-
que impractical, especially for use in regular screenings of high-risk patient groups. Finally, the
specificity of the photosensitizers appeared to be less than expected.

In the late 1970s, it was discovered that autofluorescence (also called natural or endogenous fluo-
rescence), which had until then been regarded only as a disturbing background signal in exoge-

_PROEF_H7_P093_112  23-03-2005  14:11  Pagina 96



The status of in vivo autofluorescence spectroscopy and imaging for oral oncology 97

nous fluorescence detection, could be used for cancer detection as well.[16] In the following years,
numerous study on autofluorescence have been performed. Interesting results have been obtained
for autofluorescence images as well as for autofluorescence spectroscopy, in which the tissue fluo-
rescence spectral shape is used for the classification of lesions.

The biological origins of tissue autofluorescence
Autofluorescence of tissues is produced by fluorophores that naturally occur in living cells after

excitation with a suitable wavelength. The fluorophores can be located in the tissue matrix or in
cells (e.g. collagen, elastin, keratin and NADH). The invoked intrinsic autofluorescence profile is
altered by absorption and scattering events in the tissue before measurement. Absorption in tissue
is mainly attributed to oxy- and deoxyhemoglobin, which have different absorption profiles.
Scattering is due to inhomogeneities of refraction index caused by cell nuclei and cell organelles.
The presence of disease changes the concentration of the fluorophores as well as the light scatte-
ring and absorption properties of the tissue, due to changes in a.o. blood concentration, nuclear
size distribution, collagen content and epithelial thickness. For example, the epithelial layer shields
the strongly fluorescent collagen layer and therefore the recorded fluorescence signal will be lower
in the case of hyperplasia. Conversely, excessive keratin production by lesions may produce an
increase in autofluorescence intensity. Cell metabolism may increase with malignant changes,
which changes the balance between the fluorescent NADH (increase) and non-fluorescent NAD+
(decrease).

Although autofluorescence spectra contain only broad features in overlapping spectral regions -
which makes it virtually impossible to extract quantitative knowledge of fluorophores, scatterers,
blood concentration and oxygenation in the tissue - there is sufficient proof that tissue alterations
are reflected in autofluorescence spectral shape and intensity. 

7.2 Autofluorescence imaging for oral oncology

Development of autofluorescence imaging
Autofluorescence imaging techniques are capable of sampling several square centimeters at a

time. Tissue is illuminated with a light source, mostly in the near-UV to green range of the spec-
trum, and images of the fluorescence produced in the tissue and altered by absorption and scatte-
ring events are recorded using a camera. Imaging techniques typically reduce the information
contained in spectral shape because only a scalar is available for each sample point (no wavelength
dependence). However, imaging has the advantage of providing two-dimensional information,
which allows spotting of lesion-specific features such as (in)homogeneities, while the recording of
large areas makes the technique potentially useful for localizing new lesions. Much use of auto-
fluorescence imaging for detection of cancer has been made in the lungs, where it could be per-
formed easily by making some adjustments to a normal bronchoscope.[17–22] Autofluorescence
bronchoscopy has been shown to achieve a higher specificity and sensitivity than white light bron-
choscopy. Nowadays, several commercially available autofluorescence bronchoscopes are used in
the clinic. Studies of autofluorescence imaging of (pre)malignant lesions in other organs, including
the bladder,[23,24] the gastrointestinal tract[6,25–29] and colon,[30–36] have also shown encou-
raging results for autofluorescence imaging.

Since the discovery of the potential of autofluorescence imaging for the detection of oral cancer,
many studies have been performed for the oral cavity and the rest of the upper aerodigestive tract.
These studies have grossly addressed three clinical questions. The first one is whether autofluores-
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cence imaging is capable of providing a higher contrast between a lesion and (surrounding) healt-
hy tissue than white light inspection. The second is whether autofluorescence imaging is helpful in
differentiating between different lesion types, in particular between benign, dysplastic and malig-
nant lesions. The third research question is aimed at the detection of unknown lesions and
unknown extensions of known lesions, which is useful for tumour demarcation. Since most studies
address several questions at a time, we will discuss them collectively.

Studies on autofluorescence imaging in oral oncology
In the human oral cavity, the first investigation into in vivo autofluorescence imaging has been

performed by Harris and Werkhaven.[37] They noticed endogenous autofluorescence around 630
nm in 188 tumours of the oral mucosa, but also in healthy oral mucosa. This fluorescence is asso-
ciated with porphyrins, as has been established later on.[38,39] According to Harris and
Werkhaven, the occurrence of red autofluorescence could explain false-positives when applying
photosensitizers for tumour detection. They therefore thought of autofluorescence as a disturbing
rather than as a contributing factor. When Yang et al. studied autofluorescence spectra from the
oral cavity, they suggested the possibility of detecting cancer by means of autofluorescence itself.
They proposed to detect tumours by the 630 and 690 nm peaks that are associated with porphy-
rins, which they believed to be localized and retained in malignant tumours.[40] 

Interesting work on autofluorescence imaging of the human oral mucosa in vivo has since then
been performed by Onizawa et al. Applying an instant photography camera with ultraviolet flash
lamp and a 480 nm longpass filter, an orange fluorescence was observed in 14 of 16 malignant
tumours and in only one of 16 benign lesions.[41] This porphyrin-like fluorescence was probably
produced by microorganisms living on ulcerating or necrotic surfaces, which is consistent with the
observation that the fluorescent materials could be wiped off. 

In a study with a larger patient population, autofluorescence photographs were acquired with a
similar set-up in 130 patients (79 malignant tumours and 51 benign lesions).[42] They found
91.1% sensitivity and 84.3% specificity for distinguishing malignant from benign lesions. When
dysplastic lesions were regarded as precancerous, these numbers increased to 93.8% and 95.5%.
In view of these results, one could suggest that the appearance of orange autofluorescence accom-
panies the transformation from benign into dysplastic lesions, rather than from dysplastic into
malignant lesions. In a following study, Onizawa et al. showed that autofluorescence of malignant
lesions tends to shift from yellow–orange to red–orange with further degrees of malignancy.[38]
However, large overlaps between values for squamous cell carcinoma, dorsum of tongue and den-
tal plaque were observed.

In a study primarily devoted to in vitro demarcation of lesions with autofluorescence microscopy,
Fryen et al. also investigated cancerous lesions of the upper aerodigestive tract in vivo using a blue
light detection system.[43] Thin, normal epithelium was nearly invisible, while connective tissue
was strongly fluorescing. Premalignant and cancerous lesions varied between irregular opaque
light and darker reddish areas. Even small cancerous lesions that were hard to visualize were well
detectable using autofluorescence imaging, which is a step towards invisible lesion detection. No
benign lesions were included.

Kulapaditharom et al. studied 31 normal sites and 35 inflammations, 4 granulomas, 15 dysplas-
tic and 13 neoplastic lesions in the head and neck region through an endoscope using 442 nm
excitation.[44] Nineteen of these lesions were located in the oral cavity, of which eight were either
dysplastic or neoplastic. They compared the results to white light endoscopy using receiver–opera-
tor characteristics curves and found that autofluorescence imaging raised sensitivity from 68% to
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93%, and specificity from 70% to 79% for all head–neck locations combined. In the oral cavity, a
100% sensitivity and a 73% specificity were achieved. For these numbers, dysplasia and neoplasia
were considered as positives, and normal mucosa, granuloma and inflammation were considered
as negatives. Diagnosis was performed not only by looking for brown or brownish red areas, pro-
bably associated with porphyrins, but also by spotting different types of dark areas, of which a
focal dark area was the strongest indication for malignancy. The authors note that autofluorescen-
ce imaging is especially useful for detection of lesions because of the low number of false-negati-
ves. They state that due to its relatively low specificity, especially for granulomas and inflammati-
on, autofluorescence imaging is to be used as a diagnostic rather than as a confirmatory test.

Betz et al. studied autofluorescence imaging in 30 patients with a tumour of the oral mucosa or
oropharynx.[45] Using 375–440 nm excitation they found sufficient to excellent demarcation by
lower fluorescence intensity in 20 tumours. However, 10 tumours were not distinguishable from
their host tissues. These tumours were all located at the tongue, the soft palate or the tonsillar
sinus. In general, flat epithelial lesions were found to be outlined subjectively better by autofluores-
cence imaging than large, exophytic tumours. The authors state that porphyrin-like fluorescence is
not a good diagnostic indicator. According to them, the porphyrins are microbially synthesized
and therefore limited to the necrotic surface of exulcerated tumours. Also, porphyrin-like fluores-
cence has been observed on the dorsums of tongues and gingival plaques. Furthermore, only 33%
of the tumours were mostly covered by strongly red fluorescing material. The observed red spots
did not seem to be spread homogeneously over the lesions’ surfaces, which makes porphyrin fluo-
rescence unsuitable for the demarcation of oral cancer.

In a later study, Betz et al. compared normal inspection, 5-ALA-induced PpIX fluorescence ima-
ging and autofluorescence imaging with the same set-up in 56 patients.[9] Autofluorescence ima-
ging alone gave correct detection of malignancies in 63% of cases (compared with 91% for white
light inspection). The demarcation showed considerable flaws. However, the early stage lesions
were well detected and demarcated, probably due to their flat appearance. The authors therefore
suggest that autofluorescence imaging is especially suitable for screening of premalignant and
early malignant oral lesions.

Paczona et al. investigated the use of autofluorescence videoendoscopy for diagnosis of head and
neck squamous cell carcinoma.[46] They measured 48 patients, of whom 8 had oropharyngeal
and 3 had oral cancer, and compared the results with white light videoendoscopy. All oral and
oropharyngeal lesions were visible by autofluorescence as well as white light videoendoscopy.
Using autofluorescence, tumours presented as darker areas with a more or less accentuated red-
dish-blue color. However, in three patients with oropharyngeal cancer, the lesions turned out to be
more extended using autofluorescence endoscopy. In two patients, an additional lesion was found
by autofluorescence videoendoscopy (one severe dysplasia, one moderate dysplasia). A summary of
the literature on autofluorescence imaging in the oral cavity is given in Table 7.1.
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Table 7.1. Results from the literature for autofluorescence imaging of oral lesions.

7.3 Autofluorescence spectroscopy for oral oncology
Generally, autofluorescence spectroscopy systems consist of a light source - usually in the near-

UV to visible wavelength range - that excites the tissue through a fiber. The fluorescence that is
produced in the tissue is analyzed by a spectrograph, while the reflected excitation light is filtered
out. The recorded fluorescence spectra can be saved to a computer, which allows mathematical

Author, year Excitation Emission Number of Method Results
wavelength wavelength lesions (benign, 
(nm) (nm) dysplastic,

malignant)

Onizawa et al., UV flash >480 34 (18, 0, 16) Porphyrin-like  Observed 
1996 lamp fluorescence in 14 (16) 

malignant and 
1 (16) benign

Onizawa et al., UV flash >480 130 (79, 7, 44) Porphyrin-like 94% sens. and 96% 
1999 lamp fluorescence spec. for malignant 

vs. benign + dys
plastic lesions

Fryen et al., Unclear Unclear Unknown Irregular  Even not clearly
1997 (halogen opaque   visible tumours  

source) light and detectable using
darker autofluorescence
reddish areas

Betz et al., 375-440 >515 30 (0, 0, 30) Dark areas,  Sens. 67%,
1999 porphyrin-like especially flat 

fluorescence lesions. Porphyrin 
fluorescence not 
useful. 

Betz et al., 375-440 >515 56 (0, 0, 56) Dark areas Sens. 63% as 
2002 compared to 91% 

for WLE. Flat early-
stage lesions well 
detectable.

Kulapaditharom 442 480-520 + >630 67 (39, 15, 13)  Reddish, brown Compared to WLE:
et al., 2001 (different head- fluorescence + sens. raised from

neck regions dark areas 68 to 93%, spec.
combined) from 70 to 79% 

(combined locations)

Paczona et al., 375-440 >515 11 (0, 0, 11) Diminished green, Sens. 100% for 
2003 shift to reddish- autofluorescence

blue, violet and WLE. Two
autofluores- additional dysplasias,
cence 3 lesion extensions 

spotted
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spectral analysis of many types. Much use has been made of multivariate techniques like Principal
Components Analysis (PCA), but also of emission wavelength ratios and artificial neural networks.

Many studies have been performed to distinguish oral lesions (cancerous, dysplastic or benign)
from healthy oral mucosa using autofluorescence spectroscopy. Fewer studies have tried to distin-
guish between benign and (pre)malignant lesions. In this section, we will give an overview of stu-
dies on autofluorescence spectroscopy on the oral mucosa for both questions separately. 

Distinguishing lesions from healthy oral mucosa
In 1995, Kolli et al. studied the use of autofluorescence spectra for the detection of neoplastic

upper aerodigestive mucosa.[47] They studied 31 patients with 27 malignant tumours and 4
potentially premalignant lesions, and found significant differences in fluorescence intensity ratios
between healthy mucosa and the lesions. Two emission scans (excitation 300 and 340 nm) and two
excitation scans (emission 380 and 450 nm) were applied. For all scans, wavelength ratios were cal-
culated. Three of the four scans showed significant differences between lesions and healthy tissue,
one excitation scan did not. In another study, Kolli et al. found that changes in autofluorescence
emission and excitation characteristics correlated with epithelial thickness.[48] Both studies were
only aimed at finding significant differences in autofluorescence spectra between tumours and
healthy mucosa, and did not attempt to classify yet.

Chen et al. performed an ex vivo study of oral mucosa and observed significant differences (p <
0.001) between healthy oral mucosa on the one hand, and malignant plus premalignant lesions on
the other hand.[49] The best results were obtained for the 470/330 nm emission ratio at 300 nm
excitation. This technique was able to classify abnormal tissue with a positive predictive value
(PPV) of 94%, and normal oral mucosa with a PPV of 93%. However, the classification of pre-
malignant vs. malignant lesions was not possible. Next to that, they studied ex vivo autofluorescence
in normal and malignant oral tissues.[50] After excitation with 330 nm, they found significant dif-
ferences in fluorescence intensity around 380 and 460 nm between the 15 normal and 15 malig-
nant oral tissue samples from 15 oncology patients. However, standard deviations in fluorescence
intensities were approximately five times larger than the differences between the two groups.
Therefore, reliable classification on this basis would not be possible. Since the studies by Chen et
al. have been performed ex vivo, they were not included in Table 7.2.

Gillenwater et al. recorded oral mucosa autofluorescence spectra from 8 healthy volunteers and
15 patients with premalignant or malignant lesions at 337, 365 and 410 nm excitation in vivo.[51]
For lesions, they noticed a decreased intensity in the blue spectral regions, and an increased fluo-
rescence around 635 nm (porphyrin-like fluorescence). Based on the ratio between these values,
they achieved a sensitivity of 82% and a specificity of 100% for distinguishing lesions from healt-
hy mucosa. Large, unexplained variations in fluorescence intensity were observed between indivi-
duals.

Schantz et al. measured autofluorescence at a fixed detection wavelength (450 nm) that they
believe to represent mainly NADH fluorescence, while scanning the excitation wavelength from
290 to 415 nm in 35 oral cancer patients.[52] They noticed that a loss of tumour differentiation is
associated with a lower maximum excitation wavelength. Also, they found a correlation between
the excitation maximum of cancerous and contralateral healthy oral mucosa in the same patient.
No classification was attempted and values for the excitation maxima showed overlaps between
thedifferent tumour groups.

Betz et al.[45] performed autofluorescence spectroscopy under broad blue excitation in 36
patients with a cancerous tumour of the oral cavity or oropharynx, and in one healthy volunteer.
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In 34 of the 36 patients, neoplastic tissue showed lower overall and peak autofluorescence intensi-
ties than surrounding tissue, while spectral shapes were similar. Large inter- and intraindividual
variances were found in autofluorescence intensities for healthy as well as diseased mucosa. The
dorsal side of the tongue showed a relatively high intensity in the red region. 

Inaguma et al. investigated porphyrin-like fluorescence in oral cancer.[53] Of 78 oral carcino-
mas studied in vivo under 410 nm excitation, 66 carcinomas (85%) produced red fluorescence
around 630 nm, accompanied by a smaller peak at a slightly higher wavelength. From the 43
benign lesions that were measured as well, porphyrin-like fluorescence was observed in only three.
These were two leukoplakias and one acute necrotizing ulcerative gingivitis. A capillary electro-
phoretic method was used to analyze the fluorescing substances in three of the tumours. Inaguma
et al. conclude that several porphyrin compounds are responsible for the fluorescence, among
which PpIX.

Heintzelman et al. tried to establish the optimal excitation wavelength for the detection of oral
lesions.[54] They measured excitation–emission maps using 330–500 nm excitation wavelengths
in 10 nm increments. The training set consisted of nine healthy volunteers, in whom 41 clinically
normal sites were measured, and 17 patients with a known or suspected premalignant or malig-
nant oral lesion, in whom 47 sites (10 lesion sites) were measured. The validation set consisted of
53 healthy volunteers, in whom 274 clinically normal sites were measured, and 3 patients in which
7 sites (4 lesion sites) were measured. All spectra suitable for analysis turned out to correspond to
lesions that ranged from mildly dysplastic to cancerous, so no benign lesions were included in the
analysis. Therefore, effectively the distinction between lesions and healthy oral mucosa has been
made. Using different combinations of concatenated vectors normalized by the peak intensity, the
authors achieved 100% sensitivity and 90% specificity for the training set and similar results for
the full data set. When spectra were normalized before concatenation, the results were less satis-
factory. The addition of porphyrin-like fluorescence information to the algorithm was not useful.
The authors note that this is explained by its low specificity, since red fluorescence is observed at
some normal, some dysplastic and some cancerous sites. 

Majumder et al. studied human oral cavity cancers and found a sensitivity of 86% and a specifi-
city of 63% for distinguishing mostly advanced tumours from visually uninvolved sites.[55] They
used 337 nm excitation and investigated 25 patients with oral cancer. Discrimination was attemp-
ted using Principal Components Analysis (PCA). In a later study, Majumder et al. compared PCA
and non-linear algorithms for classification of cancerous and normal tissue. This time, 16 patients
with cancer of the oral cavity as well as 13 normal volunteers were included. The non-linear algo-
rithm provided a sensitivity of 93% and a specificity of 96% for the training set, and 95% and
96% for the validation set. For PCA, these values were lower.[56] We noticed that the preproces-
sing of the data introduces some foreknowledge of the lesion type, because after the mean healthy
spectrum has been subtracted from all spectra, the resultants are divided by the standard deviation
of the spectral category from which these originate. The authors remark that patient selection
may influence algorithm performance, but explain that the main object of this paper was to com-
pare the different algorithms. A study with more than two classes, including benign lesions, in a
less biased patient population will be performed at a later stage.

Muller et al. excited 91 tissue sites (normal, dysplastic and cancerous) in 15 patients and 8 healt-
hy volunteers in vivo with 11 excitation wavelengths between 337 and 610 nm.[57] Benign lesions
were measured but left out of the analysis because of the small size of these categories.
Autofluorescence spectra recorded at 337 and 358 nm excitation were analyzed by fitting a linear
combination of collagen and NADH fluorescence to the intrinsic autofluorescence as obtained by
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a model. The fluorescent spectral components were extracted from the intrinsic autofluorescence
by means of multivariate curve resolution. In combination with diffuse reflectance spectroscopy
and light scattering spectroscopy, they achieved a sensitivity of 96% and a specificity of 96% for
distinguishing cancerous and dysplastic lesions from normal tissue. The distinction between cance-
rous and dysplastic tissue was made with a sensitivity of 64% and a specificity of 90%.

The literature on distinguishing lesions from healthy oral mucosa in vivo using autofluorescence
spectroscopy has been summarized in Table 7.2.
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Table 7.2. Results from the literature for in vivo autofluorescence spectroscopy of oral lesions: distinction between lesions
and healthy mucosa.

Author, Year

Kolli et al., 1995

Kolli et al., 1995

Gillenwater et al.,
1998

Schantz et al.,
1998

Betz et al., 1999

Inaguma et al.,
1999

Heintzelman et
al., 2000

Van Staveren et
al., 2000

Majumder et al.,
2000

Majumder et al.,
2003

De Veld et al.,
2003

Muller et al., 2003

Excitation wave-
length(s) (nm)

Different combi-
nations (200-
430)

Different combi-
nations (200-
430)

337, 365, 410

290-415

375-440

410

330 –500 in 10
nm increments

420

337

337

6 between
365-450

11 between

337 and 610

Emission wave-
length(s) (nm)

Different com-
binations (300-
660)

Different com-
binations (300-
660)

380-680

450

470-600

605-700

(Exc+10) to 700

465-650

350-700

375-700

467-867

350-700

Number of lesions
(benign, dysplas-
tic, malignant)

31 (unknown,
unknown, 27)

19 (unknown,
unknown, 18)

33 sites (>0, >0,
>0) 

35 (0, 0, 35)

36 (0, 0, 36)

121 (43, 0, 78)

14 (0, 6, 8)

22 (9, 13, 0)

25 (0, 0, 25)

16 (0, 0, 16)

134 (106, 12, 17)

27 sites in 15
patients (0, 19, 12)

Method

Emission and exci-
tation wavelength
ratios

Emission wave-
length ratios

635 / (445-490)
ratio

Excitation maxi-
mum

511 nm intensity

Porphyrin-like
peak

PCA on concate-
nated spectra

Artificial neural
network

PCA + logistic dis-
crimination

Nonlinear maxi-
mum presentation
and discrimination
feature

PCA with various
classifiers, artificial
neural networks,
emission wave-
length ratios

Logistic regression

Results

Significant diffe-
rences between
healthy and lesi-
ons

Correlation found
with epithelial
thickness

Sens. 82%, spec.
100%

Loss of tumour
differentiation ->
lower excitation
maximum

34 tumours show-
ed lower intensity

66 of 78 tumours
and 3 of 43
benign lesions:
porphyrin-like
fluorescence

100% sens., 90%
spec. using 350,
380 and 400 nm
excitation spectra
in concatenation

86% sens., 100%
spec.

86% sens., 63%
spec.

95% sens., 96%
spec.

ROC-area 0.88 for
lesions vs. healthy,
0.97 for malignant
tumours vs. healt-
hy mucosa (ROC-
area 1 = perfect)

96% sens., 96%
spec.
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Classification of different lesion types
In this section, we will discuss several studies that have attempted to classify oral lesions using

autofluorescence spectroscopy. Dhingra et al. studied healthy oral mucosa of 10 volunteers and a
combination of 19 oral and oropharyngeal lesions in vivo by means of 370 and 410 nm excitati-
on.[58] The lesions comprised hyperplasia and/or hyperkeratosis (n = 8), lichen planus (n = 1),
dysplasia (n = 4), carcinoma in situ (n = 1) and invasive squamous cell carcinoma (n = 5). For 410
nm excitation, the average ratio of the fluorescence intensity at the peak intensity centered around
490 nm of contralateral normal mucosa to that of malignant lesions was 6, while for benign lesi-
ons this ratio was less than 2. Also, they noticed a porphyrin-like peak at 640 nm under excitation
with 410 nm for the neoplastic lesions, while this peak did not occur in healthy mucosa or benign
lesions. Using these two characteristics in a scatter plot and drawing a straight line between neop-
lastic lesions on the one hand and benign and healthy mucosa on the other, they achieved fairly
good separation. Of the 19 lesions, 17 were diagnosed correctly and two were false-positives. The
separation line was drawn such that only the information in the blue spectral part was used for
classification, and not the porphyrin-like peak. An interesting detail is that Dhingra et al. chose to
use a relatively high pressure of the probe onto the tissue (300g/cm2), because this gave the high-
est fluorescence intensity. This is probably explained by the pushing away of blood by the fiber,
which is consistent with their autofluorescence spectra showing no blood absorption dips. Their
results therefore do not rely on blood absorption information, but only on fluorophore concentra-
tions, tissue architecture and the distribution of scatterers. The authors believe that the decreased
blue fluorescence intensity probably relies on epithelial thickening and cellular proliferation, which
shelters the highly fluorescent collagen layer and thus reduces the measured fluorescence intensity.
The good results as achieved by Dhingra et al. are in our opinion not very reliable. There was no
validation set but only a small dataset that has been classified afterwards, which makes their results
very sensitive to overfitting.
Ingrams et al. performed an in vitro study on 10 dysplastic or malignant and 12 healthy or benign
human biopsy specimens from clinically suspicious lesions and healthy oral mucosa using various
excitation wavelengths.[59] The exact numbers of dysplastic, malignant, benign and healthy spe-
cimens are not given. The most prominent difference found between dysplastic or malignant and
healthy or benign mucosa was the porphyrin-like peak centered at 635 nm and accompanied by a
smaller peak at 690 nm. Ingrams et al. established 90% sensitivity and 91% specificity based on
this peak. They note that if the observed fluorescence corresponds to Protoporphyrin IX, they
have in effect equated the presence of a certain concentration of this compound in cells with the
presence of dysplasia or malignancy. They also note that they cannot be sure whether these por-
phyrin-like substances correspond to dysplasia or malignancy because of accumulation of PpIX
due to a lack of ferrochelatase in tumour cells, or because of bacteria that produce porphyrins.
The latter would make the method less reliable, since bacteria can live at benign lesions as well.
Since this study was performed in vitro, it has not been included in Table 7.3.

Van Staveren et al. investigated 22 visible lesions (9 benign, 13 dysplastic) in 21 patients suffering
from oral leukoplakia, and from 12 locations in two healthy volunteers.[60] Autofluorescence
spectra were recorded under 420 nm excitation and analyzed using an artificial neural network.
The separation of abnormal from normal tissue resulted in 86% sensitivity and 100% specificity
and has been added to Table 7.1, but classification according to the grade of dysplasia was not
feasible. Surprisingly, the border of lesions seemed to contain more relevant information than the
center of the lesion.

Wang et al. have performed various studies on autofluorescence spectroscopy for oral cancer
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detection.[61–65] They performed studies in hamsters as well as in humans, both in vivo and ex
vivo. In their in vivo human study, they measured 15 healthy volunteers, 30 patients with oral sub-
mucous fibrosis, 39 patients with oral leukoplakia (of which 26 histologically diagnosed as epitheli-
al hyperkeratosis and 13 as epithelial dysplasia) and 13 patients with oral squamous cell carcino-
ma.[64] For their distinction of premalignant and malignant from benign lesions under 330 nm
excitation, they established a sensitivity of 81% and a specificity of 96% using a partial least squa-
res and artificial neural network (PLS-ANN) classification algorithm. The test results were calcula-
ted on the basis of leave-one-out, so that the risks of overfitting were strongly reduced. All lesions
measured by Wang et al. were located at the oral buccal mucosa, and all were induced by areca
quid chewing and smoking habits. Their lesion set thus was quite homogeneous, which may have
facilitated the classification. For use in the clinic, the algorithm would also have to be applicable
for different lesion types and at other anatomical locations.

Tsai et al. studied the influence of oral submucous fibrosis (OSF) on autofluorescence spec-
tra.[66] They measured 15 healthy volunteers and 149 patients with clinically suspected oral sub-
mucous fibrosis, epithelial hyperkeratosis, epithelial dysplasia and squamous cell carcinoma. All
lesions were located at the buccal mucosa and induced by areca quid chewing. Using 330 nm exci-
tation, they found that the 460/380 nm ratio increased from fibrosis to healthy mucosa to hyper-
keratosis to dysplasia and finally to cancer (p < 0.01 for all comparisons). However, the presence
of OSF made hyperkeratosis and dysplasia indistinguishable from healthy mucosa. Furthermore,
the standard deviations for the ratio were largely overlapping for hyperkeratosis and dysplasia in
both OSF and non-OSF patients (non-OSF: 0.97 ± 0.17 and 1.01 ± 0.19, respectively; OSF: 0.77
± 0.26 and 0.68 ± 0.22, respectively). This means that dysplastic and hyperkeratotic lesions are
indistinguishable. 

In a study that we performed ourselves, we recorded autofluorescence spectra from 97 healthy
volunteers and from 155 patients with 172 benign, dysplastic and malignant oral lesions.[67] We
excluded all measurements from the dorsal side of the tongue and the vermilion border of the lip
from the analysis because of the differences established between healthy locations[68] These diffe-
rences, that are irrelevant to our clinical question, could possibly disturb lesion classification. This
left 134 lesions to be included in the spectral analysis. Applying various algorithms including PCA
and emission wavelength ratios to spectra recorded under six different excitation wavelengths, we
found excellent separation between healthy mucosa and oral cancer (area under the ROC-curve
up to 0.97, with ROC-area = 0.5 corresponding to random classification and ROC-area = 1 to
flawless classification). The separation between healthy mucosa and lesions of any kind was good
(area under the ROC-curve up to 0.88). These results are included in Table 7.2. We found no
strong dependency of the results on the excitation wavelength. Separation between benign lesions
on the one hand and dysplastic and cancerous on the other was not feasible (ROC areas <0.65 for
all methods and excitation wavelengths). We have explained this by noting the enormous variati-
ons in autofluorescence spectra, which overlap between the different classes and especially
between benign and dysplastic lesions. In Figure 7.1 the median spectra for different categories
are plotted, both non-normalized and normalized to the blue peak intensity. It is clear that in both
cases benign and dysplastic lesion spectra are intertwined. The literature on classification of oral
lesions in vivo using autofluorescence spectroscopy has been summarized in Table 7.3.
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Figure 7.1. (a) Median autofluorescence spectra of lesions of the oral mucosa of different types, excitation wavelength 405
nm and (b) normalized spectra.

Table 7.3. Results from the literature for in vivo autofluorescence spectroscopy of oral lesions: distinction between malignant
and dysplastic lesions on the one hand, and benign lesions on the other.

Author, Year

Dhingra et al.,
1996

Tsai et al., 2003

Van Staveren et
al., 2000

Wang et al., 2003

De Veld et al.,
2003

Excitation wave-
length(s) (nm)

370 and 410

330

420

330

6 between
365-450

Emission wave-
length(s) (nm)

380-700

340-601

465-650

340-601

467-867

Number of lesi-
ons (benign, dys-
plastic, malignant)

19 (9, 4, 6)

104 (57, 27, 20)

22 (9, 13, 0)

82 (56, 13, 13)

134 (106, 12, 17)

Method

Intensity ratio
lesion to contra-
lateral

480/360 nm emis-
sion ratio

Artificial neural
network

Partial least squa-
res + artificial
neural network

PCA with various
classifiers, artifici-
al neural net-
works, emission
wavelength ratios

Results

100% sens., 80%
spec.

81% sens., 87%
spec.

Classification not
feasible

81% sens., 96%
spec.

Classification not
feasible
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7.4 Discussion

Autofluorescence imaging
The experimental approaches reported for autofluorescence imaging in the oral cavity are quite

similar. The images are usually recorded by means of a CCD camera and occasionally by photo-
graphy. Most of the times, the tissue is excited with light in the 375–440 nm range. This is due to
the commercially available systems for fluorescence imaging that can be used for the lungs as well.
Therefore, no studies have been performed to decide on the most favorable excitation wavelengths
for the imaging of oral malignancies. However, this information can potentially be deduced from
spectroscopy, in which excitation wavelength studies have been performed. The criteria used for
labeling areas as lesions were diminished fluorescence intensity (in the blue or green) or increased
red fluorescence that is probably associated with porphyrins. Although high sensitivities and speci-
ficities have been obtained using porphyrin-like fluorescence,[41,42] others studies have claimed
that red fluorescence is not specific for malignancies.[45] This discrepancy can possibly be explai-
ned by the differences in patient population. Porphyrins have been associated mainly with ulcera-
ting tumours, because of the bacteria that grow in these tissues. Therefore, a higher fraction of
advanced tumours may increase the sensitivity and specificity of porphyrin-based tumour detection. 

The first clinical question that we have asked was whether autofluorescence imaging can improve
the contrast between lesions. For the answer, a comparison has to be made between white light
inspection and autofluorescence imaging. A few studies have made this comparison and gave vary-
ing results. Kulapaditharom et al. found increased sensitivity and specificity as compared to white
light inspection in a large and varied patient population.[44] On the other hand, Betz et al. found
a lower sensitivity for autofluorescence imaging than for white light inspection in a large patient
population consisting of only malignant tumours.[9,45] Therefore, we think that more research
on the contrast between lesions and healthy oral mucosa should be performed that take special
care in relating the results to the patient population. From the studies performed so far, we can
only conclude that autofluorescence imaging of the oral mucosa possibly improves lesion contrast
and that this is certainly the case for flat, early lesions.[9,45] 

The second question we asked was whether autofluorescence imaging is helpful in differentiating
between different lesion types. This question has been addressed with good results by means of
porphyrin-like fluorescence.[41,42] However, this fluorescence has been shown to be not very spe-
cific for malignant lesions.[45] Probably, this inconsistency is related to differences in the lesion
dataset - for example, ulcerating tumours are known to very frequently produce porphyrin-like
fluorescence. Using differences in autofluorescence intensity, Kulapaditharom et al. found a 100%
sensitivity for distinguishing dysplastic and malignant from benign lesions in the oral cavity, but
the specificity was only 73%.[44] However, this was still a higher value than for white light endos-
copy. Overall, the specificity of autofluorescence imaging for distinguishing (pre)malignant from
benign lesions does not seem to be very promising.

The third research question concerned the detection of previously unknown and invisible lesions
and of unknown extensions of visually detected lesions. Indications have indeed been found that
autofluorescence imaging is capable of detecting invisible lesions or invisible tumour extensi-
ons.[43,46] However, these results concern only small numbers and therefore the question requi-
res further research. The detection of invisible tumour extensions is probably the most practical
way to establish the potential of the method for detection of invisible tissue alterations. This
approach does not require complete scanning of the oral cavity and the taking of validation biop-
sies on visually healthy-looking tissue. If the detection of invisible tumour extensions using auto-
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fluorescence imaging gives promising results, the scanning of high-risk groups, e.g. patients who
have suffered from oral cancer in the past, could be the next step.

Autofluorescence spectroscopy

In autofluorescence spectroscopy of the oral cavity, many different approaches have been chosen.
The excitation wavelengths used span a wide range from 200 to 610 nm, and often spectra recor-
ded at several excitation wavelengths have been combined for lesion classification. Regarding the
classification methods used, a similar variety is observed. Multivariate statistical techniques are
popular, in particular PCA. Emission wavelength (red/green) ratios exploiting the relative decrease
in green autofluorescence intensity in lesions have been applied, as well as fluorescence intensity,
neural networks and porphyrin-like peaks. For distinguishing lesions from healthy mucosa, several
studies have tried to establish the most successful excitation wavelengths, while others have adop-
ted optimal excitation wavelengths from earlier studies ex vivo or in other organs. Those that
searched for optimal wavelengths, found various results. The combination of 350, 380 and 440
nm as well as single wavelengths 337 nm, 410 nm and six wavelengths between 365 and 450 nm
have been reported.[51,54,58,67] In view of these inconsistent results, we suggest that the exact
wavelength used for excitation might not be so relevant for the method’s effectiveness as is often
believed. We believe that this is due to the broad excitation bands of the most important fluoro-
phores, like collagen. The methods used for classification of spectra have also given varying
results. For example, porphyrin-like fluorescence gave good results in some studies, but in others
turned out to be worthless. Therefore, further research is required to validate different methods
for distinguishing between healthy and diseased oral mucosa. For an honest comparison of
methods, we believe that ROC curve areas should be calculated because these do not rely on an
arbitrarily chosen threshold. Furthermore, we believe that it is very important to look at the cha-
racteristics of the lesion dataset. In general, more benign lesions and more variation in the dataset
complicate the classification. However, the reality in oral pathology is just that: relatively many
benign lesions and much variation in lesion type. A useful classification algorithm therefore must
be able to function well in these complex circumstances.

From the literature, we can conclude that autofluorescence spectroscopy seems to be very accu-
rate for distinguishing lesions from healthy oral mucosa (sensitivity 82–100%, specificity
63–100%). This is especially true for distinguishing malignant tumours from healthy mucosa, for
which sensitivities and specificities >95% are no exception. However, the method seems to be less
specific for classification of different lesion types. In our own study, we found that classification
between different lesion types was not feasible. Other studies have claimed good results, but to our
opinion these studies were not convincing, as discussed above. We therefore believe that at this
moment, performing an optical biopsy using in vivo autofluorescence spectroscopy is not possible
for the oral cavity.

We can think of various reasons for the problems arising in discriminating between benign lesi-
ons on the one hand and dysplastic and malignant lesions on the other hand. In general, tumours
as well as benign and dysplastic lesions can be of various degrees of keratinization, hyperplasia
and blood content. All these factors influence the shape and intensity of autofluorescence spectra,
and since large variances are observed within different lesion categories, a mixing of categories by
means of autofluorescence spectroscopy classification can easily result. Information provided by
other fluorophores like NADH and FAD may be more specific for (pre)malignancy, but in our opi-
nion it has not been convincingly shown that NADH and FAD fluorescence are measurable from
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oral mucosa in vivo. We believe that it is not feasible to extract the exact intrinsic autofluorescence
from the recorded signal, because all methods for doing this - e.g.using reflectance spectra - requi-
re prior knowledge of the tissue under investigation. If it were feasible, the question would still
remain whether intrinsic fluorescence spectra would give better results. To our opinion, it has not
been convincingly shown that scattering and blood absorption artifacts play a less important role
for classification than the presence of certain fluorophores. Furthermore, many other factors than
disease have been shown to influence autofluorescence spectra as well, such as gender, pigmentati-
on, tobacco and alcohol consumption habits and the wearing of dentures.[69] These influences
might be disturbing factors in le sion classification. However, we do not know of any reliable way
to correct autofluorescence spectra for these individual factors.[69]

7.5 The place of autofluorescence diagnostics in oral oncology - conclusions
In summary, both autofluorescence imaging and spectroscopy give good results for the distinction

of lesions from normal mucosa. In the case of imaging, this is very useful because it gives the cli-
nician a tool to scan the oral cavity for new lesions, and possibly to assess invisible extensions of
visually detected lesions. In fact, there are indications that autofluorescence imaging can be used
to find lesions that are not or not easily noticed by visual inspection.

We believe that in contrast to imaging, autofluorescence spectroscopy is for practical reasons not
suitable to detect new lesions or to demarcate lesions. In our opinion, it is not feasible to scan the
complete oral cavity using the small sampling area that results from the use of an optical fiber.
Beginning lesions are very small and therefore each and every part of the mucosa would have to
be measured separately. We have performed an unpublished pilot follow-up study of patients with
a history of oral cancer. These patients, who are at a high risk for developing second primary
tumours, were scanned at anatomical locations that are prone to develop oral cancer, in particular
the lateral border of the tongue. However, we soon found that it would be impossible to scan the
complete oral cavity––not only because of the time-consuming nature of the measurements, but
also because it would be impossible to mark which locations have already been measured.

Because scanning the complete oral cavity using point spectroscopy is impossible, the measure-
ment probe will in practice only be placed at lesions that have already been found by visual
inspection or another technique, which explains the excellent figures for sensitivity and specificity
found in many studies. As a consequence, the relevant question will not be whether the tissue at
this location is normal or not, because it has already been established to be abnormal. The rele-
vant question will instead be whether the visible tissue alterations are of a benign or a (pre)malig-
nant nature.We believe that this is the most relevant clinical question for classification of visible
lesions, because it is crucial for the treatment planning. If possible, autofluorescence spectroscopy
could be used to find the optimal, most dysplastic location for biopsy. Unfortunately, the literature
shows that autofluorescence is not specific enough for this purpose. We therefore believe that auto-
fluorescence imaging might be appropriate as an easy-to-use, sensitive and inexpensive method for
lesion detection, although further research is still necessary.
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Samenvatting | Summary in Dutch
In de inleiding (hoofdstuk 1) worden de klinische vraagstelling van dit proefschrift en het
plan van aanpak beschreven. Voor de behandeling van kwaadaardige afwijkingen in de mond
is het van belang dat deze in een zo vroeg mogelijk stadium ontdekt worden. Het is echter onmo-
gelijk om beginnende kwaadaardige afwijkingen met het oog te onderscheiden van sommige goe-
daardige afwijkingen, waardoor in de praktijk altijd een biopt (proefstukje) genomen moet worden.
Het is niet altijd duidelijk op welke lokatie een biopt het beste genomen kan worden, waardoor er
soms kwaadaardige afwijkingen gemist kunnen worden of de biopsie herhaald moet worden.
Optische spectroscopie is een methode waarmee potentieel op een niet-invasieve manier informa-
tie over het mondweefsel te verkrijgen is. Autofluorescentiespectroscopie is daar een veelbelovend,
relatief goedkoop en eenvoudig uitvoerbaar voorbeeld van. In de inleiding staat beschreven waar
de techniek op berust en welke vraagstellingen in dit proefschrift behandeld zullen worden.

In hoofdstuk 2 staat de invloed van de anatomische locaties waarop gemeten wordt cen-
traal. In de mond zijn verschillende soorten weefsels aanwezig met vermoedelijk grote verschillen
in basale autofluorescentie. Zo is bijvoorbeeld de tong anders van vorm en structuur dan de bin-
nenzijde van de wang. Hierdoor kan het zijn dat de anatomische invloed op het spectrum de spec-
trale verschillen tussen gezond en afwijkend weefsel overschaduwt, waardoor de diagnostiek van
afwijkingen bemoeilijkt wordt. Voor deze studie werden 97 vrijwilligers zonder afwijkingen aan
het mondslijmvlies gemeten. De metingen vonden plaats op dertien verschillende lokaties in de
mond (tongrug, tongrand, lip, tandvlees, wang etc.) waarvan op grond van het weefseltype ver-
schillen in autofluorescentiespectra verwacht konden worden. De spectra, gemeten met zeven ver-
schillende excitatiegolflengten, werden onderling vergeleken met behulp van de statistische metho-
de “principal components analysis” (PCA). Van de dertien locaties bleken er elf onderling weinig
te verschillen, d.w.z. dat de variaties ten gevolge van anatomische locatie kleiner waren dan de
spontane variaties binnen een lokatie. De enige uitzonderingen waren het lippenrood en de ton-
grug. Spectra van het lippenrood vertoonden meer bloedabsorptie en hadden daardoor ook een
lagere fluorescentie-intensiteit. Spectra van de tongrug bleken in 94% van de gevallen voor min-
stens één excitatiegolflengte een porphyrine-achtige piek te vertonen. Porphyrines worden gepro-
duceerd door micro-organismen, die mogelijk een comfortabele behuizing vinden in de papillaire
ruimten van de tong. In de literatuur is diezelfde porphyrinepiek genoemd als hulpmiddel bij het
opsporen van kanker, maar aangezien deze zeer frequent voorkomt in gezond weefsel – met name
op de tongrug, maar ook op andere locaties – is hij blijkens onze studie niet geschikt voor diagnos-
tiek. 
Concluderend kan gesteld worden dat de autofluorescentiespectra van de tongrug en het lippen-
rood beide apart geanalyseerd moeten worden, maar dat de overige elf locaties onderling verge-
lijkbaar zijn.

In hoofdstuk 3 wordt de invloed van individuele kenmerken op het autofluorescentiespec-
trum onderzocht in de populatie van vrijwilligers uit hoofdstuk 2. Met behulp van PCA en multi-
variate lineaire regressie technieken werden de invloeden van de individuele kenmerken op het
spectrum bepaald. De onderzochte kenmerken waren leeftijd, geslacht, rookgewoonten, alcoholge-
bruik, huidskleur en het dragen van gebitsprotheses. Behalve leeftijd bleken alle factoren een sta-
tistisch significante invloed te hebben op de verhouding tussen de verschillende basisspectra (PC’s)
waartoe de spectra gereduceerd kunnen worden. Bij vrijwilligers die meer dan vijf alcoholische
eenheden gebruiken, bleek de porphyrinecomponent sterker vertegenwoordigd te zijn, mogelijk
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door een andere microbiële flora in de mond. Bij rokers was de poprhyrinepiek eveneens sterker
aanwezig maar verschilde ook de bulk autofluorescentie. De verschillen waren het sterkst tussen
zware rokers (meer dan 20 sigaretten per dag) en niet-rokers. Tussen niet-rokers en ex-rokers
bestonden geen significante verschillen, wat erop wijst dat de invloed van roken op het autofluo-
rescenctiespectrum omkeerbaar is. De gevolgen van gebitsprotheses waren vooral zichtbaar in de
bloedabsorptie die lager was. Mogelijk wordt dit verklaard door een verdikking van het mond-
slijmvlies die de invloed van bloedabsorptie zou kunnen verkleinen. De invloed leek echter niet erg
afhankelijk van de anatomische lokatie waarop gemeten werd. Vrouwen vertoonden minder
bloedabsorptie dan mannen, wat niet bevredigend verklaard kon worden. Huidskleur had van alle
genoemde factoren de grootste invloed op het autofluorescentiespectrum. Door raciale pigmenta-
tie werd een groot deel van de autofluorescentie geabsorbeerd. Bij diagnostiek van afwijkingen
dient hier rekening mee te worden gehouden.

Voor hoofdstuk 4 werden autofluorescentiespectra van 172 goedaardige, dysplastische en kwaad-
aardige afwijkingen gemeten en onderling vergeleken om te komen tot diagnostiek. Ook de
spectra van de gezonde vrijwilligers uit hoofdstuk 2 werden toegevoegd. De spectra werden geme-
ten bij zes excitatiegolflengten en zowel in het centrum van de afwijking als op de rand, in de
gezond ogende omgeving en aan de contralaterale zijde. De spectra werden vergeleken met
behulp van PCA, kunstmatige neurale netwerken (ANN) en vier fluorescentie-intensiteitratio’s
zoals gebruikt in de literatuur. De scores werden vergeleken met behulp van ROC-curves, die min-
der afhankelijk zijn van een gekozen cut-off waarde dan de gebruikelijke sensitiviteit en specifici-
teit. Drie klinische vragen werden onderzocht: 
1. Kunnen kwaadaardige tumoren worden onderscheiden van gezond mondslijmvlies? 
2. Kunnen afwijkingen in het algemeen worden onderscheiden van gezond mondslijmvlies? 
3. Kunnen kwaadaardige en dysplastische afwijkingen worden onderscheiden van goedaar

dige afwijkingen? 
Het antwoord op de eerste twee vragen was bevestigend (maximale oppervlaktes onder de ROC-
curve 0.97 en 0.88). Het onderscheid tussen kwaadaardige en dysplastische afwijkingen enerzijds,
en goedaardige afwijkingen anderzijds, kon echter niet gemaakt worden (ROC-oppervlakte
<0.65).

In hoofdstuk 5 wordt onderzocht wat de waarde is van diffuse reflectantiespectra voor dia-
gnostiek van slijmvliesafwijkingen in de mondholte. De autofluorescentie- en diffuse reflectantie-
spectra van 172 afwijkingen en 70 gezonde vrijwilligers werden daartoe geanalyseerd met behulp
van PCA. De drie klinische vraagstellingen van hoofdstuk vier werden opnieuw gesteld, maar nu
voor diffuse reflectantiespectra en voor autofluorescentiespectra die in eerste orde gecorrigeerd
waren voor bloedabsorptie- en verstrooiingsartefacten. De resultaten waren vergelijkbaar met die
van hoofdstuk vier. De classificatie van kanker versus gezond mondslijmvlies gaf zowel voor diffu-
se reflectantie als voor gecorrigeerde autofluorescentiespectra ROC oppervlakten tot 0.98, wat een
uitstekende classificatie inhoudt. Voor afwijkingen versus gezond weefsel was de classificatie voor
beide methoden goed (ROC oppervlakten tot 0.90). Voor het onderscheid tussen goedaardige en
(pre-)maligne afwijkingen bleken beide methoden echter eveneens ongeschikt. Het combineren
van autofluorescentie- en diffuse reflectantiespectra verbeterde de resultaten nauwelijks. De rele-
vante informatie voor de eerste twee klinische vragen bleek zodoende in zowel diffuse reflectantie-
als in autofluorescentiespectra aanwezig te zijn. De derde en meest relevante klinische vraag bleek
door beide technieken niet beantwoord te kunnen worden. 
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In hoofdstuk 6 staat het microscopisch onderzoek centraal. Autofluorescentiebeelden en
–spectra met twee excitatiegolflengten en Ramanspectra werden gemeten van gevriesdroogde
weefselcoupes. De 37 coupes waren afkomstig van afwijkingen die ook in vivo gemeten waren voor-
dat het biopt werd genomen. Vanwege de invloed van vriesdrogen en langdurige opslag op de
autofluorescentie, konden de in vivo en ex vivo metingen niet met elkaar vergeleken worden.
Autofluorescentiebeelden lieten een hoge intensiteit zien voor de keratine- en bindweefsellagen,
maar nauwelijks intensiteit voor het epitheel. De spectra hadden hun maximum rond 520 nm en
vertoonden geen specifieke kenmerken als porphyrinepieken of bloedabsorptiedippen. Met behulp
van clusteranalyse kon geen verband gelegd worden tussen spectra enerzijds en de aard van de
afwijking of de cellaag waarop gemeten was anderzijds. Met Raman spectra was het mogelijk te
classificeren naar cellaag, maar in deze studie kon ook hier geen verband worden gelegd met de
aard van de afwijking.

In hoofdstuk 7 bespreken we de relevante literatuur over autofluorescentiespectroscopie
en –imaging in de mondholte. Tevens worden de resultaten uit de literatuur vergeleken met
die van dit proefschrift en volgen hier enkele belangrijke conclusies uit. 
Zowel autofluorescentiespectroscopie als –imaging geven goede resultaten voor het onderscheiden
van afwijkingen van gezond weefsel. In het geval van imaging kan dit nuttig zijn voor het opspo-
ren van nieuwe afwijkingen van het mondslijmvlies en mogelijk van onzichtbare uitbreidingen van
reeds bestaande afwijkingen. Aangezien aangetoond is dat met name vroege, vlakke afwijkingen
goed te onderscheiden zijn met autofluorescentie-imaging, is de potentie voor het vinden van
nieuwe afwijkingen groot. 
Autofluorescentiespectroscopie is echter niet geschikt om nieuwe afwijkingen op te sporen, vanwe-
ge de kleine oppervlakte die per meting onderzocht kan worden. Aangezien het onhaalbaar is de
complete mondholte te scannen met behulp van puntmetingen, zal de probe in praktijk altijd
geplaatst worden op een afwijking die al zichtbaar is, of met een andere methode als ‘ verdacht’ is
gekwalificeerd. De relevante vraag wordt dan of de afwijking goedaardig of (pre-)maligne is, aan-
gezien dit van doorslaggevend belang is voor de behandelingsaanpak. Als autofluorescentiespec-
troscopie hiertoe in staat is, kan de methode gebruikt worden om te zoeken naar het meest dys-
plastische gedeelte van een afwijkingen, zodat dáár gebiopteerd kan worden. Helaas blijkt uit dit
proefschrift en na een nauwkeurige analyse van de literatuur dat autofluorescentiespectroscopie
deze klinische vraag niet kan beantwoorden. De eindconclusie is dan ook dat alleen autofluores-
centie imaging geschikt kan zijn als gemakkelijk toepasbare, gevoelige en goedkope methode voor
het opsporen van afwijkingen van het mondslijmvlies. Hiervoor is verder onderzoek noodzakelijk.
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Summary in English
In the introduction (chapter 1), the clinical question addressed in this thesis and the
general approach are described. For the treatment of malignant lesions in the oral cavity, early
detection is essential. Unfortunately, it is impossible to visually distinguish early malignant lesions
from some more common benign lesions. Therefore, the common procedure includes performing
a biopsy. Sometimes it is difficult to determine the optimal location for performing this biopsy,
which may cause underdiagnosis or create the need for repeated biopsies. Optical spectroscopy is
a potential method for non-invasive detection and classification of oral lesions. Autofluorescence
spectroscopy is a promising, relatively inexpensive and easily applicable example. In the introducti-
on, the basis on which the technique relies is described, as well as the subquestions that will be
addressed in this thesis.

Chapter 2 concentrates on the influence of anatomical location on the autofluorescence
characteristics. The oral cavity is lined with a rich variety of mucosal types. For example, the ton-
gue is of a different form and structure than the mucosa of the cheek. The resulting influences on
autofluorescence characteristics might be large and possibly have to be taken into account when
performing lesion diagnostics. For this study, 97 volunteers with no oral lesions were measured.
Autofluorescence measurements were performed at thirteen different locations (dorsal side of the
tongue, lateral border of the tongue, lip mucosa, gingiva, cheek mucosa etc.) that were expected to
produce different autofluorescence spectra on the basis of tissue type. Spectra were recorded using
seven excitation wavelengths and compared using principal components analysis (PCA). Of the
thirteen locations, eleven turned out to be very similar, i.e. the variations related to anatomical
variation were smaller than spontaneous spectral variations within the separate locations. The
only exceptions were the vermilion border of the lip and the dorsal side of the tongue. Spectra
recorded from the vermilion border of the lip showed more blood absorption and therefore dis-
played a lower fluorescence intensity. Ninety-four percent of the spectra recorded from the dorsal
side of the tongue were characterized by a porphyrin-like peak for at least one of the excitation
wavelengths. Porphyrins are produced by micro-organisms, that may find a natural habitat in
papillary cavities like those at the dorsal side of the tongue. In the literature, this porphyrin-like
peak has been suggested to be helpful in cancer detection, but since it frequently is found in healt-
hy mucosa – not only at the dorsal side of the tongue, but at all other locations – it cannot be
used for reliable diagnostics. It is concluded that autofluorescence spectra from the dorsal side of
the tongue and the vermilion border of the lip have to be analyzed separately, but the eleven
remaining locations can be grouped together.

In chapter 3, the influence of individual characteristics at the autofluorescence spectrum is
studied using the volunteer population from chapter 2. PCA and multivariate linear regression
techniques were applied to determine the influences of individual characteristics on the spectrum.
The studied characteristics were age, sexe, smoking habits, alcohol consumption, skin colour and
the wearing of dental prostheses. Except for age, all factors turned out to have a statistically signi-
ficant influence on the relative importance of the constituent spectra (PCs). For volunteers drin-
king more than five alcoholic units per day, the porphyrin component was more present in the
spectra, possibly due to a shifted microbial oral balance. Smokers also showed more porphyrin
fluorescence and next to that they had a different bulk autofluorescence contribution. The greatest
differences were found between heavy smokers (more than 20 cigarettes per day) and non-smo-
kers. No significant differences were found between non-smokers and former smokers, which
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means that the influence of smoking on the autofluorescence spectra is reversible. The effects of
wearing dentures were mainly visible in a less strongly present blood absorption component.
Possibly, this can be explained by a thickening of the mucosa that reduces the influence of blood
absorption. However, the effects did not seem very dependent on the anatomical location from
which the spectra were recorded. Women showed less blood absorption than men, for which we
have no satisfying explanation. Of all components examined, skin colour had the greatest influen-
ce on the autofluorescence spectra. By racial pigmentation, a large part of the produced autofluo-
rescence could be absorbed. When performing lesion diagnostics, this has to be taken into
account. 

For chapter 4 we measured and compared autofluorescence spectra from 172 benign, dysplastic
and malignant lesions to examine the possibilities for diagnostics. The healthy volunteer spectra
from chapter 2 were added to the dataset. Spectra were recorded under six different excitation
wavelengths at the center, the border and the surroundings of the lesion, as well as at the contrala-
teral position of the lesion, which appeared healthy to the eye. Spectra were compared using
PCA, artificial neural networks (ANN) and four fluorescence intensity ratios as have been applied
in the literature. The scores were compared using ROC-curves, which are less dependent on a
chosen cut-off value than the more regularly used sensitivity and specificity. Three clinical ques-
tions were addressed: 
1. Can malignant tumours be distinguished from healthy oral mucosa?
2. Can lesions in general be distinguished from healthy oral mucosa?
3. Can malignant and dysplastic lesions be distinguished from benign lesions?
The answer to the first two questions was affirmative (maximal areas under the ROC-curve: 0.97
and 0.88). However, malignant and dysplastic lesions could not be distinguished from benign lesi-
ons (ROC-area <0.65).

In chapter 5 the value of diffuse reflectance spectra for diagnostics of lesions of the oral
mucosa is examined. Autofluorescence and diffuse reflectance spectra recorded from 172 lesions
and 70 healthy volunteers were analyzed using PCA. The three clinical questions from chapter 4
were addressed again, but now for diffuse reflectance spectra and autofluorescence spectra that
had been corrected in first order for blood absorption artifacts. The results were comparable to
those from chapter 5. Classification of malignant versus healthy oral mucosa gave ROC-areas up
to 0.98 for both diffuse reflectance and corrected autofluorescence spectra, which means that the
classification was excellent. For lesions versus healthy tissue, classification was good for both types
of spectra (ROC-areas up to 0.90). However, for the distinction between benign and (pre-)malig-
nant lesions, both types of spectra proved to be unsuitable. Combining autofluorescence- and dif-
fuse reflectance spectra hardly improved the results. The relevant information for the first two cli-
nical questions therefore appeared to be contained in both diffuse reflectance and autofluorescen-
ce spectra. The third and clinically most relevant question could not be answered by any of the
techniques.

In chapter 6, a microscopic study is performed. Autofluorescence images and spectra under
two excitation wavelengths as well as Raman spectra were recorded from freeze-dried tissue secti-
on. The 37 tissue sections were biopsied from lesions from which autofluorescence spectra had
also been recorded in vivo before performing the biopsy. Because of the influence of freeze-drying
and long-term storage, the in vivo measurements could not be compared to the ex vivo measure-
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ments. Autofluorescence images showed high intensities from keratin and connective tissue layers,
but hardly any intensity from the epithelium. All spectra showed maximum intensities around 520
nm and did not show any specific features like porphyrin-like peaks or blood absorption dips.
Using cluster analysis, no relationship could be found between spectra on the one hand and lesion
type or cell layer from which the spectra had been recorded on the other hand. Raman spectra
from different cell layers could be distinguished, but in this study no relationship with lesion type
could be established. 

In chapter 7, the relevant literature on autofluorescence spectroscopy and imaging in
the oral cavity is discussed. Next to that, the results from the literature are compared with those
from this thesis. Some important conclusions could be drawn. Both autofluorescence spectroscopy
and imaging give good results for distinguishing lesions from healthy oral mucosa. In the case of
imaging, this could be useful for the detection of new lesions or invisible extensions of known lesi-
ons. Since it has been noticed that especially early, flat lesions are easily distinguished using auto-
fluorescence imaging, the potential for finding these early tissue alterations is large. 
Autofluorescence spectroscopy, however, is unsuitable for the detection of new lesions because of
the small tissue area that can be investigated in one measurement. Since it is infeasible to scan the
complete oral cavity using point measurements, the probe will in practice be placed on a lesion
that has already become visible or that was classified as suspicious for maligny using another
method. The relevant clinical question then is whether the lesion is benign or (pre-)malignant,
since this is crucial for the treatment planning. If autofluorescence spectroscopy is able to anser
this question, the method can be used to find the most dysplastic part of a lesion and thus guide
the clinician to the optimal location for performing a biopsy. Unfortunately, from the literature
and this thesis it was concluded that autofluorescence spectroscopy cannot answer this clinical
question. Therefore, the final conclusion is that only autofluorescence imaging can potentially be
used as an easily applicable, inexpensive en sensitive methode for the detection of oral lesions.
Further research is required to establish this potential.
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Dankwoord
De uitdrukking et al, afkorting van het Latijnse et alii ofwel en anderen, komt in de wetenschappelijke
literatuur niet voor niets zo vaak voor. Ook bij mijn onderzoek waren er talloze anderen betrokken
die een zinvolle bijdrage hebben geleverd. Aangezien mijn onderzoek zowel in Groningen als in
Rotterdam werd uitgevoerd, is de lijst van mensen nog langer dan gebruikelijk.

Mijn promotor prof. dr. J.L.N. Roodenburg, beste Jan, bedankt voor jouw steun en je rustige en over-
zichtelijke kijk op het onderzoek. Van onze overleggen is me bijgebleven hoe jij aan het eind de
dwarrelende gespreksonderwerpen wist te concretiseren en vast te leggen: “Dus goed beschouwd
hebben we afgesproken dat dit en dat en kunnen we concluderen dat...”. Erg verhelderend. Ook je
persoonlijke aandacht in tijden dat het minder goed met mij ging zal ik niet vergeten.

Mijn copromotor dr. M.J.H. Witjes, beste Max, bedankt allereerst voor de tijd die je in het ontwer-
pen van dit onderzoeksproject hebt gestopt, al voordat ik in beeld was. Daar hield het natuurlijk niet
mee op. Ik wil je bedanken voor alle motiverende gesprekken, je enthousiasme en initiatieven. Je was
soms behoorlijk kritisch, maar uiteindelijk kwam dat het onderzoek en dus ook mij alleen maar ten
goede. Mijn collega’s in Rotterdam wisten na verloop van tijd wel dat ze het komende uur niet op
me hoefden te rekenen als jij me belde. Later hebben we die traditie voortgezet via Skype, vaak op
onbehoorlijke tijdstippen. Gelukkig waren die gesprekken niet alleen zakelijk, maar kwamen ook
muziek en andere persoonlijke zaken aan de orde. Ondanks je drukke leven kon ik steeds bij je
terecht – en als ik dat niet op tijd deed, dan wist je mij ook wel te vinden.

Copromotor dr. ir. H.J.C.M. Sterenborg, beste Dick. Naast de pittige discussies over het onderzoek
die je met me voerde, wist je me te stimuleren de handen uit de mouwen te steken als er op tech-
nisch gebied wat schortte aan de meetopstelling - iets waar ik niet altijd even dol op was. Ook
bedankt voor de sfeer die je wist te scheppen in de groep in Rotterdam, waarin altijd ruimte was
voor luchtigheid, een borrel op z’n tijd, humor en persoonlijke belangstelling – net als op congressen.
Je originele gedachtegangen met een lichte neiging tot absurdisme hebben me vaak verrast.

Copromotor dr. W.M. Star, beste Willem. Hoewel je alleen de eerste jaren van mijn onderzoek daar
inhoudelijk bij betrokken was, is ten eerste jouw bijdrage aan het projectvoorstel natuurlijk onmis-
baar geweest en ben je daarnaast met je kritische vragen en belangstelling ook daarna behulpzaam
gebleven. Bedankt daarvoor.

Prof. dr. L.G.M. de Bont, u wil ik bedanken voor de gelegenheid die u bood om dit onderzoek uit te
voeren op de afdeling Mondheelkunde, Kaakchirurgie en Bijzondere Tandheelkunde en de verlen-
ging van mijn aanstelling om het onderzoek af te ronden.

Richard Rolvink, dank voor al je inspanningen om de financiën en logistiek van het onderzoek klop-
pend te krijgen; ik heb je heel wat werk bezorgd. Ook bedankt voor je enthousiasme voor het onder-
zoek. 

Dr. M. Skurichina, beste Marina, het is ongelofelijk hoeveel berekeningen je voor mij gemaakt hebt
– Matlab zal er nog steeds van onder de indruk zijn. Gigantische hoeveelheden spectra zijn er in
razend tempo doorheen gedraaid, zelfs buiten werktijd werkte de pc nog door. Heel erg bedankt
daarvoor. Daarnaast heb ik met veel plezier met je gemaild en moest vaak erg lachen om jouw
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Engels/Nederlandse opmerkingen, bijvoorbeeld over je overstroomde riool: “Now we should invent
‘tegels’. But at the the moment we have just ‘kaal beton’. Somewhat sad, but yeah... Life is life...”
Prof. dr. R.P.W. Duin, beste Bob, dankzij jouw contact met Dick is Marina bij mijn onderzoek
betrokken geraakt en dat was een gouden greep. Bedankt daarvoor en ook voor je input bij onze
besprekingen.

Dr. T. Bakker Schut, beste Tom, bedankt voor je werk aan mijn coupes, ondanks de gaten die je er
met de laser in hebt gebrand, voor je bulderende lach en voor de Matlab-tools die ik van je mocht
lenen. 

Dr. J.E. van der Wal, beste Jacqueline, dank voor je pathologische beoordeling van de coupes voor
onze microscopiestudie.

Prof. dr. M J. van Gemert, prof. dr. S. Andersson-Engels, prof. dr. F.W.J. Albers: bedankt voor het
plaatsnemen in mijn beoordelingscommissie – thanks for being a member of my thesis review com-
mittee.

Mirjam Wouda, Irènke de Jong-Orosz en later Ada Schokkenbroek: als mondhygiënistes hebben jul-
lie vele uren met mij doorgebracht in het donker om de metingen uit te voeren. Het zou me niets
verbazen als jullie de volgorde van anatomische locaties bij vrijwilligers nog steeds uit jullie hoofd
kennen: wang, tongrug, tongrand, tong ventraal, mondbodem... Bedankt voor jullie inzet en de pret-
tige sfeer. 

Monique Stokman, bedankt voor het lastige coördineren van de indeling van de mondhygiënistes.

Alle kaakchirurgen en tandartsen van de afdeling Mondheelkunde: bedankt voor jullie inspanningen
om patiënten te werven voor ons onderzoek en voor de biopten die jullie me hebben bezorgd.

De medische assistentie van de afdeling wil ik bedanken voor het zorgen dat de patiënten daadwer-
kelijk bij mij terecht kwamen, voor het coördineren van het bioptvervoer en voor het uitvoeren van
de laatste metingen. Bedankt ook voor het mogen gebruiken van intakekamer 3, wat voor jullie vaak
lastig was, en voor het aanhoren van het lawaai van de pomp.

Uiteraard wil ik ook alle patiënten en vrijwilligers bedanken die geheel belangeloos aan dit onder-
zoek hebben meegewerkt, hun kostbare tijd afstonden en in een verduisterde kamer op de polikliniek
doodstil zaten te wachten met een optische fiber in hun mond, totdat wij alle spectra hadden verza-
meld die we nodig hadden.

Marco Abma en andere medewerkers van de afdeling Pathologie in Groningen: bedankt voor het
opslaan van de biopten in de -80 koeling en voor het niet-reguliere snijd- en kleurwerk.

Anne Wietsma, bedankt dat ik jouw (tand)technisch inzicht mocht gebruiken voor mijn meetopstel-
ling, en voor de keren dat ik weer een inbussleuteltje van je kwam lenen.

Bastiaan, bedankt voor het in elkaar klussen van de autofluorescentiemicroscopie-opstelling in de tijd
dat je nog stagiaire was, en voor de keren dat je mijn geheugen omtrent de werking ervan moest

_PROEF_H9_P0125  23-03-2005  14:15  Pagina 130



Dankwoord 131

komen opfrissen – zelfs in het weekend als ik met Max in het lab zat. De ritjes in jouw ‘wagen’ naar
Groningen, waar we patiënten gingen imagen, zal ik niet gauw vergeten. Dat we geen panne hebben
gehad mag geloof ik een wonder heten. Erg leuk dat je een van mijn paranimfen wilde zijn.

Robert, gozer! Ondanks ons geruzie over het al dan niet aanzetten van verwarming en tl-buizen was
het jarenlang samen op één kamer huizen in de Daniel wat mij betreft erg geslaagd. Bedankt voor
die keer dat ik een weekje als proefpersoon voor borstmetingen met je mee mocht naar Milaan, wat
voor mij niet nuttig maar wel heel leuk was; voor de vele goede gesprekken onder het genot van een
drankje en voor de veraangenaming van het OV. Zo, en nu even die doctorstitel scoren jij!

Arjen, gozer! Bedankt voor de vele discussies over mijn onderzoek. Hoewel je daar niet direct bij
betrokken was, begreep je altijd snel wat het probleem was en dook je zonder aarzelen de diepte in.
Heel toepasselijk in jouw geval. Bedankt ook voor de (het wordt saai maar niet minder waar) gezelli-
ge tijd.

Beste Riëtte en Angélique, bedankt voor jullie behulpzaamheid in het lab, vooral als ik weer eens
wat kwijt was, en voor de vrolijke lunch- en theepauzes. Ik bewonder jullie slagvaardigheid.

Dominic, Joost en Arjen B, bedankt voor jullie collegialiteit, bijdrage aan de sfeer en belangstelling
voor mijn onderzoek. 

Wilfried Graveland, bedankt voor je hulp bij allerhande ongewone vragen betreffende statistiek.

Alle medewerkers van Klinische Fysica: bedankt voor de koffiepauzes, de taarten, koeken en de nie-
tjes, en medewerkers van de werkplaats voor het verhelpen van technische problemen aan de meet-
opstelling.

Gerreke, Nienke, Justin, Baucke, Aarnoud, Paul, Jurjen, Yvonne, Karin, Harrie, Gea, Lisa: het is
alweer een tijdje geleden dat ik bij jullie op de stafafdeling vertoefde, maar ik vond jullie gezelschap
altijd aangenaam. Ik denk met plezier terug aan o.a. het ’s zomers lunchen in het gras, het fitnessen
(of spijbelen) met Justin, Anastacia draaien met Gerreke en de ontvoering met Nienke van Pauls
prijssmurf (die het nu al tot in twee proefschriften heeft weten te schoppen!).

Caroline Koster, bedankt voor het mooie opmaken van mijn proefschrift en het ontwerp van de fleu-
rige cover. Als ik het zelf in Word had moeten doen, dan zat ik nu in een dwangbuis.

Petra, het was wonderlijk dat jij als industrieel ontwerpster en ik als natuurkundige allebei in de
medische hoek terechtkwamen, en dat we ons tijdelijk ook nog allebei met autofluorescentie in de
mond bezighielden! Dankjewel dat je mijn paranimf wilde zijn.

Lieve pap en mam, bedankt voor jullie vertrouwen in mij, alle bezorgdheid, de kratten vol verse
groenten, fruit en eieren en jullie grenzeloze behulpzaamheid. Ik denk alleen al aan de keren dat
jullie naar Rotterdam kwamen gereden omdat ik mijn huissleutel in Groningen had laten liggen…

Tenslotte wil ik iedereen die me dierbaar is bedanken voor alles, en met name mijn fliefje 
Egbert-Jan.
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Curriculum Vitae

Diana de Veld, geboren 10 juni 1975 te Berkel en Rodenrijs

Nadat ik in 1993 mijn vwo-diploma haalde aan het Sint-Laurenscollege te Rotterdam, begon ik in
september van dat jaar met een studie natuurkunde aan de Leidse universiteit. In augustus 1998
studeerde ik af op mijn onderzoek naar de reproduceerbaarheid en stabiliteit van de baroreflex-
sensitiviteit, uitgevoerd bij dr. ir. Cees Swenne van het Leids Universitair Medisch Centrum
(LUMC). In datzelfde jaar behaalde ik mijn inhaalpropedeuse filosofie. Na nog een paar maanden
filosofiestudie en aanstellingen als o.a. student-assistent Wiskundige procesbeschrijving voor biologen,
receptioniste en bureauredacteur Exacte vakken bij uitgeverij EPN, begon ik in september 1999 als
promovendus bij (toen nog) het Academisch Ziekenhuis Groningen, afdeling Mondziekten,
Kaakchirurgie en Bijzondere Tandheelkunde onder begeleiding van prof. dr. Jan Roodenburg en
dr. Max Witjes. Het onderzoek was een samenwerkingsproject met de groep Fotodynamische
Therapie van de afdeling Klinische Fysica in de Daniel den Hoedkliniek (Erasmus MC) te
Rotterdam. Mijn begeleiders aldaar waren dr. Willem Star en, toen deze uit dienst trad, dr. ir.
Dick Sterenborg. Het door KWF Kankerbestrijding gefinancierde onderzoek had als doel de
vroegtijdige diagnostiek van (mogelijk) kwaadaardige afwijkingen in de mondholte te verbeteren
met behulp van optische technieken (autofluorescentiespectroscopie). De resultaten van het onder-
zoek staan beschreven in dit proefschrift. Nadat de patiëntenmetingen in december 2002 waren
voltooid, werd het Erasmus MC mijn vaste standplaats, hoewel ik in dienst bleef van het AZG,
tegenwoordig Universitair Medisch Centrum Groningen (UMCG). In april 2004 verhuisde het
tegenwoordige Centrum voor Optische Diagnostiek en Therapie naar de Westzeedijk te
Rotterdam, dichter bij de centrumlocatie van het Erasmus MC. Sinds augustus 2004 werk ik als
eindredactrice bij HUB Uitgevers te Haarlem en schrijf ik freelance artikelen over medisch-weten-
schappelijke onderwerpen voor Cicero, het nieuwsmagazine van het LUMC.
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