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Background and Objectives: Autofluorescence spectro-
scopy 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 auto-
fluorescence.
Study Design/Materials and Methods: Spectra were
recorded from 97 volunteers using seven excitation wave-
lengths (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 com-
pared to standard deviations (SD). Normalized spectra
looked similar for locations, except for the dorsal side of the
tongue (DST) and the vermilion border (VB). Porphyrin-
like fluorescence was observed frequently, especially at
DST. PCA and classification confirmed VB and DST to be
spectrally distinct. The remaining 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 separ-
ate databases are required. Lasers Surg. Med. 32:367–376,
2003. � 2003 Wiley-Liss, Inc.

Key words: autofluorescence spectroscopy; endogenous
fluorescence; oral mucosa; oral cancer; photodetection;
porphyrins; principal component analysis

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]. Autofluor-
escence of tissues is due to several endogenous fluoro-
phores. These comprise fluorophores from tissue matrix
molecules and intracellular molecules like collagen, elas-
tin, and NADH. Early detection of pre-malignant lesions
and malignant tumors 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. Unfortu-
nately, it is difficult to determine the optimal, i.e., most
dysplastic, location for biopsy, leading to repeated biopsies
and the risk of underdiagnosis. Autofluorescence spectro-
scopy can be useful in guiding the clinician 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 lesions 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 algo-
rithms 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-
cence spectra of healthy mucosa of a large group of
volunteers. However, unlike most other organs suitable
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for fluorescence detection of malignancies, the oral cavity is
lined with a rich variety of mucosal types. Figure 1 shows
sections of healthy oral mucosa of (a) the dorsal side of
the tongue (DST) and (b) the palate, demonstrating the
differences in structure between anatomical locations.
These variations might translate into differences in auto-
fluorescence 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 sup-
ported 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 statisti-
cally significant differences in emission wavelength in-
tensity ratios [17]. If spectroscopic differences between
anatomical locations are of the same order of magnitude
and type as differences between healthy and diseased
tissue, we will have to use separate location databases for
future lesion comparison. In this way, the lesion classifica-
tion algorithm will not be affected by variations that are
irrelevant for the purpose of lesion diagnostics.

In the present study, we investigated the influence of
anatomical location on healthy autofluorescence character-
istics to determine if a separation into different anatomical
reference databases is necessary. We measured oral
mucosa autofluorescence spectra at 13 well-defined anato-
mical locations in 97 healthy volunteers. The spectra were
acquired in preparation of a large-scale clinical study in
which we measure autofluorescence characteristics of oral
lesions.

We used elaborate statistical methods in order to esta-
blish any, potentially subtle, differences between spectra
from different anatomical sites. After studying fluorescence

intensity, we therefore applied k-means clustering, princi-
pal component analysis (PCA) using multiple classifiers,
and we calculated class overlaps of different locations based
on the classification errors of the different classifiers.

MATERIALS AND METHODS

Volunteer Population

Autofluorescence spectra were collected from 97 volun-
teers 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
hygienist to be certain that no oral lesions were present at
the time of measurement. If present, the volunteers 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.

The measurement set-up (Fig. 2) consisted of a Xe-lamp
with monochromator (Photomax 60100þ 77250, Oriel
Instruments Corporation, Stratford, CT) for illumination
and a 1,024 pixel optical multi-channel analyzer (OMA)
(Instaspec-IV 77131 CCD-cameraþMultispec 125 spectro-
meter, Oriel Instruments Corporation) for spectroscopy.
The light source and OMA were connected to the separate

Fig. 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 whereas the palatal epithelium is flat.
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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 mW. 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 monochro-
mator, 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 unintended
transmission of stray light through the excitation mono-
chromator that was reflected from the tissue surface influe-
nced the shape of measured spectra. Using different filter
sets for different excitation wavelengths would have ex-
tended 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 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 measurements were performed in a comple-
tely darkened room to prevent stray light from entering the
OMA. In each subject, we measured excitation–emission
maps at 13 anatomical positions covering different tissue
types. The anatomical locations measured were the cheek,
tongue (lateral border, 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 (Fig. 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.

For each anatomical location and excitation wavelength,
three sequential measurements of 1-second integration
time were recorded. This allowed us to remove occasio-
nal 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 Corpora-
tion) and reference spectra of a stable fluorescing standard
at different excitation wavelengths 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 calibra-
tion was performed for all spectra using the mercury–
argon calibration lamp. Background spectra for the appro-
priate excitation wavelength were subtracted. The spectral

Fig. 2. The experimental set-up.

Fig. 3. The 13 anatomical locations as measured in the volunteers.
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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 sample
points. Averaging the data in this way was justified because
the spectral resolution of the spectrograph was less than
2 nm (867–455 nm/199 points �2). 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 autofluorescence 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
algorithm was applied to non-normalized as well as to
normalized spectra for all seven excitation wavelengths,
this resulted in 3� 2� 7¼ 42 k-means clustering tests.

After this, we applied PCA to establish any differences
between different anatomical locations. We used three
principal components (PCs) of spectra that were normal-
ized 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 autofluorescence spectra using
three different classifiers. Our purpose is not to classify
spectra into anatomical sites, since this is clinically ir-
relevant. However, a good classification score, i.e., low
classification errors, may indicate the presence of spectral
differences between anatomical locations. For this reason
classification errors give information about the depend-
ence of spectral characteristics on anatomical site. We
performed classification methods for the 405 nm excitation
wavelength spectra 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 spec-
tra were normalized individually by dividing the intensity
at each of the 199 spectral samples by the total fluorescence
intensity (¼ 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 normal-
ized 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 regular-
ized linear classifier assuming normal distributions, the
quadratic classifier (QC) assuming normal distributions
and a neural network (NN) with one hidden layer, con-
sisting 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 clas-
sification error obtained by the QC applied to a sequence of
two-class problems. In these two-class problems, we com-
pared each location separately to all locations combined.

RESULTS

General Description of the Data

We measured 49 men and 47 women with a mean age of
50 years (range 18–85, standard deviation (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 autofluores-
cence spectra was collected.

The mean healthy autofluorescence spectra of different
anatomical locations were approximately of the same
spectral shape for each excitation wavelength. Figure 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 loca-
tions 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. How-
ever, the distributions of fluorescence intensities were
overlapping.

Fig. 4. Mean autofluorescence spectra of healthy oral mucosa

obtained at four representative locations, excitation wave-

length 405 nm.

370 VELD ET AL.



The lowest total intensities were recorded at the VB of
the lip and the lateral border of the tongue. Highest in-
tensities were observed for the palatal locations and at the
mucosa of the cheek. The mean SD of the total fluor-
escence intensity of different locations within individuals
was 29–49% for separate excitation wavelengths. Besides
the variation in fluorescence intensity between different
anatomical locations, we observed an even larger variation
between the individual 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 approxi-
mately 86% for each excitation wavelength.

Some anatomical locations produced distinct autofluor-
escence 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 intensity maximum
around 520 nm. For relatively high 636 nm peak inten-
sities, an accompanying smaller peak centered around
705 nm was observed. The 636/705 peak combination
strongly resembled the in vivo emission of Protoporphyrin
IX, a photosensitizer commonly used in photodynamic
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 volun-
teers 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 anatomical
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 contained in the spectra, so that all labels
would have been attached randomly (i.e., 25% for four
clusters). We considered only the cases in which this

difference ‘D’ was larger than 20%. The localizations show-
ing 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 non-
normalized spectra. In general, excitation wavelengths
above 385 nm showed more clustering. For 350 nm ex-
citation, 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%.
Principal component analysis. Figure 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 auto-
fluorescence 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 6 shows the first three PCs
for the dataset at 405-nm excitation. PCA produces
symmetrical mappings 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.

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

Fig. 5. The first three principal components (PCs) for auto-

fluorescence 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.

AUTOFLUORESCENCE CHARACTERISTICS OF HEALTHY ORAL MUCOSA 371



wavelengths separately. In 86% of all 21 multicomparisons
(¼ 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 7.

To study the differences between autofluorescence
spectra obtained 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 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 1. In order to know whether the obtained class
classification errors show significant 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 (¼ 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 1.
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 remaining
11 locations have different distributions for the first ten
PCs, which are probably heavily overlapping. 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 re-
maining 11 locations seem to be distributed similarly but
not identically, since they still are distributed significantly
different. The first 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 combined. The results are shown in Table 2.

For a 2-class problem the maximum classification error
(50%) is obtained when data classes are completely over-
lapping (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 1/11¼ 0.0909 and the class overlap is equal to 2� 1/
11¼ 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 shows that
indeed the remaining 11 locations are heavily overlapping
(65–97% overlap).

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

Fig. 6. The first three PC scores plotted in three-dimensional

space for the dataset of all 13 healthy anatomical locations,

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.

Fig. 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% con-

fidence intervals (CI). Only non-overlapping CI show signifi-

cant differences between locations. This example shows scores

of the third PC for 435-nm excitation.
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studies for excitation at approximately the same wave-
length, in vivo as well as in vitro [10,13,28–30]. A pro-
minent 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 separable 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 because 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 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 esti-
mates 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 loca-
tion 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 lesions are, we can conclude that dif-
ferences in means are irrelevant if the spread within an
anatomical location is much larger. This convinces us that
these 11 locations can be combined in a reference database
for future lesion diagnostics. For the DST and the VB of
the lip, there is no a priori basis to conclude that the differ-
ences in mean PC scores between locations are irrelevant.
Therefore, initially two separate reference databases will
have to be created for these locations.

Previous attempts have been made to identify cancerous
lesions in different organs by comparing fluorescence in-
tensities between normal and diseased tissue [1,31,32].
Often intensities at a selected emission wavelength are
used or the ratio of two emission wavelength (ranges) is
calculated [33–35]. We found that total fluorescence in-
tensities differed significantly between almost all locations

TABLE 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,

Consisting of Ten Neurons

Location KLLC QC NN (ten 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*

Classification errors with (*) show that there exist significant differences in distributions of the

data classes (locations).

TABLE 2. Leave-One-Out Classification Error of the

QC for the First Ten Principal Components (PCs) of

405 nm Excitation Autofluorescence Spectra

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

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.
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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 distributions of anatomical locations heavily
overlapped. This means that the differences in total
autofluorescence 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 anatomical site (55–63%). Ana-
tomical locations within one specific volunteer showed high
fluorescence intensity SD (29–49%) in spite of the fact that
these anatomical locations are spectroscopically compar-
able. 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 normal-
ized 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 consis-
tent than fluorescence intensity.

There are several possible biological explanations for the
large intra- and inter-subject variability in total fluores-
cence intensity. Fluorescence intensity can be influenced by
intersubject variability in the amount of blood, with
absorption leading to a wavelength-dependent decrease in
fluorescence intensity. Also, variability in the presence of
porphyrin-producing microorganisms can influence the
total fluorescence intensity by providing an additional
amount of fluorescence at 636 nm. Besides the biological
variation, varying experimental circumstances can influ-
ence the total fluorescence 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 variation 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 ac-
cepted that it is caused by endogenous porphyrin produc-
tion. 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 appear-
ance of porphyrin-like peaks at the lateral border of tongue
may be due to small variations in the location of the mea-
surement probe, because the lateral border of the tongue is
in fact a transformation 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 observed previously by Harris et al., who
found transfer from squamous cell carcinoma’s in the
hamster 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 cavity [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 classifications.

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 caused 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 comparison. Different
anatomical locations showed significantly different auto-
fluorescence intensities. However, the interpatient varia-
bility was much larger. We presume that, because of its
large variation between both anatomical locations and
volunteers, the total fluorescence intensity can not easily be
used as a method of diagnosing tumor tissue when using a
reference database.

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 de-
tection of (pre)malignant lesions. For our lesion diagnostics
algorithm development, we will compare the results for
methods using reference spectra recorded at the contral-
ateral anatomical position in the same patient and for
methods in which we compare the lesion spectra to our
reference database. 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 interchangeable 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
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use of a reference database improves the sensitivity and
specificity of early cancer detection.
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