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Summary

Background: The focal goal of this study is to identify optimal accumulation periods for ALA-
induced PplIX in different healthy anatomical sites of human oral cavity and different types of
abnormal mucosa to improve the accuracy of the clinical applications such as photodiagnosis
and tissue grading.

Materials and methods: Laser-induced fluorescence (LIF) emission spectra, with excitation at
404nm from a diode laser, were recorded with a miniature fiber-optics spectrometer from 13
anatomical sites of oral mucosa in 15 healthy volunteers and 30 suspicious sites in 15 patients
after topical application of 0.4% 5-ALA solution for 15 min. The optimal accumulation time in
different anatomical sites of healthy subjects and abnormal tissues were determined by studying
the temporal variation in normalized fluorescence intensities (NFI) at 635, 685 and 705 nm.
Results and discussions: In masticatory anatomical locations such as (gingival and hard palate)
and in lining mucosa (inner lip, soft palate, floor of mouth, transition to floor of mouth, alveolus
and ventral tongue) except vermillion border of lip (VBL) of healthy subjects (designated as
group 1), it was observed that optimum time for maximum accumulation of PpIX is 90 min. In
comparison, for lateral side of tongue (LST) and dorsal side of tongue (DST) tissues (designated
as group Il), maximum accumulation of PpIX was observed in 150 min of ALA application. For
diverse grade lesions of group | mucosa in patients, maximum accumulation of PpIX was observed
in 90 min, whereas, in group Il mucosa the optimum accumulation time was 150 min as in the
case of healthy mucosa. Further, between different grades oral mucosa, maximum variation in
NFI take place at these optimal time periods.
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Conclusions: The determination of the optimum accumulation time of ALA in oral mucosa based
on NFI helps to improve the diagnostic contrast and accuracy of oral cancer diagnosis, and to
plan appropriate timing for ensuing PDT.
© 2010 Elsevier B.V. All rights reserved.

Introduction

Cancers affecting different anatomical sites of oral cav-
ity now accounts for an estimated 274,000 new cases and
145,000 cases of fatality globally, each year [1]. Among the
different optical spectroscopic techniques that are being
tested presently for early detection of cancers and are
on the verge of its application in a clinical environment
along with other diagnostic adjunctive techniques, photo-
dynamic detection (PDD) using photosensitizer is garnering
a lot of attention via-a-vis laser-induced autofluorescence
(LIAF) and diffuse reflectance spectroscopy (DRS) due to the
clinical rationale that it can be followed up with therapeutic
applications like photodynamic therapy (PDT).

PDD and PDT are reported to be sensitive and promising
cancer diagnostic and therapeutic regimens where a photo-
sensitizing drug accumulates and fluoresces preferentially in
abnormal tissues and subsequently gets activated by visible
light of an appropriate wavelength for selective destruction
of abnormal tissues [2,3]. With the availability of photo-
sensitizers that are more selectively retained in abnormal
tissues, the reliability of optical diagnosis and therapy could
be significantly enhanced. Moreover, it is advantageous if
the photosensitizer is an endogenous molecule in terms of
safety aspects and minimal side effects. In this perception,
5-ALA or ALA is an ideal choice, which is an endogenous
molecule involved in the biosynthetic pathway of heme,
gets intracellularly converted into the fluorescing compound
PplIX [4,5]. ALA-induced PplIX is now a promising endogenous
photosensitizer that could be used in non-invasive and non-
toxic photodetection of cancer as compared to any other
exogenous photosensitizers belonging to porphyrin, chlorin,
texaphyrins and phthalocynine families [3,6,7].

ALA has been studied extensively as a photosensitizer
for PDD and in PDT both in animal models [8—10] and
in humans [11—13]. At present, ALA based PDD is a suc-
cessfully established diagnostic method for of a variety of
cancers, particularly oral cancers. Influence of different
administration methods on PplIX fluorescence has been stud-
ied in detail by Ogasawara et al. to investigate optimal
administrating method for ALA [14]. Vaidyanathan et al.
has investigated the in vivo kinetics of ALA-induced fluo-
rescence in canine oral cavity at different doses and found
that a dose of 25 mg/kg of ALA is sufficient for diagnostic pur-
poses with minimal side effects during oral administration
[15—17].

ALA penetrates into the superficial mucosal cells when
applied topically [9,18,19] and generally considered as a
good route for administration as it avoids systemic side
effects, and induces only local photosensitization. Another
key advantage of topical application is that it is time sav-
ing as compared to intravenous and oral administration [9].
Fluorescence imaging studies of PplX induced after topical
administration of ALA in the oral cavity of patients with
squamous cell carcinoma (SCC) by Betz et al. has shown

that cancerous tissues have significantly higher PpIX fluo-
rescence [20]. Leunig et al., performed semi-quantitative
florescence study following topical application of ALA and
observed a contrast of 10:1 between normal and neoplas-
tic oral tissues within 60—120min, allowing demarcation
of tumor tissues even with naked eyes [21]. In an another
clinical work, after topical application of 0.4% ALA and an
incubation time of 60—150 min, fluorescence images in the
red and green spectral range were acquired to discriminate
neoplastic tissues from the surrounding normal tissues [22].
The kinetics of ALA-induced PplX production in different tis-
sues has also been studied by Stolic et al., using fluorescence
spectroscopy [23].

Zheng et al. had designed an ALA mediated digitized
fluorescence endoscopic imaging system for on-line image
acquisition and developed an algorithm for fluorescence
quantification that facilitates early detection of neoplasm in
the oral cavity [24]. The preliminary clinical results showed
that red to blue image intensity ratio of malignant mucosa
is higher than benign mucosa, after topical application of
0.4% ALA solution. In another study they showed that red
to green ratios are also useful for discrimination of malig-
nant tissues from benign with good diagnostic accuracies
[25].

With the establishment of ALA as a precursor of PpIX that
is selectively retained within neoplastic/abnormal tissues,
the reliability of optical diagnosis and therapy has been sig-
nificantly enhanced. Since normal mucosa also uptakes the
ALA initially, Van der Veen and co-workers using an animal
model had suggested that the knowledge of optimal time
at which maximum accumulation of PpIX takes place both
in normal and abnormal tissues via heme cycle, is bound
to further enhance the detection accuracy [9]. However,
in vivo temporal evolution of PpIX fluorescence in different
anatomical sites of human oral mucosa after topical appli-
cation is not well attempted, understood and elucidated
yet, which is very important as per the clinical stand-view.
Based on the above said firm clinical rationale, we have
attempted this particular study to find the optimal accu-
mulation time of ALA-induced PplIX at different anatomical
sites in healthy mucosa and in different grades of abnor-
mal oral mucosa. Our assumption is that since the oral
cavity contains different types of mucosa, which differ in
histology and keratin content, there could be differences in
ALA penetration time, accumulation rate, PplIX conversion
efficiency and fluorescence emission. We define ‘‘Optimum
time’’ as that accumulation time at which the maximum
accumulation of ALA or ALA-induced PplIX takes place within
a normal and abnormal mucosa as compared to another
incubation/accumulation time, which in turn gives maxi-
mum contrast to differentiate these tissue grades, thereby
increasing the diagnostic potential. This paper presents the
results of in vivo fluorescence kinetics from 13 different
anatomical locations of the oral cavity in healthy population
after topical administration of ALA. The study also covers
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measurements in different abnormal tissues viz. hyperpla-
sia, dysplasia, and SCC of oral cavity for evaluating the
optimum accumulation time of ALA-induced PpIX and its
application in tissue differentiation as a proof of principle
for the aforementioned hypothesis, and lays some useful
groundwork for the prospective studies.

Materials and methods

Instrumentation

The laser-induced fluorescence and reflectance spec-
troscopy (LIFRS) system comprises of a diode laser (Stocker
Yale Inc., Canada, 404 nm, 50 mw, CW) and a tungsten halo-
gen lamp (Ocean Optics, Model: LS-1, USA) that could be
switched alternately for recording of LIF and DR spectra
of same tissue site, sequentially. A bifurcated optical fiber
guides the light output to the oral tissue through a 3-m
long fiber-optic probe that has a central fiber to deliver the
excitation beam and six surrounding fibers (400 um dia.) to
collect LIF/DR emission. The probe tip is terminated in a
stainless steel ferrule, 15cm long and 6 mm dia., to enable
sterilization before and after use. A black PVC sleeve of
length 30 mm inserted at the probe tip maintains a fixed sep-
aration of 3 mm between the probe tip and the tissue sample
and enhances the LIF/DR signal yield by providing optimum
overlap between the excitation and collection areas. This
opaque black sleeve also provides extra hygiene, as it is
disposable after measurements in each patients/volunteers.
The light emanating from the sample is delivered to a minia-
ture fiber-optic spectrometer (Ocean Optics USB 2000FL
VIS-NIR), connected to the USB port of a laptop computer.
During fluorescence studies a long-wavelength pass filter
(Schott GG420) was used to block the back-scattered laser
light from entering the spectrometer. More technical details
and schematic of the LIFRS system are described elsewhere
[26,27].

Data acquisition and data processing

A fiber-optic light-coupler (Spectra Physics, USA, Hydrax)
fixed on the laser head was used to focus the laser beam
on to the fiber tip such that the output light projects a
beam of Gaussian intensity profile on the tissue surface.
In order to provide optimal signal output quality, the laser
output power at probe tip was maintained at 1 mW during
measurements by frequent monitoring with a power/energy
meter (Ophir Optronics, Israel, Model: PE 10-V2). Slight
pressure was applied on the lesion/mucosa with the sleeve
tip of the probe to avoid ambient light from entering
the detection system. After each set of measurements on
patients/healthy volunteers, the sleeve was discarded and
probe sterilized with boiling water. Subsequently, the entire
probe was stored inside a plastic box containing formalin
tablets for supplementary sterilization. The miniature fiber-
optic spectrometer was fitted with a 600 lines/mm, 500 nm
blazed grating for operation in the 360—1000 nm wavelength
range. The detector used was a 2048-element, linear sili-
con CCD array and in conjunction with a 200-um slit, the
monochromator produced an optical resolution of 8 nm. The
LIF spectra were acquired with the help of the OOI Base32

software (Ocean Optics, USA) that was configured to record
the spectra, averaged for 40 scans, with a boxcar width of
10nm and an integration time of 100 ms.

Prior to LIF and DR measurements, the background
spectrum was recorded and the OOl Base32 software was
configured to automatically subtract the same during each
measurement. Considering the heterogeneous nature of
oral cavity lesions, 15 sets of fluorescence measurements
were taken from each suspicious lesion of the patient. Ten
sets of LIF spectral measurements were taken from each
mucosa/lesion in the 420—720 nm spectral window and the
mean value was used in data analysis. Artifacts due to
oxygenated hemoglobin absorption were noticed in the LIF
spectra at 545 and 575nm [26,27]. Various refining models
have been used by different groups to correct these absorp-
tion dips and recover intrinsic autofluorescence spectra from
the recorded fluorescence spectra [28,29]. However, we
have used a first order approximation that involves divi-
sion of LIF with the DR spectra from the same tissue site
to remove the absorption artifacts [30,26].

The ability of using fluorescence intensity of peaks in
discriminating different diseased tissue types from normal
was tested by receiver operating characteristic (ROC) curve
analysis [31,32]. In a ROC the sensitivity is plotted against
(1-specificity) for different cut-off points. ROC allows the
user to take a good decision of the effectiveness of differ-
ent diagnostic methods without constraining him to single
values of sensitivity and specificity, which largely depends
on the chosen threshold [33]. Each point on the ROC plot
represents a sensitivity/specificity pair corresponding to a
particular decision threshold and one can easily predict the
best methodology by simply noting the area under the curve
(AUC). A test with perfect discrimination (no overlap) has
a ROC plot that passes through the upper left corner of
the plot (100% sensitivity, 100% specificity). The more accu-
rately a methodology or technique separates the data types,
the corresponding area under ROC curve (ROC-AUC) approx-
imates to 1.

Study protocol and clinical measurements

The entire clinical study included 36 healthy volun-
teers, with no clinically observable lesions or inflammatory
conditions in their oral cavity, and 48 patients, with mea-
surements taken from 94 suspicious sites, having clinically
low/high-risk lesions in their oral cavity. The major con-
straint in this study was on the availability of patients for
ALA-induced temporal studies. Majority of the registered
patients belonged to the age group of 60—70 years, with
supplementary diseases like diabetics and blood pressure.
Many of these claustrophobic patients did not want to stay
without eating during prolonged period of usual tests and
temporal spectral measurements after ALA administration,
which could last for about next 4 h. Due to this reason out of
aforementioned study population, 30 sites of 15 patients and
13 anatomical sites of 15 healthy volunteers only were avail-
able for ALA-induced PplIX kinetic studies. The 13 anatomical
locations involve the mucosa from the right and left buccal
mucosa, the gingiva, the upper and lower alveolus, the floor
of mouth, the hard and soft plate, the dorsal tongue, the
lateral border tongue, the ventral tongue, the inner lip, the
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vermillion border of lip and the transition of tongue, and
pictorial representation of different anatomical sites within
human oral cavity is given elsewhere [26].

In each patient, an experienced head and neck clini-
cian selects the suspicious lesions for spectral studies and
records its visual imprint. Most of the patients studied had
prolonged smoking or pan chewing habits whereas healthy
volunteers were free of such habits and maintained good
oral health or hygiene. As compared to our earlier study,
histopathological analysis of biopsy samples showed that
mucosa adjoining malignant sites in patients are not usually
normal, but displayed varying degrees of epithelial dyspla-
sia and hyperplasia. Therefore, instead of using LIAF data
from apparently normal lesions of patients as control, we
have used spectral data from the oral mucosa of healthy
volunteers as control [26,27]. Spectral measurements were
carried out at the outpatient clinic of the RCC, Trivandrum,
India. Prior approval for the clinical trial and its protocol was
obtained from the Ethics Committee of RCC. After explaining
the modalities of the study, written informed consent was
obtained from each patient/volunteer prior to enrolment.

Before commencement of autofluorescence measure-
ments, the patients/volunteers were directed to hold 0.9%
saline solution in their mouth for 2—3 min to reduce the
effects of recently consumed food. The photosensitization
of the oral mucosa was carried out by directing the patients
and/or healthy volunteers to hold/rinse their oral cavity
with 0.4% freshly prepared solution of ALA (Medac, Ham-
burg, Germany) (prepared by mixing 40 mg of ALA in 10 ml of
distilled water) for 15 min [34,35], maintaining a continuous
contact to the tissue or lesion of interest to ensure expected
mucosal saturation [35,36]. ALA was selected for the study,
as it is endogenous in nature and gets excreted from the
body in less than 24h of application, thereby eliminating
whatever little side effects like skin photosensitivity that are
reported [37,12]. A concentration 0.4% of ALA was selected
as many researchers have shown that this concentration
is ideal for diagnostic needs [24,25,35]. Measurements on
patients and healthy volunteers were carried out in a dark
room to avoid direct exposure to external light. The exci-
tation power of the diode laser (405nm) was kept very low
around 1 mW at the fiber tip (which produces a irradiation
of 0.02mW/cm?), to avoid skin photosensitization or side
effects. The power at the fiber tip had been monitored and
maintained at this low power level during the each set of
measurements using the optical power meter to ensure this
fact. The in vivo temporal measurements were performed
at time intervals of 60, 90, 120, 150 and 210 min (or 90, 120,
150 and 210 min) ensuing ALA application depending on the
tissue group. The optimum accumulation time was deter-
mined for different healthy anatomical sites and abnormal
tissues by tracking the temporal variation in fluorescence
intensity of PplIX and its precursors in Heme cycle at 635,
685 and 705 nm wavelengths.

In patients, incision biopsies were taken from the
measurement sites after completion of in vivo temporal flu-
orescence measurements. The biopsy samples were fixed in
10% normal formalin and sent for histopathological analy-
sis. Histology slides were prepared from the biopsies and
classified by an experienced pathologist blinded to the fluo-
rescence spectral results. In the case of healthy volunteers,
visual inspection was carried out instead of biopsy. After

Figure 1  Mean LIAF spectra from the dorsal side of tongue
(DST), lateral side of tongue (LST), and vermillion border of the
lip (VBL) normalized to the autofluorescence intensity at 500 nm
and compared with the mean spectrum from all 11 other sites
of the oral cavity. DST, LST, and VBL spectra represent the mean
of 15 measurements each in 36 volunteers, whereas the average
normal spectra relates to the mean of 15 measurements each
at 11 sites in these volunteers.

classification, spectroscopic data were correlated with the
histopathological findings. Independent Student’s t-test was
performed on the observed fluorescence intensities to assess
their statistical significance in discerning different types of
mucosa.

Results

LIAF spectral features of anatomically different
healthy oral mucosa

The broad autofluorescence peak seen in the LIF spectra
at 500nm is characteristic of all epithelial tissues. Fig. 1
represents the mean in vivo LIF spectra recorded from 13
anatomical sites of oral cavity measured from a popula-
tion of 36 healthy volunteers normalized to the 500 nm peak
intensity. The dorsal side of tongue (DST), lateral side of
tongue (LST) and vermillion border of lip (VBL) tissues show
emissions at 635, 685 and 705 nm that appear to be as due
to the presence of porphyrins, with the DST tissues show-
ing prominent peaks as compared to LST and VBL. Whereas,
in all other healthy anatomical tissues these porphyrin-like
emissions are absent and show almost a similar spectral pro-
file. Therefore, an average of these is used to represent the
healthy spectra for all these anatomical sites.

Optimum accumulation time for ALA-induced PpIX
in healthy oral mucosa

The uptake of ALA and ensuing accumulation of PpIX at dif-
ferent anatomical sites of the oral cavity was studied by
monitoring the LIF spectral changes over 210 min duration
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Figure 2 The mean normalized LIF spectra from the buccal
mucosa of the healthy volunteers before and after topical appli-
cation of 0.4% 5-ALA solution for 15 min.

following topical application of ALA. A dismal fall in intensity
at 500 nm is observed, while the PplX emission intensities
at 635 and 705nm get enhanced. An additional peak was
noticed in the LIF spectra at 685 nm, which makes the 705 nm
emission peak appear broadened. Figs. 2 and 3 show the
mean LIF spectra normalized to the intensity of the autoflu-
orescence peak (500nm) at different time intervals from
the buccal mucosa and DST, respectively, in healthy volun-
teers. Spectral intensity changes due to PpIX accumulation
is obvious usually after 60 min of topical ALA application.
The optimum time for maximum accumulation at different
sites was determined by tracking the normalized fluores-

Figure 3  Temporal variation in the normalized LIF spectra
from the DST in healthy volunteers before and after topical
application of 0.4% 5-ALA solution for 15 min.

cence intensity (NFI) variations in Figs. 1 and 2. Table 1 lists
the time at which maximum accumulation of ALA-induced
PpIX occurs in different anatomical sites of oral cavity.

In anatomical locations such as masticatory mucosa (the
gingival and hard palate) and lining mucosa (the inner lip,
softpalate, floor of mouth, transition to floor mouth, alve-
olus and ventral tongue), it is observed that maximum
enhancement in intensity occurs at 635, 705 and 685 nm in
90 min of ALA application. Fig. 4a—d shows the temporal
variation in the mean normalized intensities at 635, 685 and
705nm for buccal, DST, LST and soft palate, respectively,

Table 1 Maximum accumulation time of ALA-induced PplIX in different anatomical sites of oral cavity observed by monitoring

temporal variation of the normalized fluroscence intensities at 635, 685 and 705nm after topical application of 0.4% 5-ALA

solution.

Tissue groups Oral anatomical sites Optimal PpIX Intensity at Intensity at Intensity at

accumulation (min) 635nm 685nm 705nm

Group | Alveolus 90 0.27 £+ 0.15 0.08 + 0.02 0.07 + 0.02
Buccal mucosa 90 0.23 £ 0.12 0.08 + 0.03 0.07 £+ 0.01
Gingiva 90 0.31 + 0.06 0.12 + 0.04 0.11 + 0.04
Ventral tongue 90 0.39 + 0.06 0.11 £ 0.02 0.10 + 0.03
Hardpalate 90 0.29 + 0.10 0.12 + 0.03 0.11 + 0.04
Softpalate 90 0.27 + 0.09 0.14 + 0.06 0.12 + 0.05
Floor of mouth 90 0.26 + 0.13 0.08 + 0.06 0.07 + 0.01
TFM 90 0.27 + 0.08 0.08 + 0.05 0.07 £+ 0.03
Inner lip 90 0.37 + 0.05 0.21 + 0.03 0.11 £+ 0.03
Group | average 90 0.30 + 0.05 0.11 £ 0.02 0.09 £ 0.03

Group Il VBL 150 0.38 + 0.04 0.10 + 0.03 0.09 + 0.05
DST 150 2.98 + 0.34 1.20 £ 0.23 0.84 + 0.21
LST 150 1.56 + 0.22 0.49 + 0.10 0.43 + 0.09
Group Il average 150 1.64 + 1.30 0.60 £ 0.55 0.42 + 0.37
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Figure 4 Temporal variation in the mean normalized fluorescence intensities (NFI) at 635, 685 and 705 nm of (a) buccal, (b) DST,
(c) LST, and (d) soft palate mucosa for different periods of accumulation after topical application 0.4% 5-ALA.

after ALA application. The optimum time of accumulation
of PpIX in these tissues can be understood from the shape
of the graph. It is noticed that the peak intensity for these
mucosa are in same range (Table 1). However, in the case
of VBL, LST and DST mucosa, maximum enhancement was
seen only after 150 min of ALA application. The DST and LST
sites have larger variations in the normalized peak intensi-
ties as compared to all other anatomical sites; they are also
unique due to higher accumulation time of PplX. However,
for VBL the accumulation time is same as that of DST and
LST, but the intensity variation is similar to those of other
sites. Therefore, it appears that for all anatomical locations,
excluding DST, LST and VBL, the normalized intensities are
interchangeable for diagnostic purposes using ALA-induced
porphyrin fluorescence. After the optimal accumulation
time is reached, normalized intensities gradually decrease
depending on the tissue type. In buccal mucosa and other
anatomical sites this decrease is very small with time,
whereas it is faster at DST and LST sites.

LIAF spectral features of abnormal mucosa

In abnormal tissues (SCC and dysplasia) from anatomical
sites other than DST, LST and VBL, besides autofluorescence
peak at 500 nm, two peaks around 635 and 705 nm due to

PpIX emission are observed. Fig. 5 shows the mean in vivo
LIAF spectra of different tissue types, normalized to the
intensity of the autofluorescence peak. In lesions pathologi-
cally diagnosed as SCC, the peak at 635 nm is very prominent
as compared to dysplastic tissues and an additional peak
is observed at 685nm, with the 705nm peak appearing as
shoulder. Nevertheless, in dysplastic tissues the 705 nm peak
is less prominent and the 685 nm peak appears broadened.
Further, the fluorescence intensities at 635, 685 and 705 nm
were found to increase with the grade of tissue abnormality.
Fig. 6 represents the mean normalized fluorescence spectra
for the different grades of DST tissues, viz. healthy, hyper-
plastic, dysplastic and SCC. We have noticed that for the DST
and LST, the peaks at 635, 685 and 705 nm were as intense
as that of abnormal sites. Surprisingly, for healthy DST tis-
sues these peaks are more prominent than in SCC. However,
as can be seen from figure the emission from abnormal tis-
sues varies according to the grade of tissue abnormality, as
observed at buccal and other sites.

Optimum accumulation time for ALA-induced PplIX
in abnormal mucosa

Based on the observed optimum accumulation time
observed, the anatomical sites can be categorized into two
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Figure 5 LIAF emission from different types of oral mucosa
from 40 sites in 20 patients and the mean spectra from 13
sites in 36 healthy volunteers, normalized to autofluorescence
intensity at 500 nm. Normal spectra represent the average of
36 x 15 x 13 measurements, whereas hyperplasia and dysplasia
relate to 9 x 15 measurements and SCC that of 18 x 15 measure-
ments.

Figure 6 Mean LIAF spectra from different grades of DST tis-
sues normalized to the autofluorescence intensity at 500 nm.
Healthy spectra is the average of 36 volunteers, while hyper-
plastic, dyspalstic and SCC lesions are the average of 4, 7, and
13 patients, respectively. Each spectrum shown is the average
of 15 measurements.

groups; one with an accumulation time of 90 min (group I)
representing the average of the all sites except DST, LST
and VBL and another (group Il) with an accumulation time
of 150 min representing the average of DST, LST and VBL.

Group | in patient population involves diverse grade
lesions of the alveolus, buccal and FM mucosa, whereas,
group |l consists of LST and DST. As observed in the case
of healthy mucosa, in tissues belonging to group I, the
maximum accumulation of PpIX occurs at 90 min. Further,
after 90min of ALA application, SCC tissues absorbs PpIX
to the maximum, and this accumulation is reflected in the
enhanced intensity of 635, 685 and 705 nm peaks, as shown
in Fig. 7a—c. Similarly, in the case of group Il mucosa, peak
accumulation time for different tissue types was observed
around 150 min, as shown in Fig. 8a—c.

Figs. 9a—c and 10a—c represent the temporal variation of
normalized-fluorescence intensities (NFI) in different abnor-
mal tissue types. As can be seen from these figures both
in group | and group Il abnormal tissues, these clearing
rates are much faster in hyperplastic tissues as compared
to dysplastic (pre-malignant) and SCC lesions, which indi-
cates reduced ferrochelatase activity of the heme cycle
with increase in tissue abnormality. It could be perceived
that in both group | and group Il the porphyrin fluorescence
intensities show maximum variation from its adjacent tissue
grade at the optimum accumulation time and this varia-
tion is more prominent at 635nm. For example, in group |
mucosa at the optimal time of 90 min, fluorescence intensity
at 635 nm increases by 61% during tissue transformation from
dysplasia to SCC and increases by 70% during transforma-
tion from hyperplasia to dysplasia. However, corresponding
increase for autofluorescence intensity at 635 nm is lower at
50% and 52%, respectively for those tissue transformations.
Again, after 120 min of ALA administration the corresponding
increase during those transformations are lower than opti-
mum level. A similar trend is observed in group Il mucosa.

During the optimal period of 90 min in group | tissues,
the enhancement in normalized mean intensity at 635nm
with respect to the autofluorescence intensity was 126.4%
in healthy volunteers, whereas in lesions diagnosed as hyper-
plastic, dysplastic and SCC, the corresponding variations
were 223%, 254% and 203%, respectively. Similar trend was
observed for the other two peaks at 685nm and 705nm.
Thus, with ALA application, PplIX emission at 635, 685 and
705 nm gets enhanced both in abnormal and normal mucosa
and a higher % variation in intensity indicates higher accu-
mulation of ALA in abnormal tissues.

Conversely, for group Il mucosa, the intensity increase
with respect to autofluorescence emission at optimal time
are 285%, 105%, 367% and 220%, respectively for healthy,
hyperplasia, dysplasia and SCC. Contrary to group I, nor-
mal mucosa in this case shows higher intensity variations
comparable with or even higher than that of benign and
abnormal mucosa. This problem arises mainly due to the
presence of PplX-like emission in healthy tissues due to bac-
terial presence. The intensity enhancements could be much
larger if constituents of group Il, particularly DST and LST,
are considered separately.

Interestingly, the intensity variation of PpIX in group | tis-
sues (Fig. 11a) can be utilized to diagnosis and grade tissues.
Although the intensity of the three observed peaks varies
with tissue alteration towards malignancy, changes are more
prominent in the NFI of the 635 nm red peak (NF1635). Thus,
by tracking these NFIs of 635, 685 and 705nm peaks it is
possible to discriminate malignant, pre-malignant, benign
tissues from normal. Further, the technique differentiates
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Figure 7 Temporal variation of LIF spectra normalized to the
autofluorescence at 500nm for (a) SCC [n=5], (b) dysplasia
[n=5], and (c) hyperplasia [n = 5] of group | mucosa for different
time periods after the topical administration 5-ALA for 15 min.

Figure 8 Temporal variation of LIF spectra normalized to the
autofluorescence at 500nm for (a) SCC [n=5], (b) dysplasia
[n=5], and (c) hyperplasia [n=5] of group Il mucosa for dif-
ferent time periods after the topical administration of 5-ALA
for 15 min.
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Figure 9 Temporal variation in the mean normalized fluores- Figure 10 Temporal variation in the mean normalized flu-
cence intensities (NFI) at 635, 685 and 705nm in group I. (8)  grescence intensities at 635, 685 and 705nm in group II. (a)
Hyperplasia, (b) dysplasia and (c) SCC mucosa after the topical Hyperplasia, (b) dysplasia and (c) SCC mucosa after the topical
administration of 5-ALA for 15min. administration of 5-ALA for 15 min.
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Figure 11  Histogram showing variation in average normal-
ized fluorescence intensities (NFI) at 635, 685 and 705nm. (a)
Group | and (b) group Il, at optimal accumulation time after
administration of 5-ALA for 15 min.

diverse grades of tissue without any comparison with the
normal tissues of the same patient thereby avoiding the pos-
sibility of misclassification due to wrong selection of the
control site. Table 2 lists the relative NFI (NFI1635, NF1685
and NFI705nm) of the three peaks, with their % varia-
tion with respect to control at the optimum accumulation
time. However, for group Il tissues, it should be noted that
the intensities of the major emission bands were found to
increase in abnormal tissues (Fig. 11b).

Discussion

LIAF spectral features of healthy and abnormal oral
mucosa

The broad autofluorescence emission observed around
500 nm is attributed to endogenous fluorophores, like NADH,
FAD, collagen, elastin and amino acids, and the emissions
at 635 and 705nm are from enhanced PpIX presence in
the malignant tissues [35,38—45]. The normalized porphyrin
emissions in the red region are absent (Fig. 1) in healthy
mucosa at sites other than DST, LST and VBL. But as the tis-
sue abnormality increases the emission at 635 and 705nm
starts to dominate the spectra.

By doing such a ‘‘normalization’’ of the spectra at 500 nm
and by measuring the intensities at 635, 685 and 705nm,
in fact, it is equivalent to measuring the ratios F635/F500,
F685/F500 and F705/F500, i.e. red-green fluorescence gat-
ing. One of the main advantage of this normalization is
that it will help to visualize the variations in the ratios at
a peek, as compared raw spectral figures. It has already
become known that red to green gating increases the con-
trast between normal and abnormal. The abovementioned
decrease in the green intensity after application of the
ALA is dismal as compared to the huge enhancement in
the red region. So, we do feel that normalization at the
green region is not going to improve the contrast very sig-
nificantly as dominated by red, but a little bit for sure.
However, our actual aim in this study was to track out at
what optimal accumulation time this normalization or ratio
gives maximum contrast, for the same tissues. Besides, such
a normalization (or ratios) provides us a way to reduce the
variations associated with spatial non-uniformities in illumi-
nation, if any.

In addition to these peaks, we have noticed a prominent
peak around 685 nm in SCC tissues that appears between the
PpIX emission peaks. In dysplastic tissues, this peak is not
very prominent as in SCC, but its presence contributes effec-
tively to broaden of the 705nm peak. It was noticed that
the 685nm peak is absent in healthy volunteer tissues and
in the contra-lateral mucosa of patients and hence cannot
be attributed to chlorophyll fluorescence from leafy vegeta-
bles or recently consumed food items as proposed earlier
[40].

High performance liquid chromatograms of tumor and
normal colorectal tissues have shown the presence of a

Table 2 Variation in ALA-induced PplIX intensities at 635, 685 and 705 nm with tissue alterations at optimum accumulation time
for group | and group |l tissues (%variation from lower grade is shown in parenthesis).

Tissue groups NFI2 Healthy Hyperplasia Dysplasia ScC

Group | 635 0.30 0.50(89.6) 1.60(220) 3.76(135)
685 0.11 0.18(80) 0.59(227) 0.95(61)
705 0.09 0.17(89) 0.5(194) 0.99(98)

Group Il 635 1.64 0.7(—58) 1.45(107) 3.9(169)
685 0.60 0.26(—56) 0.51(96) 0.89(75)
705 0.42 0.22(-51) 0.42(91) 0.94(124)

2 Normalized fluorescence intensity.
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higher concentration of coproporphyrin Il in malignant
tissues [43,46]. In the same study, peaks at 630 and
685 nm were observed when coproporphyrin Il dissolved in
methanol was excited with 505 nm light. We therefore pro-
pose that the peak observed at 685nm, especially in SCC
and dysplastic tissues, could be due to the accumulation of
endogenous fluorophore coproporphyrin I, which is a pre-
cursor of PplIX in the heme synthesis.

However, in the healthy tissues of DST, LST and VBL
(Fig. 1), the porphyrin-like emission peaks might have
originated from bacterial colonization, within the lingual
papillary structure of the DST tissues, as described earlier
[34]. In such histological structures the chances for depo-
sition and retention of food particles is enormous, making
the ground fertile for bacterial colonization [38,40]. Nev-
ertheless, the presence of these peaks leads to erroneous
diagnostic results by identifying healthy as abnormal.

Optimum accumulation time for ALA-induced PpIX
in healthy and abnormal oral mucosa

It is well known that PpIX selectively accumulates in the
abnormal tissues due to the reduced activity of enzymes
in the heme biosynthetic pathway [3—5,44,45]. The accu-
mulation and expulsion of PpIX within normal cells can be
explained on the basis of heme synthesis as follows.

In every metabolic pathway there is at least one reaction
in the cell that is far from equilibrium because of the rela-
tively low activity of the enzyme that catalyzes it. The rate
of this reaction is not limited by substrate availability, but
only by the activity of this enzyme. The reaction is there-
fore said to be enzyme-limited, and because its rate limits
the rate of the whole reaction sequence, this step is known
as the rate-limiting step in the pathway. In this context,
the various biochemical steps in heme cycle are rate limit-
ing, particularly the last three steps. When 5-ALA is given in
excess exogenously, the activity of the enzymes gets limited,
because of high exogenous input of the substrate and the
resulting accumulation of PpIX and its precursors. However
in healthy cells, this accumulation is no longer permanent
and slowly gets washed out by conversion to PpIX and then
to heme with time.

Even though the epithelium is stratified throughout the
oral cavity, the mucous membrane differs in morphol-
ogy at different sites. This definitely affects the diffusion
of ALA into the cells during topical application. Particu-
larly, in the case of DST and LST, the papillary structure
of mucosa facilitates longer retention of ALA solution
and increases the accumulation time leading to larger
PplIX intensities. Similar results were observed in a model
study on nude mouse skin using 10% (w/w) ALA and hexyl
esters of ALA wherein the 635nm intensity increased to
its maximum with increasing administration time [47]. Fur-
ther, it was reported that with increase in administration
time the optimum accumulation time also increased. How-
ever, in flat non-papillary structures associated with other
types of lining mucosa the possibility for deposition is
low.

Superficial layer of epidermis reduces the diffusion rate
of ALA across the stratum corneum [48]. Therefore, the
thicker lingual structure and superficial keratin layer of

DST and LST sites results in slower uptake. On the other
hand, VBL, which is the transitional zone between the
lip skin and mucous membrane of the lips, is covered by
a moderately thick keratinized epithelium with a rather
thick stratum corneum. The presence of these two layers
together slows down the uptake of the 5-ALA as compared
to inner lip or other lining mucosa. For all healthy anatom-
ical sites, the intensity of PpIX emission decreases with
time showing the temporal elimination of ALA from body
(Fig. 4a—d).

Diagnosis based on optimum accumulation time of
normalized fluorescence

In normal epithelial tissues, the superficial stratum corneum
layer is the main barrier against the diffusion of ALA [47].
The stratum corneum consists of keratin layers (corneo-
cytes) embedded in a lipid matrix. There are two ways
for diffusion through the stratum corneum; across the cor-
neocytes (trancellular) or via lipid matrix (intercellular)
[47—49]. The latter route is believed to be the principal
pathway and thus, the major barrier for permeation [50,51].
Since pre-malignant and malignant lesions usually associate
with hyperkeratosis, higher optimum time periods could be
expected in these lesions. However, similar optimal times
observed in the pre-malignant and malignant lesions could
be explained as due to the cutaneous stratum corneum.
Eventhough thicker hyperkeratic layer limits the diffusion,
at the same time, the disorder produced in the lipids within
the intercellular space permits the diffusion through stratum
corneum. After reaching the optimal accumulation period in
both groups | and II, the PpIX intensity shows a decreasing
or constant trend indicating the clearance of ALA-induced
PpIX from the system.

The variation of NFI in group | tissues (Fig. 11a) can be
utilized to diagnosis and grade tissues. Although the inten-
sity of the three observed peaks varies with tissue alteration
towards malignancy, changes are more prominent in the red
NF1 635 nm peak. Zeng et al. has used the red-green intensity
ratio to differentiate different grades oral tissues using an
endoscopic imaging system after topical application of 0.4%
solution of 5-ALA [24]. The malignant lesions (including CIS
and SCC) showed a maximum increase of 294%, while pre-
malignant dysplasia and benign hyperplasia/inflammatory
mucosa showed variations of 200% and 100%, respectively
from normal values in 240 min of ALA application. In con-
trast, the corresponding increases reported in this study
are very much higher at 1196%, 537% and 90%, respectively.
The lower variations reported earlier might be due to the
inclusion of tongue tissues in their algorithms, where the
possibility of false diagnosis is too high to affect the overall
diagnostic accuracy.

For group Il, in abnormal tissues (Fig. 11b) the intensity
variation is prominent at NFI1635, with SCC and dysplasia
showing variations of 413% and 91%, respectively. As against
the increasing trend seen in group | mucosa, there is a
decreasing trend during transition from normal to hyper-
plasia in group Il (Table 2). In other words, in group II,
tissues that were pathologically identified as hyperplasia
were indistinguishable from normal from fluorescence inten-
sity variations.
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Table 3  Comparison of diagnostic accuracies in terms of ROC-AUCs of three fluorescence intensities for group | and group Il in
discerning different tissues types.
Tissue groups  Spectral ROC-AUC

intensities . . - .

Healthy vs. hyperplasia ~ Hyperplasia vs. dysplasia  Dysplasia vs. SCC  Overall accuracy

Group | F635 0.96 0.96 1.00 0.97

F685 0.92 1.00 0.84 0.92

F705 0.97 0.98 0.94 0.96

Mean 0.95 0.98 0.93 0.95
Group Il F635 = 0.98 1.00 0.99

F685 — 0.96 0.82 0.89

F705 — 0.84 0.90 0.87

Mean = 0.93 0.91 0.92

Evaluation of diagnostic accuracy using ROC-curve
analysis

SPSS (Version 10) software was used to compare the area
under different curves (AUC) and to check the efficacy of
different methodologies without being constricted to sin-
gle values of sensitivity and specificity. It calculates the
sensitivity and specificity of given input values and plots
the ROC curves, with sensitivity values against the values
of (1-specificity). For both tissue groups | and Il, the clas-
sification of different grades oral mucosa was successful
with very good values of ROC-AUC. Table 3 shows ROC-curve
plotted using sensitivity and specificity values attained for
optimal ALA-induced fluorescence intensities (F635, F685,
and F705). For group | mucosa, the discrimination of dif-
ferent tissue types was possible, with ROC-AUCs in the
range 0.84—1. However, for the relevant clinical challenge
of discriminating hyperplasia from dysplasia using F635 and
F705 intensities the ROC-AUCs were 0.96 and 0.98, respec-
tively, while for the F685 a perfect discrimination was
possible with ROC-AUC of 1. In comparison de Veld et al.
had obtained a ROC-AUC < 0.65 to differentiate hyperplasia
tissues from dysplasia using a different combination of nor-
malization methods and classifiers [30]. In the same study,
an improved ROC-AUC of 0.70—0.77 was reported to dis-
criminate these tissues using diffuse reflectance spectral
features.

The overall mean ROC-AUC for the 635, 685 and 705 nm
peak NFIs at the optimal accumulation time to differ-
entiate the three tissue types in group | mucosa was
0.95, while for group Il mucosa it was 0.92. These results
show the advantage of ROC-curve analysis in determin-
ing diagnostic accuracies during cancer diagnosis. The
basic motivation of this statistical study is to show sta-
tistical significance of the results. It should be noted
that this is only was preliminary phase of study and the
number of available sites in each tissue categories are
low, particularly, as we are dividing them in four tis-
sue categories, i.e. normal, hyperplastic, dysplastic and
SCC (Instead of simply dividing these categories to nor-
mal and abnormal). This particular constraint not allowed
us to attempt the training and evaluation statistical
approach.

Conclusions

Maximum accumulation of ALA-induced PplX fluorescence at
different anatomical sites of the oral cavity in healthy pop-
ulation and in different grades of abnormal oral tissues was
determined in vivo by tracking the emission peak intensities
635, 685 and 705 in the normalized LIAF spectra. The nor-
malized fluorescence intensities were found to peak within
90—150 min of administration depending on the anatomical
location, both in healthy and abnormal tissues. In group
| oral mucosa that involves all anatomical sites excepting
the DST, LST and VBL, the intensities at 635, 685 and 705
show an increasing trend during tissue transformation from
healthy to SCC. Among the three peak optimal intensities
studied, the F635 was found to be more sensitive to tis-
sue characteristics. In the group Il mucosa consisting of
DST, LST and VBL, the normalized intensities of the three
peaks increased according to the grade of abnormal tissue.
However, a decreasing trend was noticed in the normalized
intensities during transformation to hyperplasia. This trend
reversal in healthy tissues could possibly lead to misclassi-
fication of normal tissues as benign (hyperplasia), dysplasia
or SCC, particularly in the case of DST and LST where these
emissions are more intense than in VBL. This would also
increase the number of false positives thereby decreasing
the specificity of the diagnostic technique. Nonetheless, in
both group I and group Il abnormal tissues, the porphyrin NFls
show maximum variation with respect to the adjacent grade,
at the optimum accumulation time. Though the patient pop-
ulation is limited, the study confirms the significance of
carrying out in vivo ALA-induced PplX fluorescence measure-
ments at the optimum accumulation time to improve the
capability for early detection and grading of oral cancer.
The major clinical challenge of discriminating oral dyspla-
sia from hyperplasia was achieved with an ROC-AUC of 1.
The observed overall ROC-AUCs of 0.95 and 0.92 in discrim-
inating different types of group | and group Il oral mucosa
show the advantages of recording ALA-induced porphyrins
intensities at the optimal time and calls for a prospective
study in a larger patient population through community cen-
ters. In short, it could be concluded that by optimizing the
accumulation time after application of ALA the contrast and
accuracy of the ALA-PD in oral cancer detection can be
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improved. Further, the knowledge of the this optimum accu-
mulation time and high tissue selectivity of PpIX in abnormal
tissues offers opportunities for therapeutic approach using
PDT in future and towards this, the knowledge of optimal
ALA concentration is at different anatomical sites becomes
vital.

Point spectroscopy is an adequate technique for quan-
tifying PpIX fluorescence. However, point monitoring
spectroscopy has the disadvantage that it gives no informa-
tion on the spatial distribution of PpIX fluorescence within a
lesion. We have surmounted this concern by restricting our
measurements within small margined lesion areas. Again,
another limitation associated with point monitoring is that it
takes a lot of time to scan of an entire lesion point by point,
which could be overcome with the use of multispectral imag-
ing systems based on expensive intensified CCD (ICCD) or
EMCCD cameras that can gather fluorescence images of the
entire lesion in a diminutive time frame, which could helps
to distinguish the spatial distribution of PpIX fluorescence in
real time.
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