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1 Introduction

Abstract. Raman spectroscopy can provide information about the
molecular composition of tissues, with potential to be applied as a
diagnostic tool in lieu of histopathology. Our objectives are to deter-
mine if laser Raman spectra (RS) can be acquired reliably from the
oral mucosa of patients, and to determine if the RS signature of normal
oral mucosa is reproducible among anatomic oral sites and among
subjects of different races and gender. 25 Caucasian and 26 Asian
subjects are studied using RS with a signal acquisition time of 1 s at
seven specified sites within the mouth. Multivariate analysis is used to
determine the variability between tissue types and between races and
gender. Unique spectra are defined for various sites in the mouth and
are likely related to the degree of keratinization. However, spectral
concordance by site is not greatly influenced by subject ethnicity or
gender. We demonstrate, for the first time, the potential in-vivo appli-
cation of RS for oral mucosal disease and demonstrate its specificity
for particular mucosal types in the mouth. RS offers the potential to
provide a diagnosis of disease using a noninvasive, convenient, sen-

sitive technology that provides immediate results. © 2009 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.3076195]
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for diagnosis, including cytological techniques,' the use of
cell markers,” and the application of optical coherence imag-

Histology has been the gold standard for diagnosing the over-
whelming majority of oral mucosal diseases, including malig-
nancies and autoimmune conditions. Despite its desirability as
a means to provide a definitive diagnosis, logistical, psycho-
logical, and economic hurdles often negatively impact the fre-
quency with which biopsies are performed. Consequently,
there has been increasing interest to develop alternative means
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ing technology.3

Technical advances in Raman Spectra (RS) components,
such as more compact and efficient lasers and light detectors,
and the application of multivariate techniques for spectral
analysis have permitted a practical instrument for potential
use in cancer diagnostics.4’5 Studies investigating the utility of
RS in differentiating normal from premalignant and malignant
tissue have been performed in a range of nonoral anatomic
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sites, including the brain,ﬁ’7 breast,g’lo lower gastrointestinal
tract,”’l2 nasopharynx,13 skin,m_16 lung,”’18 and cervix.'* !

In-vivo Raman measurements are particularly challenging
to do, since the spectra must be obtained with a short integra-
tion time, and often require the use of optical fiber catheters
that introduce significant noise into the spectra. This noise is
considerably reduced by choosing ultralow OH fiber; never-
theless, it remains a problem in the fingerprint region
(400 to 1800 cm™!). This has prompted some investigators to
look at the high frequency (hf) region (1800 to 3500 cm™)
of the spectra (e.g., Refs. 22 and 23). Although there are fewer
Raman peaks in the hf region, they had considerable success
in using the C-H stretch bands near 3000 cm™' to discrimi-
nate between different tissue types.

The first animal in-vivo study with rat oral mucosa was
published by Bakker Schut et al.** In their experiment, they
induced dysplasia of palate epithelium and then assessed the
tissue at various dysplastic stages with laser, RS (LRS). Sig-
nal variance due to signal contributions of the palatal bone
was eliminated. The results of this study were impressive,
with a selectivity of 0.93 and a sensitivity of 0.78 for detect-
ing low-grade dysplasia, and a specificity of 1 and a sensitiv-
ity of 1 for detecting high-grade dysplasia/carcinoma in sifu.

A recent study by Malini et al.” evaluated the ability of RS
to differentiate normal, inflammatory, premalignant, and ma-
lignant oral lesions when applied to slides prepared from bi-
opsied tissue. While using unsupervised principal component
analysis (PCA), they were able to differentiate between nor-
mal and all pathological conditions, and they reported that
their ability to distinguish among pathologic conditions was
poor. We hypothesized that a reason for this lack of sensitivity
might be the variability in RS signal produced by the different
tissue types of the mouth and oropharynx. Furthermore, biop-
sied and prepared tissue may not produce an accurate diag-
nostic spectral response to that of in vivo. The goals of our
study were thus to determine if RS signal varied by oral mu-
cosal type and to evaluate the clinical utility of RS by assess-
ing its applicability in vivo. We evaluated the clarity and qual-
ity of Raman signals in the mouth by defining the RS of
specific oral sites in subjects of different gender and race.

2 Methods
2.1 Protocol

This study was conducted with approval of the Institutional
Review Board (IRB) of the British Columbia Cancer Agency.
Informed consent was obtained from all study participants.
51 subjects of both genders between the ages of 20 and
65 years (25 Caucasian and 26 Asian subjects) were recruited
from a panel of patients having routine dental care in a com-
munity practice. Asian participants in this study consisted of
Han Chinese predominantly of Hong Kong origin. Subjects
were eligible to enter the study if they did not have significant
systemic or oral disease and were not taking any medications
known to modify the oral mucosa or its environment. Current
or past (6 months) smokers, individuals who consumed more
than two alcoholic drinks per day, had a history of mucosal
disease, or had received cancer therapy (radiation or chemo-
therapy) were excluded. Establishing and defining a “normal”
baseline is a critical first step to the ultimate application of
Raman as a diagnostic tool for oral disease. Furthermore, po-
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Fig. 1 (a) Probe tip and (b) attached gingiva.

tential carcinogens such as tobacco use and ethanol use are
known modifiers of oral mucosa. Consequently, to evaluate
differences in Raman spectroscopic signals from different
types of mucosa, we mandated exclusion of both of these
known drivers of mucosal change.

Patients were seated in a standard dental chair. Using a
Raman probe [Figs. 1(a) and 1(b)] spectra were recorded from
seven designated sites within each subject’s mouth: movable
buccal mucosa, attached gingiva, dorsal surface of the tongue,
ventral surface of the tongue, the floor of the mouth, the mov-
able mucosa of the lower lip, and the hard palate. The tissue
was dried with a gauze sponge and each site was surveyed
four times by the Raman probe. To obtain measurements, the
probe was held 5 to 10 mm from each designated site for one
second. The distance was predetermined based on studies re-
ported on the lung.18 A one-second acquisition time proved to
be easily tolerated by subjects and provided consistent mea-
surements. Disposable plastic sleeves were placed over the
probe for each patient to insure infection control.

2.2 Raman Spectroscopy

The basic components of the Raman system consisted of an
excitation light source, a spectrograph coupled to a detector,
two specially designed fiber bundles, and two stages of optical
filtering [Fig. 2]. A 784-nm, 300-mW external temperature
stabilized diode laser (model BRM-785, B&W Tek, Newark,
Delaware) was used. Tissue emission was analyzed with an
/2.2 transmissive imaging spectrograph (model Holospec,
Kaiser Optical Systems, Ann Arbor, Michigan). The intensity
of the dispersed light was measured with a NIR-optimized

CCD/Laser Controller

module | Spectrograph

®

Fig. 2 Raman spectrograph.

Oral Analyzer
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Comparison of Average Spectra from Different Oral Sites
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Fig. 3 Average of all in vivo Raman spectra for the entire emission range taken with a 1-s integration.

back-illuminated, deep depletion, and liquid-nitrogen-cooled
charge-coupled device (CCD) array [400 X 1340 pixels at
20X 20-pum per pixel (model Spec-10:400BR/LN, Princeton
Instruments, Trenton, New Jersey)]. A specially designed
probe was made consisting of one ultralow-OH 200-um-diam
excitation fiber surrounded by 27 ultralow-OH 100-um-diam
collection fibers bundled together in a round configuration
approximately 1.8 mm in diameter and 0.75 m long. The two
stages of optical filtering were facilitated by incorporating la-
ser line and long-pass filters both at the proximal and distal
ends of the probe. Control of the system was implemented by
a PC using a custom-designed program that triggered data
acquisition and removed the autofluorescence background in
real time.”**” All spectra were calibrated for the spectral sen-
sitivity of the system using a standard halogen calibration
lamp (RS-10, Gamma Scientific, San Diego, California) and
an integrating sphere (Newport Corporation, Stratford, Con-
necticut). More details of the system can be found in a recent
publication. 18

2.3 Data Analysis

A one-second background count was removed from all spec-
tra. This background was obtained with exactly the same ex-
perimental setup used for taking subject spectra, except the
laser was not turned on. A three-adjacent-point smoothing was
then applied to each spectrum, and an improved modified
polynomial fitting routine using the seventh-order polynomial
was applied to subtract the background fluorescence signall.28
Each spectrum was then calibrated to the response of the in-
strument and normalized to the area under the Raman curve
from 1500 to 3100 cm™'. The resulting spectra were grouped
together by oral site and race as follows: 1. all spectra, 2.
Asian spectra, 3. Caucasian spectra, and seven groups (4
through 10) for the different oral sites (e.g., lower lip). The
averages of some of these groups are shown in Figs. 3, 4(a),
and 4(b).
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2.4 Classification of Spectra

The normalized data were analyzed using Statistica 6.0 (Stat-
Soft Incorporated, Tulsa, Oklahoma). Prior to any analysis,
ten obvious spectral outliers (out of 351 spectra with not more
than two spectra from each site) were rejected by inspection.
The remaining spectra in each group were then centered about
their mean and scaled by their standard deviation. Several sets
of principal components (PCs) were calculated for each of the
groups (1 through 10). Several sets were needed because the
software was limited to 1000 data points per case, whereas
our spectra contained 1340 data points. To look for statistical
differences between Asian and Caucasian spectra, a two sided
t-test was used on the PCs derived from the spectra in groups
1, and 4 through 10, to find which PCs were significantly
different. Only PCs were used that accounted for 0.1% or
more in the variance. Once the PCs were identified by the
t-test, a linear discriminate analyzes (LDA) with cross valida-
tion was used on them to classify each spectrum as either
Asian (A) or Caucasian (C). For a random classification, the
probability that a spectrum would be either A or C is 0.5. To
avoid uncertain prediction, we set the threshold for the pre-
dictive model at 0.7, that is, a spectrum had to have a prob-
ability of 0.7 or greater to be classified as either A or C. If the
probability was less than 0.7 (e.g., 0.6 A and 0.4 C), the spec-
trum was unclassified. It was determined that the best results
were obtained using the spectra range 2800 to 3100 cm™!. A
similar procedure was used on spectra from these same
groups to look for gender differences.

To determine if there were significant differences between
spectra from different oral sites within the same ethnic group
(groups 2 and 3), additional analyses were done. The proce-
dure was the same as that described earlier, except there were
seven possibilities to assign spectra. The random assignment
probability was therefore 1/7 or 0.143. To avoid uncertain
prediction, a threshold for the predictive model was set at 0.50
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Fig. 4 (a) Average of all in vivo Raman spectra from 2800 to 3100 cm~' taken with a 1-s integration from different sites of Asian subjects. The error
bars shown are the standard errors on the means. (b) Average of all in vivo Raman spectra from 2800 to 3100 cm™' taken with a 1-s integration
from different sites of Caucasian subjects. The error bars shown are the standard errors on the means.

(that is, a spectrum had to have a probability >0.50 to be
classified.). Although this threshold is lower than that used to
separate Asian/Caucasian and male/female spectra, 0.50 is
0.357 above random, and as such, spectra meeting this crite-
rion will be significantly different from the average spectra of
other sites. Furthermore, a >0.50 threshold stops any spec-
trum being classified as belonging to two or more oral sites,
which will complicate the interpretation of the results. The
best results were obtained using the spectral range from
2800 to 3100 cm™! rather than the entire range.

3 Results

The average spectra from different oral sites in the
1500 to 3100 cm™' range is shown in Fig. 3. All spectra con-
tained a large peak near 1665 cm™' (Fig. 3), which was most
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likely the Raman peak due to amide I vibrations, with some
contributions from the C=C stretching motion of lipids and
H,O bending motions. The broad peak centered on
2900 cm™! was clearly the well known Raman peak due to a
combination of lipids and proteins. Low intensity broad emis-
sions that extended from 2000 to 2300 cm™! in all spectra
were probably made up of H,O molecule librations and vari-
ous carbon/nitrogen/oxygen modes."® Above 3100 cm™!,
there was some evidence in the raw data for a Raman peak
around 3300 cm™! (not shown). This was most likely due to
OH stretching motions of water molecules. However, the
polynomial fitting in this region was not accurate and there-
fore the extracted Raman intensities were not reliable.

Each of the scanned oral sites displayed distinct spectra
[Figs. 4(a) and 4(b)]. The spectra from some sites were on
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Fig. 5 (a) Plots of the first ten eigenvalues obtained from PCA of all
spectra, and the cumulative percent variance that each additional fac-
tor accounts for. (b) Loading plots for the first 5 factors obtained from
PCA of all spectra.

average statistically different from other sites, one can see this
from the error bars shown, which are the calculated errors on
the means. 68% of new average spectra would lay within the
error bars, 95% would lay within error bars twice as large, and
99.7% would lie within error bars three times as large. Spectra
obtained from the lower lip and cheek were similar and
tended to peak at 2850, 2900, and 2925 cm~!. In contrast,
gingiva spectra peaks were noted at 2880 and 2940 cm™!.
Similarly, maximal intensity spectra of 2875 and 2930 cm™!
were noted for the hard palate. The ventral and dorsal tongue
spectra appeared somewhat similar on visual inspection, with
peaks at 2870 and 2935 cm™'. The floor of the mouth was
different than the other tissues, and displayed a rather shallow
climb and a broader range of peaks including 2850, 2890, and
2930 cm™'.

The eigenvalues for the PCA of all the spectra (group 1)
dropped rapidly to low levels after about 5 factors [Fig. 5(a)],
and these factors accounted for more than 95% of total vari-
ance. The loading plots for the first 5 factors are shown in Fig.
5(b). T-tests on the first 10 factors identified two or more with
significant p-values (<0.05) for discriminating between spec-
tra from two oral sites. The most significant factors for nearly
all sites were either factor 1 (p<<2X107) or factor 2 (p
<3X107). The exception to this was the comparison be-
tween lower lip and cheek spectra, where factor 4 (p
=0.001) was the most significant. Figures 6(a)-6(c) show
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Fig. 6 Scatter plots of the factor scores for the most significant factors
for discrimination between spectra from different oral sites: (a) factors
1 and 2, (b) factors 1 and 4, and (c) factors 2 and 4. Data from seven
sites are plotted in each figure; from left to right these are lower lip,
gingiva, palate, ventral tongue, dorsal tongue, cheek, and floor of the
mouth. Closed symbols are for Caucasian subjects and open symbols
are for Asian subjects.

scatter plots of factors 1, 2, and 4. The LDA analyses on all
the significant factor scores by race and site are outlined in
Tables 1 and 2. Note: LDA were not performed on male/
female spectra groupings.
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Table 1 Classification by race of oral Raman spectra using LDA.

Raman Spectra Details

Site and race Spectra  Outliers  Caucasian  Asian  Unclassified ~ Sensitivity % Specificity % % Cor'ly Ass'd
Lower lip Caucasian 25 1 13 4 7 54 88 76
Asian 26 0 2 15 9 58 76 88
Attached gingiva  Caucasian 25 1 8 2 14 33 83 80
Asian 26 2 2 10 12 42 80 83
Hard palate Caucasian 25 1 10 3 11 42 83 77
Asian 26 0 2 10 14 38 77 83
Ventral tongue Caucasian 25 1 6 3 15 25 78 67
Asian 26 0 2 7 17 27 67 78
Dorsal tongue Caucasian 25 2 3 2 18 13 100 60
Asian 26 0 0 7 19 27 60 100
Cheek Caucasian 25 0 8 3 14 32 80 73
Asian 26 0 1 4 21 15 73 80
Floor of mouth Caucasian 23 0 9 2 12 39 67 82
Asian 22 2 1 2 17 10 82 67
All spectra Caucasian 173 6 22 16 129 13 68 58
Asian 178 4 6 13 155 7 58 68

4 Discussion

Our spectra clearly showed the well known Raman peaks due
to proteins, lipids, and water. Although there was still some
undesirable noise in the spectra, this was small compared to
the variation in Raman peak intensities. Some of the noise
(the low intensity ripple shown in Fig. 3) appeared to be due
to CCD etaloning, despite the use of a CCD that minimizes
this effect. It is impossible to correct for CCD etaloning, and
thus this effect will limit the reliable measurement of weak
Raman signals. The polynomial fitting to remove the fluores-
cence was carried out before spectral intensity calibration, as
this was found to produce the best fit to the data. However,
this fitting was still not ideal in the 1700 to 1900 cm™! range.
Applying three-point smoothing before or after polynomial
fitting made no significant difference to the fit. The fitting
procedure used was chosen as a compromise between a fast
computing time (important for real-time diagnosis in a clinical
setting) and the accuracy of the fit. Improvements must be
made to the fluorescence removal if the whole spectral range
is to be used in future analyses. For the present data, the
2800 to 3100 cm™! range analyzed seemed largely free of
any significant artifacts, and showed clear differences in av-
erage Raman intensity for different groupings. Despite these
differences, the correct classification of individual spectra
using LDA had mixed results. Where LDA was used, the clas-
sification of spectra was nearly 100% correct in some cases,
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but in others, only 62% were correct. The classification of a
spectrum as being either from an Asian or Caucasian subject
was the least successful. This was to be expected, given the
greater similarity in average spectra. The correct classification
percentage goes up if one increases the probability threshold,
but so does the number of spectra that cannot be classified.
For example, if one increases the probability to 0.9, then all
spectra meeting this threshold are correctly classified, but
most spectra do not and thus go unclassified. Surprisingly, the
LDA could correctly classify a significant fraction of the spec-
tra from each site by race using a 0.7 threshold, even though
the average spectra showed little difference. This occurred
because the LDA were based on PCs that only accounted for
small percentages of the total variance.

In contrast, the correct assignment of an individual spec-
trum to a particular oral site was more successful than the
assignment of the spectrum to the correct ethnic group. In this
case, only a few spectra failed to achieve the 0.5 probability
threshold, and of those that did, the percentages that were
correctly classified were fairly high. Furthermore, the PCs that
the LDA were based on accounted for high percentages of the
total variance, except when comparing the lower lip with
cheek spectra for Caucasian subjects.
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Table 2 Classification by site of oral Raman spectra using LDA.

Raman spectra details

Site and race Spectra Outliers Lip Gingiva Palate Ventral Dorsal Cheek Floor Unclass'd Sensitivity % Specifity % % Cor’ly Ass'd

lower lip C 25 1 9 0 2 0 2
A 26 0 10 0 3 4 0
Gingiva C 25 1 0 24 0 0 0
A 26 2 0 23 1 0 0
Palate c 25 1 2 1 14 1 0
A 26 0 1 2 14 1 1
Ventral C 25 1 0 0 0 10 4
A 26 0 0 0 2 12 4
Dorsal c 25 2 0 0 0 8 10
A 26 0 0 0 0 5 18
Cheek C 25 0 3 0 4 0 0
A 26 0 2 0 0 1 1
Floor c 23 0 1 0 0 1 1
A 22 2 1 0 0 1 1

5 1 5 38 95 47
6 0 3 38 97 43
0 0 0 100 99 100
0 0 0 96 98 96
4 0 2 58 95 64
2 0 5 54 95 67
1 4 5 42 92 53
0 2 6 46 91 60
0 1 4 43 94 53
0 2 1 69 94 72
7 2 9 28 92 44
16 2 4 62 93 73
0 16 4 70 93 84
1 9 6 45 96 69

One could argue that larger sample sizes are usually desir-
able. To our knowledge, there is no simple way of accurately
calculating appropriate sample sizes for PCA studies. None-
theless, even with the conservative numbers used in this
proof-of-principle study, we were able to demonstrate statis-
tical significance.

Our study is a first step in applying RS technology to the
diagnosis of oral mucosal pathology by defining the spectral
signal for specific mucosal sites within the mouth. We were
able to demonstrate that the RS signal was consistent among
subjects of different ethnicities and gender, and that the extent
of the signal was dependent on the type of oral mucosa being
evaluated. These data thus provide the baseline against which
abnormal mucosal changes can be defined.

Signals varied between some tissues (gingiva and cheek)
and were similar with others (dorsal and ventral tongue) pri-
marily due to the extent of the differences in the molecular
structure. Tissues composed of similar relative amounts of
lipids, carbohydrates, and proteins will resemble each other to
a greater degree than those that are not. We believe that dif-
ferences in spectra observed between Asian and Caucasian
races may also be caused by variations in mucosal pigmenta-
tion. Other potential causes for this variation may include
genetic differences resulting in both qualitative and quantita-
tive differences in the molecular structure of the tissue. A
recent study using the autofluorescence of oral tissue demon-
strated differences between races as well.”
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Future studies will involve identification of the molecular
structures that will enhance our understanding of not only
tissue types but differences among races.

A potential impediment to the clinical application of RS is
the time required to acquire a reproducible signal of meaning-
ful sensitivity. As tissue produces a weak Raman signal. Most
experimental studies to date have used signal acquisition
times ranging from 30 s to several minutes,*'"*** too long
for most patients to tolerate. Enhancements to the Raman sys-
tem used in the current trial are fully described in Ref. 18.
Briefly, the enhancements included a very sensitive CCD and
a very efficient (low light loss) spectrometer. Filters and fibers
were also used that allow light to pass through with low loss
and the generation of minimal intrinsic fluorescence. Further-
more, a parabolic array was used that allows all the light at a
particular wavenumber that is collected from the sample to be
projected onto the CCD in a straight line, thus improving the
signal-to-noise ratio. Together, these enhancements allowed
us to obtain good signal within 1 s at a preferred range of
2700 to 3100 cm™!.

Various methods of noninvasive tissue diagnosis have been
studied in the head and neck region. More recently, autofluo-
rescence techniques have been studied.” ™ In the oral cavity,
sensitivity and specificity values of 88 and 100%, respec-
tively, have been reported in distinguishing neoplasia from
normal tissue.** For the larynx, similar diagnostic sensitivity
has been reported, but the specificity for distinguishing malig-

January/February 2009 + Vol. 14(1)



Guze et al.: Parameters defining the potential applicability of Raman spectroscopy...

nant from benign lesions may be as low as 50%.% RS has a
potential advantage over these techniques in that it can pro-
vide a molecular fingerprint of tissue. However, the signal
may be obscured by autofluorescence, which is also induced
by molecular excitation. For this reason, near-infrared (NIR)
wavelengths are used in preference to visible light for mea-
suring Raman scattering in biomedical applications.

Using techniques ranging from empirical analysis of indi-
vidual peaks to multivariate analysis of multiple spectral
peaks, a number of in-vitro and in-vivo studies have reported
sensitivity and specificity values of more than 90% for distin-
guishing cancer from normal tissue'®'"*” using RS. In the oral
cavity, the use of RS to achieve a noninvasive real-time opti-
cal diagnosis has the potential to provide an adjunct to visual
oral examination. Examples where noninvasive identification
of pathology may be of particular value include surveillance
of conditions such as inflammatory, autoimmune diseases, and
dysplasia.

5 Conclusion

We successfully acquire, for the first time to our knowledge,
in-vivo Raman spectra from the oral cavity. In-vivo Raman
spectra taken from the oral cavity of 51 human subjects do not
show strong differences between Asian and Caucasian sub-
groups. However, the spectra for different oral sites within the
same ethnic group are significantly different and clearly sepa-
rable. A study will be performed to determine Raman signals
in the lower wavenumber range to determine if any additional,
helpful data is available. Novel studies presently underway
will provide more indications on the accuracy of diagnosis of
inflammatory to malignant oral lesions. Additionally, lesions
including oral leukoplakia and inflamed periodontal tissues
will be studied.
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