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Abstract:

For oral cancers, screening and monitoring of high-risk populations can aid in early diagnosis
and improve overall outcomes. Of the new methods, approaches based on exfoliative cytology
are more practical for mass screening and monitoring of high-risk populations. Raman
spectroscopy and exfoliative cytology for cervical cancers has shown promise in differentiating
normal and abnormal samples. In this study, feasibility of Raman oral exfoliative cytology along
with cytopathology for oral cancer diagnosis was evaluated on 70 specimens. Exfoliated cells
were obtained from 15 healthy volunteers (HV), 15 healthy tobacco users (HT), and 20
contralateral or disease control (DC) and 20 tumor (T) sites of oral-cancer patients. Pap staining
was carried out post Raman spectral acquisition. Spectral findings demonstrate that with increase
in severity of pathology from HV to T, higher DNA and changes in secondary structure of
proteins were encountered. Owing to heterogeneity in cellular samples, two different
approaches- point-spectra and patient-wise were evaluated for data analysis. PCA and PC-LDA
using both approaches indicate that HV and HT are distinct from cancer groups DC and T.
Misclassifications were also observed between HT and DC. These findings also correlate with
cytopathological findings. Less misclassifications and higher classification efficiency was
observed for patient-wise approach. Large-scale validation study needs to be undertaken for
evaluating utility of Raman oral exfoliative cytology for screening of oral cancers using patient-

wise approach.
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INTRODUCTION:

The incidence of oral cancer worldwide is around 300000 new cases every year'. Tobacco abuse
(smoking and smokeless) is the most common etiological factor for oral cancer’. The overall 5-
year survival rate of around 50% is mainly attributed to delayed diagnosis and recurrence. These
rates are less than occult cancers like breast, colorectal, cervix°. Early detection of oral cancer
and its curable precursors remains the best way to ensure patient survival and improved quality
of life* °. South Asian countries like India are major contributors to the global cancer burden,
due to rampant tobacco habits. In fact, it is estimated that over 90% of the global smokeless
tobacco burden is in South Asia- around 100 million people use smokeless tobacco in India and
Pakistan alone ® . Due to a known dose-response relationship between tobacco consumption and
development of oral cancer, chronic tobacco abusers are at high risk for development of oral
cancer °. Thus, screening and monitoring of these high-risk populations, along with the general

population is crucial.

The current standard screening procedure for oral cancers is visual inspection followed by biopsy
and histopathology of suspicious lesions. These currently employed methods have shown limited
potential in detecting precancerous or early cancerous lesions’. In fact, visual examination was
useful as a method of screening for oral cancer only in high risk cases like chronic smokers or
alcoholics'®. The suspicious lesions detected upon visual inspection are biopsied and sent for
microscopic examination for confirming abnormality in the sample. The invasiveness of this
methodology leads to reduced patient compliance and therefore higher number of defaulter
patients. Thus, there is a need for new, less-invasive approaches to complement the existing

methodologies to identify dysplasia and early oral cancers in both, symptomatic and
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asymptomatic patients. Several new diagnostic modalities have been developed in recent times to
aid in early detection of oral cancer”'!. These include: use of vital staining like Toluidine blue,
brush biopsy, salivary biomarkers, and optical methods like Vizilite, Vizilite Plus, Microlux DL,
VelScope and Identafi 3000. These light-based methods rely on the assumption that
absorption and reflection of light differs between normal and abnormal (metabolic or
structural change) tissues'’.  Vizilite and MicroLux DL are based on the principle of
chemiluminescence, wherein a rinse using 1% acetic acid is followed by direct visual
examination using a blue-white light source. While Vizilite uses a disposable
chemiluminescent light, MicroLux DL employs a reusable, battery-powered source. Oral
mucosal abnormalities appear as “aceto-white” against a lightly bluish normal mucosa.
VelScope, a portable device for direct visualization of oral cavity using intense blue
excitation light, employs the principle of change in tissue autofluorescence during
abnormal conditions. Using a selective (narrow-band) filter, dark regions representing
abnormal areas with loss of fluorescence interspersed in green fluorescence emitted by
normal mucosa are observed. Identafi employs multi-spectral Fluorescence and
Reflectance technology to enhance visualization of mucosal abnormalities using 3 different
wavelengths. White light is used for conventional examination, violet light to detect changes
in tissue autofluorescence while amber light is used to detect morphological abnormalities

in vasculature' '*

. These new innovative techniques show promising results, however their
routine clinical use will depend on the results of methodologically sound clinical trials that

demonstrate their impact on patients’ survival and effectiveness in early detection.

Exfoliative cytology is a simple, rapid, and less invasive technique'”: it is thus well accepted by

patients and is suitable for routine application in population screening programmes. This
4
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methodology has been used as a tool for screening gynecological malignant diseases, after
development of Papanicolaou (Pap) staining by George Papanicolaou'® '’ Pap staining of oral
exfoliated cells was first explored to study keratinization patterns and changes during menstrual
cycle'™?, followed by studies on oral cancer diagnosis®"***. At that time, this technique could not
achieve the expected sensitivity and specificity”. After several modifications in sample
collection and staining methods, introduction of computerized image analysis, DNA cytometry
and addition of molecular tests like detection of p5S3 mutation and loss of heterozygosity, this
area has received renewed interest in the last few years®*?’. The clinical utility of these

approaches is still under verification.

Raman spectroscopy (RS), a vibrational optical spectroscopic method based on inelastic
scattering of light, has been increasingly employed for disease diagnosis. /In vivo RS has
previously shown promise in management of oral cancers, including detection of early changes
like cancer field effects (CFE)/ malignancy associated changes (MAC)**>". In vivo applications
require on-site instrumentation and stringent experimental conditions. Less invasive samples like
exfoliated cells can be collected at multiple screening centers, followed by transportation to and
analysis at a centralized facility. RS of exfoliated cells from cervix has shown promise in
detecting HPV infection and classifying normal and abnormal specimens®" *2. A pilot study has
confirmed feasibility of Raman spectral acquisition on oral exfoliated cells®. In the present
study, pellet of exfoliated cells from buccal mucosa of healthy subjects (with and without
tobacco habits) and oral cancer patients were analyzed using RS, followed by Pap staining. Due
to inherent heterogeneity of cell samples, multiple spectra were acquired from different areas of
the pellet, and both point-spectra and patient-wise approach were evaluated. Findings are

presented in the manuscript.
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MATERIALS AND METHODS

2.1Exfoliative cytology:

Oral exfoliated cells were collected from histopathologically confirmed oral cancer (buccal
mucosa) patients with tobacco habits visiting the out-patient department of Head and Neck
oncology, Tata Memorial Hospital, Mumbai, India. Exfoliated cells were collected from “site of
tumor” (referred to as ‘T’ henceforth) and respective “Contralateral normal or Disease control
sites” (referred to as ‘DC’ henceforth in the manuscript) from the same patient using Cytobrush
(Himedia, India) in normal saline. Exfoliated specimens were also collected from both buccal
mucosae of healthy subjects unrelated to cancer patients, subjects with tobacco habits were
termed as ‘healthy tobacco’ (HT) while without tobacco habits were termed as ‘healthy
volunteers’ (HV). No clinical abnormalities were found in mucosa of HT and HV subjects.

Demographic details of study group are summarized in Table 1.

Samples were transported in ice at 4° C, and immediately processed upon arrival. Exfoliated
cells were harvested after vortexing and centrifugation at 6000 rpm for 1 min. Due to high
vascularity of tumors, blood contamination was observed in most cancer samples; RBC lysis
protocol was therefore adopted as an integral step during cell processing. For sake of uniformity,
all samples were treated with RBC lysis protocol after harvesting cell pellet. The protocol is as
follows: 1 ml RBC lysis buffer was added to each tube, incubated for 15 min at room
temperature (mixed in intervals of 5 min), and washed in saline two times. Cell counting was
performed using Neubauer’s chamber after staining with Trypan blue and the final pellet was
employed for spectral acquisition. After spectral acquisition, cells were smeared onto glass

slides, fixed and subjected to Pap staining.
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2.2 Raman spectroscopy:

The pellet was placed on a CaF, window and spectra recorded using Fiber Optic Raman
microprobe (Horiba-Jobin-Yvon, France). The details of the instrument have been described
elsewhere®®. Briefly, this system consists of laser (785 nm, Process Instruments) as an excitation
source and HE 785 spectrograph (Horiba-Jobin-Yvon, France) coupled with CCD (Synapse,
Horiba-Jobin-Yvon) as dispersion and detection elements, respectively. Optical filtering of
unwanted noise, including Rayleigh signals, is accomplished through ‘Superhead’, the other
component of the system. Optical fibers were employed to carry the incident light from the
excitation source to the sample and also to collect the Raman scattered light from the sample to
the detection system. Raman microprobe was assembled by coupling a 40X microscopic
objective (Nikon, Japan) to the superhead. Spectral acquisition parameters were: laser power: 40
mW, acquisition time: 15 s and average: 3. About 6-7 spectra were recorded from several areas
to span the pellet. After spectra recording, cells were smeared onto glass slides and subjected to

Papanicolaou staining.
2.3 Papanicolaou staining

Pap stain employs a combination of 3 stains, namely Haematoxylin, Orange G and Eosin-
Azure®. Haematoxylin stains cell nucleus a blue color, while the differentiating stains OG and
EA provide a subtle range of orange, bluish-green, and pink hues to the cytoplasm according to
the amount of keratin and degree of maturation. Post Raman-spectral acquisition, cell pellet was
smeared onto the glass slide, fixed in 95% ethanol and Pap stained. The slides were read by a
certified pathologist subsequent to mounting. The protocol for Pap staining standardized in the

current study is shown in Figure 1.
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2.5 Spectral pre-processing and data analysis:

The acquired Raman spectra were corrected for CCD response and spectral contaminations from
substrate and fiber signals. To remove interference of the slow moving background, first
derivatives of spectra (Savitzky-Golay method and window size 3) were computed®® *’. Spectra
were interpolated in the range 800-1800 cm™ since this region is an important constituent of the
finger-print region. Interpolated first derivative and vector normalized spectra were then
subjected to multivariate unsupervised Principal Component Analysis (PCA) and supervised
Principal Component-Linear Discriminant Analysis (PC-LDA). In brief, Principal Component
analysis or PCA is routinely used method for data compression and visualization. It describes
data variance by identifying a new set of orthogonal features, called as principal components
(PCs) or factors. In LDA, the classification criterion is identified using the scatter measure of
within class and between class variance. LDA can be used in conjunction with PCA (PC-LDA)
to increase the efficiency of classification. The advantage of doing this is to remove or minimize
noise from the data and concentrate on variables important for classification. In our analysis,
significant principal components (p<0.05) were selected as input for LDA. In order to avoid
over-fitting of the data, as a thumb rule, total number of factors selected for analysis were less
than half the number of the subjects in the smallest group®®*°. PC-LDA models were validated
by Leave-one-out cross-validation (LOOCYV). Leave-one-out cross validation is a type of rotation
estimation, a technique used for assessing performance of a predictive model with a hypothetical
validation set when an explicit validation set is not available. Leave-one-out involves using a
single observation from the original sample as the validation data, and the remaining

observations as training data. This is repeated such that each observation in the sample is used
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once as the validation data and averaged over the rounds*'. Algorithms for these analyses were

implemented in MATLAB (Mathworks Inc., USA) based in-house software™’.

Average spectra were computed from the background-subtracted spectra prior to derivatization
for each class and were baseline-corrected by fitting a fifth order polynomial function. These
baseline-corrected, smoothed (Savitzky—Golay, 3) and vector-normalized spectra were used for

spectral comparisons.

RESULTS AND DISCUSSION:

Early diagnosis of oral cancer may lead to increased disease free-survival rates and better
outcomes. Visual inspection is the currently available method for screening which may be useful
as a screening tool only in high-risk cases. Exfoliative cytology is a more practical tool for mass
screening and also monitoring of high-risk populations: due to ease of collection, safety, cost-
effectiveness and possibility of multiple sampling. Like cervix cancers, Pap-based screening
programs can help in detecting early cancer-related morphological changes in the oral cavity.
However, morphological features alone may prove insufficient in detecting early stages of oral
cancer, as very few cytopathologically abnormal cells may be present in the sample. Spectral
cytopathology (IR microscopy coupled with multivariate analysis) has been shown to detect
disease in even those cells from the oral cavity which did not show any obvious morphological
abnormalities”. Raman spectroscopy coupled with cytopathology may also have the potential to
detect such subtle cellular changes indicative of malignant transformation. Before envisaging
screening-related applications to detect early oral cancer, the feasibility to differentiate healthy
and tumor exfoliated cells has to be evaluated. In the present study, exfoliated cells were

collected from healthy (tobacco and non-tobacco habitués) and cancer (tumor and contralateral
9
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sites) subjects. Some studies suggest that despite having normal morphology, cells with MAC
and squamous atypia, and even normal appearing cells from the majority of tumor samples, share
biochemical features with cells which are morphologically cancerous. Therefore, the high-risk
group of chronic tobacco abusers and contralateral site were included to identify biochemical
changes induced upon tobacco exposure and early MAC, respectively. Cytological analysis of
samples was also carried out using Pap staining for parallel confirmation of cellularity and

morphological features of exfoliated cell specimens.

Cytological findings:

Cytological analysis of the same pellet was carried out after Pap staining by a certified
pathologist. Apart from the normal cells of the three epithelial layers, namely stratum basale,
intermedium and superficial, slides were scored for presence of orangeophilic cells, parakeratotic
cells, anucleate squames which mainly indicate keratinization status of the mucosa;
inflammatory, dyskeratotic and dysplastic cells, which may indicate tendency of malignant
transformation of the mucosa. Representative slides for the 4 groups, i.e. HV, HT, DC and T are

shown in Figure 2a-d.

In the healthy volunteers (HV) smears, normal proportions of cells from stratum intermedium,
stratum superficial, and few cells from stratum basale were observed. A very small percentage
of parakeratotic and orangeophilic cells were detected in few cases but no dysplastic or
inflammatory cells were found. Representative cytological smears are shown in Figure 2a. As in
HV, healthy tobacco (HT) smears showed no dysplastic or inflammatory cells but higher

numbers of orangeophilic, and occasional parakeratotic cells and anucleate squames were

10
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observed (Figure 2b). In the oral cancer group- contralateral (DC) and tumor (T) cell smears,
higher number of orangeophilic cells, parakeratotic cells and anucleate squames, along with
dyskeratotic and dysplastic cells as compared to HT smears were observed. Few instances of
dysplasia were observed in DC which were absent in HT. The frequency of dyskeratosis and

dysplasia was highest in T (Figure 2c-d).

In the HV group, chronic chemical irritation due to tobacco-related products was absent. The
small percentage of orangeophilic and parakeratotic cells could possibly be attributed to
exposure to some physical or chemical irritants. In case of HT group, chronic tobacco exposure
leads to induction of the protective stimuli of the epithelium wherein the epithelial cells produce
keratin. Thus, an increase in the number of orangeophilic cells (indicating abundance in
intracellular keratin), parakeratotic (polygonal cells with pyknotic nucleus and abundant
intracellular keratin), anucleate squames (orange cells with degenerated nucleus) is observed.
The oral cancer subjects recruited in the study were also chronic tobacco abusers. Higher
frequency and longer duration of tobacco habits in these subjects is observed in terms of
increased degree of keratinization (higher numbers of orangeophilic cells, parakeratotic and
anucleate squames in both DC and T groups). As expected, from contralateral to tumor
condition, frequency of dyskeratosis (premature, abnormal keratinization) and dysplasia (cellular
abnormality associated with malignant tendency) increased. Variable number of dysplastic cells
can also be expected in the contralateral group ascribed to two reasons a) cancer-field effects and
b) migration of tumor cells by saliva (micro-metastases)**. Thus, overall cytological findings

indicate very few parakeratotic, orangeophilic cells in HV, higher numbers in HT and DC,

11
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presence of few dysplastic cells in DC and highest numbers of parakeratotic, orangeophilic and

dysplastic cells in T*.

Spectral Features:

The average spectra for the four groups are shown in Figure 3. Prominent spectral features
include bands at 830 cm™, 857 cm™, 1009 cm™, 1093 em™, 1170 cm™, bands in the region of
1270-1340 cm™, 1450 cm™ and 1660 cm™ that can be overall assigned to phenylalanine, DNA-
phosphate backbone related features, amide III, CH, twisting in proteins and lipids, DNA base
features, CH, bending in protein and lipids and amide I features from proteins*®*’. The band at
1170 cm™ can be tentatively assigned to tyrosine and v (C-C) of skeletal structure in

430 and also to tobacco-related amine-containing adducts® ™. This peak is present

proteins
in all groups; the higher presence in cancer groups (both contralateral and tumor) may be
attributed to increased tobacco exposure groups. With the increase in severity of pathology in
HV to T, higher DNA (1095 and 1325-30 cm™), higher CH; bending (1450 cm™), higher amide
III was observed. Broadening in the amide I region was also encountered with increase in
pathological severity. As compared to the other groups, broad amide I, higher CH;, bending and
amide III regions, and nucleic acid bases features around 1320-1340 cm™ were observed in the

average tumor spectrum. Thus, increase in DNA content and changes in protein secondary

structures could be hallmarks of severe pathological states.

Multivariate analysis

A total of 386 spectra (89: Healthy volunteer, 100: habit control, 86: disease control, 110:
tumor) from 50 cases (15: Healthy volunteer, 15: habit control, 20: disease control and 20: tumor

12
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from same oral cancer patient) were acquired. In the first point-spectra wise approach, all spectra
from the 50 subjects (total 386 spectra) were used for multivariate analysis. Three hundred and
eighty-six spectra were first subjected to PCA to understand trends in data. For PCA, scores of
factors 1 and 3 were explored for classification. Factor loadings for factor 1 and 3 are shown in
Figure 4a-b. The scatter plot in Figure 4c indicates almost distinct clusters for HV and HT while
overlapping clusters are observed between DC and T groups. As PCA is not a classification tool
but is used for data compression and visualization to indicate trends in the data, PC-LDA was
employed to explore classification between the groups. Six factors (Figure 5a) were used for the
analysis which accounted for ~68% classifications. Scores of factor 1 and 2 were employed for
obtaining scatter plot, as shown in Figure 5b. As seen in the scatter plot, HV and HT form
different clusters while overlap is observed between DC and T. As seen in the PC-LDA
confusion matrix (Table 2a), 69/89 HV spectra were correctly classified while 12 misclassified
with HT. 68/100 HT spectra were correctly classified while 21 misclassify with HV. Out of 86
DC spectra, 59 got correctly classified while 14 misclassified with T, 7 with HT and 6 with HV.
In case of T, 69/116 spectra got correctly classified while 33/116 misclassified as DC, 9/116 with
HT and 5/116 with HV. As PC-LDA is a supervised approach, leave-one-out-cross-validation
(LOOCYV) was carried out to evaluate the results obtained by PC-LDA. As seen in the LOOCV
confusion matrix (Table 2b), 69/89 spectra of HV group were correctly classified and 12/89
misclassified with HT. 68/100 HT spectra were correctly classified while 21 spectra
misclassified with HV. 58/86 DC spectra were correctly classified while misclassification of 14
spectra with T was observed. 68/116 spectra of T got classified correctly, while 34 misclassified
as DC, 9 as HT and 5 as HV. Thus, misclassifications of HV were seen mainly with HT (14%)

while for HT, major misclassifications were with HV (20%), and some with DC (8%). In case of

13
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DC and T, major misclassifications were between these groups: 17% DC misclassified with T
and 29% T misclassified with DC. Some DC and T also misclassified with HT (~7%) and HV

(6% DC and 4% T).

A second approach, termed as patient-wise approach, wherein average spectrum of each sample
was used for data analysis was also explored. It is known that the laser spot size is 4-5 micron
and the penetration is ~40 micron. The laser probing volume accommodates several stacked cells
and their intracellular components. Studies suggest that intracellular and cell-to-cell variation can
be detected by Raman spectroscopy™ >* *°. Thus, average spectrum was calculated to yield a true
representative of the sample and also to circumvent the intra-sample heterogeneity. These
average spectra were then subjected to multivariate analysis PCA and PC-LDA. PCA was carried
out using 10 factors, scores of factor 2 and factor 4 were used to obtain scatter plot. Factor
loadings are shown in Figure 6a-b. As seen in Figure 6c¢, slightly distinct clusters for healthy, and
tumor groups while overlap of contralateral with both healthy tobacco and tumor groups was
observed. As compared to the first approach, better classification trends were observed for the
patient-wise approach. PC-LDA was then carried out to build standard models, using 4 factors
(Figure 7a). The scatter plot shown in Figure 7b indicates almost exclusive clusters for healthy
and tumor groups. The PC-LDA confusion matrix is shown in Table 3, 13/15 HV, 12/15 HT,
11/16 DC and 12/19 T were correctly classified. LOOCV was carried out to validate the results
which show that 13/15 HV, 11/15 HT, 9/16 DC and 12/19 T were correctly classified. Thus, 86%
HV were correctly classified, 6% misclassifications were with HT and DC, none with T.
Similarly for HT, 13% misclassifications were found with HV and DC, none with T. For DC,

major misclassifications were with HT (19%), and 12% with HV and T. 21% T misclassified

14
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with DC, only 10% and 5% with HT and HV, respectively. Thus, better classification efficiency
and lower misclassification rate was obtained for all groups using the patient-wise approach. As
averaging leads to true representation of the cell pellet, less-cross talk between samples of

different groups was observed.

In case of healthy tobacco users, it is known that chronic tobacco exposure leads to biochemical
changes in oral mucosa leading to cytological changes in the cells. However, the tobacco
exposure in the buccal mucosa area and the response to tobacco exposure may not be uniform for
all cells. Thus, presence of normal cells in the HC group smears is expected- also observed
during cytological analysis. Minor misclassifications between these two groups can thus be
explained. Some misclassifications were also observed between the HT and DC groups. The
contralateral mucosa of the oral cancer patient has also been chronically exposed to tobacco.
This persistent and chronic irritation first leads to biochemical changes in the cells (thus
similarity with HT) eventually followed by malignant transformation. In case of cancer group,
major misclassifications were observed between DC and T. These misclassifications could be
attributed to tumor heterogeneity, and collection of other cells (from contralateral site) is also a
possibility. Further, as previously stated, contralateral mucosa may have presence of genetically

44, 56

altered cells due to field cancerization or micro-metastases . This is evident even in the

cytopathological findings, where parakeratotic, orangeophilic and dysplastic cells are present in

both groups, only higher numbers are evident in the T group””**

It has been observed that cervical cancer screening using Pap-based cytological test dramatically
reduced cervical cancer incidence and mortality in developed countries™. It is known that such

diagnoses based on human interpretations of morphological changes in cells/tissues are

15
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associated with low sensitivity and specificity. Early pathological conditions usually comprise of
fewer cells with definite abnormal structural changes interspersed between vast majority of
normal cells, thus diagnosis is further complicated. The criteria of only morphological changes
may therefore be insufficient for early cancer detection. Optical spectroscopies like FTIR and
Raman yield a global spectroscopic signature by probing inherent cellular biochemistry. Further,
these are objective, rapid approaches independent of human errors like fatigue, inexperience and
inter-observer variability. Thus, they may prove to be potential tools for early cancer diagnosis.
Several cell-based Raman spectroscopic studies using either cell pellets, cell suspensions and
thin-cell layers have been carried out. Recent Raman spectroscopic studies have demonstrated
difference between normal and CIN cytology using ThinPrep approach (am improvised
exfoliated cell sample collection and processing method), while another study using

60, 61
>, Thus, Raman

monolayer of cells has discriminated normal, dysplastic and SCC cell lines
mapping of oral cell smears using automated scanning may be an ideal approach for early oral
cancer diagnosis. This approach requires recording of spectra from individual cells, and thus
longer spectral acquisition times are required. Coherent anti-Stokes Raman spectroscopy
(CARS) and stimulated Raman spectroscopy (SRS) are non-linear, high-speed

biomolecular imaging approaches, but they may have limited clinical utilityﬁz’ 63,

Studies on cell-pellets have differentiated HPV+ and HPV- cell lines; normal and abnormal
cervical exfoliated samples and identified HPV infection in cervical cancer patients. Even a
single cell population could be identified in mixed cancer cell populations using this approach™.
One of the major restraints for this approach is cell sample heterogeneity, as Raman probing
involves accumulating information from several stacks of cells. Multiple spectra have to be

recorded from cell pellets and then tested against robust standard models. If even a single
16
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spectrum is classified as abnormal, as per standard histopathological guidelines, the sample is
treated as abnormal. For this diagnosis, pure standard models are required for normal and
abnormal groups. Because of heterogeneity in malignant and pre-malignant lesions, it is difficult
to obtain pure samples for spectral acquisition. An alternative to this point-spectra approach is
the patient-wise approach, where all spectra from a sample are averaged to yield a representative
spectrum which is subsequently employed for data analysis. It is known that different sub-
cellular regions of a cell, different cells within a single population and different cell types can be
clearly distinguished due to the inherent sensitivity of the Raman spectroscopy. Thus, by
calculating average spectra, contributions from all cellular features of the pellet are included and
intra-sample variation is thereby minimized. Several previous studies have also employed a
similar approach: single cell studies have compared the averaged Raman spectra of many single
cells from each sample, while some pellet based studies compared spatially averaged spectra,
obtained from many cells at once from a pellet®®’. In the present study, Raman measurements
were made at several areas of the pellet and then used to compute a representative average of
each sample, which was then employed for data analysis. This approach demonstrated higher
true classification for all groups, as compared to the point-spectra approach. Thus, the patient-
wise approach may be a more practical and faster approach in low-resource settings as well as an
alternative to Raman mapping mode which requires very long spectral acquisition times and
sophisticated instrumentation. After preliminary screening using this approach, suspicious
samples can be followed up and tested for malignancy-related abnormalities using confirmatory

procedures.

Conclusions:

17
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Exfoliative cytology is actively being pursued as an adjunct tool for oral cancer screening.
However, restricting disease diagnosis only to morphological alterations may not be adequate. In
the present study, Raman spectroscopy and Pap staining was carried after oral exfoliative
cytology. Spectra were acquired from different areas of cell pellet and subjected to Pap staining
after smearing on glass slide. Major spectral features indicate higher DNA, CH, bending and
amide IIT and amide I broadening with increase in pathological severity. Cytopathology indicates
higher parakeratotic, orangeophilic and dysplastic cells with increasing severity of pathological
condition. For data analysis, both spectra-wise and patient-wise approaches was explored in this
study. A patient-wise approach leads to better representation of cell pellets. Consequently, higher
true classification and lower misclassifications were observed due to decreased cross-talk
between samples. This study on 70 specimens serves as a proof of concept for use of Raman
exfoliative cytology for oral cancer management, especially screening of high-risk populations.
Extensive validation studies using benign, inflammatory and premalignant conditions may throw

light on actual potential of this methodology for prospective use in clinics.
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Table 1. Demographic and subject accrual data

Sr. no. Category No. of Age Tobacco habits Total no. of
subjects range/median spectra
age acquired
1. No-habit control 15 29-55/ 44 years No 89
2. Habit control 15 20-63/ 34 years Yes 100
3. Tumor 20 27-70/ 53 years Yes 116
4. Contralateral 20 27-70/ 53 years Yes 86
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Table 2. PC-LDA for exfoliated cells from healthy volunteers, habit controls, disease control and

tumor using point-spectra approach, a) Confusion matrix of PC-LDA, b) Confusion matrix of

LOOCV
HEALTHY HABIT DISEAGE
VOLUNTEER | CONTROL CONTROL | TUMOR |[TOTAL
HEALTHY
VOLUNTEER 69 12 4 4 39
HABIT CONTROL 21 68 g 3 100
DISEASE
CONTROL 7 5 59 14 36
TUMOR 9 5 33 69 116
(a)
HEALTHY HABIT DISEASE
VCLUNTEER CONTROL CONTROL | TUMOR |TOTAL
HEALTHY
VOLUNTEER €9 12 4 4 89
HAEIT CONTROL 21 53 8 3 100
DISEASE CONTROL 7 6 58 15 86
TUMOR 9 5 34 68 116
(b)
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Table 3. PC-LDA for exfoliated cells from healthy volunteers, habit controls, disease

control and tumor using patient-wise approach, a) Confusion matrix of PC-LDA, b)

Confusion matrix of LOOCV

HEALTHY HABIT DISEASE
VOLUNTEER CONTROL CONTROL TUMOR TOTAL
HEALTHY
VOLUNTEER 13 1 1 0 16
HABIT CONTROL 2 12 1 0 15
CISEASE CCNTROL 2 1 11 2 15
TUMOR 1 2 4 12 19
(a)
HEALTHY HABIT DISEASE
VOLUNTEER CONTROL CONTROL TUMOR TOTAL
HEALTHY
VOLUNTEER 13 1 1 0 16
HABIT CONTRGL 2 11 2 0 15
DISEASE CONTROL 2 3 ] 2 15
TUMOR 1 4 12 19
(b)
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Figure Legends:

Figure 1. Protocol for Pap staining

Figure 2. Pap stained cytological smears (200X) from- a) Healthy volunteers
showing cells from superficial and intermediate layers with occasional presence of
orangeophilic cells, b) Habit-controls showing increased number of orangeophilic
cells and occassional parakeratotic cells and anucleate squames , ¢) Disease control
or contralateral sites from cancer patients showing increased number of
orangeophilic cells with few parakeratotic cells and anucleate squames, and
occasional cells with minimally increased nuclear:cytoplasm ratio (indicative of mild
dysplasia), d) Tumor showing dysplastic cells with high nuclear :cytoplasm ratio
and prominent nucleolus, multinucleation with dirty background (indicative of

necrosis) and higher frequency of anucleate squames

Figure 3. Mean Raman spectra of all groups

a) Healthy volunteers, b) Habit-controls, ¢) disease control, d) Tumor

Figure 4. PCA for healthy volunteers, habit controls, disease control and tumor using

point-spectra approach, a) Loadings of factor 1, b) Loadings of factor 3, c) Scatter plot.

Figure 5. PC-LDA for healthy volunteers, habit controls, disease control and tumor using

point-spectra approach, Scree plot b) Scatter plot

Figure 6. PCA for healthy volunteers, habit controls, disease control and tumor using

patient-wise approach, a) Loadings of factor 2 b) Loadings of factor 4 ¢) PCA scatter plot

Figure 7. PC-LDA for healthy volunteers, habit controls, disease control and tumor using

patient-wise approach, Scree plot b) Scatter plot

28

Page 28 of 35



Page 29 of 35 Analytical Methods

©CoO~NOUTA,WNPE

15 Thoroughly ringe in distilled water

DCCP SII0es 10T I NHNUIC Il WSAK SOIUION 01 oCott 8 tap waler

(rive 7004 Q004 aned 950, of athanol w

20 s

26 . . v

28 !
Keep slides 1 xvlene for mmmum of 10 mmutes

31 oo

32 Mount smears m DPX

38 Figure 1



©CoO~NOUTA,WNPE

Analytical Methods

Figure 2
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