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Abstract: We assess the clinical utility of a unique simultaneous fingerprint (FP) (i.e., 800-
1800 cm™) and high-wavenumber (HW) (i.e., 2800-3600 cm™) fiber-optic Raman
spectroscopy for in vivo diagnosis of laryngeal cancer at endoscopy. A total of 2124 high-
quality in vivo FP/HW Raman spectra (normal = 1321; cancer = 581) were acquired from 101
tissue sites (normal = 71; cancer = 30) of 60 patients (normal = 44; cancer = 16) undergoing
routine endoscopic examination. FP/HW Raman spectra differ significantly between normal
and cancerous laryngeal tissue that could be attributed to changes of proteins, lipids, nucleic
acids, and the bound water content in the larynx. Partial least squares-discriminant analysis
and leave-one tissue site-out, cross-validation were employed on the in vivo FP/HW tissue
Raman spectra acquired, yielding a diagnostic accuracy of 91.1% (sensitivity: 93.3% (28/30);
specificity: 90.1% (64/71)) for laryngeal cancer identification, which is superior to using
either FP (accuracy: 86.1%; sensitivity: 86.7% (26/30); specificity: 85.9% (61/71)) or HW
(accuracy: 84.2%; sensitivity: 76.7% (23/30); specificity: 87.3% (62/71)) Raman technique
alone. Further receiver operating characteristic analysis reconfirms the best performance of
the simultaneous FP/HW Raman technique for laryngeal cancer diagnosis. We demonstrate
for the first time that the simultaneous FP/HW Raman spectroscopy technique can be used for
improving real-time in vivo diagnosis of laryngeal carcinoma during endoscopic examination.
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OCIS codes: (170.5660) Raman spectroscopy; (170.6510) Spectroscopy, tissue diagnostics; (120.3890) Medical
optics instrumentation.
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1. Introduction

Laryngeal cancer is one of the most common malignancies in the head and neck, accounting
for 30% to 40% of head and neck cancer [1]. Smoking tobacco and excess alcohol
consumption could be one of the major risk factors for developing laryngeal cancer [2, 3].
Early detection and diagnosis of carcinoma in the larynx together with effective treatments
(e.g., surgery, radiotherapy and thermotherapy) can significantly improve the 5-year survival
rates of the patients [3, 4]. Currently, well-performed but randomized endoscopic biopsies
followed by hematoxylin and eosin staining and microscopic viewing by the pathologists
remains the gold standard for cancer diagnosis, but it is invasive and impractical for screening
high risk patients with multiple suspicious lesions, which might affect the quality of life due
to multiple biopsies [3, 4]. Conventional white-light reflectance (WLR) endoscopy suffers
from limited diagnostic accuracy due to the lack of obvious morphological changes of early
neoplastic lesions on the tissue surface. There is of great clinical needs to develop rapid,
objective and minimally invasive or non-invasive diagnostic techniques for real-time
diagnosis and characterization of laryngeal cancer with biomolecular specificity.

Raman spectroscopy is a vibrational spectroscopic technique capable of probing
biochemical and biomolecular structures and conformations of tissue, and has received great
interest for optical diagnosis and characterization of human tissue in the head and neck (e.g.,
oral cavity, nasopharynx and larynx) [5—11]. The diagnostic sensitivities and specificities of
~70-95% have been achieved for differentiation between different pathologic types (e.g.,
normal, dysplasia and carcinoma) of head and neck tissue in vitro using Raman spectroscopy
[5, 7, 8]. However, in vivo Raman spectroscopic studies on the larynx are still very limited
due to technical challenges in making miniaturized flexible fiber-optic Raman probes with
high collection efficiencies while effective elimination of interference from fluorescence and
silica Raman signals [12]. Additionally, most Raman studies for identification of different
pathological types are focused on the so-called fingerprint (FP) range (i.e., 800-1800cm™) [5,
7, 8, 13]. The unrivaled advantage of the FP Raman spectroscopy technique stems from its
capability to reveal specific information about backbone structures of proteins, lipids and
nucleic acid assemblies in cells and tissue [6, 12, 14-25]. The efficiency of the FP Raman
spectroscopy technique is compromised owing to its extremely weak tissue Raman signal but
overwhelming tissue autofluorescence (AF) background. Whereas, high-wavenumber range
(HW) (i.e., 2800-3600 cm™") Raman spectroscopy exhibits stronger tissue Raman signals with
much reduced tissue AF interference, providing complementary biochemical information such
as water content for tissue diagnosis [9, 26-30]. Hence, the integrated FP/HW Raman
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spectroscopy with complementary biochemical and biomolecular information could have
advantages for improving tissue characterization and diagnosis.

With our successful development of a rapid fiber-optic Raman spectroscopy system
capable of simultaneously acquiring both the fingerprint (FP) (i.e., 800-1800 cm™") and high-
wavenumber (HW) (i.e., 2800-3600 cm™) tissue Raman spectra in vivo at endoscopy [30, 31],
in this work, we aim to assess the clinical utility of the rapid FP and HW Raman spectroscopy
system for real-time in vivo diagnosis of cancerous tissue in the larynx. Unpaired two-sided
Student’s t-test is employed to extract the statistically different Raman spectral features
between normal and cancer laryngeal tissue. Partial least squares-discriminant analysis (PLS-
DA) and leave-one site-out, cross-validation (LOO-CV) are employed to develop robust
Raman diagnostic algorithms for tissue classification. We compare the diagnostic
performance of FP Raman, HW Raman, and the integrated FP/HW Raman techniques based
on PLS-DA and LOO-CV modeling for laryngeal cancer identification. The receiver
operating characteristic (ROC) curve is further generated to examine the clinical performance
of simultaneous FP/HW Raman spectroscopy for improving in vivo diagnosis of laryngeal
carcinoma at endoscopy.

2. Material and methods
2.1 Clinical fiber-optic Raman instrumentation

We have developed a simultaneous fingerprint (FP) and high wavenumber (HW) fiber-optic
Raman spectroscopy technique for real-time in vivo tissue Raman measurements at endoscopy
[30, 31]. Briefly, the fiber-optic Raman spectroscopic system consists of a near-infrared (NIR)
diode laser (A¢x = 785 nm) (maximum output: 300 mW, B&W TEK Inc.), a specially designed
fiber-optic Raman probe [32], a high-throughput reflective imaging spectrograph (Acton LS-
785 f/2, Princeton Instruments Inc.) equipped with a gold-coated 830 gr/mm grating and a
thermo electric-cooled, NIR-optimized charge-coupled device (CCD) camera (PIXIS: 400BR-
eXcelon, Princeton Instruments Inc.). We have developed a 1.9 m long fiber-optic Raman
probe (~1.8 mm in outer diameter) for both laser light delivery and in vivo epithelial tissue
Raman signal collection at endoscopy [31, 32]. The compact fiber-optic Raman endoscopic
probe designed for endoscopy comprises 18 x 200 um beveled collection fibers (low-OH
fused silica, numerical aperture (NA) = 0.22) surrounding the central light delivery fiber (low-
OH fused silica, 200 um in diameter, NA = 0.22). A 1.0 mm sapphire ball lens (NA = 1.78) is
coupled to the fiber tip of the probe to tightly focus the excitation light onto the tissue
subsurface, enabling the effective Raman spectrum collection from the epithelial lining [31].
The depth-selective capability of the fiber-optic Raman spectroscopy technique ensures the
shallower tissue interrogation (<200 pm) with tissue probing volume of <0.02 mm’, thereby
reducing the interferences and signal dilution from deeper bulky tissues, while selectively
interrogating the epithelium associated with neoplastic onset and progression [32]. At the
proximal ends of the Raman probe, the excitation and emission fibers were coupled into two
separate in-line filter modules: one integrated with a narrow band-pass filter (LLO1-785,
Semrock, Inc.) for suppressing laser noise, and the other integrated with an edge long-pass
filter (LP02-785RU, Semrock, Inc.) for further reduction of the scattered laser light while
permitting the emitted tissue Raman photons to transmit into the Raman spectrograph. The
atomic emission lines of mercury—argon spectral calibration lamps (HG-1 and AR-1, Ocean
Optics, Inc., Dunedin, FL) are used for wavelength calibration. All wavelength-calibrated
spectra were corrected for the wavelength dependence of the system using a tungsten
calibration lamp (RS-10, EG&G Gamma Scientific, San Diego, CA). The system acquires
tissue Raman spectra in the spectral range from 400 to 3600 cm™' with a resolution of ~8
cm™'. The entire FP/HW fiber-optic Raman endoscopic system is controlled using a foot pedal
in an intuitive software framework with auditory probabilistic feedback to the clinician in
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real-time, pushing the frontier of Raman spectroscopy into routine clinical endoscopic
diagnostics [25].

2.2 Clinical trial protocol

The ethical protocol of the present study was approved by the Institutional Review Board
(IRB) of the National Healthcare Group (NHG) of Singapore. Prior to Raman measurements,
all patients signed individual informed consent permitting the in vivo Raman spectroscopic
measurements during endoscopic examination conducted in the head and neck clinic at the
National University Health System (NUHS), Singapore. A total of 60 patients (47 men and 13
women with mean ages of 51; normal = 46 and cancer = 14) were enrolled in the Raman
endoscopic examinations. The Raman probe passes down to the instrument channel of flexible
rhino-laryngo fiberscope under the white-light imaging guidance. The Raman probe tip was
visible approximately 0.2 cm in front of the endoscope camera. During endoscopic
examination of suspicious lesions, the Raman probe was placed in gentle contact with the
laryngeal mucosa surface, and the positioning of the Raman probe against the tissue sites was
verified on the computer monitor by the endoscopists in-charge at endoscopy. FP/HW Raman
spectrum was acquired from laryngeal tissue sites in vivo within 0.2 s, which permitted a
rapid surveillance of large tissue areas in the larynx. Multiple spectra (15-20) for each site
were measured and fed into PLS-DA algorithm modeling together with leave-one tissue site-
out, cross-validation technique for tissue diagnosis and classification. Immediately after the
tissue Raman acquisitions, each suspicious tissue site measured was biopsied and sent for
histopathological examination. The consented histopathology assessments on the biopsied
tissues serve as the gold standard to determine the diagnostic ability of the simultaneous
FP/HW fiber-optic Raman technique for identifying laryngeal carcinoma from normal tissue
in the larynx.

2.3 Data preprocessing and statistical analysis

The measured laryngeal tissue spectra represented a combination of weak tissue Raman
scattering, intense AF and the noise. Therefore, the spectra were preprocessed by a third-order
Savitzky-Golay smoothing filter (a window width of 5 pixels) to reduce the noise. A fifth-
order polynomial was found to be optimal for fitting the AF background in the noise-
smoothed spectrum over the range of 800-1800 cm™', and this polynomial was then subtracted
from the measured FP spectrum to yield the FP tissue Raman spectrum alone. While in the
HW range (2800-3600 cm™), a first-order polynomial fit was used for removing the AF
background. The tissue FP/HW Raman spectrum was finally normalized to the integrated area
of the entire FP and HW range to compare the differences in spectral shapes and relative
Raman band intensities between cancerous and normal laryngeal tissue. There are no obvious
tissue Raman peaks observed in the 1800-2800 cm™ range, this silent range is therefore
excluded for data analysis. All the preprocessing is completed within 30 ms, and the
processed Raman spectra and diagnostic outcomes can be displayed on the computer screen in
real-time during clinical endoscopic examinations [25].

Prior to multivariate statistical analysis, mean-centering was performed to remove
common variance from the data set of in vivo laryngeal tissue Raman spectra. The unpaired
two-sided Student’s t-test was used to evaluate Raman spectral differences between normal
and cancer laryngeal tissue. PLS-DA was further applied for tissue diagnosis model
development. PLS-DA employs the fundamental principle of principal components analysis
(PCA) but further rotates the components (latent variables (LVs)) by maximizing the
covariance between the spectral variation and group affinity, so that the LVs explain the
diagnostic relevant variations rather than the most prominent variations in the spectral data
set. Using LOO-CV, the number of latent variables (LVs) with a minimum root mean squared
error of cross-validation (RMSECV) for tissue prediction was selected for PLS-DA modeling
[33]. One notes that multiple Raman spectra (15~20) were acquired from each tissue site, and
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the majority voting strategy was applied for final classification on each laryngeal tissue. The
overall discriminatory accuracy of the FP, HW, and integrated FP/HW diagnostic models
were further evaluated through the use of the ROC analysis. All the above spectra
preprocessing and multivariate statistical analysis were performed online using in-house
written scripts in MATLAB-programming environment [25].

3. Results and discussion

Figure 1(a) shows the mean in vivo FP/HW Raman spectra + 1 standard deviation (SD)
(shaded area) of normal (n = 1321) and cancerous (squamous cell carcinoma, n = 581)
laryngeal tissues acquired from 101 (normal = 71 and cancer = 30) tissue sites of the 60
patients recruited (normal = 44; cancer = 14). The corresponding WLR image of the
simultaneous FP/HW Raman procedures under WLR endoscopy guidance is also shown in
Fig. 1. Prominent tissue FP/HW Raman peaks can be observed in both normal and cancerous
laryngeal tissue. For instance, in the FP range, distinct Raman peaks are found at around 875
cm™' (W(C-C) stretching of hydroxyproline), 940 cm™' (proline and valine), 1078 cm™ (w(C-C)
of lipids), 1209 cm™" (tryptophan and phenylalanine), 1265 cm™" (amide III v(C-N) and d(N-
H) of proteins), 1335 cm™ (CH;CH, twisting of proteins and nucleic acids), 1445 cm™
(6(CH,) deformation of proteins and lipids), 1554 (w(C = C) of amide III), 1580 cm™" (§(C =
C) of phenylalanine) and 1655 cm™ (amide I w(C = O) of lipids)) [12, 1424, 34]. Intense
Raman peaks in the HW range are also observed; that is: 2850 and 2885 cm™ (symmetric and
asymmetric CH, stretching of lipids), 2940 cm™ (CHj stretching of proteins), 3009 cm™
(asymmetric = CH stretching of lipids), ~3300 cm™ (amide A (NH stretching of proteins)),
and water Raman band (OH stretching vibrations peaking at ~3250 and ~3400 cm™") that are
related to the local conformation and interactions of OH-bonds in the intracellular and
extracellular space of laryngeal tissue [9, 26-31]. The intense broad Raman band of water
above 3000 cm™' has also been observed in other soft tissues (e.g., brain and oral cavity) [11,
35]. Figure 1(b) shows the difference Raman spectra (i.e., cancer - normal) £ 1SD (shaded
area), reflecting the different Raman-active component contributions (e.g., peak intensity)
associated with cancerous progression in the larynx, confirming the potential of FP/HW
Raman spectroscopy for early diagnosis of laryngeal cancer in vivo at endoscopy.
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Fig. 1. (a) The mean in vivo FP/HW Raman spectra + 1 standard deviations (SD) of normal (n
= 1321) and laryngeal carcinoma (n = 581) acquired from 101 tissue sites (normal = 71 and
carcinoma = 30) of 60 patients during clinical endoscopy. (b) Difference spectra (i.e.,
carcinoma - normal) + 1 SD resolving the distinct spectral features of laryngeal carcinoma. The
representative image of the simultaneous FP/HW Raman procedures under WLR imaging
guidance is also shown.

To elucidate the diagnostically important Raman-active components, Fig. 2(a) shows a
logarithmic plot of the calculated p-values (unpaired two-sided Student’s t-test) for each of
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the Raman intensities in the entire FP and HW spectral range (i.e., 800-1800 cm™" and 2800-
3600 cm™') for laryngeal cancer diagnosis. Six spectral sub-regions with statistically
significant differences (p < 0.001) between normal and laryngeal carcinoma are found at both
FP and HW ranges; that is: 830-930 cm™, 1030-1095 cm™, 1510-1580 cm™', 1615-1670 cm ™,
2880-3000 cm™ and 3170-3260 cm™', which could be related to biochemical constituents
(e.g., proteins, lipids, nucleic acids and water) in laryngeal tissue. Figure 2(b) shows a
histogram of the most diagnostically significant Raman peak intensities (mean + SD) in the
FP range, e.g., 875 em™', 1078 cm™, 1554 cm™, 1655 cm™ and HW range at 2885 cm™, 2940
ecm™' and 3250 cm™', reconfirming the capability of simultanecous FP and HW Raman
spectroscopy for in vivo diagnosis of laryngeal carcinoma at the molecular level.
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Fig. 2. (a) Unpaired two-sided Student’s t-test on Raman peak intensities over the entire
spectral range (i.e., 800-1800 cm™ and 2800-3600 cm™) for laryngeal cancer diagnosis. (b)
Histogram of the most diagnostically different (p < 0.001) Raman peak intensities (mean = SD)
in the FP (e.g., 875 cm™, 1078 em™, 1554 cm™, 1655 cm™, and HW at 2885 cm™', 2940 cm™
and 3250 cm™* for tissue differentiation between normal and cancer larynx.

PLS-DA and LOO-CV are implemented on the in vivo tissue FP and HW Raman spectra
acquired to develop robust diagnostic model to evaluate the elusive differences observed in
Raman spectra of different laryngeal tissue types for enhancing in vivo cancer diagnosis in the
larynx. The PLS-DA approach assigns orthogonal latent variables (LVs) on the basis of the
spectral variance that correlate with the gold standard of histopathology (i.e., normal and
carcinoma). Using a leave-one site-out-cross-validation, the first two latent variables (LV)
[Fig. 3] providing the minimum root mean squared error of cross-validation (RMSECYV) for
tissue prediction are selected for PLS-DA/LOO-CV modeling. The molecular features
associated with laryngeal carcinogenesis can be further extracted and visualized through the
LV loadings [Fig. 4]. The first 2 loadings of LVs largely captured specific Raman features
arising from different biochemicals in tissues, such as 875 cm™ (W(C-C) stretching of
hydroxyproline), 940 cm™ (proline and valine), 1004 cm™ ((W(C-C)), 1078 cm™ (W(C-C) of
lipids), 1265 cm™ (amide IIT v(C-N) and 5(N-H) of proteins), 1335 cm™ (CH;CH, twisting of
proteins and nucleic acids), 1445 cm™' (6(CH,) deformation of proteins and lipids), and 1655
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cm™' (amide I W(C = O) of lipids)), and also HW Raman peaks at 2850 and 2885 cm™
(symmetric and asymmetric CH, stretching of lipids), 2940 cm™' (CHj stretching of proteins),

3250 cm™ (symmetric and asymmetric OH vibrations), and 3329 cm™' (amide A (N-H
stretching)) in laryngeal tissue.
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Fig. 3. The relationship between the number of PLS factors-latent variables (LVs) and the root
mean square error of cross validation (RMSECYV) for PLS-DA modeling.
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Fig. 4. The first two latent variables (LV1 and LV2) loadings with Raman spectral features for

PLS-DA/LOO-CV algorithms development for laryngeal tissue classification (i.e., normal and
carcinoma).

Figure 5 shows the scattered plots of posterior probability of Raman predictions for
normal and carcinomatous larynx using PLS-DA/LOO-CV modeling for (a) integrated
FP/HW, (b) FP, and (c) HW, respectively. The diagnostic accuracy with integrated FP/HW
Raman spectroscopy is 91.1% (sensitivity of 93.3% (28/30) and specificity of 90.1% (64/71)),
which is superior to using either FP (accuracy: 86.1%; sensitivity: 86.7% (26/30); specificity:
85.9% (61/71)) or HW (accuracy: 84.2%; sensitivity: 76.7% (23/30); specificity: 87.3%
(62/71)) Raman technique alone. The receiver operating characteristic (ROC) curves are also
generated [Fig. 6], with the integration areas under the ROC curves of being 0.968, 0.936 and
0.907, respectively, for the integrated FP/HW, FP and HW Raman techniques. The above



Vol. 7, No. 9| 1 Sep 2016 | BIOMEDICAL OPTICS EXPRESS 3713 I
Biomedical Optics EXPRESS -~

results confirm that the simultancous FP and HW Raman technique yields the enhanced
diagnostic performance for detecting laryngeal cancer in vivo during endoscopic examination.
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Fig. 5. Scattered plots of posterior probability of Raman predictions for normal and

carcinomatous larynx using PLS-DA/LOO-CVmodeling for (a) integrated FP/HW, (b) FP, and
(c) HW, respectively. (O) normal; and (A) carcinoma.
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Fig. 6. Receiver operating characteristic (ROC) curves of the classification results for
separating laryngeal cancer from normal tissue using the integrated FP/HW Raman, FP, and
HW Raman techniques together with PLS-DA/LOO-CV methods. The areas under the ROC

curves (AUC) are 0.968, 0.936 and 0.907, respectively, by using the integrated FP and HW, FP
and HW Raman techniques.

In this work, high quality simultaneous FP and HW Raman spectra from normal and
cancerous laryngeal tissues were successfully acquired in vivo in real-time during endoscopic
examination. Significant Raman spectral differences in both the FP and HW Raman regions
were observed between normal and cancerous laryngeal tissue, reconfirming the diagnostic
potential of the integrated FP and HW Raman spectroscopy for improving in vivo diagnosis of
neoplastic laryngeal lesions. For example, statistically different sub-regions of FP Raman
bands (e.g., 800-955, 1000-1120, 1180-1230, 1235-1265, 1400-1470, 1500-1580 and 1590-
1683 cm™') were identified [Fig. 2], uncovering the relative biochemical changes of
diagnostically significant Raman bands associated with cancer development in the larynx. The
Raman intensities at 875 cm™ (W(C-C) stretching of hydroxyproline) that are found to be
significantly lower for cancer, indicating a reduction in the percentage of collagen contents
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relative to the total Raman-active components in the stroma layer of cancer tissue [8, 36]. We
also found that the Raman peak at 940 cm™' (proline and valine), 1078 cm™ (lipids) is
significantly decreased which may be due to thickening of the epithelium associated with
cancerous progression that obscures the collagen Raman emission from the deeper tissue
layers [37, 38]. In contrast, a significant increase of Raman intensity at 1335 cm™ (CH;CH,
twisting of proteins and nucleic acids) is noted, which is probably related to the increased
DNA content associated with carcinoma transformation in the larynx. These findings are in
agreement with the molecular biology study findings of the increase of nucleic acids to lipids
ratios in cancerous tissues [5, 39]. We also note that the bandwidth of the Raman peak at 1655
cm™' (amide I v(C = O) of proteins) is broader for cancer tissue compared to normal laryngeal
tissues; and this observation is in agreement with findings of our previous Raman study [8].
On the other hand, the HW Raman spectra [Fig. 2] offer exclusive new insights into the CH,
and CHj stretching information and structure as well as the interactions of intra- and inter-
cellular water in situ. Specifically, significant HW Raman spectra differences between normal
and cancer laryngeal tissue were found at around 2850, 2885 cm™' (symmetric and
asymmetric CH, stretching of lipids) and 2940 cm™ (CHj; stretching of proteins). The higher
Raman peak intensity ratio of Ipos0/Irgso and Ipeqe/Ioggs in laryngeal cancerous tissue is found,
revealing a significant increase in protein contents while relatively decrease in lipid contents
associated with the development of laryngeal cancer. The increased water content observed at
~3250 cm™' for laryngeal cancer tissue reflects the re-arrangement of hydrogen-bonded
networks in the epithelium layer. The changes of lipids, proteins and water contents
asscociated with laryngeal carcinoma observed in this study are similar to other tissue types
using Raman spectroscopy [9, 15, 17, 23, 28, 30, 31, 34, 40].

Further, we compare the diagnostic performance among the integrated FP/HW, FP, and
HW Raman techniques for laryngeal cancer diagnosis using PLS-DA and LOO-CV methods.
The PLD-DA and ROC analysis demonstrates the best diagnostic accuracy (91.1%)
(sensitivity of 93.3% (28/30); specificity of 90.1% (64/71)) of the integrated FP and HW
Raman spectroscopy for in vivo detection of laryngeal carcinoma. In addition, based on the
current in vivo laryngeal tissue Raman data sets, we have also investigated the wavelength or
wavenumber selection-based analysis in conjunction with nonlinear support vector regression
(SVR) [41] for laryngeal cancer diagnosis. Wavenumber selection is performed using
windows of wavenumber and leave-one tissue site-out cross-validated stepwise regression
[42]. The best diagnostic performance is also confirmed with integrated FP and HW Raman
technique using wavenumber selection and SVR methods, but an improved diagnostic
accuracy (95.6%) is noted as compared to PLS full spectrum analysis. This indicates that the
combination of feature selections with nonlinear calibration scheme can lead to a minimum
allowable spectral subset required for establishing a robust but accurate model for rapid tissue
Raman diagnosis at endoscopy. On the other hand, the enhanced tissue diagnosis using the
simultaneous FP/HW Raman spectroscopy can partially be explained by back-tracing the
incorrect predictions of each Raman modality. The FP Raman and HW Raman misclassified
14 (normal: 10, and cancer: 4) and 16 (normal: 9, and cancer: 7) tissue sites, respectively, of
the total 60 patients recruited. The simultaneous FP and HW Raman modality reduced the
number of misclassified predictions to 10 (normal: 8, and cancer: 2). The complementary
biochemical/biomolecular properties of the integrated FP and HW Raman technique could
greatly improve the in vivo diagnosis of laryngeal carcinoma at endoscopy. Further
investigations reveal that the Raman signals of misclassified FP Raman spectra are extremely
weak but with relatively higher AF level; while the addition of the HW modality containing
more intense Raman peaks (e.g., 2885, 2940, 3250 and 3400 cm™") but comparably diminutive
AF background could enhance the overall signal/noise ratio of the integrated FP/HW Raman
spectra, and therefore improves the performance of the tissue classification with simultaneous
FP/HW Raman spectroscopy. Therefore, clinically diagnostic rationales for combining FP and
HW Raman spectroscopy for enhancing laryngeal carcinoma detection at endoscopy are
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manifold: for laryngeal tissues exhibiting intense AF overwhelming the tissue FP Raman
signals, the HW Raman spectroscopy could still contain reasonably intense tissue HW Raman
peaks associated with laryngeal tissue; further, the FP and HW Raman spectra provide
complementary biochemical/biomolecular information, and the integrated FP/HW Raman
spectroscopy could have significant advantages for improving in vivo tissue characterization
and diagnosis.

4. Conclusions

We demonstrate for the first time that the simultaneous fingerprint (FP) and high-
wavenumber (HW) fiber-optic Raman spectroscopy can be performed in vivo in real-time in
the larynx at endoscopy. Significant FP/HW Raman spectral differences between normal and
cancerous laryngeal tissue are observed. This study shows that the simultaneous FP/HW
tissue Raman spectroscopy provides the best diagnostic performance for laryngeal cancer
identification as compared to FP or HW Raman alone, illustrating the great potential of
simultaneous FP/HW Raman technique for improving real-time in vivo detection and
diagnosis of laryngeal cancer during endoscopic examination. Currently, clinical Raman
studies on a larger series of patients using simultancous FP/HW Raman spectroscopy
technique are in progress at NUHS to further assess its clinical merits for early cancer
detection and intraoperative tumor margins in the head and neck.
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