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Abstract. Raman spectroscopy is an optical vibrational technology capable of probing biomolecular changes
of tissue associated with cancer transformation. This study aimed to characterize in vivo Raman spectroscopic
properties of tissues belonging to different anatomical regions in the upper gastrointestinal (GI) tract and ex-
plore the implications for early detection of neoplastic lesions during clinical gastroscopy. A novel fiber-optic
Raman endoscopy technique was utilized for real-time in vivo tissue Raman measurements of normal esophageal
(distal, middle, and proximal), gastric (antrum, body, and cardia) as well as cancerous esophagous and gas-
tric tissues from 107 patients who underwent endoscopic examinations. The non-negativity-constrained least
squares minimization coupled with a reference database of Raman active biochemicals (i.e., actin, histones,
collagen, DNA, and triolein) was employed for semiquantitative biomolecular modeling of tissue constituents
in the upper GI. A total of 1189 in vivo Raman spectra were acquired from different locations in the upper
Gl. The Raman spectra among the distal, middle, and proximal sites of the esophagus showed no significant
interanatomical variability. The interanatomical variability of Raman spectra among normal gastric tissue (antrum,
body, and cardia) was subtle compared to cancerous tissue transformation, whereas biomolecular modeling re-
vealed significant differences between the two organs, particularly in the gastroesophageal junction associated
with proteins, DNA, and lipids. Cancerous tissues can be identified across interanatomical regions with accu-
racies of 89.3% [sensitivity of 92.6% (162/175); specificity of 88.6% (665/751)], and of 94.7% [sensitivity of
90.9% (30/33); specificity of 93.9% (216/230)] in the gastric and esophagus, respectively, using partial least
squares-discriminant analysis together with the leave-one tissue site-out, cross validation. This work demon-
strates that Raman endoscopy technique has promising clinical potential for real-time, in vivo diagnosis and
detection of malignancies in the upper Gl at the molecular level. © 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
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1 Introduction

The patients suffering from gastrointestinal (GI) cancers have
poor survival rates mainly due to the advanced stages upon
the initial time of diagnosis. Esophageal and gastric malignan-
cies in the upper GI tract are the two major causes of cancer-
associated death in humans."? Early diagnosis and localization
of malignant lesions together with appropriate curative treatment
[e.g., endoscopic mucosal resection, gastrectomy, esophagec-
tomy, etc.] is critical to reducing the mortality rates of the
patients.>> However, the identification and localization of pre-
cancer and early flat cancerous lesions in the esophagus and gas-
tric can be challenging for clinicians as conventional white-light
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reflectance (WLR) endoscopy heavily relies on visual identifi-
cation of gross morphological tissue changes, resulting in poor
diagnostic accuracy. In recent years, optical imaging methods,
such as autofluorescence imaging (AFI) technique capable of
detecting the changes of endogenous fluorophores and morpho-
logical architectures of tissue, and the narrow-band imaging
(NBI]) technique which enhances visualization of irregular mu-
cosal and vascular patterns, have shown promising diagnostic
potential for in vivo detection of preneoplastic and early neo-
plastic lesions at endoscopy.*> While AFI and NBI imaging
techniques provide high-detection sensitivities, these wide-field
endoscopic imaging modalities still suffer from moderate diag-
nostic specificities due to interobserver dependence and the in-
herent lack of ability to reveal detailed biochemical information
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about the tissue.*> Therefore, it is of imperative clinical value
to develop molecular sensitive optical diagnostic technologies
that can assist in guiding endoscopists for the targeted biopsies
of suspicious lesions in the GI tract for improving early dis-
ease diagnosis and characterization during routine endoscopic
inspections.

Near-infrared (NIR) Raman spectroscopy has shown promis-
ing potential for the diagnosis and characterization of neoplastic
progression of tissues with high diagnostic specificities at the
biomolecular level.®> NIR Raman spectroscopy is a nonde-
structive, inelastic light scattering technique in which the in-
cident laser light is shifted in frequencies depending on the
specific vibrational frequencies of molecules in tissue. The Ra-
man spectra of biological tissues reflect specific biochemical
structures and conformations (i.e., biochemical signatures) of
tissue, providing the unique opportunity to distinguish between
different tissue types.””!! To date, most Raman spectroscopic
studies of the GI tract have been limited to in vitro tissue Ra-
man and microscopic studies in conjunction with sophisticated
multivariate analysis to render diagnostic algorithms [e.g., prin-
cipal components analysis, linear discriminant analysis, clas-
sification and regression trees, etc.] for tissue characterization
and classification.'® %16 For instance, the diagnostic sensitivi-
ties and specificities in the range of ~85-95% and ~90-98%,
respectively, have been reported for differentiation between dif-
ferent pathologic types (e.g., intestinal metaplasia, helicobac-
tor pylori infection, dysplasia, and adenocarcinoma) of gas-
tric tissues in vitro using NIR Raman spectroscopy associated
with multivariate analysis.'”>"!7 NIR Raman spectroscopic di-
agnosis of Barrett’s esophagus, dysplasia, and neoplasia of the
esophagus in vitro have also been reported as well.'®20 The
in vivo clinical utility of Raman spectroscopy has been limited
by slow acquisition times and the need for developing minia-
turized fiber probes for efficent tissue excitation and Raman
photon collection.® Very recently, we have successfully devel-
oped a high throughput image-guided (i.e., WLR/NBI/AFI) Ra-
man endoscopic technique coupled with a 1.8 mm fiber optic
Raman probe that fits into the instrumental channel of con-
ventional medical endoscopes for realizing real-time, in vivo
tissue Raman measurements.® Consequently, the in vivo Raman
endoscopic detection of gastric dysplasia,?> neoplasia,>>?* and
differential diagnosis between benign and malignant ulcers>
have been demonstrated with success. However, as the histolog-
ical profiles and morphologies of distinctive anatomical regions
in the upper GI tract (i.e., esophagus and gastric) are highly
functionally specialized and exhibit significant variations in ar-
chitectural properties and cell types (e.g., tissue thickness vari-
ability, distinct glandular types, secretion products, vascularity,
etc.),?®27 the extent of in vivo Raman spectral interorgan and
interanatomical variabilities of tissues in the upper GI tract has
not yet been examined in detail in literature. Hence, the main
aim of this study was to evaluate the magnitude of interorgan and
interanatomical variability of in vivo normal tissue Raman endo-
scopic spectra in the esophagus and gastric as well as to assess
the implication for early diagnosis of neoplastic lesions. The
semiquantitative biomolecular modeling [i.e., non-negativity-
constrained least squares minimization (NNCLSM)]*>?” using
representative biochemical basis spectra was employed for es-
timation of the most prominent Raman active constituents of
tissue in the upper GI tract.
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2 Materials and Methods
2.1 Raman Endoscopy Instrumentation

The integrated Raman spectroscopy and trimodal wide-field
imaging system developed for in vivo tissue measurements
and characterization at endoscopy has been described in detail
elsewhere.®21-23 Briefly, the Raman endoscopy system consists
of a spectrum stabilized 785 nm diode laser (maximum out-
put: 300 mW, B&W TEK Inc., Newark, DE), a transmissive
imaging spectrograph (Holospec /1.8, Kaiser Optical Systems)
equipped with a liquid-nitrogen cooled, NIR-optimized, back-
illuminated, and deep depletion charge-coupled device (CCD)
camera (1340x400 pixels at 20x20 um per pixel; Spec-10:
400BR/LN, Princeton Instruments), and a specially designed
1.8-mm Raman endoscopic probe for both laser light delivery
and in vivo tissue Raman signal collection. The novel Raman
probe is composed of 32 collection fibers surrounding the central
light delivery fiber with two stages of optical filtering incorpo-
rated at the proximal and distal ends of the probe for maximizing
the collection of tissue Raman signals while reducing the inter-
ference of Rayleigh scattered light, fiber fluorescence, and silica
Raman signals. The Raman probe can pass down through the
instrument channel of most medical endoscopes and be directed
to all anatomical tissue sites under the guidance of wide-field en-
doscopic imaging (WLR/AFI/NBI) modalities.® Control of the
in vivo Raman endoscopy system was implemented by a per-
sonal computer (PC) using a custom-designed software that trig-
gers on-line data acquisition and analysis (e.g., CCD dark-noise
subtraction, wavelength calibration, system spectral response
calibration, signal saturation detection, cosmic ray rejection,
etc.), as well as real-time display of in vivo tissue Raman spectra
during clinical endoscopic measurements. The atomic emission
lines from a mercury-argon spectral lamp (HG-1, Ocean Optics,
Inc., Dunedin, FL) are used for wavelength calibration of tis-
sue Raman spectra, and all wavelength-calibrated spectra were
corrected for the wavelength-dependence of the system using a
tungsten-halogen calibration lamp (RS-10, EG&G Gamma Sci-
entific, San Diego, CA). The spectral resolution of the Raman
system is 9 cm ~ ! and the system acquires Raman spectra in the
wavenumber range of 8001800 cm ~! from in vivo GI tissue
within 0.5 s using the 785 nm excitation power of 1.5 W/cm?,
which is less than the maximum permissible skin exposure limit
set out by the American National Standards Institute.”® Our fur-
ther calculations based on the finite difference thermal model
and the optical properties of the GI tissue?”3? indicate that even
without consideration of other cooling effects (e.g., perfusion
and evaporation in tissue), the maximum tissue temperature rise
is only about 0.15 °C after 1 min of 785-nm laser radiation with
an incident power of 30 mW on a tissue spot size of 200 um
during tissue Raman measurements. This temperature rise es-
timated is far below the level to generate cytotoxicity in cells
and tissue,’! suggesting that the laser power density used in
this study is safe for in vivo tissue Raman measurements in the
upper GI. The trimodal endoscopy imaging system primarily
comprises a 300 W short-arc xenon light source, a gastrointesti-
nal videoscope (GIF-FQ260Z, Olympus), and a video system
processor (CV-260SL, Olympus). The light reflected or autoflu-
orescence emitted from tissue are detected by two monochrome
CCD chips mounted behind the two objective lens placed next
to each other at the distal tip of the GI videoscope: one CCD for
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WLR/NBI and the other one for AFI. With this unique image-
guided Raman endoscopy system, wide-field endoscopic im-
ages (WLR/AFI/NBI) and the corresponding in vivo Raman
spectra of the tissue imaged can be simultaneously acquired,
displayed, and recorded in the video system processor and the
PC, respectively. The raw Raman spectra (800-1800 cm~!)
measured from in vivo GI tissue represented a composition of
weak Raman signals, intense autofluorescence background and
noise. Thus, the raw spectra were preprocessed by a first-order
Savitsky-Golay smoothing filter (window width of five pixels,
which corresponded to the system spectral resolution) to reduce
noise.® A fifth-order polynomial was found to be optimal for
fitting the autofluorescence background in the noise-smoothed
spectrum,® and this polynomial was then subtracted from the
raw spectrum to yield the tissue Raman spectrum alone. Each
background-subtracted Raman spectrum was also normalized
to the integrated area under the curve from 800-1800 cm ™~ L
enabling a better comparison of the spectral shapes and relative
Raman band intensities among different organs and anatomi-
cal regions. All the spectral preprocessing is completed online
and the Raman spectrum and outcome (e.g., of diagnostic deci-
sion algorithms) can be displayed real-time in a comprehensible
graphical user interface during clinical Raman measurements at
endoscopy.

2.2 Patients

The present study is part of an ongoing nationwide cancer
screening program aiming at early diagnosis and treatment
of upper GI malignancies run by the Singapore gastric can-
cer epidemiology, clinical and genetic program.>* This study
was conducted with approval by the Institutional Review Board
of the National Healthcare Group of Singapore. All patients
signed an informed consent permitting the collection of in vivo
upper GI Raman spectra in the endoscope centre at the Na-
tional University Hospital, Singapore. In this study, 107 patients
(61 men and 46 women with a median age of 66 years old) were
enrolled for in vivo Raman endoscopy under the guidance of
multimodal wide-field imaging modalities (WLR/AFI/NBI).}
The Raman probe was passed into the endoscope instrument
channel and placed in gentle contact with the esophageal and
gastric mucosal surfaces; and the probe positioning against the
mucosa was verified on the endoscopy monitor by the clini-
cians in-charge during endoscopic examinations. As a result,
a total of 1189 in vivo Raman spectra were acquired from
the upper GI tract including normal (antrum sites with greater
and lesser curvatures, body sites with greater and lesser cur-
vatures, and cardia) and cancerous gastric tissues, as well as
normal (distal end, middle sites, and proximal sites) and can-
cerous esophageal tissues. Table 1 summarizes the number of
in vivo Raman spectra acquired and the corresponding inte-
gration time required for each tissue type in the upper GI.
Immediately after Raman endoscopic acquisitions, the biop-
sies were taken from the tissue sites measured (with suction
markings) and fixed in 10% formalin solution for histopatho-
logical confirmation of normal or malignant tissue types by
a senior gastrointestinal pathologist who was blinded to the
Raman spectroscopy results. Note that the cancerous gastric
tissues [adenocarcinomas (n = 175)] were found in differ-
ent sites (e.g., antrum/body/cardia) of the stomach; whereas
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Table 1 The number of in vivo Raman spectra acquired and the cor-
responding integration time required for each tissue type in the gastric
and esophagus.

Number of Raman Patient
Tissue type spectra acquired Integration time (s) numbers
Gastric
Antrum (normal) 377 0.5 62
Body (normal) 268 0.2 42
Cardia (normal) 106 0.3 26
Cancer 175 0.5 35
Esophagus
Distal (normal) 57 0.4 13
Middle (normal) 66 0.4 15
Proximal (normal) 107 0.4 19
Cancer 33 0.5 15

cancerous esophageal tissues [including adenocarcinomas
(n = 26) and squamous cell carcinoma (n = 6)] were localized
in the distal and middle parts of the esophagus, respectively. The
histopathological examinations served as the gold standard for
evaluating the diagnostic sensitivity and specificity of in vivo
Raman endoscopy technique.

2.3 Biomolecular Modeling

The biomolecular and histological intuitive characterization of
esophageal and gastric tissue is essential for implementation of
the Raman endoscopy technique as a clinical tool for in vivo
diagnosis of cancer and precancer in the upper GI. The bio-
chemical spectral fitting by means of Raman spectra of cell
constituents (e.g., cytoplasm, nucleus, etc.) and pure biochem-
icals has been extensively employed to gain better understand-
ing of distinctive tissue constituents associated with pathologic
changes.!®?3 In this work, a semiquantitative model of in vivo
tissue Raman spectra is rendered based on a priori insight of
inter-/intra-cellular constituents using a linear combination [i.e.,
NNCLSM]? of basis Raman spectra that represent the main
biochemical constituents in GI tract. Of over 35 basis reference
Raman spectra obtained from different biomolecules associ-
ated with GI tissue (e.g., actin, albumin, pepsin, pepsinogen,
B-NADH, RNA, DNA, myosin, hemoglobin, collagen I, colla-
gen II, collagen V, mucin 1, mucin 2, mucin 3, flavins, elastin,
phosphatidylcholine, cholesterol, glucose, glycogen, triolein, hi-
stones, beta-carotene, etc.),0~11-13:15-23.26.27 3 NNCLSM mod-
eling indicate that the following five biochemicals, i.e., actin
(A3653), histones (H6005), collagen type I (C9879), DNA
(P4522), and triolein (T7140) (Sigma, St Louis, MO), were
the most significant Raman-active biochemical constituents that
can effectively characterize gastric and esophageal (normal and
cancerous) tissue with very small fit-residuals.?® For instance,
DNA represents nucleic acids within the cell nucleus; triolein
represents typical lipid signals; actin and histones resembles
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Table 2 Tentative molecular vibrational and biochemical assignments
(Refs. 911 and 14-17) of in vivo Raman spectra of esophageal and
gastric tissues (v, stretching mode; v, symmetric stretching mode; §,
bending mode).

Raman peaks  Vibrational assignments Biochemicals

fem~")

853 v (C-C) proteins (collagen)
936 v (C-C) in a conformation  proteins

1004 vs (C-C) breathing proteins (phenylalanine)
1078 v (C-C) lipids

1265 Amide Ill v(C-N) §(N-H)  proteins

1302 §(CHy) proteins/lipids
1335 CH3CH, wagging mode ~ DNA/proteins
1445 8(CH,) lipids/proteins
1618 v(C=C) porphyrins

1655 Amide | v(C = O) proteins/lipids
1745 v (C=0) lipids

proteins of different conformations and are the major compo-
nents of the cytoskeleton and chromatin, respectively, whereas
collagen type I is a substantial part of the extracellular matrix.
Note that the basis Raman spectra of these biochemicals were
measured in their native conditions without any further purifi-
cation using the Raman Endoscopy instrumentation previously
described?® for semiquantitative biochemical modeling. The five
coefficients rendered using NNCLSM were further constrained
to a sum of 100%. Data analysis was performed using in-house
written scripts in the Matlab (Mathworks Inc., Natick, MA)
programming environment.

3 Results

High quality in vivo Raman spectra can routinely be acquired
from different anatomical locations or lesion sites within the
esophagus and gastric in real-time (<0.5 s) under multimodal
imaging (WLR, NBI, and AFI) guidance during clinical endo-
scopic examinations. Figure 1(a) shows the in vivo mean Raman
spectra £ 1 standard deviations (SD) of normal (antrum, body,
and cardia) and cancer gastric tissues; whereas Fig. 1(b) shows
the in vivo mean Raman spectra of cancer and normal (distal,
middle, and proximal) esophageal tissues. The Raman signals of
the esophageal and gastric mucosa were reproducible among dif-
ferent patients. Prominent Raman bands are observed in both or-
gans in the following peak positions with tentative biomolecular
assignments (Table 2):°-!1:14-17 853 cm ~! [1(C-C) of proteins],
936 cm ~ ! [1(C-C) of a-helix conformation for proteins], 1004
cm ™~ ! [v(C-C) ring breathing of phenylalanine], 1078 cm”~!
(C—C stretching mode of lipids), 1265 cm~! [Amide IIT v(C
-N) and §(N-H) of proteins], 1302 and 1335 cm ™' [6§(CH),)
deformation and CH,CHj twisting of proteins and nucleic
acids], 1445 cm~' [§(CH,) of proteins and lipids], 1618 cm ™!
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Table 3 The diagnostic significance (p-value) of the distinctive Raman
peaks identified [one-way ANOVA with Bonferroni correction at 5%
(Ref. 33)] from in vivo normal gastric tissues (antrum, body, and cardia)
based on the post-hoc Fisher’s LSD test (Refs. 17 and 34) [*p-value
< 0.01 (diagnostically significant based on pair-wise comparison)].

p-values based on post-hoc Fisher's LSD test

Raman peaks  Antrum versus body Antrum versus  Body versus

[em~T) cardia cardia

936 *9.1x1073 1.1x10°2  44x107!
1245 *2.0x 107 *52%x107°  8.9x107!
1335 *1.1x 10716 *12x10710 2.1 x 1072
1618 *6.7 x 10716 *27%x103  95x1072
1665 *6.7 x 10716 *27%x1073  95x1072
1745 *3.1x 10717 *93x10712 4.0x 107!

(C = C stretching mode of porphyrins), 1655 cm ! [Amide T
W(C = O) of proteins] and 1745 cm~! [w(C = O) of lipids].
The difference spectra & 1 SD between different tissue types
[Figs. 2(a) and 2(b)] clearly resolve the subtle interanatomi-
cal variations and the major biochemical changes associated
with cancer transformation; whereas Fig. 2(c) reveals impor-
tant biochemical differences between the two organs within
the gastroesophageal (GE) junction (i.e., the distal end of
the esophagus and cardia in the stomach). One-way analy-
sis of variance (ANOVA) with Bonferroni correction at 5%
(Ref. 33) was separately employed for each organ (normal
tissue). Table 3 summarizes the six significant Raman peak
positions identified as well as the corresponding p-values gen-
erated from the post-hoc Fisher’s least significant difference
(LSD) test!”-3* of all pair-wise anatomical regions in normal
gastric tissue (i.e., antrum versus body; body versus cardia;
antrum versus cardia). Similar statistical analysis has not found
significant interanatomical variability of normal tissues within
the esophagus (i.e., distal, middle, and proximal); whereas sig-
nificant spectral changes (p < 1.0 x 107%) were found between
the two organs (distal esophagus versus cardia), particularly
at 1078, 1150, 1197, 1302, 1409, 1455, and 1745 cm~!. One
notes that no significant interanatomical variability (p > 0.1)
of malignant tissues in the upper GI has been found by Raman
endoscope technique, which is probably due to the reason that
the sizes of the tumor tissues measured in the esophagus and
gastric are much larger than the probing volume (~1 mm?) of
our endoscopic Raman probe design.®?2

To characterize the spectral contribution from important Ra-
man active tissue constituents (e.g., proteins, DNA, and lipids)
in gastric and esophageal tissue types, the NNCLSM was sub-
sequently employed for semiquantitative modeling using the
five basis reference spectra acquired as shown in Fig. 3 (i.e.,
actin, collagen type I, DNA, histones, and triolein). Figures
4(a)-4(d) show the comparisons of the mean measured Ra-
man spectra and the reconstructed Raman spectra of differ-
ent tissues (i.e., gastric normal/cancer and esophageal nor-
mal/cancer). The residual variations of the NNCLSM model
rendered from each of the tissue sites in the gastric and
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Fig. 1 (a) In vivo mean Raman spectra + 1 SD of normal (antrum, body, and cardia) and neoplastic gastric tissues. (b) In vivo mean Raman spectra
=+ 1 SD of the normal (distal, middle, and proximal) and neoplastic esophageal tissues. Note that the mean Raman spectra are vertically shifted for

better visualization.

esophagus are listed in Table 4. The fit-residuals between the
reconstructed and the measured Raman spectra are of less than
10%, indicating that the five tissue biochemical constituents
used in NNCLSM modeling can largely account for most di-
agnostic information contained in tissue Raman spectra of the
upper GI. To further assess the validity of biomolecular mod-
eling for tissue characterization, we rendered difference spectra
£ 1 SD of the reconstructed Raman spectra for estimating the
similarities with the measured difference spectra. The corre-
lation evaluations of the modeled difference spectra with the
respective graphs of Figs. 2(a)-2(c) confirmed that cancerous
tissue transformation and interorgan variability can largely be
resolved using biomolecular modeling (correlation coefficient R
> (.82); but the interanatomical variability is markedly delicate
that biomolecular modeling could not adequately resolve these
subtle spectral changes (correlation coefficient R < 0.19).
Figures 5(a) and 5(b) display the relative Raman spectral
contribution of the five biochemicals of different tissue sites

Table 4 Residual variations of the NNCLSM model rendered from
each of the tissue sites in the gastric and esophagus.

Tissue type NNCLSM model residual variations
Gastric

Antrum (normal) +1.0x1073

Body (normal) +1.0x 1073

Cardia (normal) +1.0x1073

Neoplasia +1.0x 1078
Esophagus

Distal (normal) +83x1074

Middle (normal) +85x1074

Proximal (normal) +8.8x1074

Neoplasia +9.9%x1074
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in the gastric and esophagus together with the corresponding
p-value reflecting subtle interanatomical Raman spectral
changes while significant differences associated with tissue car-
cinogenesis processes.

4 Discussion

We report on our recently developed multimodal image-guided
Raman endoscopic technique that offers the advantages of multi-
parametric measurements of intrinsic biomolecular constituents
for real-time in vivo tissue diagnosis and characterization in the
upper GI. With a specially designed miniaturized Raman en-
doscopic probe,® which can fit into the instrument channel of
medical endoscopes for effective excitation and collection of
tissue Raman scattered photons, the clinicians are now able to
nondestructively assess the endogenous biochemical and mor-
phological information of internal tissues under the wide-field
endoscopic imaging (WLR, NBI, and AFI) guidance. Unlike
in vitro Raman spectroscopy,'4!” the image-guided Raman en-
doscopic technique can provide real-time biochemical assess-
ment of tissues in situ (e.g., free of artifacts introduced by me-
chanically cutting, oxidation, hydration, loss of mucus layer, and
vascular pressure, etc.) and therefore offer the Raman endoscopy
as a possible routine diagnostic tool in the esophagus and gastric.
However, as the interanatomical regions of the esophagus and
particularly the gastric tissue are highly biological and function-
ally specialized (e.g., thickness variability, distinct glandular
types, secretion products, vascularity, etc.),’?7 it is essential
to figure out, to which extent, the effect of interorgan and in-
teranatomical tissue sites’ variations may affect the diagnostic
algorithm developments of the Raman endoscope technique for
the accurate diagnosis of early cancerous tissue in the esophagus
and gastric.?>"%

In this work, we evaluate for the first time in vivo Raman
spectral properties of different anatomical regions of normal
gastric and esophageal tissues, whereby we have identified dis-
tinct Raman bands in both organs that are highly associated
with proteins, DNA, and lipids [Figs. 1(a) and 1(b)]. The dif-
ference spectra [Figs. 2(a) and 2(b)] resolve the subtle inter-
anatomical variability, indicating that the overall biomolecular
and biochemical constituents of different normal tissues are very
similar, whereas neoplastic tissues exhibit distinctive Raman
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Fig. 2 Difference spectra =1 SD comparing different anatomical re-
gions and tissue types of the (a) gastric and (b) esophagus tissue. (c)
Difference spectrum of the distal end of the esophagus and the cardia
in the stomach, resolving interorgan variability at the molecular level.

spectral profiles (e.g., Raman peaks shifting, bandwidths broad-
ening, or narrowing, relative Raman peak intensity changes).
Further Raman spectral analysis also reveals significant spec-
tral differences of tissues within the GE junction [Fig. 2(c)],
confirming the promising ability of Raman endoscopy for the
sensitive characterization of morphological and biomolecular
constituents in the upper GI tract. The Raman active biochemi-
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Fig. 3 The five basis reference Raman spectra (i.e., actin, collagen,
DNA, histones, and triolein) are used for biochemical modeling of
esophageal and gastric tissue.

cal profiles of gastric and esophageal tissue types were further
assessed by rendering semiquantitative models constructed from
essential biochemical constituents of gastric and esophageal tis-
sues. For instance, proteins were found to be the most prominent
contributors in in vivo tissue Raman spectra, which are simi-
lar to the in vitro tissue studies.!®3%3¢ The difference spectra
[Figs. 2(a) and 2(b)] also reflected large interpatient variations
in the subregions 1078 [v(C-C)], 1302 [§(CH,) deformation],
and 1440 cm~! [8§(CH,)], which are highly associated with
signals from proteins and lipids, as confirmed by biochemi-
cal modeling (Fig. 5). Moreover, the statistical analysis (Table
3) indicated subtle but complex differences in signals origi-
nating from proteins, lipids, and DNA of the antrum as com-
pared to the body and cardia sites of the stomach. These dis-
tinctive spectral features of the body likely reflect the intricate
morphology?” and biomolecular compositions of the body re-
gions that constitute highly specialized cells (e.g., zymogenic
and oxyntic cells in a densely packed architecture secreting
acids, enzymes, etc.).?® For instance, the relative less collagen
of the body site compared to antrum as revealed by biomolec-
ular modeling (p = 6.2x1072) could be associated with the
closely packed morphologic structures containing less connec-
tive tissue.”® We also found that the in vivo Raman spectrum
of cardia resembled the body region, which might be caused
by the endoscopically ill defined and narrow zone of the cardia
region and gradual transitional mucosa with cardia occasionally
bearing some resemblance with body histology (e.g., presence
of oxyntic cell types).?®38 But the difference spectra [Fig. 2(b)]
and statistical analysis indicated no statistically significant in-
teranatomical variability of normal tissues within the esophagus
(p > 0.1), confirming that the relatively thick squamous epithe-
lium (~10-20 cell layers) is approximately identical among the
distal, middle, and proximal regions of the esophagus.?’ Our
Monte Carlo simulations have indicated that the 785-nm laser
light penetration depth from the Raman endoscopic probe de-
veloped is ~750-800 pm with a 200 pm beam size on the tissue
surface, which is well within the lamina propria (the thickness

of squamous epithelium is ~300-500 m) of the esophagus.?’
Since most of the collected Raman scattered light originates
from the shallower layer of the mucosa (e.g., epithelium) in
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which early neoplastic tissue transformation (e.g., dysplasia,
carcinoma in situ) is most likely to originate,'> %2223 our fiber-
optic Raman endoscopic probe still ensures a relatively small
probing volume (of less than 1 mm? in tissue volume) cover-
ing the epithelium tissue layer,”>">> which permits the Raman
evaluation of precancer and early cancer in the upper GI.
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On the other hand, the difference spectrum [Fig. 2(c)] of
normal distal esophagus and gastric cardia within the GE
junction exhibits significant Raman peaks shifting, bandwidths
broadening/narrowing, and relative Raman peak intensity
changes with the most prominent features at 1078, 1150,
1197, 1302, 1409, 1455, and 1715 cm !, while the NNCLSM
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Fig. 5 Histogram displaying the average biochemical spectral contributions to the different tissue types in the (a) gastric and (b) esophagus tissue.
The one SD confidence intervals are shown for each model component. Note: * indicates a significant differences (p < 1.0 x 107°); whereas **

indicates a significant differences (p < 1.0 x 1079).
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modeling suggests a complex variation in Raman spectral
contributions of proteins DNA and lipids of different or-
gans (Fig. 5). These observations relate to the characteris-
tic morphological architectures of the distinctive epithelial
types (i.e., columnar lined versus nonkeratinized squamous
epithelia) and glandular architectures etc. belonging to dif-
ferent organs®®27-38:3% as they were also visible under wide-
field imaging observations. The biochemical modeling indi-
cates a considerably elevated content in lipids of the distal
esophagus as compared to the gastric cardia (p = 3.2x107%),
which is in agreement with the reports on accumulations of
lipids in the dense cell layers of the esophageal epithelium,
as a part of the mucosal barrier.*>*! Further, the relative less
collagen of the esophagus compared to gastric is also linked
with the thick squamous epithelium obscuring the Raman sig-
nal from the extensive connective tissues in the lamina propria.
This optical filtering effect has also been observed in autoflu-
orescence spectroscopy of gastric and esophageal neoplastic
tissues as a result of the increased epithelial proliferation.>2%4
It is particularly interesting that we observed inverse linear
relationship (correlation coefficient R > 0.92) between colla-
gen and triolein in the esophagus, suggesting that the large
interpatient variation in the lipids signals could be connected
with epithelial properties (e.g., thickness, lipid content)***!
within the esophagus. To further evaluate the clinical impli-
cations of interorgan variability, we also employed a powerful
classification algorithm [e.g., partial least squares-discriminant
analysis (PLS-DA)]* to exploit subtle spectral variations of
the entire Raman spectra that are not resolved by biomolecu-
lar modeling. The classification accuracy of 87.1% (142/163)
could be achieved based on the leave-one tissue site-out,
cross-validation method,*® proving that the Raman spectra re-
flect surface and subsurface tissue structures and biomolecular
constituents.

The differences in in vivo Raman spectra between neoplas-
tic and nonneoplastic gastric tissues have also been reported in
our previous gastric Raman studies.”>”>> The NNCLSM mod-
eling demonstrates that the neoplastic tissues show different
contributions of distinctive biomolecules across interorgan and
interanatomical regions in the upper GI [Figs. 5(a) and 5(b)],
substantiating the important biochemical/biomolecular changes
of tissues associated with carcinogenesis processes in situ. The
significance of cancerous tissue transformation as compared to
interanatomical variability in the gastric was further verified by
ANOVA and post-hoc Fisher’s LSD analysis [e.g., cancer versus
normal gastric tissues (antrum, body, and cardia) with signifi-
cant differences in the Raman bands: 936 (p < 2.1x 1072), 1245
(p <5.5x107%),1335 (p < 3.7x107%), 1618 (p < 3.1x1073}),
1665 (p < 1.7x107%%), and 1745 cm ™~ ! (p < 2.1x1073°)]. Par-
ticularly, the Raman peaks at 1575 and 1335 cm ~! are highly
associated with increased DNA contents?>~> that were also con-
firmed by biomolecular modeling [Figs. 5(a) and 5(b)]; whereas
the increased Raman band intensity and the bandwidth broaden-
ing of the 1655 cm~! amide I v(C = O) vibration pertained
to a higher content of «-helical proteins (e.g., histones, the
main protein component that makes up the chromatin). Over-
all, these biomolecular changes suggest the increased nuclear
activity (e.g., hyperchromatic state) in neoplastic tissue, which
is among the main characteristics of tissue carcinogenesis and
is of considerable pathological value for tissue diagnosis and
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characterization.”” The biomolecular modeling also shows a
small decrease in collagen, which is in agreement with the re-
ports that cancerous cells proliferate, invade into underlying
stromal layer and express a class of metalloproteases, resulting
in an overall reduction of collagen content in cancer tissue.?>~%3
The relative increase in Raman signals from proteins (e.g., 1004,
1265, and 1655 cm~!) could also be related to increased mi-
totic activity,??2>* while the reduction in Raman signals re-
lated to lipids (at 1078, 1302, 1440, and especially at 1745
cm ™) for precancer and cancer gastric tissues has also been
found in our previous Raman studies.?>>> On top of these, the
Raman peak increase at 1575-1618 cm ! is highly associated
with angiogenesis process of neoplastic tissue,>>>> which in
fact, is reflected by the poor fitting ability of the NNCLSM
model in this spectral region due to the omission of Raman-
active blood constituents (e.g., hemoglobin) in the basis ref-
erence set. Figures 5(a) and 5(b) uncover the diagnostic sig-
nificant fit coefficients for detection of neoplasms in the gas-
tric and esophagus (e.g., actin, collagen, DNA, histones, and
triolein); and the consistency in identifying similar diagnostic
significant biochemicals across interorgans and interanatomi-
cal regions reconfirms the versatility of the Raman endoscopy
technique for early detection and diagnosis of cancers based on
Raman signals derived from proteins, DNA, and lipids.'®2* To
further evaluate the clinical implications of interorgan variabil-
ity, we also employed PLS-DA for cancer diagnosis>> whereby
a diagnostic accuracy of 89.3% [sensitivity: 92.6% (162/175);
specificity 88.6% (665/751)] and of 94.7% [sensitivity: 90.9%
(30/33); specificity 93.9% (216/230)] in the gastric and esopha-
gus, respectively, can be achieved based on the leave-one tissue
site-out, cross validation method. The Raman spectral changes
associated with cancerous tissue transformation [Figs. 2(a) and
2(b)] were several orders of magnitude larger than interanatom-
ical variability of normal tissue, illustrating the efficacy of
in vivo Raman endoscopy technique for early cancer diagno-
sis and detection in the upper GI.

One notes that biochemical modeling by means of NNCLSM
is a linear semiquantitative estimation of biochemical compo-
sitions (e.g., proteins, DNA, and lipids, etc.) of tissue in the
upper GI. Only the most essential biochemical constituents of
tissue (i.e., biochemicals largely representing cell nucleus, cell
cytoplasm, and intra-/extra-cellular matrices) that are known
to undergo alterations during the carcinogenesis process are
included in the NNCLSM modeling. The slight discrepancy
(of ~10%) between the reconstructed Raman spectra (by the
NNCLSM modeling) and the measured Raman spectra may be
due to the following reasons: 1. the in vitro biomolecular com-
positions and conformations used for NNCLSM modeling may
not truly reflect in vivo tissue conditions; 2. the basis spectra are
not orthogonal, and only a very limited number of biochemi-
cals are included; 3. the NNCLSM biochemical modeling does
not take the effect of tissue optical properties (e.g., absorption
and scattering coefficients, and anisotropy) of different tissues
into consideration; 4. the laser penetration depth may also affect
the estimated distributions of the biochemicals in different tis-
sue types.37 Nevertheless, within these limitations, the results of
NNCLSM modeling indicate that the clinical Raman endoscopic
technique can provide effective biomolecular and morpholog-
ical information about different anatomical tissue sites of the
upper GI tract.
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In summary, high-quality in vivo Raman spectra can be ac-
quired from different sites of the upper GI (i.e., gastric and
esophagus) in real-time by Raman endoscopy technique during
clinical endoscopic examinations. Difference spectra together
with biochemical modeling suggest that interorgan variability is
significant whereas the interanatomical variability of the esoph-
agus and gastric is subtle compared to neoplastic tissue transfor-
mation. Cancerous tissues can be identified across interanatom-
ical regions with accuracies of 89.3% and 94.7% in the gastric
and esophagus, respectively, demonstrating that the Raman en-
doscopy technique has promising clinical potential for real-time
in vivo diagnosis and detection of early cancer in the upper GI
at the molecular level.
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