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Raman spectroscopy is a vibrational spectroscopic tech-
nique that can be used to optically probe the molecular
changes associated with diseased tissues. The objective of our
study was to explore near-infrared (NIR) Raman spectros-
copy for distinguishing tumor from normal bronchial tissue.
Bronchial tissue specimens (12 normal, 10 squamous cell
carcinoma (SCC) and 6 adenocarcinoma) were obtained
from 10 patients with known or suspected malignancies of
the lung. A rapid-acquisition dispersive-type NIR Raman
spectroscopy system was used for tissue Raman studies at
785 nm excitation. High-quality Raman spectra in the 700-
1,800 cm™' range from human bronchial tissues in vitro could
be obtained within 5 sec. Raman spectra differed significantly
between normal and malignant tumor tissue, with tumors
showing higher percentage signals for nucleic acid, trypto-
phan and phenylalanine and lower percentage signals for
phospholipids, proline and valine, compared to normal tissue.
Raman spectral shape differences between normal and tu-
mor tissue were also observed particularly in the spectral
ranges of 1,000-1,100, 1,200-1,400 and 1,500-1,700 cm™,
which contain signals related to protein and lipid conforma-
tions and nucleic acid’s CH stretching modes. The ratio of
Raman intensities at 1,445 to 1,655 cm™' provided good dif-
ferentiation between normal and malignant bronchial tissue
(p < 0.0001). The results of this exploratory study indicate
that NIR Raman spectroscopy provides significant potential
for the noninvasive diagnosis of lung cancers in vivo based on
the optic evaluation of biomolecules.
© 2003 Wiley-Liss, Inc.

Key words: bronchial tissue; lung cancer; near-infrared Raman spec-
troscopy; optic diagnosis

Lung cancer is the second most common cancer in humans and
is the most common cause of cancer deaths in the world. The
overall 5-year survival rate of patients with lung cancer is no
greater than 14%, which is much lower than that for patients with
cancers in other organs, such as the bladder, breast, colon, cervix
and prostate.! Early cancer detection and localization with effec-
tive treatment is crucial to increasing the survival rates. However,
because early lung cancers or precancers such as dysplasia and
carcinoma in situ (CIS) are only a few cell layers thick (0.2-1
mm), they can be very difficult to visually detect by conventional
diagnostic methods. In the past decade, tissue fluorescence spec-
troscopy has been successfully used in vivo to diagnose early lung
cancers.?3 Fluorescence point spectra may be collected in less than
a second, and fluorescence imaging is possible due to the relatively
high tissue autofluorescence that occurs in the lung.*> Neverthe-
less, tissue autofluorescence spectral features are broad and show
less specific differences between normal and pathologic tissues.?
The Raman effect is an inelastic light scattering process whereby
a very small proportion of incident photons are scattered (~1 in
10®) with a corresponding change in frequency. The difference
between the incident and scattered frequencies corresponds to the
vibrational modes of molecules participating in the interaction.
Raman spectra are depicted by plotting the intensity of the scat-
tered photons as a function of the frequency shift. Raman spectra
can capture a fingerprint of specific molecular species, and can
therefore be potentially used for biomedic applications. Most bi-
ologic molecules are Raman-active scatterers, each with its own

spectral fingerprint. Raman spectra usually exhibit sharp spectral
features that are characteristic for specific molecular structures and
conformations of tissue,®” thus providing more specific molecular
information about a given tissue or disease state.

Near-infrared (NIR) Raman spectroscopy has certain advan-
tages, such as relative insensitivity to tissue water contents and
deeper penetration depth into the tissue, that justify its increasing
popularity for biomedic applications.®~19 In recent years, NIR
Raman spectroscopy has been investigated for in vitro diagnosis of
malignant tissue from various organs (e.g., brain, breast, bladder,
colon, larynx, cervix and skin).8-1¢ These studies show that spe-
cific features of tissue Raman spectra can be related to the molec-
ular and structural changes associated with neoplastic transforma-
tions.!7-18 A sensitivity and specificity of 82 and 92%, respectively,
for differentiating between precancerous and benign cervic tissue
in vitro, have been reported by Mahadevan-Jansen et al.'3 In vivo
NIR Raman measurements have also been reported for the cervix,
colon, esophagus and the skin.'°-22 However, Raman spectroscopy
has not yet been applied to the bronchus to date.

Raman scattering from tissue is inherently very weak. It is very
difficult to achieve measurements rapidly in vivo with a high
signal-to-noise (S/N) ratio while avoiding interference from tissue
autofluorescence and Raman signals from the silica fiber op-
tics.1920.23 This is because the fiber-optic probes used to collect in
vivo signals exhibit strong silica Raman scattering in the so-called
fingerprint region (500-1,800 cm™'). Moreover, data acquisition
times and irradiance powers for in vivo use must be limited for
practical and safety reasons. The primary goals of this exploratory
study were to characterize NIR Raman spectra of bronchial tissues
and to assess the possibility of using NIR Raman spectroscopy for
optical diagnosis of lung cancers. Raman spectra of normal and
malignant bronchial tissue were measured and compared, and the
spectral differences between normal and tumor tissues were ana-
lyzed to test the diagnostic usefulness for lung cancer detection.

MATERIAL AND METHODS
Tissue specimens

A total of 28 bronchial tissue specimens were obtained from 10
patients (6 men and 4 women with a median age of 68.5 years)
with clinically suspicious lesions or histologically proven malig-
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nancies of the lung. All patients preoperatively signed an informed
consent permitting the investigative use of tissues, and our study
was approved by the Ethics Committee of the British Columbia
Cancer Agency. Biopsies were taken from areas with abnormal
fluorescence using fluorescence bronchoscopy with a Laser Imag-
ing Fluorescence Endoscope (LIFE)-Lung device (Xillix Technol-
ogies Corp., Richmond, British Columbia, Canada).?* After bron-
choscopic biopsy or surgical resection, tissue specimens were
placed in bottles with physiologic saline solution (pH = 7.4) and
delivered to the laboratory for spectral studies within 30 min of
biopsy or resection. The biopsy samples were approximately 1.5 X
1.5 X 1 mm in size, and to facilitate comparison of measurements,
the surgically resected specimens were also cut into smaller sam-
ple sizes, similar to those of the biopsies. No sample pretreatment
of any kind was performed prior to spectroscopic examination.
After the NIR Raman measurement, the tissue samples were fixed
in 10% formalin solution and then submitted for histopathologic
examination. Pathologic evaluations showed that 12 specimens
were normal, 6 were adenocarcinoma and 10 were squamous cell
carcinoma (SCC). No necroses were found in any of the tumor
tissue samples.

Raman instrumentation

Figure la shows a block diagram of the rapid-acquisition NIR
Raman system we developed for tissue Raman spectroscopy mea-
surements. This Raman system has a unique hardware design for
improving S/N ratios by correcting the spectrograph image aber-
ration so that good-quality tissue Raman spectra can be acquired
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FiGURE 1 - (a) Block diagram of the rapid-acquisition NIR Raman
spectrometer system used for tissue Raman measurements. CCD,
charge-coupled device. (b) The fiber-optic Raman probe.
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rapidly (=5 sec).?! This dispersive-type Raman system consists of
a diode laser emitting at 785 nm (maximum output, 300 mW; SDL
Inc., San Jose, CA), a transmissive imaging spectrograph (Ho-
loSpec-1/2.2-NIR, Kaiser Optical Systems Inc., Ann Arbor, MI)
with a holographic grating (HSG-785-LF, Kaiser Optical Systems
Inc., MI), an NIR-optimized, back-illuminated, deep-depletion
charge-coupled device (CCD) detector (LN/CCD-EEV 1024 X
256, QE = 75% at 900 nm; Princeton Instruments, Trenton, NJ)
and a fiber-optic Raman probe (Fig. 1b).2! The 785 nm laser is
coupled to a 200 wm core diameter fiber (numerical aperture =
0.22), and the fiber is connected to the Raman probe via a sub-
miniature version A (SMA) connector. The Raman probe was
designed to maximize the collection of tissue Raman signals while
reducing the interference of Rayleigh scattered light, fiber fluores-
cence and silica Raman signals. One optic arm of the probe
consisting of a collimating lens, a bandpass filter (785 * 2.5 nm)
and a focusing lens delivers the laser light onto the tissue. The
other optic arm of the probe equipped with collimating and refo-
cusing lenses and a holographic notch plus filter (OD > 6.0 at 785
nm; Kaiser Optical Systems Inc., Ann Arbor, MI) is used for
collecting tissue Raman signals. The holographic notch filter was
placed between the 2 lenses to block the Rayleigh scattered exci-
tation laser light while passing the frequency-shifted Raman sig-
nal. The refocusing lens then focused the filtered beam onto the
circular end of the fiber bundle (58 X 100 wm core diameter fibers,
NA = 0.22). Tissue Raman photons collected by the fiber bundle
in the Raman probe are fed into the entrance of the transmissive
spectrograph along a parabolic curve,?! and the holographic grat-
ing disperses the incoming light onto the liquid nitrogen-cooled
CCD array detector controlled by a PC. The combined autofluo-
rescence and Raman spectra are displayed on the computer screen
in real time and can be saved for further analysis. The system
acquired spectra over the range 700—-1,800 cm™, and each spec-
trum was acquired within 5 sec with light irradiance of 1.56
W/cm?, which is less than the ANSI maximum permissible skin
exposure limit for a 785 nm laser beam.?> Raman frequencies were
calibrated with the spectra of cyclohexane, acetone and barium
sulfate to an accuracy of + 2 cm™' (the digital data resolution of
the CCD detector). The spectral resolution of the system was 8
cm™'. All spectra were corrected for the wavelength-dependent
intensity response of the system using a standard lamp (RS-10,
EG&G Gamma Scientific, San Diego, CA).

Data processing and analysis

The measured tissue spectra represented a combination of tissue
Raman scattering, tissue autofluorescence and noise (Fig. 2).
Therefore, the spectra were preprocessed by sequential 5-point
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FIGURE 2 — Raman spectra from a normal bronchial tissue sample
with signal acquisition times of 1, 5 and 10 sec, respectively. The
spectra have been corrected for the spectral response of the system.
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smoothing to reduce noise, and a fifth-order polynomial'? was
found to be optimal for fitting the autofluorescence background in
the noise-smoothed spectrum over the range 700-1,800 cm ™,
excluding all regions with significant Raman spikes. This polyno-
mial was subtracted from the measured spectrum to yield the tissue
Raman spectrum alone. The overall intensity of the Raman spectra
showed inter- and/or intrasample variations that also depended on
the tissue sample size. Each of the tissue Raman spectra was
therefore normalized or scaled by dividing by the total integral
over the spectral range 700-1,800 cm™', enabling a better com-
parison of spectral patterns and percentage signals of various
Raman bands between different tissue samples.

For the assessment of diagnostic sensitivity and specificity for
tissue classification, histopathologic results were regarded as the
gold standard. Normal and inflamed tissue were classified as
benign or normal, whereas adenocarcinoma and SCC were classi-
fied as malignant. The unpaired Student’s r-test (2-sided, equal
variances) was used to test for differences between normal and
malignant bronchial tissues, with respect to the mean value
(mean * SD) of the ratio of Raman intensity at 1,445 vs. 1,655
cm~

RESULTS

Multiple spectra with different acquisition times were measured
for each tissue sample. Figure 2 shows typical results for normal
bronchial tissue using signal acquisition times of 1, 5 and 10 sec,
respectively. It was evident that the spectrum of interest repre-
sented only a small contribution of tissue Raman scattering super-
imposed on an intense autofluorescence background. Increasing
the acquisition time from 1 to 10 sec resulted in a corresponding
increase in overall spectral intensity with improved S/N ratio, but
no significant change in spectral shape. The results show that
reproducible Raman spectra with high S/N ratios without interfer-
ence from silica Raman signals from the fiber optics can be
obtained within 5 sec with our rapid-acquisition Raman system.

To assess intrasample variability, multiple measurements (n =
10) on single samples of normal and tumor tissue were made at
different regions of the samples and at different tissue orientations
(epithelial and stromal sides of the tissue). There were no signif-
icant differences in the results obtained from different measure-
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FIGURE 3 — Mean Raman spectra (solid line) = 1 SEM (gray area)
were obtained from single representative samples of normal tissue (a)
and tumor (b) (SCC) by performing multiple measurements (n = 10)
for each sample at different tissue orientations (epithelial and stromal
sides of the tissue). All spectra were acquired in 5 sec with 785 nm
excitation and corrected for the spectral response of the system.
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ments of a given sample. Figure 3 shows the 5 sec Raman spectra
without normalization as mean = 1 SEM for normal tissue (a) and
malignant (SCC) tissue (b), respectively. The overall spectral
intensities varied by up to 12% about the mean for normal tissue,
and up to 20% for tumor tissue. However, the relative Raman peak
heights, shapes and positions showed little intrasample variability
for either normal or tumor tissue. This finding has also been
confirmed by background-subtracted Raman spectra (data not
shown).

The effect of tissue specimen size on the Raman spectrum was
also studied using one surgically resected normal specimen. This
normal bronchial tissue was divided into 5 different samples with
the dimensions listed in the legend to Figure 4, and the Raman
probe was placed on the epithelial side of the tissue samples for
Raman measurements. Figure 4a demonstrates how absolute signal
intensities in the processed Raman spectra of normal bronchial
tissue vary with specimen size (broadband autofluorescence back-
ground removed using a fifth-order polynomial fitting). The data
show that absolute Raman intensity increased with sample size,
although the Raman signal strength could be affected by (i) tissue
inhomogeneity, (ii) tissue scattering and (iii) probe focusing on
tissue sample. In vivo studies could help overcome signal variabil-
ity due to different biopsy sizes. To correct for variations in
absolute intensity, each of the Raman spectra in Figure 4a was
normalized using the integrated area under the curve, and the
y-axis was labeled as “normalized intensity” with unit “percentage
(%) of total signals.” This procedure greatly improved the repro-
ducibility of the spectra for different specimen sizes, with intensity
variations reduced to 10-20% for major Raman peaks (Fig. 4b).
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FiGURE 4 - Effect of varying specimen sizes on Raman spectra for
normal bronchial tissue. (a) Before normalization for sample sizes: a)
8 X8 X 15mm;b)5 X5X 1.5mm;c)4 X4 X 1.5mm;d)3 X
3 X 1.5mm;e) 1 X 1 X 1.5 mm. The larger specimen has a stronger
Raman signal. (b) After normalization, all Raman spectra for different
specimen sizes display almost identical patterns with intensity varia-
tions of 10-20% for major Raman peaks.
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An exception to this general behavior can be seen in the region
1,500-1,600 cm™', where the ordering of signal intensity with
smaller sample sizes was essentially reversed by the normalization
procedure, probably due to artifact arising from water’s contribu-
tion to the tissue Raman signals.?® All tissue samples were kept
moist with physiologic saline solution during Raman measure-
ments. The smaller the sample, the more percentage of water
adheres to the sample, and therefore, the higher the percentage of
water that was sampled by the Raman probe.

Figure Sa shows the normalized mean Raman spectra of normal
and malignant (adenocarcinoma and SCC) bronchial tissues. It can
be seen that while significant Raman spectral differences exist
between normal and tumor tissue, Raman spectra of adenocarci-
noma are very similar to those of SCC with slight differences in
the relative intensities of the 1,335, 1,445 and 1,655 cm™" bands.
Primary Raman peaks at 752, 823, 855, 876, 935, 1,004, 1,078,
1,123, 1,152, 1,172, 1,208, 1,265, 1,302, 1,335, 1,445, 1,518,
1,582, 1,618, 1,655 and 1,745 cm™! can be consistently observed in
both normal and tumor tissues, with the strongest signals at 1,265,
1,302, 1,445 and 1,655 cm™. The normalized intensities of Raman
peaks at 855, 1,078, 1,265, 1,302, 1,445 and 1,745 cm!are greater
for normal tissue than for tumor tissue, while Raman bands at 752,
1,004, 1,223, 1,335 and 1,550-1,620 cm™' are more intense in
tumor tissue. These normalized intensity differences can be viewed
more clearly on the difference spectra between tumor and normal
tissue (Fig. 5b). These difference spectra also revealed an increase
in the Raman shoulder band at 1,668 cm™" for tumor tissue.

The significant normalized Raman intensity differences between
tumor and normal tissue result in differences in band shapes for the
regions 1,000-1,100, 1,200-1,400 and 1,500—1,700 cm™'. The
bands for the regions 1,200-1,400 and 1,500-1,700 cm™! appear
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FIGURE 5 — (a): The mean Raman spectra of normal bronchial tissue
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broader for tumor tissue compared to normal tissue due to the
enhanced intensity at 1,322 and 1,335 cm™" and 1,552-1,618 cm™
observed for tumor tissue. In addition, the peak positions at 1,078
and 1,265 cm™' in normal tissue appear to have shifted to 1,088
and 1,260 cm™, respectively, in tumor tissue.

Figure 6 shows a scatter plot for the intensity ratio of I, 45 vs.
I,¢s5 for each tissue sample, grouped according to tissue type
(pathology). This ratio is >1 for 11/12 normal tissue samples and
<1 for 15/16 tumor tissues. The mean value (mean * SD) of this
ratio for normal tissue (1.18 = 0.15, n = 12) is significantly
different from the mean ratio for all malignant tumor tissue sam-
ples tested (0.78 = 0.13, n = 16) (unpaired Student’s #-test, p <
0.0001). The decision line I,,45/1,45s5s = 1 separates tumor tissue
from normal tissue with a sensitivity and specificity of 94% (95%
confidence interval, 0.85-1.0) and 92% (95% confidence interval,
0.82-1.0), respectively.?” In addition, the mean ratios for the 2
tumor types were 0.65 = 0.05 (adenocarcinoma, n = 6) and
0.85 = 0.09 (SCC, n = 10) respectively. Statistical analysis also
shows that there are significant differences between the 2 tumor
classes (p < 0.0001 for adenocarcinoma vs. SCC) and between
each tumor type and normal tissue (p < 0.0001 for SCC vs.
normal; p < 0.0001 for adenocarcinoma vs. normal).

DISCUSSION

Kaminaka et al.?® recently reported preliminary results for Ra-
man spectra from lung parenchyma with excitation at 1,064 nm.
Background lung tissue autofluorescence can be significantly re-
duced as the excitation wavelength is shifted further into the NIR
region. However, their measurements were done on lung samples
soaked in formaldehyde solution rather than from fresh tissue, and
it is known that formaldehyde fixation causes tissue changes and
promotes the cross-linkage of amine groups in collagen, for ex-
ample.?® Thus, tissue fixation may cause significant changes in the
Raman spectrum, especially in the amino acid fingerprint regions
associated with proteins.2%-30 Such effects and their influences on
the diagnostic potential of the Raman spectrum for lung cancer
diagnosis warrant further study.

The results of our exploratory study demonstrated that there
were specific differences in Raman intensities for malignant tumor

1.6
o]
o]
e <0.0001
1.2 8 p<o-
Q
1-;0 5 N
P g ....................... IEEXEEEE
" A
< 08 §
§ v
0.4
0.0 | i |
Normal Adeno-  sCC
carcinoma

FIGURE 6 — Scatter Plot of the intensity ratio of the Raman signal at
1,445 vs. 1,655 cm™, as measured for each sample and classified
according to the histologic results. The mean ratio (1.18 = 0.15) for
normal tissue is significantly different (p < 0.0001) from the mean
value (0.78 = 0.13) for all tumor tissue (adenocarcinoma + SCC). The
decision line (I;445/l;4s5 = 1) separates tumor tissue from normal
tissue with a sensitivity and specificity of 94% (95% confidence
interval, 0.85-1.0) and 92% (95% confidence interval, 0.82—1.0).27
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vs. normal tissue, confirming a potential role for NIR Raman
spectroscopy in lung cancer diagnosis. In the range 700-1,800
cm™', Raman spectra of bronchial tissue are dominated by a
number of vibrational modes of biomolecules, such as proteins,
lipids and nucleic acids, which may be altered in quantity or form
with neoplasia (Fig. 5a). To better understand the molecular basis
for the observed Raman spectra of bronchial tissue, Table I lists
tentative assignments for the observed Raman bands, according to
literature data.!3-15-30-33 Thus, distinctive Raman features and in-
tensity differences for tumor vs. normal bronchial tissue can reflect
molecular and cellular changes associated with malignant trans-
formation. For instance, the prominent Raman peaks at 1,265 and
1,655 cm™, respectively, in normal bronchial tissue can probably
be attributed to the amide III and amide I bands of proteins in the
a-helix conformation.” However, in malignant tissue, the amide I11
band was found to shift to 1,260 cm™' and a shoulder band at 1,668
cm™' (amide I) was also revealed in the difference spectra (Fig.
5b), suggesting that malignancy may be associated with an in-
crease in the relative amounts of protein in the 3-pleated sheet or
random coil conformation.'® The bands at 1,302 and 1,445 cm™
are characteristic of the CH,CH; bending modes of collagen and
phospholipids,'? and their percentage signals are considerably
reduced in tumor tissue. The Raman bands of tryptophan (752,
1,208, 1,552 and 1,618 cm™) and phenylalanine (1,004, 1,582 and
1,602 cm™) in malignant tissue show higher percentage signals
than those of normal tissue, indicating an increase in the percent-
age of tryptophan and phenylalanine contents relative to the total
Raman-active components in tumor tissue. Brancaleon et al.3* also
observed an increase of tryptophan residues in skin tumor by
fluorescence spectroscopy. However, the Raman bands for phos-
pholipids at 1,078 and 1,745 cm™', proline at 855 cm™', and
tyrosine at 823 and 855 cm™' are much reduced in normalized
intensity, indicating a decrease in the percentage of phospholipids
relative to the total Raman-active constituents in tumor. The peak
at 1,078 cm™ in normal tissue due to the C—C or C—O stretching
mode of phospholipids32 was shifted to 1,088 cm™" in tumor tissue
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and had lower normalized percentage signals, reflecting a de-
creased vibrational stability of lipid chains in tumors.® The strong
Raman peak appearing at 1,322 and 1,335 cm™"' (CH,CH, twisting
and wagging in collagen)3? in malignant tissue further confirmed
the change of molecular structures of proteins in association with
tumor transformations. On the other hand, Raman bands at 1,223
and 1,335 cm™' due to cellular nucleic acidsé in malignant tissues
become widened and are greater than those of normal tissues,
indicating that the percentage of nucleic acid contents relative to
the total Raman-active components is much increased in tumor
tissues. This is in agreement with histopathologic studies of grad-
ing malignancy by the nucleic acid-to-cytoplasm ratio.3>-3¢ These
Raman peaks we observed in the bronchus have also been reported
by NIR Raman spectroscopy in epithelia of other organs (e.g.,
larynx, cervix, colon and bladder).!2.13.15.30

Bakker Schut et al.3” used Raman microspectroscopy with 647
nm excitation to measure the intracellular carotenoid levels in
lymphocytes of lung cancer patients and found a significant de-
crease of carotenoids for lung carcinoma patients compared to
healthy subjects. In our study, the characteristic carotenoid Raman
peaks at 1,152 and 1,518 cm™ due to C—C and conjugated C=C
bond stretch3® were present in both normal bronchial and tumor
tissue, but the normalized intensities of these peaks were reduced
in tumor tissue. Our NIR Raman study on human bronchial tissue
is in agreement with Bakker Schut et al.’s results. Carotenoids are
thought to function as part of the tissue’s antioxidant defense
system.33-39 Lower carotenoid levels in the bronchus may correlate
with lung cancers,3” and NIR Raman spectroscopy may be a novel
method for studying the significance of the carotenoids in lung
malignancies in vivo.

Simple but effective diagnostic algorithms have been proposed
on the basis of the empirical analysis of Raman spectra in terms of
peak intensity or peak intensity ratio measurements and have been
applied to a number of organ types. For example, the ratio of
intensities at 1,455 and 1,655 cm™" has been used to classify tumor

TABLE I-PEAK POSITIONS AND TENTATIVE ASSIGNMENTS OF MAJOR VIBRATIONAL BANDS OBSERVED
IN NORMAL AND TUMOR BRONCHIAL TISSUE.!3-15.30-33

Peak position (cm™ ") Protein assignments

Lipid assignments Others

1745w

1655vs v (C=0) amide I, a-helix, collagen,
elastin

1618s (sh) v (C=C), tryptophan

1602ms (sh)
1582ms (sh)
1552ms (sh)

8 (C=C), phenylalanine
8 (C=C0), phenylalanine
v (C=C), tryptophan

v (C==0), phospholipids

v (C=C), porphyrin

v (C=C), porphyrin
v (C=C), carotenoid

8 (CH,) scissoring, phospholipids

CH;CH, wagging nucleic acids

8 (CH,) twisting, wagging,

phospholipids

1518w

1445vs 8 (CH,), 8 (CHj;), collagen

1335s (sh) CH;CH, wagging, collagen

1322s CH,CH, twisting, collagen

1302vs 8 (CH,) twisting, wagging, collagen
1265s (sh) v (CN), 8 (NH) amide III, a-helix,

collagen, tryptophan
1223mw (sh)

1208w (sh) v (C—C¢Hs), tryptophan, phenylalanine

1172vw 8 (C—H), tyrosine

1152w v (C—N), proteins

1123w v (C—N), proteins

1078ms

1031mw (sh) 8 (C—H), phenylalanine

1004ms v, (C—C), symmetric ring breathing,
phenylalanine

963w Unassigned

935w v (C—C), a-helix, proline, valine

876w (sh) v (C—C), hydroxyproline

855ms v (C—C), proline 8 (CCH) ring
breathing, tyrosine

823w Out-of-plane ring breathing, tyrosine

752w Symmetric breathing, tryptophan

v, (PO, ™), nucleic acids

v (C—C), carotenoid

v (C—C) or v (C—O0), phospholipids

Polysaccharide

v, stretching mode; v, symmetric stretch; v,,, asymmetric stretch; 8, bending mode; v, very; s, strong; m, medium; w, weak; sh, shoulder.
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vs. normal tissue in the brain, breast, colon and cervix,!2:22 since
both bands are sensitive to histologic abnormality.® Note that the
1,655 cm™' band corresponds to the C=0 stretching of collagen
and elastin, and the 1,445 cm™ band (CH, scissoring) varies with
the lipid-to-protein ratio.!5-39-32 In our preliminary study with a
small number of tissue samples, we also utilized this intensity ratio
to distinguish malignant tumor tissue from normal bronchial tissue
with a sensitivity and specificity of 94 and 92%, respectively (Fig.
6). The I, 445/1,655 Was the largest for normal tissue (1.18 = 0.15),
significantly lower for SCCs (0.85 % 0.09) and even lower for
adenocarcinomas (0.65 = 0.05). Further statistical analysis shows
that the differences between the 2 tumor types and between each
tumor type and normal tissue are also significant, although the
sample populations are small in this preliminary study. Therefore,
this intensity ratio is a potential diagnostic parameter for detect-
ing and/or classifying different types of bronchial malignan-
cies. Note that the simplistic empirical analysis employed here
used only 2 Raman peaks for tissue classification; most of the

HUANG ET AL.

information contained in the Raman spectra has not been used.
Therefore, a multivariate statistical analysis (e.g., principal
components analysis (PCA)),!323 which utilizes the entire spec-
trum and automatically determines the most diagnostically sig-
nificant features (factors), may improve the efficiency of the
method for tissue analysis and classification. Currently, we are
performing Raman measurements on samples from a larger pa-
tient series, and PCA and cross-validation techniques will be
applied to the database when the sample size is sufficiently large.
If a miniaturized fiber-optic Raman probe*® were successfully
developed to interface with our rapid-acquisition Raman system
for the collection of Raman signals via endoscope, NIR Raman
spectroscopy could become a potentially useful clinical tool for
rapid and noninvasive diagnosis of lung cancers in vivo based on
probing changes at the molecular level. This technique may also be
a useful adjunct to conventional bronchoscopy for guiding and
directing biopsies for histopathologic investigation of lung malig-
nancies.
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