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TheDiagnogsof Lung Cancer Usng 1064-nm Excited
Near -infrared Multichanned Raman Spectr oscopy

Hiroya Yamazaki,*** Shoji Kaminaka,*** Ehiichi Kohda,* Makio Mukai,***
and Hiro-o Hamaguchi**

Purpose: Raman spectroscopy is based on Raman scattering of light from molecules. Because
the wavelength of Raman scattered light depends on molecular composition, Raman spectra
provide highly useful information about molecular composition. It has already been shown
that Raman spectroscopy is potentially useful for the clinical diagnosis of malignant tumors.
However, this technique had never been applied to the diagnosis of lung cancers, primarily
because of interference from the strong fluorescence emitted from lung tissues. Our purpose
was to examine the effectiveness of near-infrared Raman spectroscopy for the diagnosis of
lung cancers.

Methods: We constructed a new near-infrared multichannel Raman system that is capable of
measuring high signal-to-noise ratio, fluorescence-free Raman spectra of lung tissueswithin a
measurement time of 1 second. Using this system, we collected atotal of 210 Raman spectra
from cancerous and non-cancerous lung tissues and analyzed these spectra by a least-squares
fitting procedure for cancer diagnosis.

Results: Theresultant sensitivity of cancer prediction was as high as 91%, with 97% specificity
and an error margin of p<0.0001 according to Fisher’'s exact test.

Conclusions: A method of diagnosing lung cancer efficiently and objectively using Raman

spectroscopy has thus been established.
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| NTRODUCTION

ITH DEVELOPMENTS in medical imaging

technol ogies such as ultrasonography, computed
tomography, and magnetic resonance imaging, there has
been rapid progressin the clinical diagnosis of cancers.
Nevertheless, there are still a number of occasionsin
which needle biopsy hasto be chosen. Biopsy can be an
invasive procedure and is inevitably associated with the
risk of dissemination. Considerable time and cost are
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required to obtain the biopsy sample, and the specialized
knowledge of a pathologist is needed for diagnosis. In
order to overcome these problems, various attempts have
been made, such as those using tumor markers, to
achieve minimally invasiveclinical diagnosesof cancers.
Recent attention in thisregard has been directed toward
the use of Raman spectroscopy, which isideally suited
for the minimally invasive diagnosis of cancer at the
molecular level 1®

Raman spectroscopy is based on Raman scattering,
an inelastic scattering of light from molecules. When
light isincident on a substance, avery small portion of
the incident light is dispersed as Raman scattering. The
wavelength of Raman-scattered light depends on the
molecular composition of the substance. Therefore,
Raman spectra, which are often called “molecular
fingerprints’, provide highly useful information about
the composition of the substance at the molecular level.
It has already been shown by several groupsthat Raman
spectroscopy is potentially useful for the clinical
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diagnosis of malignant tumors.*®

However, a few experimental difficulties have
hindered the practical application of Raman
spectroscopy to diagnosis. First, the Raman scattering
signal isvery weak, necessitating an extremely sensitive
method of detection such as photon counting. Second,
human tissues are strongly fluorescent if excited by
visible/ultraviolet light, and this fluorescence masks
entirely the much weaker Raman scattering signals.
Third, irradiation of strong visible/ultraviolet light may
be hazardous to the human body. The second and third
difficulties can be overcome if deep near-infrared light
(A>1 wm) isused for excitation. However, the detectors
so far available in this wavelength region have been
much less sensitive than those in the visible/ultraviol et
region, thereby limiting the practicability of near-infrared
Raman spectroscopy.

We recently constructed a near-infrared Raman
spectroscopic system with much higher sensitivity than
the previously reported systems, using a newly
devel oped near-infrared multichannel detector with an
I ndium phosphide/I ndium-Gallium-Arsenide phosphide
(InP/InGaAsP) photocathode. This new detector
achieves high sensitivity of up to 1400 nm, which is
comparable with photon counting. By using the 1064-
nm lineof aNd:Y AG laser for excitation, we are able to
eliminate fluorescence amost entirely from the Raman
spectrum and minimize the effects of irradiation on the
human body. Thus, the three difficulties mentioned
above have been overcome by the present development
of the new near-infrared multichannel Raman system.

The issue that remainsis how clearly cancer can be
diagnosed by Raman spectroscopy. Asfar asthe authors
are aware, the present paper is the first in which this
issue is discussed on the basis of a statistical procedure
using a number of (210) Raman spectra of the same
human tissues (lung tissues) with and without cancers.

MATERIALS AND M ETHODS

We used specimens of 35 lungs extracted during
operations or obtained at autopsies. Of those specimens,
28 were from males and seven from females, with ages
ranging from 44 to 88 years (average, 66 years). The
histopathological diagnosesincluded 14 squamous cell
carcinomas, 18 adenocarcinomas, one adenosguamous
carcinoma, and two large cell carcinomas. None of the
patients had had radiotherapy or chemotherapy before
surgery. The lung specimens were preserved in 10%
formaldehyde solution. A cube of 5 mm was cut from
the cancerous portion of each lung, and Raman spectra
were measured at three different positions for each
sample. A total of 105 Raman spectrawere thus obtained
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from the cancerous samples. The same procedure was
followed for the non-cancerous part of each lung, also
giving atotal of 105 Raman spectra of non-cancerous
samples. All measurements were carried out under room
light and at room temperature.

The Raman spectroscopic system we used is shown
in Fig. 1. The 1064-nm line of a Nd:YAG laser
(repetition rate 25 kHz, pulse width 100 ns, average
power 120 mW at sampl e point) was used for excitation.
The laser beam was focused into a 0.1 mm x 1 mm
sample area by using two cylindrical lenses. The
backscattered light from the sample was collected by a
pair of lenses and focused on the entrance slit of a
polychromator and detected by anewly devel oped near-
infrared multichannel detector’® with an InP/InGaAsP
photocathode (Hamamatsu Photonics, Shizuoka, Japan,
guantum efficiency [11%). The detector was gated (100
ns gate width) in order to eliminate thermal noise and
contamination by room light. Two holographic notch
filters and a glass filter were used to eliminate elastic
scattering and room light, respectively. Exposure time
was 1 second. The spectrum was obtained 400 times,
then averaging was performed at each sampling point.
All measurements were made in the wavenumber range
of 1315 to 1720 cm™, and background was subtracted
from each spectrum (Fig. 2). The background curve for
each spectrum was determined by aleast squaresfitting
of a quadratic function to three data points in the
spectrum at 1367 cm, 1529 cm?, and 1720 cm L. These
three points were selected because they are not affected
by any Raman bands and therefore are suitable for
estimating the baseline. After the experiment, each tissue
sample was used to create ahematoxylin and eosin (HE)
stained specimen, and tissue diagnosis was performed
by a pathologist to establish the histopathological
diagnosis of the sample.

In order to standardize the Raman spectra of cancerous
and non-cancerous tissues, we averaged all the observed
Raman spectra to obtain two standard spectra, one for
canceroustissues (Sc) and one for non-cancerous tissues
(Snc) (Fig. 3). Note that the two spectra are normalized
so that total areaintensities are the same. Each observed
spectrum was then fitted by a least-squares calcul ation
to alinear combination of the two standard spectra,

Observed spectra=ax Sc + b x Snc,

where aand b are positive coefficients. If the observed
spectrum completely agrees with Sc, b=0, while if it
agrees with Snc, a=0. All the intermediate spectra have
non-zero aand b coefficients. Here we use theratio x=al
(at+b) as adiagnostic parameter. The parameter a/(a+b)
tends to be close to 1 if the spectrum contains more
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Fig. 1. Layout of the 1064-nm excited near-infrared multichannel Raman system.
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Fig. 2. Observed Raman spectra of cancerous and normal human

lung tissues.

characteristics of Sc, while it approaches 0 if the
spectrum more closely resembles Snc.

REesuLTs

Characteristic peaks for cancerous and non-cancerous tissues j

The observed Raman spectra of cancerous and non-
cancerous tissues after background subtraction were
compared (Fig. 2). Characteristic peaks were observed
at 1342 cm™, 1448 cm™, 1488 cm™, 1554 cm ™, and 1662
cm for both cancerous and non-cancerous tissues.
Another strong band was observed at 1610 cm™ for
cancerous tissues and a shoulder at 1627 cm™ for non-
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Fig. 3. Standard Raman spectra of cancerousand non-
cancer ous tissues.

cancerous tissues. For cancerous tissues, the two bands
at 1448 cm™ and at 1662 cm™ were much stronger than
the others, while for non-cancerous tissues, the1554 cm™?
band was as strong as the 1448 cm™ band. The 1448
cm band is assigned to the CHz— bending vibrations of
lipids and/or proteins and the 1662 cm™ band to the
amide | band of proteins.>™ The other weak bands were
assignable to nucleic acids and other molecular species,
but their detailed assignment will need further
consideration.

No tissue damage from laser irradiation was observed
inany of the cancerous or non-cancerous samples during
pathological examination after the Raman
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measurements.

Histogram presentation 4

A histogram presentation of the parameter X for all the
210 observed Raman spectrais shown in Fig. 4. Cancer
diagnosis by Raman spectroscopy would be meaningful
if the cancerous samples showed a strong tendency to
¥x=1 and the non-cancerous samples were inclined to
¥x=0. The histogram showsthat, for 102 of the 105 points
(97%) of the non-cancerous tissues, X is less than 0.5.
The three pointswith x>0.5 came from the same patient,
and, with this exception, al the points with x>0.5 were
from canceroustissues. All pointswith x<0.1 camefrom
non-cancerous tissues, with no cancerous tissues
involved.

Among the 105 measuring points from the cancerous
tissues, 12 had a coefficient between 0.1<x<0.5, and
these came from six patients. Among these six patients,
three had all three pointsin this range of 0.1<x<0.5. In
each of the three false cases, marked proliferation of
interstitial tissue was found. We consider that the nine
false spectra obtained from the three patients
corresponded to the mixture of cancerous and non-
cancerous tissues in accordance with the
histopathological findings.

Discussion

In previous studies,>*1-16 Raman spectroscopy with laser
power in the range of 40 to 500 mW was used with
measurement times ranging from 10 seconds to 35
minutes. Low laser power and short measurement times
were achieved only by visible excitation. For deep near-
infrared excitation at 1064 nm, the present laser power
of 120 mW and the measurement time of 1 second are
thelowest. These have been achieved thanksto the newly
developed near-infrared multichannel detector. The
effect of laser irradiation on tissue has thus been
minimized in the present study, using alow light dose
and long wavelength for excitation. In fact, no tissue
damage from laser irradiation was detected in any of
the cancerous or normal tissue samples examined in the
present study.

To discriminate cancerous tissues from non-cancerous
tissues, we used a calculation that set the cut-off point
at 0.5, which istheratio x=a/(at+b). We obtained arate
of sensitivity as high as 91% and a specificity of 97%
for canceroustissues. We consider these valuesvery high
compared with those in previous reports.*® A margin of
error of p<0.0001 was obtained using Fisher’ s exact test.
From these statistical data, x=0.5 seems to be a good
cut-off point. In our spectra analysis, we only subtracted
the background and did not have to perform any of the
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other mathematical procedures that were needed in
previous research. Owing to this much simpler
procedure, the measured spectra can be analyzed and
diagnosed immediately on a computer.

Raman spectroscopy has been applied to thediagnosis
of hepatocellular carcinoma,® uterine cervical cancer,*®
breast cancer,”® and malignant skin lesions.® However,
it had never been applied to the diagnosis of lung cancers,
primarily because of interference from the strong
fluorescence of unknown origin emitted from lung
tissuesif excited at shorter wavelengths. In the present
study, by using the 1064-nm near-infrared laser line, we
wereableto avoid the effect of fluorescence and obtained
high signal-to-noise ratio (S/N) Raman spectra of lung
tissues, which had previously been thought impossible
to measure. Furthermore, near-infrared |aser excitation
and gated detection made it possible to perform
measurements under room light. Although the tissue
sampleswe used were preserved in a10% formaldehyde
solution, the good correspondence between in vitro and
in vivo measurements has already been established in
previous research.® We believe results similar to those
shown here will be obtained from measurementson live
patients.

We were not able to differentiate normal tissue from
inflammatory tissue in the wavenumber range of 1315
to 1720 cm™. However, in the wavenumber range of
800 to 1800 cm™, we have confirmed significant
differences in near-infrared singlechannel Raman
spectroscopy. Another defect of our study is that we
could not examine benign lung nodular lesions such as
old tuberculosis, sclerosing hemangioma, and so on,
because they were not objectsfor operation. Even though
this arearemains to be researched, we at least were able
to define the difference between normal and cancerous
tissue.

We have also found a difference in spectra between
squamous cell carcinoma and adenocarcinoma.l’ A
typical Raman spectrum in the 1500 to 1700 cm™
wavenumber region of canceroustissueisshowninFig.
5. Using a curve-fitting analysis, we could decompose
the observed spectrainto five components, bands A to
E. Wemadeband A theintensity standard, and quantified
the spectral difference by the relative intensity of (band
B + band C) to band A. By using the cut-off point of
0.5, which istherelative intensity of (band B + band C)
to band A, we distinctly separated the Raman spectra of
adenocarcinoma and squamous cell carcinoma. Based
on this evidence, we consider that the Raman spectra
provide enough information to make the distinction not
only between cancerous and non-cancerous tissues but
also between cancerous tissues of different types.

In addition, we have succeeded in obtaining the
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Fig. 4. Histogram representation of the distribution of the
coefficient x=al/(a+b).

spectra of metastatic lung cancers and have found a
difference in spectra between primary and metastatic
lung cancers (not published). Therefore, Raman
spectroscopy will be established in the near future as a
powerful new tool for real-time in vivo minimally
invasive diagnosis of lung cancers.

Reliable lung cancer diagnosis has been shown to be
possible by using the newly developed near-infrared
multichannel Raman system. Raman spectroscopy
provides an objective analytical method of examining
the molecular composition of human tissuesand ishighly
useful in histopathological diagnosis. The system we
developed is safe for use on live patients and can be
used in vivo. In addition, we have succeeded in
devel oping a fiberscopic Raman spectroscopic system?®’
and have collected data from human skin. Therefore,
our system may replace biopsy as a new minimally
invasive method of diaghosing lung cancers.
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