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Abstract. We utilize multiphoton microscopy for the label-free diag-
nosis of noncancerous, lung adenocarcinoma�LAC�, and lung squa-
mous cell carcinoma �SCC� tissues from humans. Our results show
that the combination of second-harmonic generation�SHG� and mul-
tiphoton excited autoßuorescence�MAF� signals may be used to ac
quire morphological and quantitative information in discriminating
cancerous from noncancerous lung tissues. SpeciÞcally, noncance
ous lung tissues are largely Þbrotic in structure, while cancerou
specimens are composed primarily of tumor masses. Quantitative r
tiometric analysis using MAF to SHG index�MAFSI� shows that the
average MAFSI for noncancerous and LAC lung tissue pairs a
0.55±0.23 and 0.87±0.15, respectively. In comparison, the MAFSI
for the noncancerous and SCC tissue pairs are0.50±0.12 and
0.72±0.13, respectively. Our study shows that nonlinear optical mi-
croscopy can assist in differentiating and diagnosing pulmonary can
cer from noncancerous tissues.© 2009 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.3210768�

Keywords: multiphoton microscopy; autoßuorescence; second-harmonic genera
tion �SHG�; lung adenocarcinoma �LAC�; squamous cell carcinoma�SCC�.
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Introduction

ung carcinoma is the most prevalent form of can
orldwide.1 In Taiwan, the incidence of lung adenocarcino

n Taiwan is 42.1% and 73.5% among all male and fem
ung cancer patients, respectively.2 Clearly, the developme

Authors contributed equally to this work.
ddress all correspondence to: P. T. C. So, Department of Mechanical Engine

ng, Massachusetts Institute of Technology, Cambridge, MA 02139; Tel: 61
53-6552; Fax: 617-258-9346; E-mail: ptso@mit.edu; or Chen-Yuan Dong, D
artment of Physics, National Taiwan University, Taipei 10617, Taiwan; Te
86-2-3366-5155; Fax: 886-2-2363-9984; E-mail: cydong@phys.ntu.edu.tw
ournal of Biomedical Optics 044034-
of a minimally invasive imaging modality for rapid,ex vivoor
in vivo biopsy of this disease is of great medical signiÞca
However, prior to performingin vivo endoscopic investigatio
for clinical application,3 it is necessary to image and char
terize optical features of the chosen imaging technique
lung cancers underex vivoconditions.

Due to the advantages of two-photon microscopy4 and
other related nonlinear optical phenomena such as se
harmonic generation�SHG�, researchers have demonstra
the potential applications of this methodology in disease

1083-3668/2009/14�4�/044034/4/$25.00 © 2009 SPIE
July/August 2009 � Vol. 14�4�1
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gnosis and characterization. For instance, three-dimen
3-D� images of endogenous tissue ßuorescence can be
ively used for distinguishing normal, precancerous, and
erous epithelial tissues,5 detection of basal cell carcinom
BCC�,6,7 and determination of the structures of healthy
umor collagen.8 Moreover, in intravital studies, 3-D hig
esolution imaging of structural features and physiolog
unction in tumors have been demonstrated.9 In addition, SHG
ignal generated from tumor may be used to estimate
elivery characteristics.10 Furthermore, the movement of ca
er cells along the extracellular matrix networks was
isualized.11 The application of nonlinear optical microsco

s not limited to cancer-related studies. Other areas su
evelopmental biology, neurobiology, and orthopedics
lso beneÞted from the advantages of nonlinear op

maging.12Ð16

In this work, we proposed to utilize nonlinear optical
roscopy to image and analyzeex vivononcancerous and ca
erous lung tissues. Structurally, normal lung tissue is c
osed of collagen and elastic Þbers, with the epithelium o
lveolus as cells responsible for gas exchange. On the
and, cancers such as lung adenocarcinoma�LAC� and squa
ous cell carcinoma�SCC� are composed primarily of tum
asses. Since previous studies have shown that collag
ers are effective in producing second-harmonic gener
ignal and elastic Þbers along with cells�NAD�P�H, FAD�
an be autoßuorescent,13 multiphoton imaging may be effe
ive in discriminating noncancerous and cancerous lung
ues.

Materials and Methods
uman lung specimens used in this investigation were

ained from the Tissue Bank Core Facility for Genomic M
ine of National Taiwan University Hospital. Those fro
issues were stored in liquid nitrogen and include six ma
ng pairs of noncancerous�NC�/LAC specimens and Þv

atching pairs of NC/SCC tissues from the same pa
ach tissue block�approximately3� 3� 1 mm3 in volume�
as placed on the slide, mounted carefully and covered w
overslip�thickness0.17 mm�, and kept at room temperatu
or 10 minprior to imaging. The multiphoton imaging syst
tilized in this study is similar to one described previously6 A
ommercial, tunable, Ti-sapphire pulsed laser�Tsunami
pectra Physics, Mountain View, California� with a centra
avelength of 760 or780 nmwas used as the excitation lig
ource. The laser beam is scanned in the focal plane
alvanometer-driven,x-y mirror scanning system�Model
220, Cambridge Technology, Cambridge, Massachus�.
pon entering the imaging upright microscope�E800, Nikon
apan�, the laser beam was beam-expanded and reßecte
high numerical aperture�NA�, oil-immersion objective�S

luor 40� , NA 1.3, Nikon� by a primary, short-pass dichro
irror �700DCSPRUV, Chroma Technology, Rockingh
ermount�.

The average laser power irradiating the specimens
round10 mW, and the multiphoton autoßuorescence�MAF�
nd SHG signals produced at the focal volume are colle
y the same focusing objective. Prior to reaching the sin
hoton counting photomultiplier tubes�R7400P, Hamamats
amamatsu City, Japan� and homebuilt discriminators, MA
ournal of Biomedical Optics 044034-
-

and SHG signals are separated into separate simultaneo
tection channels. For LAC imaging, a secondary dichroic
ror �435DCXR, Chroma Technology� and two additiona
bandpass Þlters�HQ380/40 and 435LP/700SP� are used fo
the detection of SHG and broadband autoßuorescence
detection bandwidths for SHG and autoßuorescence
360 to 400 nmand435 to 700 nm, respectively. For imagin
tissues from the SCC patients, different dichroics�435DCXR,
495DCXR� and Þlter �HQ390/20, HQ465/70, HQ525/5�
combinations were used to achieve the detection bandwid
390� 10 nm�SHG� and two MAF channels with bandwidt
of 465� 35 and 525� 25 nm. To acquire large area imag
of human lung tissues for comprehensive diagnosis, we u
sample positioning stage�Prior ScientiÞc, Cambridge, UK�
for specimen translation after each optical scan�110
� 110� m2� . In this manner, large area multiphoton ima
composed of 12 by 12�total area:1320� 1320� m2 for
LAC� and 10 by 10�total area:1100� 1100� m2 for SCC�
small-area optical images were achieved for each spec
Public domain software ImageJ�National Institutes of Health
Bethesda, Maryland� was used to process raw images
signals. In addition, for data calculation of MAF to SHG
dex�MAFSI� results, the commercial software IDL�ITT Cor-
poration, Washington, DC� was utilized. Furthermore, to co
rect for imaging Þeld inhomogeneity, we used a home-wr
software, as described previously.17

In additional to qualitative imaging, we also used the qu
titative metric of MAF to SHG index�MAFSI� for image
analysis. This approach has been demonstrated to be us
the quantitative analysis of basal cell carcinoma and d
ently aged skin.6,13 In short, MAFSI was determined by cou
ing the number of pixels with MAF or SHG intensities abo
the chosen threshold levels. This approach was used to
nate effects on detected signal levels due to scattering
specimen-induced spherical aberration. The pixel numbe
the MAF signal�MAFp� and SHG signal�SHGp� were then
computed according to the ratiometric deÞnition of�MAFp
• SHGp� / �MAFp+SHGp� . According to this deÞnition, MA
FSI approaches the maximum value of 1 when only M
signals are present, and MAFSI approaches•1 when only
SHG signal is present. The MAFSI analysis on the LAC
sues was performed using broadband MAF, while that o
SCC tissues was achieved using the detection ban
465� 35 nm.

3 Results and Discussion
Large-area and high-resolution multiphoton imaging was
formed and representative images for noncancerous and
tissues are respectively shown in Figs.1�a� and 1�b� �MAF:
green� and SHG: blue�. Morphologically, normal and cance
ous lung tissues can be easily discriminated. First, the Þb
architecture of collagen�solid white arrow� and elastic Þbe
�dashed white arrow� is found to be widespread within no
cancerous lung tissue. The alveolus�enclosed region� and au
toßuorescent alveolar cells within�yellow arrow� representin
the conformation of normal lung tissue can be easily d
eated without extrinsic labeling. In comparison, the cance
specimens are primarily composed of cellular masses
comparison, histological images from the noncancerous
LAC tissues are respectively shown in Figs.1�c� and 1�d�.
July/August 2009 � Vol. 14�4�2
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urthermore, more SHG signal is observed in noncanc
han in LAC tissues. To better discriminate noncancerous
ancerous lung specimens, selected regions of interest�boxed
reas� in Figs. 1�a� and 1�b� are magniÞed and are resp
ively shown in Figs.2�a� and 2�b�. Several prominent fe
ures stand out. Note that in noncancerous lung tissue�Fig.
�a��, the collagen and elastic Þbers surrounding an alv
re well deÞned. Furthermore, alveolar cells can be iden
y MAF imaging and are fairly uniform in size and appe
nce. In contrast, multiphoton imaging of the LAC specim

n Fig. 2�b� shows that the Þbrotic connective tissues foun
oncancerous tissues are missing and that the imaged ce

rregular in shapes and sizes. In addition, cells underg
itosis �red arrow� can be identiÞed, indicating the ra
rowth of the cancer. Therefore, label-free, qualitative m
hoton imaging is effective in identifying features of LA

issues whose normal counterparts are composed larg
brotic connective tissues.

In addition to comparing morphological differences,
AFSI value can also yield quantitative comparison for c

er diagnosis. Assuming that the index distribution can

(B)(A)

ig. 2 �a� and �b� are magniÞed images from selected regions of i
erest in Figs.1�a� and 1�b� respectively. Image size: 220� 220 � m2.

(A

(C

A)

C)

(B

(D

)

)

ig. 1 Large area imaging�1320� 1320 � m2� of �a� noncancerous
ung and �b� LAC specimens. H&E stain of�c� noncancerous lung and
d� LAC specimens. Scale bar is 200� m.
ournal of Biomedical Optics 044034-
approximated to be Gaussian, the average and standard
tion of MAFSI from the six matching pairs of NC/LAC an
Þve matching pairs of the NC/SCC tissues can be calcu
Figure 3 along with Table1 show that the average MAFS
for NC and LAC tissues are0.55� 0.23 and 0.87� 0.15,
respectively. In comparison, the MAFSIs for the NC/SCC
sues are respectively0.50� 0.12and0.72� 0.13. The lower
MAFSI value found for noncancerous tissues indicates
fact that noncancerous tissues contain a higher conte
second-harmonic generating collagen Þbers, an obser
consistent with the morphological images of Figs.1 and 2.
However, both Fig.3 and Table1 show that the errors of th
MAFSI indices are sufÞciently large. This may be due
part, to the fact that imaging was performed on collapsed
tissues. Therefore, in future clinical applications, both
MAFSI index and multiphoton images need to be used
diagnostic purposes.

4 Conclusion
We have demonstrated that multiphoton autoßuorescenc
second-harmonic generation imaging may be effective in
ferentiating noncancerous from lung adenocarcinoma�LAC�
and squamous cell carcinoma�SCC� tissues under label-fre
ex vivo conditions. Noncancerous lung tissues contain
lagen and elastic Þbers with alveolar epithelial cells tha
uniform in appearance and size. On the contrary, lung ad
carcinoma tissues lack Þbrotic connective tissues and
composed of tumor masses. In addition, cells undergoing
tosis can be observed. Quantitative analysis using the m
photon autoßuorescence to second-harmonic generation
�MAFSI� supports the morphological images by measuri
lower overall second-harmonic generation signal within L
and SCC tissues. Our work demonstrates the feasibili
using multiphoton imaging in rapid,ex vivocancer biopsy i
tissues whose normal structures are rich in connective Þ
and suggests the possibility of applying multiphoton mic
copy for rapidex vivotissue diagnosis or implementing m
tiphoton endoscopes forin vivo cancer diagnosis and surge
guiding in the future.
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Fig. 3 Average MAFSI value along with standard deviation for non
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