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1 Introduction

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 autofluorescence (MAF) signals may be used to ac-
quire morphological and quantitative information in discriminating
cancerous from noncancerous lung tissues. Specifically, noncancer-
ous lung tissues are largely fibrotic in structure, while cancerous
specimens are composed primarily of tumor masses. Quantitative ra-
tiometric analysis using MAF to SHG index (MAFSI) shows that the
average MAFSI for noncancerous and LAC lung tissue pairs are
0.55+0.23 and 0.87+0.15, respectively. In comparison, the MAFSIs
for the noncancerous and SCC tissue pairs are 0.50+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]
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of a minimally invasive imaging modality for rapid, ex vivo or
in vivo biopsy of this disease is of great medical significance.

Lung carcinoma is the most prevalent form of cancer
worldwide.! In Taiwan, the incidence of lung adenocarcinoma
in Taiwan is 42.1% and 73.5% among all male and female
lung cancer patients, respectively.2 Clearly, the development
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However, prior to performing in vivo endoscopic investigation
for clinical application,’ it is necessary to image and charac-
terize optical features of the chosen imaging technique for
lung cancers under ex vivo conditions.

Due to the advantages of two-photon microscopy4 and
other related nonlinear optical phenomena such as second-
harmonic generation (SHG), researchers have demonstrated
the potential applications of this methodology in disease di-
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agnosis and characterization. For instance, three-dimensional
(3-D) images of endogenous tissue fluorescence can be effec-
tively used for distinguishing normal, precancerous, and can-
cerous epithelial tissues,” detection of basal cell carcinoma
(BCC),é’7 and determination of the structures of healthy and
tumor collagen.8 Moreover, in intravital studies, 3-D high-
resolution imaging of structural features and physiological
function in tumors have been demonstrated.” In addition, SHG
signal generated from tumor may be used to estimate drug
delivery characteristics.'” Furthermore, the movement of can-
cer cells along the extracellular matrix networks was also
visualized."" The application of nonlinear optical microscopy
is not limited to cancer-related studies. Other areas such as
developmental biology, neurobiology, and orthopedics have
also benefited from the advantages of nonlinear optical
imaging.lz"16

In this work, we proposed to utilize nonlinear optical mi-
croscopy to image and analyze ex vivo noncancerous and can-
cerous lung tissues. Structurally, normal lung tissue is com-
posed of collagen and elastic fibers, with the epithelium of the
alveolus as cells responsible for gas exchange. On the other
hand, cancers such as lung adenocarcinoma (LAC) and squa-
mous cell carcinoma (SCC) are composed primarily of tumor
masses. Since previous studies have shown that collagen fi-
bers are effective in producing second-harmonic generation
signal and elastic fibers along with cells [NAD(P)H, FAD]
can be autofluorescent,' multiphoton imaging may be effec-
tive in discriminating noncancerous and cancerous lung tis-
sues.

2 Materials and Methods

Human lung specimens used in this investigation were ob-
tained from the Tissue Bank Core Facility for Genomic Medi-
cine of National Taiwan University Hospital. Those frozen
tissues were stored in liquid nitrogen and include six match-
ing pairs of noncancerous (NC)/LAC specimens and five
matching pairs of NC/SCC tissues from the same patient.
Each tissue block (approximately 3 X3 X 1 mm?® in volume)
was placed on the slide, mounted carefully and covered with a
coverslip (thickness 0.17 mm), and kept at room temperature
for 10 min prior to imaging. The multiphoton imaging system
utilized in this study is similar to one described previously.® A
commercial, tunable, Ti-sapphire pulsed laser (Tsunami;
Spectra Physics, Mountain View, California) with a central
wavelength of 760 or 780 nm was used as the excitation light
source. The laser beam is scanned in the focal plane by a
galvanometer-driven, x-y mirror scanning system (Model
6220, Cambridge Technology, Cambridge, Massachusetts).
Upon entering the imaging upright microscope (E800, Nikon,
Japan), the laser beam was beam-expanded and reflected into
a high numerical aperture (NA), oil-immersion objective (S
Fluor 40X, NA 1.3, Nikon) by a primary, short-pass dichroic
mirror (700DCSPRUYV, Chroma Technology, Rockingham,
Vermount).

The average laser power irradiating the specimens was
around 10 mW, and the multiphoton autofluorescence (MAF)
and SHG signals produced at the focal volume are collected
by the same focusing objective. Prior to reaching the single-
photon counting photomultiplier tubes (R7400P, Hamamatsu,
Hamamatsu City, Japan) and homebuilt discriminators, MAF
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and SHG signals are separated into separate simultaneous de-
tection channels. For LAC imaging, a secondary dichroic mir-
ror (435DCXR, Chroma Technology) and two additional
bandpass filters (HQ380/40 and 435LP/700SP) are used for
the detection of SHG and broadband autofluorescence. The
detection bandwidths for SHG and autofluorescence were
360 to 400 nm and 435 to 700 nm, respectively. For imaging
tissues from the SCC patients, different dichroics (435DCXR,
495DCXR) and filter (HQ390/20, HQ465/70, HQ525/50)
combinations were used to achieve the detection bandwidth of
390 = 10 nm (SHG) and two MAF channels with bandwidths
of 465+ 35 and 525 %25 nm. To acquire large area images
of human lung tissues for comprehensive diagnosis, we used a
sample positioning stage (Prior Scientific, Cambridge, UK)
for specimen translation after each optical scan (110
X 110 wm?). In this manner, large area multiphoton images
composed of 12 by 12 (total area: 1320 1320 wm? for
LAC) and 10 by 10 (total area: 1100 1100 wm? for SCC)
small-area optical images were achieved for each specimen.
Public domain software ImageJ (National Institutes of Health,
Bethesda, Maryland) was used to process raw images and
signals. In addition, for data calculation of MAF to SHG in-
dex (MAFSI) results, the commercial software IDL (ITT Cor-
poration, Washington, DC) was utilized. Furthermore, to cor-
rect for imaging field inhomogeneity, we used a home-written
software, as described previously.17

In additional to qualitative imaging, we also used the quan-
titative metric of MAF to SHG index (MAFSI) for image
analysis. This approach has been demonstrated to be useful in
the quantitative analysis of basal cell carcinoma and differ-
ently aged skin.*"* In short, MAFSI was determined by count-
ing the number of pixels with MAF or SHG intensities above
the chosen threshold levels. This approach was used to elimi-
nate effects on detected signal levels due to scattering and
specimen-induced spherical aberration. The pixel numbers of
the MAF signal (MAF,) and SHG signal (SHG,) were then
computed according to the ratiometric definition of (MAFP
-SHG,)/ (MAF ,+SHG,). According to this definition, MA-
FSI approaches the maximum value of 1 when only MAF
signals are present, and MAFSI approaches —1 when only
SHG signal is present. The MAFSI analysis on the LAC tis-
sues was performed using broadband MAF, while that of the
SCC tissues was achieved using the detection band of
465+ 35 nm.

3 Results and Discussion

Large-area and high-resolution multiphoton imaging was per-
formed and representative images for noncancerous and LAC
tissues are respectively shown in Figs. 1(a) and 1(b) (MAF:
green) and SHG: blue). Morphologically, normal and cancer-
ous lung tissues can be easily discriminated. First, the fibrillar
architecture of collagen (solid white arrow) and elastic fibers
(dashed white arrow) is found to be widespread within non-
cancerous lung tissue. The alveolus (enclosed region) and au-
tofluorescent alveolar cells within (yellow arrow) representing
the conformation of normal lung tissue can be easily delin-
eated without extrinsic labeling. In comparison, the cancerous
specimens are primarily composed of cellular masses. For
comparison, histological images from the noncancerous and
LAC tissues are respectively shown in Figs. 1(c) and 1(d).
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Fig. 1 Large area imaging (1320X 1320 um?) of (a) noncancerous
lung and (b) LAC specimens. H&E stain of (c) noncancerous lung and
(d) LAC specimens. Scale bar is 200 um.

Furthermore, more SHG signal is observed in noncancerous
than in LAC tissues. To better discriminate noncancerous and
cancerous lung specimens, selected regions of interest (boxed
areas) in Figs. 1(a) and 1(b) are magnified and are respec-
tively shown in Figs. 2(a) and 2(b). Several prominent fea-
tures stand out. Note that in noncancerous lung tissue [Fig.
2(a)], the collagen and elastic fibers surrounding an alveolus
are well defined. Furthermore, alveolar cells can be identified
by MAF imaging and are fairly uniform in size and appear-
ance. In contrast, multiphoton imaging of the LAC specimen
in Fig. 2(b) shows that the fibrotic connective tissues found in
noncancerous tissues are missing and that the imaged cells are
irregular in shapes and sizes. In addition, cells undergoing
mitosis (red arrow) can be identified, indicating the rapid
growth of the cancer. Therefore, label-free, qualitative multi-
photon imaging is effective in identifying features of LAC
tissues whose normal counterparts are composed largely of
fibrotic connective tissues.

In addition to comparing morphological differences, the
MAFSI value can also yield quantitative comparison for can-
cer diagnosis. Assuming that the index distribution can be

Fig. 2 (a) and (b) are magnified images from selected regions of in-
terest in Figs. 1(a) and 1(b) respectively. Image size: 220X 220 um?.
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Fig. 3 Average MAFSI value along with standard deviation for non-
cancerous lung, LAC, and SCC tissues.

approximated to be Gaussian, the average and standard devia-
tion of MAFSI from the six matching pairs of NC/LAC and
five matching pairs of the NC/SCC tissues can be calculated.
Figure 3 along with Table 1 show that the average MAFSIs
for NC and LAC tissues are 0.55*0.23 and 0.87*=0.15,
respectively. In comparison, the MAFSIs for the NC/SCC tis-
sues are respectively 0.50 =0.12 and 0.72 = 0.13. The lower
MAFSI value found for noncancerous tissues indicates the
fact that noncancerous tissues contain a higher content of
second-harmonic generating collagen fibers, an observation
consistent with the morphological images of Figs. 1 and 2.
However, both Fig. 3 and Table 1 show that the errors of the
MAFSI indices are sufficiently large. This may be due, in
part, to the fact that imaging was performed on collapsed lung
tissues. Therefore, in future clinical applications, both the
MAFSI index and multiphoton images need to be used for
diagnostic purposes.

4 Conclusion

We have demonstrated that multiphoton autofluorescence and
second-harmonic generation imaging may be effective in dif-
ferentiating noncancerous from lung adenocarcinoma (LAC)
and squamous cell carcinoma (SCC) tissues under label-free,
ex vivo conditions. Noncancerous lung tissues contain col-
lagen and elastic fibers with alveolar epithelial cells that are
uniform in appearance and size. On the contrary, lung adeno-
carcinoma tissues lack fibrotic connective tissues and are
composed of tumor masses. In addition, cells undergoing mi-
tosis can be observed. Quantitative analysis using the multi-
photon autofluorescence to second-harmonic generation index
(MAFSI) supports the morphological images by measuring a
lower overall second-harmonic generation signal within LAC
and SCC tissues. Our work demonstrates the feasibility of
using multiphoton imaging in rapid, ex vivo cancer biopsy in
tissues whose normal structures are rich in connective fibers
and suggests the possibility of applying multiphoton micros-
copy for rapid ex vivo tissue diagnosis or implementing mul-
tiphoton endoscopes for in vivo cancer diagnosis and surgery
guiding in the future.
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Table 1 MAFSI values for noncancerous, LAC, and SCC human lung tissues for the six- and five-pair specimens imaged. Averaged MAFSI values
are also shown.

Specimen no.

Tissue type 1 2 3 4 5 6 Average
Noncancerous 0.26+0.17 0.75+0.11 0.81£0.16 0.42+0.16 0.72+0.16 0.35+0.16 0.55+0.23
LAC 0.57+£0.26 0.87+0.13 0.93+£0.17 0.99+0.01 0.95+0.03 0.95+0.06 0.87+0.15
(grade 1) (grade 2) (grade 2) (grade 3) (grade 3) (grade 3)
Noncancerous 0.31+£0.12 0.57+0.13 0.45£0.15 0.62+£0.17 0.53+0.09 0.50+0.12
SCC 0.62+0.16 0.61+0.13 0.69+0.18 0.77£0.12 0.91+0.06 0.72+0.13
(grade 1) (grade 1) (grade 2) (grade 3) (grade 3)
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