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Abstract. We explore diagnostic utility of a multicolor excitation multimodal nonlinear optical (NLO) microscopy
for noninvasive detection of squamous epithelial precancer in vivo. The 7,12-dimenthylbenz(a)anthracene treated
hamster cheek pouch was used as an animal model of carcinogenesis. The NLO microscope system employed was
equipped with the ability to collect multiple tissue endogenous NLO signals such as two-photon excited fluores-
cence of keratin, nicotinamide adenine dinucleotide, collagen, and tryptophan, and second harmonic generation of
collagen in spectral and time domains simultaneously. A total of 34 (11 controlled and 23 treated) Golden Syrian
hamsters with 62 in vivo spatially distinct measurement sites were assessed in this study. High-resolution label-free
NLO images were acquired from stratum corneum, stratum granulosum-stratum basale, and stroma for all tissue
measurement sites. A total of nine and eight features from 745 and 600 nm excitation wavelengths, respectively,
involving tissue structural and intrinsic biochemical properties were found to contain significant diagnostic infor-
mation for precancers detection (p < 0.05). Particularly, 600 nm excited tryptophan fluorescence signals emanating
from stratum corneum was revealed to provide remarkable diagnostic utility. Multivariate statistical techniques
confirmed the integration of diagnostically significant features from multicolor excitation wavelengths yielded
improved diagnostic accuracy as compared to using the individual wavelength alone. © 2013 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.3.036001]
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1 Introduction
Squamous cell carcinoma (SCC), arising from various human
anatomic sites, including esophagus, oral cavity, lung, and cer-
vix, is the most common cancer capable of metastatic spread
worldwide.1 Early diagnosis and localization of premalignant
lesions along with effective clinical treatment (e.g., surgical
resection) is crucial towards improving SCC patients’ sur-
vival.1,2 However, current conventional clinical method to detect
the high-risk lesionsis usually based on visual inspection.3,4

Subtle tissue transformation may not be apparent, limiting diag-
nostic accuracy.3,4 Positive biopsy is the standard criterion for
squamous precancer diagnosis, but is invasive and impractical
for screening high-risk patients who may have multiple suspi-
cious lesion sites. Therefore, a noninvasive imaging technique
permitting direct assessment of tissue architectural, cellular/
subcellular morphology and biochemical information from sus-
picious lesions in vivo would represent a significant advance-
ment in the oncology realm for tissue precancer diagnosis.

Nonlinear optical (NLO) microscopy is a powerful imaging
technique that possesses inherent three-dimensional imaging
capability, deep tissue penetration, and low photodamage.5,6

In particular, it offers the advantage of label-free subcellular res-
olution imaging through probing tissue endogenous NLO sig-
nals.5 Hence, in the last decade NLO microscopy has gained
much attention from scientific and medical community for ex
vivo and in vivo imaging of precancerous and cancerous tissues
in various organ parts of animal models and human subjects.7–13

For instance, two photon excited fluorescence (TPEF) imaging,
one of the most commonly used NLO imaging technology, can
detect mitochondria-related metabolic coenzymes such as nico-
tinamide adenine dinucleotide (NADH) in different tissue patho-
logical conditions, including precancers.7,9–12 This label-free
imaging modality has shown to provide valuable cellular/subcel-
lular morphological and biochemical information for prema-
lignancy diagnosis.7,10,12 Additionally, intrinsic TPEF signals
of structural proteins within the epithelia (e.g., keratin) have
also been unraveled to contain significant diagnostic informa-
tion for identification of preneoplasia.10,14 Through the use of
a second harmonic generation (SHG)-based NLO microscopy,
the stroma layer underlying the epithelia has also been revealed
to hold significant endogenous collagen structural and molecu-
lar signals that correlate highly with intraepithelial neoplasia
tissue transformation.8 In general, various individual NLO tech-
niques have been demonstrated to hold significance potential
to be clinically applied for precancer tissue diagnosis in situ.7,8

Therefore, a multimodal microscopy integrating different NLO
techniques can potentially provide more accurate diagnostic
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information for aiding early detection of squamous epithelial
precancers.

It is known that a single near-infrared (NIR) excitation light
(e.g., 720 to 780 nm) is capable to elicit valuable TPEF signals
of NADH, keratin, and collagen, and the SHG signal of collagen
in the epithelial mucosa tissue.15,16 Hence, to date, most of the
multimodal NLO imaging combinations have centered upon
the single near infrared (NIR) excitation light for precancer
and cancer tissue diagnosis.10,11 This strategy, however, impedes
potential endogenous NLO signals that necessitate in other
wavelength range for excitation to be readily investigated for
diseased tissue diagnosis. For example, NLO signals of amino
acids such as TPEF of tryptophan remains unexplored in the
literature for precancer and cancer diagnosis as it requires opti-
mal excitation light in the visible spectral domain (e.g., ∼560 to
600 nm);17 despite being consistently demonstrated to be pivotal
towards premalignancy and malignancy tissue detection in dif-
ferent organs ex vivo with harmful one-photon ultra-violet fluo-
rescence excitation techniques.18–20 Very recently, our group
successfully developed a unique multicolor excitation-based
multimodal NLO microscopy, which can simultaneously collect
TPEF of NADH, keratin, collagen, and tryptophan, and SHG of
collagen in biological tissues in vivo.21 The system was further
equipped with time- and spectral-resolved detection modalities,
facilitating sophisticated analysis of the complex NLO signals,
thereby increasing the diagnostic power of the multicolor-based
excitations multimodal NLO microscopy.22 In this study, we
characterize the squamous epithelial endogenous signals probed
from the multimodal NLO system at different epithelial mucosa
tissue layers from stratum corneum to stroma. Additionally, we
aim to assess the diagnostic efficacies of the NLO image-derived
diagnostic parameters from the various excitation wavelengths
alone and collectively for in vivo detection of preneoplastic
lesion. In the in vivo study, 7, 12-dimenthylbenz(a)anthracene
(DMBA) hamster cheek pouch carcinogenesis model was uti-
lized to systematically evaluate the efficacy of multimodal
system for in situ diagnosis of various squamous preneoplasia
grades.

2 Materials and Methods

2.1 DMBA-Treated Hamster Cheek Model of
Squamous Epithelial Precancer

The conventional Golden Syrian hamster (Mesocricetus auratus)
cheek pouch model was used.23 A total of 23 animals were
subjected to application of 0.5% DMBA in mineral oil (DMBA-
treated model) three times per week on the right cheek pouch.
This resulted in the development of different precancerous
grades over a period of 20 weeks. To establish a control group
for comparison, 11 animals were subjected to only mineral oil
using the same technique as described for DMBA-treated
model. At 11 to 20 weeks after the commencement of the treat-
ment, three animals including 2 treated and 1 control were
measured and subsequently sacrificed every week. This study
was approved by the Hong Kong University of Science and
Technology Animal Care Committee.

2.2 Multicolor Excitation-Based Multimodal NLO
Microscope

The instrument developed for in vivo microscopic studies of
TPEF and SHG signals from epithelial tissues has been

previously described in detail elsewhere.22 Briefly, the 745 nm
beam (NIR) from femtosecond laser (Coherent, Mira-900) was
divided into two parts by a beam splitter (BP145B2, Thorlabs).
One part of the laser light was used to pump a photonic crystal
fiber (PCF, NL-1.4-775, Crystal Fiber) for generation of an
ultrafast supercontinuum that was subsequently bandpass fil-
tered (D600/40M, Chroma) to extract 600� 20 nm visible
light (VIS). The remaining part of the laser light was utilized
to combine with the VIS-supercontinuum at 600 nm for produc-
ing multicolor excitation source in this system. The excitation
and emission light were coupled through an in-house developed
upright microscope with a water immersion objective (40×,
1.15 NA, Olympus), providing lateral and axial resolution of
approximately 0.4 and 1.5 μm, respectively. A nondescanned
detection configuration primarily comprising of a dichroic
mirror (FF510, Semrock) and short-pass filters (SP01-532RU/
FF01-680SP) was used to deliver emitted NLO signals to a
Czerny-Turner spectrograph (MS125, LOT-Oriel). A linear
array of photomultiplier tube (PMT) connected to a time-corre-
lated single photon counting (TSCPC) module (PML-16-C-0
and SPC-150, Becker & Hickl) was used to detect the NLO
emission signals. The measurement wavelength covers 16 con-
secutive spectral bands from 300 to 500 nm at a 13 nm interval.
The instrument response function of the time-resolved spectro-
scopic system, measured by the reflection of the femtosecond
laser light, was approximately 230 ps at full width half
maximum.

2.3 In Vivo Imaging Acquisition Procedure

Prior to in vivo tissue measurement, the hamster was intraper-
itoneally anaesthetized with a mixture of 150 mg∕kg ketamine
and 75 mg∕kg xylazine. Subsequently, the right cheek pouch
was everted and stretched over a 6 mm diameter pole. This
facilitates buccal epithelial surface to be accessible by the
microscopy objective for tissue examination. Before each mea-
surement, to minimize residual food residual interference within
the oral cavity, the cheek pouch was wiped with saline. In each
animal, 1 to 2 spatially distinct tissue sites were selected for
subsequent biopsy removal. Within each tissue site, to account
for intra-site variability, 2 to 4 different locations were eventu-
ally measured by the NLO microscopy. En face images of
100 × 100 μm2 (128 × 128 pixels) were acquired at different
tissue depths through 3 μm z-step intervals. The first image of
the z-stack was taken from above the epithelial tissue surface.
The remaining images of the z-stack were recorded until the
signal was completely attenuated and/or no discernible pattern
could be identified. 745-nm-excitation z-stack acquisitions
generally preceded the 600-nm-excitation z-stack at the same
measurement location. To ensure similar light fluence rate at
different tissue layer depths, mean excitation powers at the sam-
ples were adjusted to between 10 to 40 and 10 to 15 mW for 745
and 600 nm excitations, respectively (deeper layer typically
necessitates higher power). Each image was scanned for a period
of 8 s. There was no significant change in the photon count rates
during image acquisition, affirming negligible photobleaching
effect on the tissue measurement sites. Note that before the
commencement of each experiment, the fluorescence of stan-
dard NADH and tryptophan solution were measured to ensure
the spectral-lifetime measurements were consistent between
different time periods of experimentation.
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2.4 Histopathology

After the completion of optical interrogation measurements at
a biopsy-designated tissue site, it was ink-labeled. Once all
biopsy-designated tissue sites were ink-labeled, 4 mm diameter
tissues were punch-biopsied from these locations. The biopsy
samples were fixed in 4% formaldehyde solution and submitted
for histopathologic evaluation by experienced pathologists.
The results showed that among the 62 samples submitted for
histopathological examination, 18 were normal, 30 were mild
dysplasia, seven were moderate dysplasia, three were severe
dysplasia, and four were carcinoma in situ (CIS). Since the har-
vested severe dysplasia and CIS tissue samples were small, the
two pathology grades were grouped into one group (n ¼ 7) to
increase statistical power.

2.5 Quantification of Morphologic Parameters

The NLO images acquired at different depth facilitate image
stacks to be clearly separated into three distinct layers: stratum
corneum, stratum granulosum–stratum basale, and stroma
(details are provided Figs. 1 and 2). Through identifying the
image planes where the three distinctive tissue layer unique spa-
tial features first appear, the different tissue layer thickness can
be calculated and used for statistical analysis in this work.10,24

As the tissue layer from stratum granulosum to stratum basale
conventionally provides crucial diagnostic information during
histopathological examination of precancers,7,10,25 we analyzed
their NLO images in detail. Briefly, the density and area of
nucleus in each TPEF image plane was determined through the
use of ImageJ (NIH) and CellAnalyst (AssaySoft, Inc. version
2.0) software. Empirical trials indicated a mono-exponential
function and a linear model were best fitted to calculate the
changes of density and area of nucleus with tissue depth, respec-
tively. The gradient coefficients from the two models were uti-
lized for quantitative analysis of changes of nucleus density and
area associated with the progress of precancer development.

In this study, collagenous structural organization within the
stroma layer was also investigated.8 In general, image spatial
information from the 745-nm-induced SHG scattering of non-
centrosymmetric collagen fibril was explored for texture and
spatial frequency content analysis. A gray-level co-occurrence
matrix (GLCM) analysis,26 based upon joint intensity probabil-
ity distribution statistics belonging to pairs of neighboring pixels
within an image, was utilized for texture analysis [GLCM tex-
ture analyzer module (v0.4) in ImageJ software (NIH)]; while,
fast Fourier transform (FFT) analysis was used to determine the
spatial frequency content of an image. As most of the spatial
information are localized in the low spatial frequency domain
at less than 10 μm−1 (excluding the 0 μm−1) (data not shown),
a summed up approach of spatial frequency content less than
10 μm−1 was carried out and used in this investigative work.8

2.6 Quantification of Biochemical Information from
TPEF and SHG

TPEF lifetime parameters within the epithelia, and image inten-
sities belonging to TPEF and SHG of collagen in stroma matrix
were utilized for biochemical analysis. A dual exponential func-
tion model α1 e−τ1 þ α2 e−τ2 was employed to compute fluores-
cence lifetime parameters.24 The TPEF signals from all the
pixels within an image at a tissue depth were integrated to
calculate the representative time-decay for improving fitting

accuracy. A custom-written global fitting algorithm that sets
τ1 and τ2 as the global parameter for the spectral-resolved life-
time decay was subsequently employed for analysis in each
TPEF image.27 Note that the tissue lifetime information within
the same tissue layer are similar; therefore, TPEF lifetime sig-
nals in the stratum corneum and stratum granulosum–stratum
basale were volume-averaged within corresponding tissue
layers, respectively. To evaluate the changes of collagen network
in stromal layer with the progress of precarcinogenesis, a ratio-
metric algorithm was employed to correlate intensities of TPEF
and SHG belonging to collagen in stromal layer. It is basically
computed through summation of pixels’ intensities possessing
both TPEF and SHG collagen signals in an image plane,
followed by the division of the TPEF by the SHG signals.8

2.7 Multivariate Statistical Algorithm

To correlate the various diagnostic parameters for multiclass
tissue classification, multiple discriminant analysis (MDA) was
employed.28 MDA essentially determines linear discriminant
functions that maximize the variances in the data between
groups while minimizing the variation between members of the
same group. It can generate a maximum of C-1 linear discrimi-
nant functions, where C is the number of categories involved for
classification. In this study, a three-class tissue classification
algorithm was implemented. The overall accuracy rate of the
trichotomous diagnostic algorithm derived for identifying differ-
ent squamous tissue types was evaluated through a Mossman’s
three way receiver operating characteristic (ROC).28 The
Mossman’s three way ROC technique utilizes the correct clas-
sification rates [i.e., true-positive rate (sensitivity)] to construct
a three-dimensional surface for the three-group tissue classifica-
tion.28 The volume under the three-group ROC surface (VUS)
provides the overall accuracy rate of trichotomous diagnostic
algorithms for tissue diagnosis.28 One notes that a VUS of 0.17
indicates an accuracy of not better than random chance in clas-
sifying three different categories, while a VUS of 1.00 signifies
a perfect accuracy rate.

3 Results

3.1 In Vivo Multicolor Excitation NLO Signals and
Images of Squamous Mucosa

Figure 1(a) to 1(d) exemplify the in vivo NLO emission spectra
measured from various tissue depths from normal tissue at exci-
tations of 745 and 600 nm, respectively. With 745 nm excitation,
notable spectral peak at 470 nm, representing TPEF of kera-
tin,16,21 can generally be observed in stratum corneum (SC),
the topmost epithelial tissue that possesses indiscernible subcel-
lular structures such as the nucleus. On the other hand, the TPEF
signal of NADH peaked at 450 nm was found in the deeper epi-
thelial tissues, the stratum granulosum–stratum basale (SG-SB)
layer, which holds clear cellular and nucleus boundaries.16,21

Strong sharp peak signal at approximately 373 nm in tandem
with faint broad TPEF emission peak around 450 nm were
sequentially detected in stromal layer underlying SG-SB
layer, where fibrous structures are abundant; these signals are
indicative of SHG and TPEF signals of collagen, respectively,
in the stroma matrix.16,21 With 600 nm excitation, prominent
emission spectral peak at 350 nm, which indicates tryptophan,21

was typically found throughout the entire epithelia tissues layer,
as well as in the stroma. The spectral curves in Fig. 1 clearly
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show that as long as the 600 nm excited tryptophan TPEF signal
is not completely dominant, the interference of its tail to 745 nm
excited TPEF signals is negligible. On the other hand, though
SHG signal overlaps with tryptophan fluorescence, it can be
easily separated from the fluorescence signal in time domain
because SHG is prompt while the lifetime of tryptophan fluo-
rescence is over 2 ns.21,22 Therefore, the two-color excitation

NLO signals/images can be generated simultaneously and
they are almost crosstalk-free.

Figure 2 further illustrates the simultaneously generated
TPEF and SHG images of squamous epithelium mucosa at vary-
ing tissue depths during the different stages of premalignancy
progression (i.e., normal, mild dysplasia, moderate dysplasia,
severe dysplasia/CIS). Enucleated cell in the SC layer, dark
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Fig. 2 Representative in vivo depth-resolved color-coded images formed with TPEF signals of keratin, NADH, collagen, and tryptophan in squamous
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Fig. 1 In vivo NLO spectral signals and TPEF images from normal squamous epithelial mucosa at different tissue depths. The NLO spectral signals
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470, 450, and 350 nm are marked with asterisks, as well the collagen SHG peaked at 373 nm. The images at certain tissue depth displayed below the
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nucleus cells within the SG-SB layer can be consistently ob-
served across the different intraepithelial neoplasia pathologies
with 745 and 600 nm excitation wavelengths. Collagenous fiber
structures in the stroma can be clearly visualized using 745 nm
excitation in all pathologies. As a result, multicolor excitation
TPEF and SHG-based multimodal microscopy enables label-
free identification of distinctive tissue layers. It can effectively
provide depth-resolved tissue structural (tissue architecture and
cellular/subcellular morphology) and biochemical (TPEF spec-
tral and temporal characteristics) information for epithelial
pathology diagnosis.

3.2 Bio-Morphological and Biochemical Changes
in Different Tissue Sublayers

As shown in Fig. 2, the TPEF images excited at 745 and 600 nm
in SC and SG-SB layers provide almost identical morphological
information, while SHG and TPEF signals excited at 745 nm

show clear fibrous structure of collagen network. In this
work, we analyzed the 745 and 600 nm excited NLO images
and derived a set of parameters to quantify the tissue architecture
and cell morphology SC and SG-SB layers, while extracted tex-
ture and spatial parameters from the collagen network in stromal
layer based on SHG images excited at 745 nm.7,8,10 Figure 3(a)
to 3(f) presents the mean �1 standard error (SE) of the param-
eters for various tissue pathologies in SC, SG-SB and stroma
layers [i.e., normal (n ¼ 55), mild dysplasia (n ¼ 90), moderate
dysplasia (n ¼ 23), and severe dysplasia/CIS (n ¼ 24)]. In com-
parison to normal, the thickness of SC and SG-SB layers are
remarkably higher in all preneoplastic grades, while the gra-
dients of epithelial cell density and cell nucleus area in the
SG-SB layer are considerably lower. In stromal layer, the texture
parameter of collagen fiber architecture, is notably lower in all
precancerous grades, while the low spatial frequency content
(<10 μm−1) is considerably higher. Kruskal-Wallis post hoc
test from Statistica software (version 7.0, StatSoft, Tulsa,
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Oklahoma) was further applied to provide quantitative pairwise
pathology comparisons.29 The diagnostic significances (p-val-
ues) analysis results summarized in Table 1 showed remarkable
alterations of all the tissue architectural and cellular/subcellular
morphologic parameters associated with precancerous tissue
transformation. Therefore, it is evident all tissue architectural
and cellular/subcellular morphologic parameters derived from
multimodal NLO imagesin the epithelial (4 features) and stroma
layer (2 features) contain significant diagnostic utilities (p <
0.05). They can be used for differentiation among the various
pathologies in association with premalignancy progression.

As the multimodal imaging system was equipped with the
ability to collect multiple NLO signals in spectral and time
domains simultaneously, a variety of TPEF signals related to
tissue biochemistry (i.e., collagen, NADH, keratin, and trypto-
phan) measured at different tissue layers can be analyzed. The
mean �1 SE of τ1, τ2, and α1∕α2 values belonging to lifetime
decay of 745 nm excited TPEF signals in SC and SG-SB layers,
and TPEF/SHG intensity ratios in stromal layer are shown in
Fig. 4(a) to 4(g); whereas, the lifetime parameters (i.e., τ1,
τ2, and α1∕α2) excited by 600 nm in SC and SG-SB layers
are presented in Fig. 5(a) to 5(f). The corresponding statistical
significances parameters (Kruskal-Wallis post hoc test derived
p-values) of the 745 and 600 nm excited biochemical parame-
ters between pairwise pathology comparisons are displayed in
Table 2. Clearly, in the SC layer, the 600 nm excited tryptophan
signals were found to contain remarkable diagnostic informa-
tion. Specifically, the lifetime (τ1 and τ2) of tryptophan fluores-
cence signals were observed to increase notably with the
development of precancers, whereas the α1∕α2 values were
shown to decrease significantly. In SG-SB layer, the τ2 lifetime

of NADH and tryptophan TPEF signals excited at 745 and
600 nm were found to considerably decrease and increase,
respectively. Probing deeper into the tissue where the stroma
matrix was situated, the intensity ratio of TPEF/SHG from
collagen using 745 nm excitation was observed to increase
significantly with preneoplastic progression. Overall, three and
four parameters from 745 and 600 nm excitation wavelengths,
respectively, related to the tissue intrinsic biochemistry, are
found to be diagnostically significant towards squamous
precancers differentiation (p < 0.05) (Table 2).

3.3 Combinations of Multiple Diagnostic Feature
Parameters for Precancer Detection

To correlate the different diagnostic features for detection of
squamous epithelial precancers, multiple discriminant analysis
(MDA) was employed.28 Figure 6(a) illustrates the two-dimen-
sional plot of the linear discriminant (LD) functions generated to
separate the four different pathological groups (i.e., normal,
mild dysplasia, moderate dysplasia, and severe dysplasia/CIS)
using all 13 diagnostically significant parameters from the
multicolor excitation listed in Tables 1 and 2 (p < 0.05). The
data point of each tissue measurement site is plotted in the
two-dimensional space defined by the LD functions. The points
of all the measurement data belonging to the same pathology
category are used to generate one SD confidence ellipse (i.e.,
1SD away from the centroid of the scatter data points belonging
to each tissue type). As the confidence ellipses of moderate dys-
plasia, and severe dysplasia/CIS typically overlapped with each
other significantly, the two pathology categories were grouped
together as high-risk squamous intraepithelial neoplasia (SIN).

Table 1 Diagnostic significance (p-value) based on Kruskal-Wallis post hoc mean ranking test for the various tissue architectural and cellular/
subcellular morphologic parameters in association with different pathologies at disparate tissue layers.

Tissue
layer

Excitation
wavelength

Tissue
architecture/
morphology
parameters

Pairwise pathology comparison Kruskal-Wallis p-values

Normal
versus

Mild dysplasia
versus

Moderate
dysplasia
versus

Mild
dysplasia

Moderate
dysplasia

Severe
dysplasia/

CIS
Moderate
dysplasia

Severe
dysplasia/

CIS

Severe
dysplasia/

CIS

SC 745∕600 nm Thickness 1.00E − 17 1.10E − 7 1.00E − 17 1.00 1.04 1.00

SG-SB 745∕600 nm Thickness 4.22E − 4 2.38E − 4 3.94E − 8 8.74E − 1 7.78E − 3 1.00

Cellular density
gradient

1.03E − 3 1.66E − 5 6.26E − 8 1.55E − 1 5.89E − 3 1.00

Cell nucleus area
gradient

1.00 2.78E − 6 2.79E − 5 2.44E − 7 2.28E − 7 1.00

Stroma 745 nm Collagen texture
parameter

1.18E − 1 5.19E − 5 1.00E − 17 1.52E − 2 2.70E − 8 1.67E − 1

Collagenous low
spatial frequency

content
(<10 μm−1)

1.42E − 2 5.41E − 4 6.40E − 11 3.18E − 1 3.93E − 6 1.08E − 1

Note: SC denotes stratum corneum; SG-SB represents stratum granulosum–stratum basale. p-values that are underlined denote statistical significance at
p < 0.05.
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This resulted in a single confidence ellipse denoting all SIN data
points. It is evident that the confidence ellipse of mild dysplasia
(low-risk SIN) overlay marginally with normal and high-risk
SIN, while the confidence ellipses of normal and high-risk
SIN are distinctively apart. For a quantitative analysis of the
diagnostic efficacies for separation of normal, low- and high-
risk SIN, a three-dimensional ROCwere utilized.28 The trichoto-
mous ROC [Fig. 6(b)] generated from the corresponding scatter
plot [Fig. 6(a)] provide respective volume under the ROC sur-
face (VUS) of 0.734 for squamous precancer tissue pathology
classification.

As displayed in Fig. 6(c), an analysis of the diagnostic util-
ities through using features from 745 nm excitation alone (six
image-derived features from stratum corneum to stroma and
three biochemical information from keratin, NADH, and colla-
gen) showed VUS of 0.647, while with 600 nm excitation alone
(4 image-derived features in the epithelial and 4 tryptophan bio-
chemistry signals) VUS is 0.695. This indicated that 600 nm
excited NLO signals provide considerably higher diagnostic
value than 745 nm excited signals. In comparison with the
results using features from both 745 and 600 nm excitation,
it is confirmed that the integration of diagnostically significant
features extracted from the multicolor excitation wavelengths
provides improved diagnostic accuracy. To further determine
the robustness of the 13 features employed for precancer

diagnosis, leave-one animal-out (all data associated with the ani-
mal), cross-validation technique was also applied to the MDA
algorithm.28 Predictive sensitivity and specificity of 85.4%
(117∕137) and 92.7% (51∕55), respectively, were achieved
for squamous precancer detection from normal tissues, whilst
diagnostic sensitivity of 83.0% (39∕47) and specificity 80.0%
(72∕90) were yielded for differentiating high-risk SIN from
the low-risk intraepithelial lesion (i.e., mild dysplasia). The
high sensitivities and specificities demonstrate the multicolor
excitation-multimodal NLO imaging to provide extensive valu-
able information for in vivo noninvasive diagnosis of squamous
intraepithelial neoplasia.

4 Discussions

4.1 NLO Signals/Images Excited at 600 nm

In this work, we discovered that new excitation light at 600 nm
for TPEF imaging improved the diagnostic capability of NLO
microscopy for squamous precancer diagnosis in situ. Our
results determine, for the first time, the TPEF lifetime parame-
ters of tryptophan within the keratinized or keratinizing layer
(stratum corneum), and the nonkeratinized layer (stratum gran-
ulosum—stratum basale) to alter significantly with precancer-
ous squamous tissue development in vivo. Specifically, time
decay of tryptophan TPEF signal within the stratum corneum
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Fig. 4 Analysis of lifetime decay of 745 nm excited TPEF signals (NADH, keratin, and collagen). Mean �1 SE of τ1, τ2, and α1∕α2 values for various
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layer was unraveled to alter significantly with precancerous
development in squamous epithelial tissue. As the stratum cor-
neum layer is generally keratinized or keratinizing, the dense
network of keratin, possibility of various types, is expected;30

hence, we studied TPEF from different keratin subtypes at
600 nm excitation (data not shown). We observed strong tryp-
tophan TPEF emission peaked at 350 nm from all the keratin
subtype samples. Therefore, it is highly possible that the strong
TPEF tryptophan signals measured from the stratum corneum
in vivo arises from keratin proteins.31 The discovery of rich diag-
nostic information from TPEF signals of stratum corneum is
essentially in good agreement with histopathological findings,
which affirmed the extent of keratinization in stratum corneum
in SCC is usually altered (lower) as compared to normal tissues
(i.e., dysplasia and SCC: keratinizing stratum corneum; normal:
keratinized stratum corneum).32 The fluorescence lifetime of
tryptophan, one of the fundamental amino acids serving as
the building block of protein molecule such as keratins, can cap-
ture the subtle change of keratin expression information occur-
ring at the molecular level within stratum corneum in vivo. On
the other hand, in the supra-basal epithelia layer, we found the
long lifetime component of 600 nm excited tryptophan TPEF
signal to increase notably with precancerous progression.
This is most likely due to changes of epithelia intracellular
microenvironment with precancerous progression.33,34 For
example, the modification of preferred binding sites in tumor
tissue could influence the microenvironment of proteins near

to the NADþ binding sites (e.g., carboxyl-terminal binding pro-
tein).35 In general, our results elucidated novel valuable diagnos-
tic parameters in association with TPEF of tryptophan within the
different tissue layers of epithelia for detection of squamous
intraepithelial neoplasia. Further study is on-going to accurately
determine the spectral origin of the TPEF emission at 600 nm
from the different tissue layers that will change with dysplastic
tissue transformation.

4.2 NLO Signals/Images Excited at 745 nm

With 745 nm excitation, we found various diagnostically signifi-
cant parameters from stratum corneum to stroma. In particular,
the keratin signal within stratum corneum was found to be of
diagnostic significance, which is consistent with literature find-
ings on the notable changes of NIR excited (e.g., 780 nm)-
keratin fluorescence in precancerous and cancerous squamous
epithelial tissues.7,14 However, the diagnostic utility is found
to be less as compared to the signals excited by 600 nm in
the same tissue layer (Table 2). The limited diagnostic signifi-
cance of the 745 nm excitation layer most probably is due to the
fact that the optimal two photon absorption wavelength band of
NADH lies near 700 nm;15 therefore, with 745 nm excitation,
the diagnostic utility of TPEF of keratin will be compromised
due to signal contamination from TPEF of NADH at the stratum
corneum and underlying epithelial layer.14 Nevertheless, within
the suprabasal tissue layer, we observed a significant decrease of
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protein-bound NADH TPEF signal, the long lifetime component
(τ2), with squamous intraepithelial neoplasia progression. This
result is consistent with literature findings of reduction in TPEF
of NADH from precancerous lesions relative to normal tis-
sues,7,10 indicating changes of distribution of NADH enzyme
binding sites in preneoplastic tissues.7 On top of the prema-
lignancy related changes occurring in the epithelial layer, we
further studied the biochemical changes occurring in stroma tis-
sue underlying the epithelial layer. Our results indicated inten-
sities of TPEF and SHG of collagen to increase and decrease,
respectively, with precancerous tissue transformation.
Consequently, the TPEF/SHG index is higher for preneoplastic
tissues as compared to normal. The results are in good agree-
ment with the ex vivo study of collagen TPEF and SHG signals
in normal and neoplastic tissue.36 From SHG and TPEF images
excited at 745 nm, we also observed distinct changes of stroma
architecture with precancerous development. Specifically, the
mesh-like stoma matrix of normal tissue becomes progressively
less dense and collagen fibers become more aggregated with
precarcinogenesis process. Through morphological analysis
using gray-level co-occurrence matrix (GLCM) and fast

Fourier transform (FFT),8 it was further revealed the GLCM val-
ues to reduce with premalignancy progression, while the FFT
metric representing the low spatial frequency content of stroma
to increase. The decrease of GLCM index suggests the increase
of dissimilar structure contents within stroma with the develop-
ment of precancers. On the other hand, the rising FFT value
indicates the generation of more short structure fiber assemblies
in the stromal matrix during premalignancy progression. These
stroma matrix aberrations strongly indicate the degradation of
collagenous fibers during intraepithelial carcinomatous pathol-
ogy. The findings are highly consistent with molecular findings
of significant up-regulation of matrix metalloproteinase (MMP)
(e.g., MMP-9) during dysplastic pathologic stage of stratified
squamous epithelial tissues such as cervix and oral.37,38 Since
the SHG signal is produced due to collagen of noncentrosym-
metric structure, the decomposition of stromal matrix in precan-
cerous tissue most likely results in the decrease of SHG signals.
A recent in vitro study demonstrated SHG and TPEF to alter in a
reverse tendency during a reduction in collagen cross-linkage.39

Hence, the observation of decrease and increase of SHG and
TPEF of collagen, respectively, in this study, could also be as

Table 2 Diagnostic significance (p-value) based on Kruskal-Wallis post hocmean ranking test for the various multimodal nonlinear optical emission
signals (i.e., TPEF of keratin, NADH, tryptophan, and collagen, SHG of collagen) in association with different pathologies at disparate tissue layers.

Tissue
layer

Types of nonlinear
optical signal/

Excitation and emission
wavelength utilized

Optical
parameters

Pairwise pathology comparison Kruskal-Wallis p-values

Normal versus Mild dysplasia versus

Moderate
dysplasia
versus

Mild
dysplasia

Moderate
dysplasia

Severe
dysplasia/

CIS
Moderate
dysplasia

Severe
dysplasia/

CIS
Severe dysplasia/

CIS

SC TPEF of keratin:
745 nm∕450� 50 nm

τ1 (ns) 1.00 1.00 1.00 1.00 1.00 1.00

τ2 (ns) 3.52E − 1 1.00 3.29E − 1 1.00 1.00 1.00

α1∕α2 1.71E − 5 5.55E − 2 1.94E − 1 1.00 1.00 1.00

TPEF of tryptophan:
600 nm∕350� 50 nm

τ1 (ns) 2.21E − 4 3.83E − 8 1.64E − 8 9.85E − 3 6.71E − 3 1.00

τ2 (ns) 4.95E − 6 3.85E − 9 1.00E − 17 1.87E − 2 7.87E − 6 8.97E − 1

α1∕α2 3.7E − 10 7.24E − 9 1.00E − 17 1.00 5.62E − 1 1.00

SG-SB TPEF of NADH:
745 nm∕450� 50 nm

τ1 (ns) 2.65E − 1 3.57E − 1 1.00 1.00 1.00 1.00

τ2 (ns) 1.00 2.76E − 5 6.68E − 5 3.01E − 5 7.51E − 5 1.00

α1∕α2 1.00 1.00 1.00 1.00 3.65E − 1 1.00

TPEF of tryptophan:
600 nm∕350� 50 nm

τ1 (ns) 1.00 1.00 1.00 3.09E − 1 1.00 8.49E − 1

τ2 (ns) 4.79E − 3 2.67E − 4 2.37E − 6 3.58E − 1 2.23E − 2 1.00

α1∕α2 7.69E − 1 1.00 1.00 3.87E − 1 1.00 1.00

Stroma TPEF of collagen:
745 nm∕450� 50 nm

SHG of collagen:
745 nm∕375� 12.5 nm

Intensity
ratio of

TPEF/SHG

8.81E − 5 4.39E − 6 1.00E − 17 2.20E − 1 4.75E − 6 1.61E − 1

Note: SC denotes stratum corneum; SG-SB represents stratum granulosum–stratum basale. p-values that are underlined denote statistical significance
at p < 0.05.
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a result of changes in cross-linkages. Further work to elucidate
the change of collagen nonlinear optical signals during pre-
neoplasia progression is certainly warranted.

4.3 Combination of NLO Signals Excited at 600 and
745 nm

Given the great wealth of diagnostic information ranging from
tissue architecture, cellular/subcellular morphologic, to bio-
chemical information emanating from different stratified tissue
depths, which can be collected with multicolor multimodal
nonlinear optical microscopy system, it is pivotal to assess
the diagnostic accuracy and robustness of combining these dif-
ferent types of features together for precancer detection.40 With

sophisticated multivariate statistical techniques (i.e., MDA
coupled with VUS27), we demonstrated the integration of dis-
parate feature categories from 745 and 600 nm excitations to
substantially improve (as compared to using 745 and 600 nm
alone) diagnostic utility for discriminating the various intra-
epithelial neoplasia lesions from normal [Fig. 6(c)].

5 Conclusions
This work demonstrates for the first time (to our knowledge) that
multicolor excitation based multimodal NLO microscopy sys-
tem produced a great wealth of diagnostic information ranging
from tissue architecture, cellular/subcellular morphology, to bio-
chemical information emanating from different stratified tissue
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Fig. 6 (a) Two-dimensional scatter plot of the two discriminant functions belonging to the different squamous epithelial pathology categories, coupled
with generation of one standard deviation (SD) confidence ellipses for normal, low- and high-risk squamous intraepithelial neoplasia (SIN); circle:
normal (n ¼ 55); blue triangle: mild dysplasia (n ¼ 90); green square: moderate dysplasia (n ¼ 23); red square: severe dysplasia/CIS (n ¼ 24); black line
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surface to illustrate the efficacy for separation between the different squamous mucosa pathologies using through the combined employment of 745
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depths. In particular, our results elucidated stratum corneum to
contain significant diagnostic information for identifying pre-
cancers in vivo. Furthermore, we showed the multitude of
diagnostic information from the different tissue layers can be
effectively integrated to provide high performance diagnostic
algorithm for identifying squamous epithelial precancer. These
results affirm the efficacy of the novel multicolor excitation to
produce a wide range of TPEF and SHG signals for clinical
squamous premalignancy diagnosis application in vivo.
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