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Abstract

Background and Aim Second harmonic generation (SHG)

is a novel imaging technology that could provide optical

biopsy during endoscopy with advantages over current

technology. SHG has the unique ability to evaluate the

amount of extracellular matrix collagen protein and its

alignment.

Methods Hematoxylin- and eosin-stained slides from

colon biopsies (normal, low-grade dysplasia (LGD), high-

grade dysplasia (HGD), and cancer) were examined with

SHG imaging. Both signal intensity and collagen fiber

alignment were measured. Average intensity per pixel

(AIPP) was obtained, and an analyzing polarizer was used

to calculate b, an alignment parameter.

Results The mean AIPP for normal mucosa was 48, LGD

was 38, HGD was 42, and malignancy was 123 (p \ 0.01).

The AIPP ROC curve between malignant versus non-

malignant tissue was 0.96 (0.93–0.99). An AIPP value of

60 can differentiate malignancy with 87 % sensitivity and

90 % specificity. The mean b for normal tissue was 0.490,

LGD was 0.379, HGD was 0.345, and cancer was 0.453

(p = 0.013), with a normal tissue mean rank of 6.5 com-

pared to 2.5 for HGD (p = 0.029).

Conclusions SHG signal intensity can differentiate

malignant from non-malignant colonic polyp tissue with

high sensitivity and specificity. Anisotropic polarization

can discern HGD from normal colonic polyp tissue. SHG

can thus distinguish both HGD and malignant lesions in an

objective numeric fashion, without contrast agents or

interpretation skills. SHG could be incorporated into

endoscopy equipment to enhance white light endoscopy.
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Introduction

Endoscopic examination technology has improved over the

last two decades [1–3]. Advances include improved visual

detection such as high-definition white light and narrow

band imaging (NBI) [2], and enhanced imaging such as

confocal [4] and elastography [5] try to achieve a virtual

biopsy. Second harmonic generation (SHG) is a novel

imaging technology that could provide for a virtual biopsy

during endoscopy with advantages over confocal and other

current imaging technologies [6–8].

The ability to perform accurate real-time histological-

like diagnosis during routine endoscopy is a major goal in

the development of new endoscopic imaging techniques

[2]. The standard taxing process of histological diagnosis

involves removal of tissue by mucosal biopsy or snare then

retrieving and processing the tissue. Processing includes

putting it into 10 % buffered formalin, paraffin embedding,

staining [usually with hematoxylin and eosin (H&E)], and

then, examination under standard bright-field white light

microscopy. Drawbacks include cost, wait time for results,

and the excisional process itself with its inherent risks of

adverse events such as bleeding or perforation. Thus,

development of new imaging technologies capable of

detecting microscopic tumors or precursor lesions can be of

tremendous help.

Over the past 20 years, numerous clinical uses for SHG

have been developed [9–29]. SHG’s hallmark feature is in

analyzing the architecture of collagen in the extracellular

matrix (ECM) [8, 30].

SHG is a coherent nonlinear process wherein two

lower energy photons are upconverted to exactly twice the

incident frequency (or half the wavelength) of an exci-

tation laser [30, 31]. Like the more familiar two-photon

excited fluorescence (TPEF) microscopy, SHG can pro-

vide intrinsic optical sectioning and affords enhanced

imaging depths into tissues of up to 500 l [6, 30, 32].

Due to the underlying physics of SHG’s effect on tissue, a

contrast mechanism is evoked which is sensitive to

changes within the collagen matrix. SHG can directly

visualize the collagen assembly in the ECM with no need

for any exogenous staining [6, 30, 32]. ECM collagen is a

very bright source of SHG image reflection [7–9, 32, 33].

SHG examination of collagen content along with some

structural proteins creates very discriminating imaging

[10]. SHG thus provides a potent tool for visualizing

pathological effects on the ECM. For example, in animal

tumor models SHG microscopy has shown that collagen

adopts an abnormal structure on which transformed cells

exhibit increased motility [26]. Evaluating the changes in

the composition and structure of the ECM may be a

promising approach as these changes are thought to be

critical for tumor initiation and progression [10, 20, 34–38].

ECM changes elicit a cascade of events involving fibro-

blasts and tumor cells that eventually lead to a develop-

ment of more aggressive tumor cells [20, 37–39]. It has

recently been proposed that changes in the ECM can be

used as surrogate markers for tumor invasion and there-

fore as a means of differentiating malignant from non-

malignant tissue [10, 11, 16].

The first application of SHG for biological imaging

reported in 1986 by Freund et al. [40] demonstrated the

distinct polarity of collagen fibers in rat tail tendon. Since

then, different experimental and clinical uses for SHG have

been developed [8–14, 16, 18, 20–26, 28–30, 39, 41–43].

SHG has been used to study breast, ovarian, and skin

tumors [27]. Additionally, SHG has been used to study

diseases of the eye, bones, muscles, tendons, and the liver

[30]. Some pilot SHG work with normal and dysplastic

colonic tissues showed a possible difference in the depth-

dependent signal decay; the authors hypothesized that

differences could be attributed to distribution, alignment,

or size of collagen fibers [44]. Zhou and his colleagues

have also described using SHG to evaluate colonic crypt

basement membrane shapes to evaluate for dysplasia and

carcinoma [45].

The purpose of this initial study was to evaluate the

feasibility of using SHG microscopy to differentiate

between malignant, dysplastic, and non-malignant human

colon biopsy samples; we hypothesized that there would be

a difference in the ECM structure across normal and

pathological colonic tissues. In order to investigate this

possibility, we used high-resolution (*0.5 l) SHG imag-

ing microscopy to objectively quantify differences in the

ECM structure of normal, LGD, HGD, and malignant

colon slide samples.

Methods

Study Design

Our study was approved by the University of Connecticut

Health Center Institutional Review Board (IRB). A total

of sixteen 500-l-thick H&E stained slides from colon

biopsies were obtained from a pool of pre-existing

pathology slides located in the Department of Pathology

and Laboratory Medicine of the University of Connecticut

Health Center for inclusion in this study. Four slides from

each of the different categories were selected: normal

colonic mucosa, polyps with LGD, polyps with HGD, and

malignant tumors. The study was conducted in two

stages: The first was to measure SHG intensity, and the

second was to evaluate the collagen fibers’ alignment by

calculating the anisotropy parameter b. Images were

analyzed as 2D.
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TPEF and SHG Imaging System

The details of the imaging system used in this study have been

well documented previously [44]. In summary, it consists of a

laser scanning unit (FluoView 300; Olympus, Center Valley,

PA, USA) installed on an upright microscope stand (BX61;

Olympus), which is coupled to a mode-locked Titanium

Sapphire femtosecond laser (Mira; Coherent, Santa Clara,

CA, USA). An excitation wavelength of 890 nm with an

average power of*20 mW with a water immersion 40 9 0.8

NA objective was used to obtain all SHG imaging; this exci-

tation wavelength was chosen to provide good depth of pen-

etration and also to exclude most of the potentially

confounding sources of two-photon excited autofluorescence,

which are predominantly excited at shorter wavelengths. Our

choice of wavelength and NA objective resulted in lateral and

axial resolutions of approximately 0.7 and 2.5 l, respectively.

The microscope collected the reflective components of the

SHG intensity using a calibrated detector (7421 GaAsP pho-

ton counting modules; Hamamatsu, Hamamatsu City, Japan).

The SHG wavelength (445 nm) was isolated with a 10-nm-

wide band-pass filter (Semrock, Rochester, NY, USA). Fig-

ure 1 shows a simplified illustration of the SHG microscope.

SHG Intensity Measurement

Using the imaging system described above [10, 32], both

TPEF and SHG microscopy were done consecutively

measuring ten randomly selected different image points

from each of the 16 slides used. The random points on each

slide were averaged in order to obtain a more accurate

measurement for each slide. SHG reflective intensity was

measured. The average intensity per pixel (AIPP) was

calculated for each slide by dividing the sum of all inten-

sities by the total number of pixels. The SHG images were

analyzed using Image J software (NIH).

Anisotropy Parameter b Calculation

The anisotropy of SHG can be used to quantify collagen fiber

alignment. The anisotropy parameter was calculated by:

b ¼ ðIpar� IorthÞ=ðIpar þ 2 IorthÞ

where Ipar and Iorth correspond to SHG intensity detected

when the analyzing polarizer is oriented parallel and per-

pendicular to the laser polarization [30, 32]. Values of b
range from 0 to 1, where 0 represents completely random

organization of ECM fibers and one represents completely

aligned organization of ECM fibers.

In our experiment, images were taken with the analyzing

polarizer in the parallel and orthogonal positions. Intensi-

ties of parallel (Ipar) and orthogonal (Iorth) components

were measured, and the anisotropy parameter was calcu-

lated as above. Four values, one from each of the four

slides, were calculated for each tissue category (normal,

LGD, HGD, and cancer).

Statistical Analysis

SPSS (version 18) was used for all statistical analysis. The

Kruskal–Wallis test was used to analyze nonparametric

continuous variables to evaluate the difference between the

mean AIPP and to compare the anisotropy parameter b of

the four different groups. The area under the ROC curve

was calculated for AIPP to differentiate malignant from

non-malignant samples. Post hoc analysis was done using

the Mann–Whitney U test to compare the anisotropy

parameter b of normal tissue and HGD tissue.

Results

SHG Intensity Measurement

The mean AIPP for normal colon mucosa was 48 ± 11, LGD

was 38 ± 2, HGD was 42 ± 13, and malignant colon tissue

was 123 ± 75. Samples with malignancy had a significantly

higher AIPP (p \ 0.01) compared with normal, low-grade,

and high-grade dysplasia samples. There was no significant

difference in AIPP among other subgroups (Fig. 2; Table 1).

The area under the ROC curve (AUC) was calculated for

AIPP differentiating between malignant versus non-

malignant slides using pathology as the gold standard. The

Fig. 1 Simplified diagrammatic

illustration of the SHG

microscope
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AUC was 0.96 (0.93–0.99). An AIPP threshold value of 60

was able to differentiate malignant from non-malignant

with a sensitivity of 87 % and specificity of 90 % (Fig. 3).

Anisotropy Parameter b Calculation

The mean b for normal tissue was 0.490 ± 0.018, LGD

was 0.379 ± 0.053, HGD was 0.345 ± 0.079, and cancer

was 0.453 ± 0.037. Using the Kruskal–Wallis test, the

mean rank for normal was calculated to be 14, LGD was

5.75, HGD was 4, and cancer was 10.25. The difference

was statistically significant p = 0.013 (Table 2). Post hoc

analysis was done and normal tissue had a mean rank of

6.5 compared to 2.5 for HGD. This was also statistically

significant (p = 0.029). HGD had the lowest b, indicat-

ing the highest proportion of non-aligned fibers

(Table 3).

Discussion

There are multiple optical advantages of SHG. One not

evaluated here is SHG intrinsic 3D dimensionality. SHG,

like TPEF, has the ability for optical sample sectioning,

Fig. 2 TPEF and SHG microscopy images for normal, LGD, HGD,

and malignancy. a Normal colonic mucosa (TPEF), b normal colonic

mucosa (SHG), c low-grade dysplasia (TPEF), d low-grade dysplasia

(SHG), e High-grade dysplasia (TPEF), f high-grade dysplasia (SHG),

g malignancy (TPEF), h malignancy (SHG)

Table 1 Average intensity per pixel (AIPP) in normal, low-grade

dysplasia, high-grade dysplasia, and malignant samples

Sample AIPP

Normal 48

Low-grade dysplasia 38

High-grade dysplasia 42

Malignant 123*

* p \ 0.01

Fig. 3 ROC curve for AIPP to differentiate malignant from non-

malignant polyps
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yet, unlike TPEF, the image is sharper because it does not

involve fluorescence imaging. The SHG laser wavelength

is in the near infrared spectral range (700–1,000 nm), and

therefore, it can achieve high penetration while maintain-

ing good resolution. Furthermore, SHG images tissues

in situ, without the need for preparation like histology and

potentially tissue damaging exogenous contrast labels like

chromoendoscopy and confocal endoscopy. SHG has sub-

stantially less bleaching effects relative to other fluores-

cence methods, as the SHG reflective signals arise from an

induced polarization rather than from only absorption

[18, 30]. Also, in auto fluorescence, the reflective contrast

is not distinct and hence cannot be used for anisotropy

measurements.

The application of SHG to diagnose changes in the ECM

in tumors compared with normal tissue has been utilized in

the past. SHG has been shown to elucidate changes in both

collagen content [30] and arrangement [28] in both ovarian

and breast cancer [10, 11, 20, 39]. Others have applied

SHG collagen assembly in evaluating the limits of skin

tumor borders [10, 11].

Our work demonstrated the utility of SHG in both signal

intensity and alignment of collagen content and showed a

significantly higher SHG intensity in the malignant samples

reflecting higher collagen content; this could be used as a

diagnostic tool to differentiate malignant from non-malig-

nant samples. Results showed normal tissue having the

highest anisotropy b value, which denotes the most aligned

collagen fibers, while HGD had the lowest b value, denoting

the most misaligned collagen fibers. This could signify that

SHG can recognize early changes in the ECM of HGD,

before its progression to invasive cancer, with a more

orderly collagen fiber deposition better suited for frank

invasion of surrounding tissue. The ability of SHG aniso-

tropic polarization to detect early changes in HGD gives

SHG a unique utility, since using signal intensity alone has

inherent weaknesses in specificity. By combining both SHG

intensity and the b anisotropy parameter, we can distinguish

both high-grade dysplastic and malignant lesions from nor-

mal tissues. The ability of SHG to make such distinction has

several obvious advantages. It does not need interpretation

experience or dye as required with confocal techniques

[4, 5], and it provides numeric values for both AIPP and b
anisotropy, which are more objective. Additionally, SHG

uses a fixed intensity femtosecond-pulsed beam, instead of a

continuous one as used in the confocal endoscopies, making

it less likely to cause heat or other toxic injury to tissue.

SHG could easily be incorporated into endoscopy equip-

ment, in a similar fashion to NBI and Fuji Intelligent

Chromo Endoscopy (FICE) to enhance endoscopy and can

potentially be used in imaging during live endoscopy to

diagnose HGD and malignant lesions. With miniaturization

and integration into endoscopy equipment, SHG has the

potential to provide real time ‘‘optical biopsy’’ during

colonoscopy or endoscopy. As this is an early study on SHG

practicality, further studies will need to be performed to

verify findings of fresh unstained polyps and ‘‘in vivo’’ on

patients during colonoscopy to elucidate the true future role

of SHG in gastroenterological endoscopic imaging.
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