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Abstract: We carried out quantitative analyses including fast Fourier transform and CT-FIRE
algorithms on images captured by second harmonic generation microscopy for the identification of
basal cell carcinoma in ex vivo human skin samples. ©2018TheAut
h
o
r
(
s
)
OCIS codes: (170.1870) Dermatology; (180.4315) Nonlinear microscopy.

1. Introduction
Basal cell carcinoma (BCC) is the most frequent malignancy in Caucasians [1]. Although BCC has a very low
metastatic rate, it can be highly destructive locally. Mohs micrographic surgery (MMS) is considered as the gold
standard treatment of BCC. MMS utilizes repeated microscopic examinations of frozen sections of the tumor
margins [2]. However, as MMS is a costly and time-consuming approach, there is a demand for efficient in vivo
techniques for the assessment of BCC, which might be met in the near future by non-linear microscopy. Second
harmonic generation (SHG) has been previously utilized for the imaging of BCC [3]. SHG signals are generated
during the polarization of non-centrosymmetric molecules with high structural regularity as collagen of the skin [4].
In our present work, we compared various quantitative parameters and algorithms for the analysis of SHG images of
collagen in ex vivo human BCC and healthy skin samples to evaluate their utility in the detection of BCC.
2. Materials and methods
BCC and healthy skin samples were collected from 10 patients by surgical excision and were kept in phosphate
buffered saline. We captured SHG signals by a LSM 7 MP laser-scanning microscope (Carl Zeiss AG, Germany),
with custom-modified detection optics. A Ti-sapphire laser (R&D Ultrafast Lasers Ltd, Hungary) was utilized,
operating at 796 nm. A 405/20 nm band-pass emission filter was employed to separate SHG signal. A 20x water
immersion objective (Carl Zeiss AG, Germany) was used. The imaging setup is described in more detail in Ref. [5].
We performed Fast Fourier Transformation (FFT) on the SHG images and converted the FFT output images into
power plots. An ellipse was fitted to the power plots and collagen orientation index (COI) was calculated by COI =
[1-(short axis/long axis)]. A COI value close to 0 reflects a healthy sample with isotropic behavior, while a value
close to 1 indicates parallelly-oriented fibers. Collagen bundle packing (CBP) was expressed as CPB = 512*(1/h),
where h is the distance between the centers of gravity of two first-order maxima of FFT plots [6]. IOD and FFT
analyses were performed by ImageJ software (NIH, USA). Curvelet transform (CT) is a pre-processing mechanism,
which de-noises the image while an automated fiber tracking algorithm (FIRE) extracts individual fibers [7, 8]. CTFIRE v1.3 software (LOCI, USA) was run on the SHG images to extract the following parameters: fiber length,
angle, width and straightness.
Statistical analysis was performed using GraphPad Prism v6.0 (GraphPad Software Inc., USA). The data were
analyzed using Student's t-test after normal distribution was confirmed by F test. Results were considered significant
if p<0.05.
3. Results
FFT images of BCC displayed significantly higher COI, indicating that the collagen fibers are less randomly
arranged, while there was no difference in the CBP value (Fig. 1). CT-FIRE algorithm revealed increased collagen
fiber length and decreased fiber angle in the BCC samples compared to controls (Fig. 2). The width and straightness
of collagen fibers were similar in the BCC and the healthy skin samples.
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Fig. 1. A-B panels: Power plots of fast Fourier transformed second harmonic generation images. A: basal cell carcinoma (BCC), B: control
skin; C: collagen orientation index; D: collagen bundle packing. Error bars represent standard deviation, *p<0.05.

Fig. 2. Output images and data of CT FIRE algorithm performed on second harmonic generation images. A, B: basal cell carcinoma (BCC);
C, D: control skin; E-H: results of CT-FIRE algorithm, parameters of collagen fibers: E: length, F: angle, G: width, H: straightness. Error bars
represent standard deviation, *p<0.05. Size of the images is 300x300 µm2.

4. Discussion
Recently, quantitative image analysis approaches have been utilized to evaluate the collagen structure in
different conditions, including skin aging and different types of cancers [6-8]. However, these techniques have not
been employed for the assessment of BCC. Therefore, in our present work, in order to investigate the applicability of
these methods in BCC, we compared different collagen properties of ex vivo BCC samples to healthy skin. We
found significantly higher COI and collagen fiber length and angle in the BCC samples utilizing FFT and CT-FIRE
algorithms. These results are in line with previous findings which describe pronounced changes in the collagen
structure of BCC [9]. Moreover, open source machine learning tools, such as R and Weka could be employed to
improve these algorithms especially for the detection of BCC. In the future, these novel image analysis methods
could be integrated in handheld nonlinear microscope systems [10], for sensitive and specific identification of BCC.
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