RV - ooE % Ok Vol. 47, No. 2
2020 4F 2 J CHINESE JOURNAL OF LASERS February, 2020

R GBR HBRE-
AL VLT SR 5 73 L R 160 6 5 1 6 A 5 97 )

7 * N v 3 *%
HERC ERY ARE BE, EE, LNAT, THA
CWTTL RO Rk S TR A B OGS AR B R S % WL AT 3100275
PREERIME R R R S EORHE S LI %, M TEORE AL E WA AN 350007

WE 4R Y G — R AR ST 2. B O S A A AL 0 B B 3 25 40 DR 235 A 22 (8] B 1) §9 A iz
AR, X A A AP 2T AR 45 R S (AL IR 1) 4 S i RAE s R RN AT TR SRR A T 2 LA R
TE T B PO AR A T 5 R L LA A A B SR A L L RS LR IR I 40 A O TR E N 4
IR BRI T H G S ORI 0GR . N AR Wy 2H SV A0 295 K40 4 ves 52 0, o RS BBE 5 L SR BIF 5 8 Y A AR I
A AL T 7 R B R T B A R S LR S B L 4132 RS AL R A TR B . RS X T R 4 I T S AT

TRH,
KR EMCH ARG SRR Z4Eas g5 M BT R s BIE s B4 2ok F g
hESES 0439 XEkARER A doi: 10.3788/CJL202047.0207002

Accurate Characterization of Spatial Orientations of Fiber-Like Structures in
Biological Tissues and Its Applications

Liu Zhiyi'*, Meng Jia', Qiu Jianrong', Han Tao', Wang Di',
Zhuo Shuangmu®, Ding Zhihua'™
'State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and Engineering ,
Zhejiang University, Hangzhou, Zhejiang 310027, China ;
?Key Laboratory of Opto-Electronic Science and Technology for Medicine of Ministry of Education,
Fujian Provincial Key Laboratory of Photonics Technology, Fujian Normal University, Fuzhou, Fujian 350007, China

Abstract Fiber-like structure is one of the basic structures found in biological tissues. The spatial orientations of
fiber-like structures change with the initiation and progression of some diseases. In this study, we present a brief
overview of quantitative orientation analysis methods for fiber-like structures within biological tissues and main
applications of these methods. We especially focus on the research progress of spatial orientation information in
important disease models, including wound healing, osteoarthritis, breast cancer, peritoneal metastasis, and brain
injury. Additionally, we explore the relations between tissue structure and function via specific engineered tissues.
A highly sensitive and highly accurate description of the fiber-like structures within biological tissues serves as a
novel method for studying disease initiation and progression, shows potential for early disease diagnosis, and
improves our understanding of the mechanisms underlying some disorders. Finally, future potential applications of
the orientation analysis methods are explored.
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Fig. 1 Definition of spatial orientation of fiber-like structure. (a) Two-dimensional orientation of fiber is described by a

single azimuthal angle §; (b) three-dimensional orientation is described by both azimuthal angle ¢ and polar angle ¢
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Fig. 2 Two-dimensional orientation analysis approaches for fiber-like structures. Approach based on opening operatort'™ :
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(a) second harmonic generation (SHG) image of collagen fibers from cervical biopsy section; (b) fibers demonstrate
the maximum intensity if they align parallel to the direction of the opening operator; (c¢) acquired orientation map
from the opening operator. Approach based on two-dimensional Fourier transform"® : (d) representative SHG
image of collagen fibers from the horse tendon, which are divided into a number of regions of interest (ROIs), with
the white arrow in each ROI corresponding to the fiber direction; (e) two-dimensional Fourier transform of the entire
SHG image; (f) orientation distribution histogram of this representative image. Approach based on weighted vector
summation™” : (g) simulated fiber image, the orientation of a certain pixel is calculated starting from defining a 7 X
7 assessing window surrounding it, with this center pixel and any other one forming a vector; (h) all the vectors are

weighted by two factors considering the vector length and the intensity fluctuations along each vector direction;

(i) the orientation of the center pixel is finally acquired by the summation of all the weighted vectors
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Fig. 3 Three-dimensional (3D) orientation analysis approaches for fiber-like structures. Approach based on 3D Fourier

transform™ : (a) representative SHG image of porcine tendon; (b) 3D reconstruction of SHG images; (c) acquired 3D
orientation in each ROI; (d) distribution histograms of ¢; (e) distribution histograms of . Approach based on weighted
vector summation™” : () definition of angles in 3D space; (g) illustration of weighted vector summation algorithm;
(h) calculated orientation based on summation of the weighted vectors; (i) ¢ orientation map for the planes marked in green

in figure (I); (j) ¢ orientation map for the planes marked in blue in figure (f); (k) 3D directional variance is acquired based

on 3D orientations, which quantifies the spatial organization of fiber-like structures in a 3D context
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Fig. 4 Applications of orientation analysis in wound healing. Wound healing in rat skin after burns®" : (a) image of the

histological section of the wound and adjacent tissues; (b) fiber density map; (c) 2D directional variance map,

indicating a high level of fiber alignment in the wound region versus adjacent tissues. Wound healing in rats after

heart infarction™*

: multi-photon images of the rat heart (d) before or (e) 1, (f) 2, (g) 4 and (h) 8 weeks post-

infarction; (i) 2D directional variance, indicating that fibers become more and more aligned as a function of time
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Fig. 5 Application of orientation analysis in osteoarthritis of mice

( osteoarthritis model ); Sham:

ligament being exposed but not severed;

H9.240 - DMM: destabilization of the medial meniscus

NS-Ctrl: non-surgery control.

(a) Schematic of the cartilage with layered structures; (b) a representative multi-photon image of cartilage, with the

magenta signal corresponding to SHG image of collagen fibers; (c¢) based on the 2D orientations generated from

SHG images, the 2D directional variance map is acquired accordingly; (d) the representative 2D directional variance

maps for different groups; (e) a comparison of 2D directional variance values between DMM and Sham at different

layers. Scale bar: 25 pm. * represents significance level P<C0.05
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Fig. 6 Application of 3D orientation analysis in the breast cancer in mice model"” . (a) Multi-photon image of normal

tissue; (b) multi-photon image of tumor tissue; (c) 3D reconstructions of normal tissue; (f) 3D reconstruction of
tumor multi-photon image; representative collagen SHG intensity images of (d) normal and (g) tumor tissues, and
the insets are schematics of spatial structure of collagen; (e) 3D directional variance map of normal tissue; (h) 3D
directional variance map of tumor tissue; (i) 3D directional variance assessed by two different window sizes,
indicating that the collagen fibers are more aligned in tumor than in normal tissues. Scale bar in (a) and (b):

100 pm, otherwise: 50 pum; * * represents P<(0.001, = represents P<C0.05
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Fig. 7 Application of 3D orientation analysis in human peritoneal metastases''” . (a) Multi-photon image of healthy parietal

peritoneum; (b) multi-photon image of pancreatic neoplastic tissue; (¢) 3D reconstruction of multi-photon image of
healthy parietal peritoneum; (d) 3D reconstruction of multi-photon image of pancreatic neoplastic tissue; (e) 3D
directional variance map of healthy parietal peritoneum; (g) 3D directional variance map of pancreatic neoplastic
tissue; (f) 3D orientation distribution of healthy parietal peritoneum; (h) 3D orientation distribution of pancreatic
neoplastic tissue; (i) a comparison of 3D directional variance between healthy parietal peritoneum and pancreatic

neoplastic tissue using different window sizes. Scale bar: 100 pm; * represents P<(0.05
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Fig. 8 Application of 3D orientation analysis in the injury model of engineered brain-like tissues'™ . (a) “Donut model” of
engineered brain-like tissues; (b) schematic of the controlled cortical impact set-up; (c¢) 3D reconstruction of two-
photon excited fluorescence ( TPEF) image of neuronal axons; (d) 3D directional variance of the uninjured and
injured tissues as a function of distance away from the injury site; representative TPEF images of (e) uninjured and

() injured brain-like tissues; 3D directional variance maps of (g) uninjured and (h) injured brain-like tissues; 3D
orientation distributions of (i) uninjured and (j) injured brain-like tissues; at assessing window with different sizes,

a comparison of (k) 3D directional variance and (1) 2D directional variance between uninjured and injured brain-like

tissues. Scale bar: 100 pm; * represents P<<0.05
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Fig. 9 Applications of 3D orientation analysis in pulmonary fibroblasts and collagen fibers in engineered tissues™! .
(a) Schematic of engineered tissue culture and 3D angle definition; (b) cell spreading as a function of culturing time;

(¢) 3D directional variance of pulmonary fibroblasts (green) and collagen fibers (red) as a function of time;

(d) representative images of cells and collagen fibers, as well as distribution histograms of 3D orientations at

different time points. * * % % represents P<C0.0001; * % represents P<C0.01; * represents P<C0.05
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Fig. 10 Application of 3D orientation analysis in the study of hormone effects in engineered breast tissues®? .

(a) 3D

reconstructions of TPEF images of cell spheroids in response to different hormone treatments; (b) 3D

reconstructions of engineered breast tissues including both cells and collagen fibers; (c) one representative frame

from 3D constructions; (d) distribution histograms of 3D orientations under different hormone treatments; (e) 3D

directional variance maps of collagen fibers surrounding cell spheroids. Scale bar: 50 pm
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