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Fig. 1 Diagram of system light source and camera arrangement. (a) Sectional view; (b) diagram of right LED array
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Fig. 3 Comparison of non-uniform illumination and uniform illumination. (a) Circular aggregate LED array (with light diffusion plate);

(b) symmetrical two-board LED array; (c) shooting effect of circular array; (d) shooting effect of two-board array

Jei P B T B A i AR RS 2 A I PR AR Ah BE h E A
BRI 0 2o B ZRIEMB A5 70 0 B R L TR AR D 0L H
SHEARENEA  RAGIETR =S A S

2.2 MEBR=HIEHZE

J A 0 B A = A R S AR A A PR .
g, X ZE A AR ML 8% 14 S T 4 R A 2 W 28 0 S AR A
IE , B2 IE B T 2 B0 P K QM A% A 2 1 A5 31 5 4R

et stereo e

original dedistortion : rectified

z rectify .

image Hiage -

inter-

I-l_: _______________ monocular mediate
! setting ROI dehoinnzge image resulfs
' . processing | | algorithm
: flow

Frangi 2D contrast-limited
filtering ¢ adaptive histogram

I
1 equalization (CLAHE) :
I

left
skeleton

Zhang’s
thinning

1 Otsu’s adaptive

Heeshollipeme |9 skeleton branch

pruning operation

1 binarization method image
right right
original dedistortion [ S0 rectified SALstsres
. rectify . matching
image image
3D point 3D disparity
cloud of the : map of the
reconstruction
skeleton skeleton

3 R = SRR
Fig. 4 Flow chart of vascular 3D imaging algorithm

2.2.1 RERGELETFRERRAE

PO RS b L B K] 4 B AE TR, Hoth ROT 26
TN TR X, PRl SRR AN 1] 5 TR o FE DR S
PGS S IR 8 31X 31 Y I 4% k4T 3 W
OB A 15 20 GRS SO BE 43 A, IT A0 DL 1] 1 K B
BV 25 T2 BT T A5 AH L 7 ¢ 1, O RS v i B A

PR PR X I e i T I AR T Z0A 6T S R 5 Y
AR BT LLAE AR P AR B o SR 22 e i TRBUOK B (E
BN, 5 EER B 5 P B A A T i A5 2% i g 3
0~255 B Bl A, 2 — 25 T R AN 249 20 6 BEAHT SR iy 2 T o
Se G R AR 3 A BT IR 14X (4) FORT R A
K BEAH

0917001-3



, N(a)
ﬂ@—me”,
s a IR A K BEAR 5 1., R B WS S B e RO
{H 5 PR N (o) 6 5 R v K B B /N T o 1R 3R
S

K (4) I B A 7E T 5 A R0 B 7 B
A 5 AR AR A3 B, 3 5 R A 6 bE BE S R o S ER AR
X — R B, SR F O B R A2 BRI By B 3 N 7 Y A Ak
(CLAHE) J5 3k , ¥ R FH M & 2k U0 5 AR 2 F X
B PR R — A AT A Ak B

Frangi — 2 38 I 2 1 45 48 BTV 1 40 3 4
U8 SR T S R e O A RROK % 4 B B e
B A9 B B — MR R A Y Hessian 1 /4, B]

(4)

9’1 9’1
dx*  0xdy | 1. I
H I — — E&3 xy , ( :—
( ) 821 aZI |:IH- Iy}} ’))
dydx  dy°

Kop g A (o y) AR R I (2, ). SR SRR
% Hessian 5 FE S AE A 2,04, (| 4[> Az‘)&iﬁ‘,ﬁ\ﬁ/\ﬁ
(6), B AT 45 2] 1t 5 AH L PR 00( 1) o vo(A) B K

F43% £ 9HI/2023 £ 5 B/RFFER
VEREE R B Pz R B KA . 24 18R 20 B g T
TR R A A, <705 4 I T B 5 T R
MR 2= 00 Bc AT JE T S50 gl X IRA7 IX 3%
B 00 A P s, R 22 OB 5 ¢ R, RO R 2
W sh ek .
0, A,<<0

vo(/l): exp(Rll){lexp< S;)}, /12>O’(6)
2p3° 2c*

LRy =[] S= VAT + A5,

Shy 3 A [6) LR, 5 RUEE S i & . AEBRE
FRUBE G B P A P 2% RUBE 9 e 0 6 R 1 — - S i)
PG PR AT 2 B (7) 1, I 5K At 0L A AR 001 R K, o 25 1>
JRUE v A AR R A e (B Ay B 2 IR A

L(I,y, a): G(I,y, a)*l(f,y)

1 '+
G(]ﬁ,y, a) = oo’ exp{ (202>

, (D)

o W R T3 < B BRI G (2, y, o) 0 4
0 s Ly o) S REE %5 ) o 9 6 E £
@%&O

1—stereo rectified result; 2—CLAHE result; 3—Frangi result; 4—binarization result;
5—refinement result; 6—skeleton branch pruning result
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Fig. 5 Intermediate result images of monocular image vascular skeleton extraction algorithm. (a) Anterior region of neck; (b) near the

sternoclavicular joints; (¢) forearm; (d) back of hand
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Fig. 9 Extraction results. (a) Stereo rectified result; (b) CLAHE result; (¢) Frangi result; (d) binarization result; (e) refinement result;

(f) skeleton branch pruning result
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Fig. 12

Vascular skeleton extraction and 3D reconstruction results. (a) ROI region; (b) skeleton extraction results; (¢) 3D

reconstruction results
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Algorithm for Subcutaneous Blood Vessels
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Abstract

Objective

An imaging system and processing algorithm for the extraction and three-dimensional imaging of subcutaneous

blood vessels is proposed to overcome the difficulty of vascular recognition in thick parts of surface tissue. Vascular
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visualization technology is used in the medical field to treat scenarios such as venipuncture and interventional therapy to

reduce the additional trauma to the patient. Since hemoglobin in the blood has a higher absorption rate of light in the near-
infrared (NIR) band (700-1000 nm) than lipids, proteins, and water, vascular tissue appears as a dark shadow area
projected on the surface of the skin in images taken in the NIR band, and the position of the shadow area changes with the
viewing perspective. According to the above principles, some researchers use multi-view imaging technology to perform
three-dimensional reconstruction of subcutaneous blood vessels. This technique consists of two main steps: the first one is
the vascular segmentation on the grayscale image, and the second one is the stereo matching on multi-view images to
reconstruct the three-dimensional information of blood vessels. However, in the available literature, the applicable body
parts of the equipment are limited due to the light source and camera arrangement. Other drawbacks include the noise line
segment in the extraction result and the lack of algorithm efficiency optimization. Therefore, we hope to design a vascular
recognition module for the automatic puncture robot from the aspects of the light source and camera arrangement design

and the improvement in the vascular skeleton extraction algorithm.

Methods The optimization of the vascular segmentation effect includes the optimization of the original image quality and
that of the image processing algorithm. Some studies have shown that improving the irradiance uniformity of the light
source on the body surface can make the vascular region more distinctive in the grayscale image. Given such knowledge,
our imaging system design uses a convergent binocular NIR-enhanced camera kit and a NIR LED array. We calculate the
radiation of the LED bead according to the irradiance distribution formula of the approximate Lambertian source and use
MATLAB software to simulate the total irradiance distribution of the LED array on a cylindrical surface (Fig. 2) and make
a symmetrical two-board LED array light source according to the optimal design parameters (Fig. 3). The subsequent
research on vascular skeleton extraction is carried out on the images taken with the designed imaging system. It includes
seven steps: 1) selecting the region of interest (ROI); 2) weakening the image background; 3) performing contrast-limited
adaptive histogram equalization (CLAHE); 4) performing two-dimensional Frangi filtering of multi-scale images;
5) performing Otsu's adaptive-threshold image binarization; 6) extracting the vascular skeleton by Zhang's thinning method;
7) performing skeleton branch pruning to remove noise line segments. The vascular skeleton in the left image is extracted
by the above algorithm, and then the depth of the vascular skeleton is calculated by an improved sliding window algorithm

with the information on the corresponding right image.

Results and Discussions First, the designed imaging system is used to take NIR images of different parts of the body
surface, including the back of the hands, forearms, and neck. The intermediate results of the vascular skeleton extraction
algorithm (Fig. 5) and the three-dimensional reconstruction results of those body parts (Fig. 12) are analyzed. In addition,
a bionic model is built with defibrinated sheep blood, beef slices, and pig skin (Fig. 8) to evaluate the consistency between
real blood vessels and the vascular skeleton obtained by this system. The image processing results verify that the central
line of the vascular skeleton extracted by this system can be consistent with the real blood vessel (Fig. 10), and the three-
dimensional information on the obtained blood vessel is accurate (Fig. 11). For a higher processing speed of the vascular
skeleton extraction algorithm, we rewrite the aforementioned algorithm to a parallel mode for GPU acceleration, then
shoot 45 sets of left and right image pairs of different body parts, and record the processing speed of the original CPU
algorithm and the GPU algorithm for a single image frame. The statistical results show that the GPU algorithm after
acceleration takes an average of 64.40 ms per frame, which is 64% less than the original CPU algorithm. The improved
sliding window matching algorithm takes an average of 105. 32 ms per frame, and hence, the whole three-dimensional

reconstruction process with GPU acceleration takes about 170 ms per frame.

Conclusions  The proposed three-dimensional imaging system for NIR subcutaneous blood vessels can effectively
generate accurate three-dimensional images of subcutaneous blood vessels, which is suitable for various body parts such as
the neck, forearm, and back of the hands and can also achieve good performance in thicker parts of surface tissue. The
experimental results show that the extracted blood vessels are consistent with the real blood vessels, and the designed
image processing algorithm takes an average total processing time of about 170 ms per frame. Hence, the expected
reconstruction frame rate can reach 5 frame/s, which meets the requirements of intraoperative real-time modeling. To
make this imaging system a module of the automatic puncture robot in the future, follow-up studies should include two
aspects. The first one is to collect subcutaneous vascular patterns of people with different skin colors and different body fat
content for the research on the adaptive adjustment method of skeleton extraction algorithm parameters. The second one is
to build a theoretical model of light propagation in superficial biological tissues to correct the error of vascular depth

estimation caused by light scattering.

Key words medical optics; medical optical instrument; near-infrared technology; vascular visualization device; three-

dimensional reconstruction; illumination design; automatic punctures
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