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Abstract

The aim of this study is to develop a Laser Speckle Contrast Imaging (LSCI) system capable of quan-
titatively measuring blood flow velocity. LSCI is a non-invasive optical imaging technique widely
used for monitoring microcirculatory blood flow velocity. However, current LSCI systems are una-
ble to provide quantitative measurements of blood flow velocity, which limits their broader clinical
application. This study introduces a system based on a quantum-classical hybrid neural network,
comprising hardware and algorithm design, and is mainly responsible for data acquisition, pro-
cessing, and blood flow velocity prediction. The hardware design centers around three core compo-
nents: the illumination unit, acquisition unit, and storage unit. The algorithm design employs a hy-
brid model to predict blood flow velocity. In vivo validation showed that the correlation coefficients
between the predicted blood flow velocity curves at three finger positions and those from tradi-
tional algorithms were 0.924, 0.867, and 0.899, respectively. The system is also capable of output-
ting quantitatively predicted local blood flow velocity curves and dynamic blood flow variation
maps.
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Figure 1. Physical diagram of the LSCI system hardware
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B RKET ARG IR A G ) MRL-11-655L U658, ZH0E 2t BRI S5 UnER 1 fix. 1%
BOGR R E ML, RENS LK TR TAE, kKA 655 nm MIZ06, BABIFMAHLATEHERE T, Rebil
SRS, ORThEN 100 mW, T L S ORI R .

Table 1. MRL-I11-655L laser specifications
% 1. MRL-111-655L B8 Mg &4

ks S
JCET IR H DA 133.4 mwW
JCET JE i DA 100 mw
DR E N <3% rms
binan 400 um@1m
JaeTEEN SMA905
LG AT >10 cm

LSCI &%t% Fl CCD Ml CMOS Wi ik B2 it AARA W 2%, AT CCD 1484k, CMOS f& /&
FRAENE DATE PR B2 AL B RS B, FAME R ARBC A T L AL R LR, RRE ST I R AR A PR 1
. SRR T 32 [ Thorlabs Y6 XSS A F] H) CS505MU B CMOS B4 1488, BRI S 5n#
2 i, HEBDHER T 2448 x 2048 5=, HeKMi#e )y 53.2 fps. [AI Thorlabs 22 ]2y CS505MU 1 #%
PRAE T A R THRAL, SZHF Matlab #2 0, 73 8500 R AR 5 A0 38 B8 a4 sy . AR A A IR
IR} B RN 25 JE) 2y 6, SR B SRS I IO B . RGN, BERREOCES . IR AR A
OO RFRIEIRl— B2 b, O AT DUGH 28 i A, R 2R 0 H A

Table 2. CS505MU sensor specifications
2 2. MRL-111-655L 28 Mg &4

ks ZH
iR R CMOS 2 &gk
AHER 2448 x 2048
BERSE 3.45 pum x 3.45 pum
JehE 2/3 Bt g
N RES AR R
B GI A] 21 ps~7330 ms

AGUAHE AT T — G R 64 GB WAFII AR, W] DURH OR 0 1% i 1 205 AL % 1 22 1) FR-A7 4K
o AR RE S, Z TAREEN CMOS A% & &3 1 s 4 #, T LASEIUNT CMOS A% 12 14 il A1 4fs
A% 5 o
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Figure 2. QCNN-LSCI architecture
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Figure 3. Physical diagram of the phantom device
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LSCl RS HIEES /3 FH 7 QCNN-LSCI A5 AL - A7 I 37 8 P2 (0 500, s FH s A0 4 SR B 1 s A T
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T8, (R MSE 1E 32k iR # . BEALI R FE7E — S B & NVIDIA GeForce RTX 2060 GPU HJit
HHL L, BT¥4ME4TE PennyLane FE () default.qubit 1530088 . 112545 %) QCNN-LSCI B8 BT F5 o
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Figure 4. Photograph of the subject during the occlu-
sion-reperfusion experiment
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Figure 5. Single-exposure LSCI image and the three selected locations
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Figure 6. The blood flow velocity curve graph of single-exposure LSCI at three locations. (a) Thumb; (b) Middle finger; (c)
Little finger
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Figure 7. The blood flow velocity curve graph predicted by the LSCI system at three locations. (a) Thumb; (b) Middle finger;
(c) Little finger
[E 7. LSCl ZGE=MIETNHMREE/IKE . (a) KHBE; (b) H45; (c) B4R

SRVEIN E) P A B2 0N 200, 9 1 A3 Al 545 21 B I 18] 7 51 RE S REAT AR SR MR M, 7 2248 — LIkt LSCI
BOERIFP AR . 75 200 Wit B VL5 WO, & 15 WU — AP IME, BISRAS 13X — Bt a) -7 2
ML, XAEPIR IR 8] S BE AR O 38, R4S & sit 5545 2 AH < R BN <& 3 Jon:

Table 3. The correlation coefficients of blood flow velocity predicted by QCNN-LSCI and single-exposure LSCI
Fz 3. QCNN-LSCI FHE R R LSCI EAFUN MR EHX R

HBAL Kittg ¥ /NS
Pearson % & %k 0.924** 0.867* 0.899™

MEF AT LA, ARG AR A/ NS =N E47, QCNN-LSCI Fii{iE Al sy i LSCI 5kt
BAEMAZ RECN 0.924™, 0.8677F1 0.899™, KB QCNN-LSCI 7Y i 45 5 A0 #BEYe LSCI Eigkit
HAE R B IEM K.
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Figure 8. The variation in blood flow velocity during the occlusion process
E 8. PAEIIZMREETIL
15
14
500 13
12
1000 = § 11
10
. 1500 9
8
2000 7
6
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 s
15
14
13
12
1"
10
9
8
7
6
5

500 1000 1500 2000 500 1000 1500 2000

Figure 9. The variation in blood flow velocity during the occlusion process as calculated by the classic algorithm
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Figure 10. The variation in blood flow velocity during the reperfusion process
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Figure 11. The variation in blood flow velocity during the reperfusion process as calculated by the

classic algorithm
E 11 fAaF AT REEEIRMRERE TN

DOI: 10.12677/hjbm.2025.153065 574 LR 2


https://doi.org/10.12677/hjbm.2025.153065

itk 5%

XS E, AL LSCI 22 G A28 S S5 21 Y LB AH (] O L 03 P2 7 A ANAR A ka3, L i 58 T
WK .

5. &

AT T — AN AT LUOE BRI ML LK LSCL &40, 4R 1 BFEREA 2 A2 o i vt o
B S R T SRR ST AR BT, RS RE 2 B AR WA SRV A & 1) JT AR AT A
TERGHIIEE, e SRS R O R SO 1 R LAl . S92 2fEH T7 QCNN-LSCI 45
PRt i 35 T PR AT U o A PR e R AR A SR B N AR L AN S DR 4R T U Rt £

FERGIAERE, AU ] 2 G W52 0 45 SRAE ] Sk LSCI Sk 545 2 i 45 A+ H)
A taS, JF HAHSIE 7 MriE B 1 WA 5 92 0 I e AR A i 2 B B O . I B & Rt — b
RAIE T2 RS RENS AL SN TR FEAR AL, $RAE B M R . AU RS EO B LK
BEARME VBT E BT AR, RTRNIF FE AL SURE B A 3 B L 42 (AT 1) T L

SE

[1] Heeman, W., Steenbergen, W., van Dam, G.M. and Boerma, E.C. (2019) Clinical Applications of Laser Speckle Contrast
Imaging: A Review. Journal of Biomedical Optics, 24, Article ID: 080901. https://doi.org/10.1117/1.jbo.24.8.080901

[2] Mangraviti, A., Volpin, F., Cha, J., Cunningham, S.1., Raje, K., Brooke, M.J., et al. (2020) Intraoperative Laser Speckle
Contrast Imaging for Real-Time Visualization of Cerebral Blood Flow in Cerebrovascular Surgery: Results from Pre-
Clinical Studies. Scientific Reports, 10, Article No. 7614. https://doi.org/10.1038/s41598-020-64492-5

[3] Miller, D.R., Ashour, R., Sullender, C.T. and Dunn, A.K. (2022) Continuous Blood Flow Visualization with Laser
Speckle Contrast Imaging during Neurovascular Surgery. Neurophotonics, 9, Article ID: 021908.
https://doi.org/10.1117/1.nph.9.2.021908

[4] Zharkikh, E., Dremin, V., Zherebtsov, E., Dunaev, A. and Meglinski, I. (2020) Biophotonics Methods for Functional
Monitoring of Complications of Diabetes Mellitus. Journal of Biophotonics, 13, €202000203.
https://doi.org/10.1002/jbi0.202000203

[5] Dijkstra, A., Guven, G., van Baar, M.E., Trommel, N., Hofland, H.W.C., Kuijper, T.M., et al. (2023) Laser Speckle
Contrast Imaging, an Alternative to Laser Doppler Imaging in Clinical Practice of Burn Wound Care Derivation of a
Color Code. Burns, 49, 1907-1915. https://doi.org/10.1016/j.burns.2023.04.009

[6] Tchvialeva, L., Dhadwal, G., Lui, H., Kalia, S., Zeng, H., McLean, D.1., et al. (2012) Polarization Speckle Imaging as a
Potential Technique for in Vivo Skin Cancer Detection. Journal of Biomedical Optics, 18, Article ID: 061211.
https://doi.org/10.1117/1.jb0.18.6.061211

[71 Feng, X., Yu, Y., Zou, D.,Jin, Z., Zhou, C., Liu, G., et al. (2021) Functional Imaging of Human Retina Using Integrated
Multispectral and Laser Speckle Contrast Imaging. Journal of Biophotonics, 15, e202100285.
https://doi.org/10.1002/jbi0.202100285

[8] Hellmann, M., Kalinowski, L. and Cracowski, J. (2022) Laser Speckle Contrast Imaging to Assess Microcirculation.
Cardiology Journal, 29, 1028-1030. https://doi.org/10.5603/cj.a2022.0097

[9] Thompson, O., Andrews, M. and Hirst, E. (2011) Correction for Spatial Averaging in Laser Speckle Contrast Analysis.
Biomedical Optics Express, 2, 1021-1029. https://doi.org/10.1364/boe.2.001021

[10] Cheng, W, Lu, J., Zhu, X., Hong, J., Liu, X., Li, M., et al. (2020) Dilated Residual Learning with Skip Connections for
Real-Time Denoising of Laser Speckle Imaging of Blood Flow in a Log-Transformed Domain. IEEE Transactions on
Medical Imaging, 39, 1582-1593. https://doi.org/10.1109/tmi.2019.2953626

[11] Fredriksson, I., Hultman, M., Strdmberg, T. and Larsson, M. (2019) Machine Learning in Multiexposure Laser Speckle
Contrast Imaging Can Replace Conventional Laser Doppler Flowmetry. Journal of Biomedical Optics, 24, Article ID:
016001. https://doi.org/10.1117/1.jbo.24.1.016001

[12] Yu, C.,Chammas, M., Gurden, H., Lin, H. and Pain, F. (2023) Design and Validation of a Convolutional Neural Network
for Fast, Model-Free Blood Flow Imaging with Multiple Exposure Speckle Imaging. Biomedical Optics Express, 14,
4439-4454. https://doi.org/10.1364/boe.492739

[13] Hao, X., Wu, S., Lin, L., Chen, Y., Morgan, S.P. and Sun, S. (2023) A Quantitative Laser Speckle-Based Velocity

Prediction Approach Using Machine Learning. Optics and Lasers in Engineering, 166, Article ID: 107587.
https://doi.org/10.1016/].optlaseng.2023.107587

DOI: 10.12677/hjbm.2025.153065 575 VR


https://doi.org/10.12677/hjbm.2025.153065
https://doi.org/10.1117/1.jbo.24.8.080901
https://doi.org/10.1038/s41598-020-64492-5
https://doi.org/10.1117/1.nph.9.2.021908
https://doi.org/10.1002/jbio.202000203
https://doi.org/10.1016/j.burns.2023.04.009
https://doi.org/10.1117/1.jbo.18.6.061211
https://doi.org/10.1002/jbio.202100285
https://doi.org/10.5603/cj.a2022.0097
https://doi.org/10.1364/boe.2.001021
https://doi.org/10.1109/tmi.2019.2953626
https://doi.org/10.1117/1.jbo.24.1.016001
https://doi.org/10.1364/boe.492739
https://doi.org/10.1016/j.optlaseng.2023.107587

itk &%

[14]
[15]
[16]

[17]

(18]

[19]

[20]

[21]

[22]

Martin-Guerrero, J.D. and Lamata, L. (2022) Quantum Machine Learning: A Tutorial. Neurocomputing, 470, 457-461.
https://doi.org/10.1016/j.neucom.2021.02.102

Zeguendry, A., Jarir, Z. and Quafafou, M. (2023) Quantum Machine Learning: A Review and Case Studies. Entropy, 25,
Article No. 287. https://doi.org/10.3390/e25020287

Kusumoto, T., Mitarai, K., Fujii, K., Kitagawa, M. and Negoro, M. (2021) Experimental Quantum Kernel Trick with
Nuclear Spins in a Solid. NPJ Quantum Information, 7, Article No. 94. https://doi.org/10.1038/s41534-021-00423-0

DiAdamo, S., O'Meara, C., Cortiana, G. and Bernabe-Moreno, J. (2022) Practical Quantum K-Means Clustering: Per-
formance Analysis and Applications in Energy Grid Classification. IEEE Transactions on Quantum Engineering, 3,
Article ID: 3102316. https://doi.org/10.1109/tqe.2022.3185505

Xin, T., Che, L., Xi, C., Singh, A., Nie, X,, Li, J., et al. (2021) Experimental Quantum Principal Component Analysis
via Parametrized Quantum Circuits. Physical Review Letters, 126, Article ID: 110502.
https://doi.org/10.1103/physrevlett.126.110502

Ovalle-Magallanes, E., Avina-Cervantes, J.G., Cruz-Aceves, |. and Ruiz-Pinales, J. (2022) Hybrid Classical-Quantum
Convolutional Neural Network for Stenosis Detection in X-Ray Coronary Angiography. Expert Systems with Applica-
tions, 189, Article ID: 116112. https://doi.org/10.1016/j.eswa.2021.116112

Wang, A., Mao, D, Li, X., Li, T. and Li, L. (2025) HQNet: A Hybrid Quantum Network for Multi-Class MRI Brain
Classification via Quantum Computing. Expert Systems with Applications, 261, Article ID: 125537.
https://doi.org/10.1016/j.eswa.2024.125537

Chen, Y., Han, W., Bin, G., Wu, S., Morgan, S.P. and Sun, S. (2024) Quantum Machine Learning Enhanced Laser
Speckle Analysis for Precise Speed Prediction. Scientific Reports, 14, Article No. 27665.
https://doi.org/10.1038/s41598-024-78884-4

PR, Mo, #EIE & BOLHPERS MR UG BORWEFEBER[I]. O, 2018, 45(2): 86-95.

DOI: 10.12677/hjbm.2025.153065 576 VR


https://doi.org/10.12677/hjbm.2025.153065
https://doi.org/10.1016/j.neucom.2021.02.102
https://doi.org/10.3390/e25020287
https://doi.org/10.1038/s41534-021-00423-0
https://doi.org/10.1109/tqe.2022.3185505
https://doi.org/10.1103/physrevlett.126.110502
https://doi.org/10.1016/j.eswa.2021.116112
https://doi.org/10.1016/j.eswa.2024.125537
https://doi.org/10.1038/s41598-024-78884-4

	一种基于量子经典混合神经网络的激光散斑对比成像系统
	摘  要
	关键词
	A Laser Speckle Contrast Imaging System Based on a Quantum-Classical Hybrid Neural Network
	Abstract
	Keywords
	1. 引言
	2. 硬件设计
	3. 算法设计
	4. 活体实验验证
	4.1. 阻塞再充盈实验
	4.2. 血流速度曲线图
	4.3. 血流速度动态变化图

	5. 结论
	参考文献

