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Retinal vessel diameter measurement based on depth learning and two-dimensional Gaussian fitting
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Abstract: Diseases such as diabetes and hypertension can lead to changes in the shape of retinal blood vessels. Segmentation
of fundus images is critical in the quantitative analysis of diseases, which is instructive in the clinical analysis and diagnosis of
diseases. Herein a method based on depth learning and two-dimensional Gaussian fitting is proposed to automatically measure
the diameters of retinal vessels. Firstly, the connected channel signatures and the network depth which is increased by depthwise
separable convolutions are applied into fully convolutional network to segment the vessel network. Then, morphological
refinement and least-squares fitting are used to find the centerline and direction of blood vessels in the segmented vessel network.
Finally, based on gray value distribution characteristics of blood vessel cross-section, two-dimension Gaussian fitting is used
to correct the centerlines and directions of retinal vessels for obtaining the accurate centerlines and directions of retinal vessels
and then measuring the diameters of retinal vessels. Three image sets in the REVIEW database is tested. The standard deviation
obtained with the proposed method is close to that of the manual measurement, which indicates that the proposed method can
achieve a high accuracy in vessel diameter measurement. The validity of the proposed method is proved by the test on the
REVIEW database.
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Depthwise convolution
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Fig.1 Schematic diagram of depthwise separable convolution
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Fig.2 Network structure diagram
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a: Original image

b: Green channel image

c: Result of CLAHE d: Result of Gamma correction
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Fig.3 Preprocess results of the original image

CLAHE: Contrast limited adaptive histogram equalization
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Fig.4 Image dataset

1.3.3 syEIZ55R B 545 T X DRIVE B4
20 MR IR RGP A 43 510T L2851, 55 1 80 S AR S I 2% 433
B I 45 45 SR 181, %5 2 51 & DRIVE FE 4R &5 — 4
LR EI M AE 25 5 &, 55 3 51 24 DRIVE J& 4
W 20 B R I A S5 SR R AR S A B2 R
LK 1) 53 B BE AN L 5 — 19 53 B 45 R 270t
Lbo DX EE BT AT DI Y, A SCRY 43 51 25 3L e 5

(14 3 0 LA P 265, Al 5 — L AT /)N I A8 0 T LA 43
H MER M HILE R T IE L, — R
TR AT B PR AR SO BB TE AR 4. AN
LR — o B G RXT el LA A SO AR
DR R Al . LA BTl LUE
AT LR ERAE I SO N L AR B - E N a1,
T DRIVE JE 11 ) — S6 EUAAAE Y i A 22 S5 A2
A ENGE ST DA W R SO AR A2 (R RS
I 787 VI T AAR B b 4580 o 0 A R T AN BB ST A
Ay EAFAE S A 105 ) ) L

5 HEIERIILLE

Fig.5 Comparison of segmentation results

The 1%, 2 and 3" columns were the segmentation results of proposed method,

expert 1, and expert 2, respectively.
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Fig.6 Results of centerline extraction
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Fig.7 Blood vessel direction obtained by

traditional method
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Fig.8 Blood vessel skeleton lines obtained by traditional method
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Fig.9 Diagram of centerline and direction correction
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a: Corrected center line

b: Pre—corrected center line

c: Corrected vessel direction
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Fig.11 Comparison of vessel centerline and direction before and after correction
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a: Blood vessel diameter
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Fig.12 Diagrams of vessel diameter measurement
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d: Pre—corrected vessel direction
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Tab.1 Comparison of the segmentation results of the proposed

method and expert 2
Method TPR FPR ACC
The proposed method 0.7671 0.0165 0.9559

Manual segmentation of expert 2 0.776 0 0.027 6 0.947 2

TPR: True positive rate; FPR: False positive rate; ACC: Accuracy
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Tab.2 Comparison of the segmentation results of the proposed

method and other segmentation methods in recent years

Method TPR FPR ACC

The proposed method 0.767 1 00165 09559
Method of literature [15] 0.774 3 0.027 5 0.947 6
Method of literature [9] 0.778 3 0.0232 09495
Method of literature [16] 0.756 9 0.018 2 0.9527
Method of literature [ 17] - -- 0.946 1
Method of literature [ 18] 0.735 4 0.021 1 0.947 7
Method of literature [19] 0.765 5 0.0296 09442
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Tab.3 Comparison of different methods for vessel diameter

measurement in KPIS set (pixel)

Method r A7 8

Gold standard 7.52 -- 0.36
Method of literature [20] 4.95 257 0.40
Method of literature [21] 5.87 -1.65 0.34
Method of literature [22] 7.54 0.02 0.32
Method of literature [23] 6.47 -1.05 0.39
Method of literature [24] 6.56 -0.96 0.33
The proposed method 7.42 -0.10 0.11

r: Average diameter of vascular diameter; Ar: Difference between
different methods and gold standard; & : Standard deviation between

different methods and gold standard
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Tab.4 Comparison of different methods for vessel diameter

measurement in CLRIS set (pixel)

Method r AF 8
Gold standard 13.80 -- 4.12
Method of literature [20] 6.30 -7.50 6.30
Method of literature [21] 7.00 -6.80 7.0
Method of literature [22] 13.80 -0.00 3.89
Method of literature [23]

Method of literature [24] 15.70 1.90 -
The presented method 13.78 -0.02 3.7

R5 FREIAZEXN VDIS BEERMEHIE L (RH)
Tab.5 Comparison of different methods for vessel diameter

measurement in VDIS set (pixel)

Method T AF 3

Gold standard 8.85 - 2.57
Method of literature [20] 5.78 -3.07 5.78
Method of literature [21] 6.59 226 6.59
Method of literature [22] 8.87 0.02 2.22
Method of literature [23] 7.94 -0.91 7.94
Method of literature [24] 8.80 -0.05 8.80
The proposed method 8.84 -0.01 2.35

B AT E o SR T AR G T 1k BT B
WA AL R AT [0 5 S PR L AE H O R [ 477



2 XTI, A | TR 7 > 0 A v Ul A A PO R A A D vk - 179 -

25, T LA R 0 i A5 46K T D B8 1L 522 5 30T 90 A R
SR SO ) 4 5 3 sR B I AR I 1Y
RO R AT ], B JE EA T LA A AR R Bh R KA A2 1L
E A& . X} REVIEW FE (1) KPIS El 4 . VDIS &
BE VEAT I A5 A DN o, 3 e AT At AR R D vk A
SRR T LU, A S I A AR A (R 4 A v 25 I
N AR E IR 25 5 /0N UE B T A SOy 200 2 1 235 SR vf
PR RS e T

(5% 30Hk]

(1] 2=, Aokt S, 5 AR B 5 5 1200 8 7 i e R R L vl
B Z[J]. BFRIEAZE, 2014, 14(9): 1608-1611.

LIM, YANG Y S, AN N, et al. Progress in the measurement of retinal
vascular diameter and its influencing factors[J]. International Eye
Science, 2014, 14(9): 1608-1611.

[2] A+dr. 2 AUbE fom bt & e Ryd &b i G & G e KRG RD].
FM: FOH K, 2009.

FU X. Clinical treatment of microalbuminuria in patients with type 2
diabetes and hypertension[ D ]. Zhengzhou: Zhengzhou University,
2009.

[3] LIEWG, SIM D A, KEANE P A, et al. Diabetic macular ischaemia is
associated with narrower retinal arterioles in patients with type 2
diabetes[J]. Acta Ophthalmol, 2015, 93(1): 45-51.

(4] ZRs . —FrhFEremnl E5 k(] PEESHEFLE,
1999, 16(3): 146-147.

WANG S Z. An accurate method for measuring vascular diameter[J |.
Chinese Journal of Medical Physics, 1999, 16(3): 146-147.

[5] haksg, Mo B, AREAR . BARS IR f i AR B ka9 B [)].
T E A EF TR, 2005, 24(4): 510-512.

LUJR,SIHC, YUD Y. A study of the measurement of coronary
artery diameter [J]. Chinese Journal of Biomedical Engineering,
2005, 24(4): 510-512.

(6] %kim, g4 . —F kT Adh 4o iR a9 AL Ji o % 98 B B 5 ik (0],
P B A A 2%, 2009, 4(1): 64-68.

YAO C, CHEN H J. Measurement of retinal vessel widths based on
prior knowledge[ J]. Sciencepaper Online, 2009, 4(1): 64-68.

[7] ZHOU L, RZESZOTARSKI M S, SINGERMAN L J, et al. The
detection and quantification of retinopathy using digital angiograms
[J]. IEEE Trans Med Imaging, 1994, 13(4): 619-626.

[8] LIH, HANDSAKER B, WYSOKER A, et al. The sequence Alignment/
Map format and SAMtools[J ]. Bioinformatics, 2009, 25(16): 2078-
2079.

[9] LISKOWSKI P, KRAWIEC K. Segmenting retinal blood vessels with
deep neural networks[J]. IEEE Trans Med Imaging, 2016, 35(11):
2369-2380.

[10] FU H, XU'Y, WONG D W, et al. Retinal vessel segmentation via deep
learning network and fully-connected conditional random fields[ C ]/
IEEE International Symposium on Biomedical Imaging. IEEE, 2016:
698-701.

[11] SHELHAMER E,LONG J, DARRELL T. Fully convolutional
networks for semantic segmentation [J]. IEEE Trans Pattern Anal
Mach Intell, 2017, 39(4): 640-651.

[12] RONNEBERGER O, FISCHER P, BROX T. U-Net: convolutional
networks for biomedical image segmentation[ C |/Computer Vision
and Pattern Recognition, 2015, 9351: 234-241.

[13] DECO G, SCARANO L, SOTO-FARACO S. Weber's law in decision
making: integrating behavioral data in humans with a
neurophysiological model[ J ]. J Neurosci, 2007, 27(42): 11192-11200.

[14] FAWCETT T. An introduction to ROC analysis[ J . Pattern Recogniti
Lett, 2006, 27(8): 861-874.

[15] ZHANG J, DASHTBOZORG B, BEKKERS E, et al. Robust retinal
vessel segmentation via locally adaptive derivative frames in
orientation scores[ J |. IEEE Trans Med Imaging, 2016, 35(12): 2631-
2644.

[16] LI Q, FENG B, XIE L P, et al. A cross-modality learning approach for
vessel segmentation in retinal images[J]. IEEE Trans Med Imaging,
2016, 35(1): 109-118.

[17] WANG Y, JI G, LIN P, et al. Retinal vessel segmentation using
multiwavelet kernels and multiscale hierarchical decomposition[J].
Pattern Recognit, 2013, 46(8): 2117-2133.

[18] ZHAO Y Q, WANG X H, WANG X F, et al. Retinal vessels
segmentation based on level set and region growing [J]. Pattern
Recognit, 2014, 47(7): 2437-2446.

[19] AZZOPARDI G, STRISCIUGLIO N, VENTO M, et al. Trainable
COSFIRE filters for vessel delineation with application to retinal
images[J]. Med Image Anal, 2015, 19(1): 46-57.

[20] ZHOU L, RZESZOTARSKI M S, SINGERMAN L J, et al. The
detection and quantification of retinopathy using digital angiograms
[J]. IEEE Trans Med Imaging, 1994, 13(4): 619-626.

[21] LOWELL J, HUNTER A, STEEL D, et al. Quantitative measurement
of retinal vessel widths from fundus images based on 2D modelling
[J]. IEEE Trans Med Imaging, 2004, 23(10): 1196-1204.

[22] LUPASCU C A, TEGOLO D, TRUCCO E. Accurate estimation of
retinal vessel width using bagged decision trees and an extended
multiresolution Hermite model [J]. Med Image Anal, 2013, 17(8):
1164-1180.

[23] BRINCHMANN-HANSEN O, HEIER H. Theoretical relations
between light streak characteristics and optical properties of retinal
vessels[ J]. Acta Ophthalmol, 1986, 64(S179): 33-37.

[24] AL-DIRI B, HUNTER A, STEEL D. An active contour model for
segmenting and measuring retinal vessels [J]. IEEE Trans Med
Imaging, 2009, 28(9): 1488-1497.

(%4 B F%)



