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Abstract: Objective Chronic obstructive pulmonary disease (COPD) is a worldwide prevalent pulmonary disease. In Chi-
na, COPD is the third leading cause of death. Pulmonary function tests (PFTs) are widely used to assess COPD severity,
but they cannot evaluate the contribution of each disease compartment. Pulmonary vascular remodeling is a remarkable
characteristic of COPD. In the past, pulmonary vascular remodeling was regarded as an end-stage feature of COPD. Howev-
er, more recent studies have found that vascular disease is present in patients with early COPD stage. Pulmonary vascular
remodeling has been described as dilation of proximal vessels and pruning or narrowing of distal vessels, thereby increasing
vascular resistance. The available tools for the assessment of pulmonary vascular disease remain limited. Computed tomo-
graphy ( CT) is the most widely used imaging modality in COPD patients; it may be utilized to assess the severity of pulmo-
nary vascular diseases. This study aims to develop and validate an automatic method for extracting pulmonary vessels and
quantifying pulmonary vascular morphology in CT images. Method The exiraction of pulmonary vessels is important for
automated quantitative analysis of pulmonary vascular morphology. We present an anisotropic variational approach, which
incorporates appearance and orientation of pulmonary vessels as prior knowledge for extracting pulmonary vessels. The pipe-
line of segmentation procedure includes three stages as follows. First, because the lung segmentation can reduce the running
time of subsequent stages, we apply a U-Net model, which is a convolution neural network (CNN) trained with high diver-
sity clinical CT images to obtain the left and right lungs. Second, the response of conventional Hessian-based vesselness fil-
ters is low at the vessels’ edges and bifurcations. To overcome this problem, motivated by the measurement of anisotropy of
diffusion tensor, a multiscale Hessian-based vesselness filter is used to highlight pulmonary vessels and generate the axial
orientation of tubular structures. This vesselness filter may mitigate the low response of branch points and maintain robust
contrast of various images. Third, considering the long and thin characteristic of pulmonary vessels, we incorporate an ani-
sotropic variational regularizer into a continuous maximal flow framework to improve the segmentation performance. This
anisotropic regularizer was constructed from the orientation of pulmonary vessels in the form of matrix generated by Eigen
vectors of Hessian matrix. The proposed segmentation framework was implemented with parallel computing library. For
quantifying the extracted pulmonary vessels, a public clinical data set from the ArteryVein challenge and a simulated data
set from the VascuSynth were used to evaluate the performance of pulmonary vessel segmentation. To verify the association
between the small vessel volume and COPD, 614 patients with COPD and other pulmonary diseases were investigated with
the proposed approach. Result For evaluating the pulmonary vessel segmentation method, we tested our segmentation meth-
od on simulated vessels with seven levels of Gaussian noise ( o =5,10,15,20,25,30,35 ) and 10 CT scans from a public
clinical data set. The average dice coefficient for the simulated data set is0.87 (¢ =5),0.80 (o =10),0.77 (o=
15),0.75 (06 =20),0.73 (0 =25),0.71 (6 =30), and0.69 ( o =35 ) . The average dice coefficient for the
clinical data set is 0.79. For investigating the pulmonary vessel remodeling in COPD patients, 614 CT scans from 352
patients with COPD and 262 patients with other diseases were used for quantitative analysis, where 281 cases in the COPD
group contain GOLD classification information (GOLD 1: 16 cases, GOLD 2. 108 cases, GOLD 3. 108 cases, and GOLD
4. 49 cases) . The average proportion of small pulmonary vessels ( cross section areas <10 mm”) in the non-COPD and
the COPD group was 0. 656 0. 067 and 0. 589 +0. 074, respectively. The proportions of small vessels in the GOLD1—4
group were 0. 612 +0. 051, 0. 600 0. 078, 0.565 £0.067, and 0. 528 + 0. 053. Conclusion We proposed a pulmonary
vessel segmentation method that incorporates the vessels’ directions. It can be used in the study of pulmonary vascular

remodeling. Experimental results have verified the difference in the proportion of small pulmonary vessel volume between
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the non-COPD and the COPD group, and the differences also exist in GOLD 1—4 groups.

Key words: chronic obstructive pulmonary disease ( COPD) ; pulmonary vasculature segmentation; anisotropic total varia-

tion; continuous max flow; quantitative analysis

0 3

[l

it JEE 2 A AR P R G Y DG B T, HE T RE
S S P U B LR, RE I ) AR
PR 2R A SN e R v i i A5 = i Y15 i
SMRSSHR B o I LA 7 o B I S A5 44 v Ak
P S B o3 BT A B 24
JIt 1t A 8 0 BEL A i (1 BELAAT ) ( chiro-
nic obstructive pulmonary disease, COPD) fY 5 2k
PRAPRRAE T2 S A 30T iy I A 1R AR 32 3 1T
ZRALI 2% (Rahaghi 55,2019) , Q& 1 iR, 7EI IR
B2 T ST AN ) A B i it A8 AR o Lo T e
T PEAR Al 14 # ¥8 ( Matsuoka %5, 2010 ; Estépar &
2013) , b RE PP T T A, HARMERT
ST ISR X I, i LA R 3 o ) SOE A
i, AT R B A R B LT B dhe , 4l B 15 A % 1 BEL il
Tfﬁﬂﬁﬁ**‘/ﬁﬂ‘ﬁé\%ﬁ%ﬁﬁ,/E\ﬁllkfﬁﬁﬁﬁﬁ

(a)COPfo@JCTLH%ﬁJkLﬁJ (b) &1 ()R AR BRI
P 1 Lt A B 9 R B (5 K B i o A2 A0 B 2K )

Fig.1 Typical manifestations of chronic obstructive
pulmonary vascular remodeling (arrows denoting
narrowing and pruning of distal vessels) ((a) coronal
slices of CT scans from COPD patients;

(b) maximal intensity projection images of (a))

FHHE

SR, TR I 45 4R T 21 S 2 ROIR R D 2544
it S5 S 2 R 5 e 7 A5 DR R B2 R SRR
JZ 4 ( computed tomography, CT) &4 H i IfiL 45 )
H o F ki, et £JLH4 T, VR 2l i
OBl T Ak R (3 4‘} 2018 ; Moccia %lf:
2018) , AN[E) filf i A 73 51 77 5 PR REREAT T PRAR L
AT (T 45 2018) , Moccia 258 A (2018) B
45 T HLER 2 T A A oy F T AR . ASSORE
A ET 0538 3 28 B THE K T HLa =~
LT SEOE P B W A5 1 73 F 7%

1) HE TR A 43 %0078k CT PG v 1 il 1ff 47
3T SR T i A I 3 B IR AR AR 5 B ) X S
KI5 (Biilow 45,2005 ) Ml ifiL 4B AR 19 504k 4
MR LA T BRI, 525 JF
PRIHA T (Sethian , 2001 ) Y8 £ 1 I8 4 TR X4 1
Bl mibmic e U AR, eoh e i 5 i R
it |, Lo ZF A (2010) .Zhou %5 A (2012) #1 Nadeem
SN (2021) i 2 T LA B 2K 5t J38 00 A Al 1) 7
) 249 o 1Y Jag 78 e A0 B A 1 K 5 v R 3 I W i
(ERL

2) HeTHLER T W o B vk, Ml > 7 ik
FE R HET T TRE R 43 K88 T IR 2 > T
. Ochs %8 A (2007) DA Hessian %5 B4 R AE(E R 45
fiEf A, FIH AdaBoost Y255 RG240 70248 .
TR IR X B S A TR . Ki-
ros S N (2014 ) 1 FH =7 S i 4 55 22~ J7 125, JE ik
1EAZ VL BL B & (orthogonal matching pursuit, OMP) &
ARG 2 8 1] )3 43 2 4% SL B LA 4 F] . OMP B3
T B S TR A S I R, X T R B
R REWME, Zhao 2 N (2017) # H —Fh 2 T4
i A S AR 8 75 12 ﬁkﬁ?{ﬁ? 2 4eY) AT
IR, “% ] 3 Aeifi i & 540 15 SR RE ST 32 PR . BB
2 4% ( convolution neurual network , CNN ) ELA 5#
KRAYFHAESEECS 43 2868 7, AT 1 42 LA iR TR145 R i
A BB HAR, T CNN I ERIEZ 2~ J7
T I T B R b & R AR B R 2L 23 )
(Shen 55,2017 ) o Fh T i i 45 e A 1 M FE AR K



VR, FE, KARLE, B, IRX, EER, BEH, WiE, KE, M2, FielE, S5RiE

2745 /5340 /2022 %38

1EIRAEE CT BRHiMMmE S & RES S

BRI AS i, HLIC 28 TF 0% i i 4 00 A 1 25000 42
U, X il I 45 43 H0 A I 45 8 2, Nardelli 58 A
(2018) A fdi I CNN X Jili 2l ik A1 il &8 Jok 4 2%, I
HA B 53 RIO7 X 0 26 85 R ik — 20 Ak, A R a5
IS A— H AR, Qin %A (2021) $2 i —Fh 2 A4F
S5y FIMEDR , w] [R] Ik o3 ) A s sl Jk R A 5 Bk, sk
R R 5 A ) 4 4 2 ) A BT 5 L AT B I L
SRAR AL R G5 A 2 2 RAERE ST . X2 HAETATT
I 1) B v 21 i S L0 1 0O 285, L2 1 R AE NS
FELA & - AT BE

3) HT FEAE P AF Y o3 F T, W B —
R MBS s 42 A B R14% 80 ( Hessian %5 %)
R N AZ R AR LR ARL AR 108 I8 4% 189 58 U7 ¥ ( Frangi
85,1999) , AR B LA Sy AT T | AT A5 K B
JR N v 7 537 o 38 A BT FIZH 45 Hessian 4R B (19 ¢
ik ) S5 AR AR, A 10 A8l 1) 75 1] L5 AL AR 5
JE, R T aE N AR R AR A e I — e 2
FRUBE DR AR M A I AR B AR . 3% 285 A e ik
M2 RE 75 [8] ( Lindeberg, 1998 ) , HA it & 4% 1] [F]
PEYHOT R A Tk SO 1 2%, S BOH R H
PRAHEY WS RS . AT TAESO) Toss b
WE, AEZ MY ( Perona Hl Malik, 1990 ) Fl {7
YA ) 5T HE T ¥ (Manniesing F1 Niessen,
2005 ) W LA RO IR AR 5 10 2% {H 2, 258 50 D5 21
GAb S At . e 5 ] 38 £ (optimally oriented
flux, OOF) ( Law il Chung,2008 ) 1% % # A A i 171 2%
FREEAR B, e AL M BR ) 4K 3 H AR 52 i (03 %
JEAE IR PN BB O B 9 2 ) M, R s B 1k 3B 2% ( Xiiao
45,2013 7E PR B AR NS g [ i i g i H
B sr AT S5 RUBE e () 24006 24 IR A 480 H ARAy -+
oo SR, ST VR TS RS S R RUE S
B, el Sz YRR A ) e TR R R, —
FhEET Hessian FE 45 [ S P I B 1) ol A8 484 o 07 2%
Bt (Jerman 45 ,2016) , BEA 20 v AR 1L 58 43 X Ab
Ml 7 AFR 1 PR P A5 % b B 8 A 5| RS o AN — By
T8

AR SCHR H — Tty S BBl R 2 SR A A ) S
T D) )32 5 e KU 0 IRE SR B4 il 11 A8 A sl 73 1007
o T A8 ALK iR B A Al 1] D 1) 38 3k 22 )R Hes-
sian FEFEIE A5 KA | 58 B2 A5 )45 2 230 LA KOs
PR ELIFUN 25 [11) S P T D00 0 i A 39 32 88 e R A B
TP A I S T U ) 1 A R T LA i e ) 2

AR DA W A 54 1 431

A SCTAER E 2 s AL .

1) 43 it ot 657t 1] £ L LA 4% 1) S 622 53 (ani-
sotropic total variation) A JE 2 filt A 2] 3% 22 55 K3t )
SYEIRESE a2 40/ N i A8 Y 731 e

2) AR B CT Bt 4 T 4T 1 43 2 AE I
W IFEZ O IR REEE 4 B (S50 i) X 73 51
M SR PEATRAL ST, B0k 770 51 5T A [ 51
AR T AR,

3) BT IMAE B4R, H Sh4R BT 42l iy /8 il
RS LS8, TR AENS B A F) i 1l 487 o 23 1Y
FE AL RS B BGE,

1 F &

L1 EERE

ARSCHR H 0 I 1048 70 R G R AR AR A 18] 2 i
71N, TE AT A A S 0L SR R 0l 0
3AER, A F R FHRE T U-Net 925 45 14 1) 3
Ji 2% 2] 777 ( Hofmanninger 55,2020 ) ; fii IfiL 45 34 538 >k
HFEETF 2 RJE Hessian i [ 45 [n] 53PE 5 8 19 B4 5 7
% (Jerman 55,2016 ) ; Jili fiL % 0 B4 FH 4 J5 B A 19
A ) SR S U 2 BT 5 (Pezold 25 ,2016)
1.2 E-F U-Net ByffifE 5 &

AR 53 2 Ml 235 4 0 BT 1 B D R, T2 i
MY S5 AL PR (RO X IR, 324 1k, oIt J2
1RGERY BE 3 B )7 vk 2 A4 Wi AT IR B2 >0 U
VA, BB A5 Ml A B o o k- (U i 7 4E AL | B R
A ) TR AR 53 #0177 7518 2> Hofmanninger 45
N (2020) 8 HOR T TR B2 27 > (Il 14 31 07 i
P oy B RE Y FERETE TR m IR 2
R, A5 2 0 I 28 S A Al 2Rk Tt A
SR A ) RGO LY B v B AR T 52, Hofmanninger
45 N (2020) K 2 BLEY U-Net 70 EI /2% | 2555 —45:FH
JZIm EEUA—14k (batch normalization, BN) | 7 231 4]
55 Z M 1S BRI R S 800 CT 2R 5 (3
1162 224 NI bS8 BRI 25, B A5 4 B 7 H
M EARAS T B HITERE . AR SCR 7 HIASE
R SE A A AR 73 0 6 1A 53] PR it 2 30 SR 72 5|
1 ) B PGB B 3k vy S B0 o0 1 s i ) B8 TR
BHEEA (15 4R DL E M2 50) B4 5 F3h 2 iE 53
FEE SN

765



766

PEERE SR

JOURNAL OF IMAGE AND GRAPHICS

Vol. 27 ,No. 3,Mar. 2022

U-Net

ZeA it

l

\/

=M

— AT
Ll o R WL
Hessian + b
K il 5 ) 71

i i AR i

B2 i o3 5007 i AR e 1A

Fig.2  Overview of the proposed pulmonary vasculature segmentation approach
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(b) enhancement results of CT slices in (a))
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Fig.4 The relationship between Gaussian noises

and the vasculature segmentation performance
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Fig.5 Comparison of the isotropic and anisotropic

regularization based segmentation methods
((a) segmentation results of isotropic method;

(b) segmentation results of anisotropic method )
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Table 3 Quantitative results of pulmonary vasculatures
in COPD and NonCOPD group
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Fig.8 Demonstration of pulmonary vessel segmentation errors
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