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Non-invasive assessment of rat liver fibrosis using spectral CT and radiomics
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Abstract: Objective To explore the predictive value of spectral CT quantitative parameters combined with radiomics for early
liver fibrosis using rat models. Methods Prospective animal experiments were conducted, and the intervention models were
constructed for liver fibrosis in rats. A total of 112 spectral CT plain samples were collected from 56 rats, and quantitative parameters
(40, 60 and 100 keV CT values, slope of the spectral curve) were measured in the spectral CT images to assess the value of each
parameter in the staging of liver fibrosis. The regions of interest were sketched out in the 60 keV monoenergetic images using 3D
Slicer software, and from which the radiomics features were extracted. The #-test, correlation analysis and the least absolute
contraction and selection operator algorithms were used for radiomics feature screening, and the Rad-score was calculated.
According to the pathological results, they were classified into non-significant liver fibrosis and significant liver fibrosis, and 3
Logistic regression models (spectral CT model, radiomics model and combined model) were established using the selected spectral
CT parameters and radiomics features. The predictive value of these models was evaluated using receiver operating characteristic
curves, and calibration curves were plotted to evaluate model fit. Results Except for 100 keV CT value, spectral CT parameters
and Rad-score differed statistically between non-significant and significant liver fibroses (P<0.05). The spectral CT model,
radiomics model and combined model had AUC of 0.850, 0.895, 0.939 in the training set, and 0.818, 0.803, 0.883 in the test set.
The calibration curves showed that the 3 models were well fitted, without significant deviation. Conclusion The model constructed
with spectral CT and radiomics performes well, worthy of further optimization.
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1.1 SEIEFhY

AW FERE A AL SE 56 sh P10 BE 2 51 5 EEK , IF
ST A SRS . 2022007, S R HUC
SE R EARGEYE SD KB 56 H, B 6~8 &, IR i i
4 230~280 g, K FHMAE 10 71 W Fir A sh B AL 53
X HRA] 8 HANSLIG 4] 48 HIF IR IE 75250 .
1.2 shipiEB ST

S 21 K R 1 PS4k Bk (Carbon Tatrachloride,
CCL) MBI , HeJF N 40%(99.9% CC1, 58t i LA
UL 2:3 410 A ) 70 3 mL/kg, A3 2 IR, #5424
J& VUSSR Al . X BE 41 DA S5 AR E 1 A5 5
A BRER K o 55 4 R, BEMLICSE 50 41 KRR 8 H (5%
TEZH) BRI 47 1 BB BETS CT -4, 1M 5 Ab FE WL 52 3t
BEIE O o 27 5 i A e 4% 52 5 21 R BR DA 25 1 77 X B
ML R S 4L, 43 50 A B & shdl R 1152 3l 30 min 41
HIHIZ 8l 60 min 2 | 4E3R 32 5)) 30 min 41 Fl 4E3R i )
60 min 41 , FF 41 8 H, X AL AT [ Fh 6 sh 4L # k&
ORI, Hidy 445256 41 $9e W8 6k 1332 st HLAT S
S AT IC S E UK, B 6 IR, RRLR 9 JR , HLAR A4
KA 2R 1R Wik & — M1 0.8 m,
1 0.7 m N BESE W A R KA/ , KR 0.5 m, sl a8
POK A7 AR KIRAE (25+3) °C. HFIR 5~6 1,434t
WHEAT , i R R B TR Sh IR A B LR35 T

x1 BEXRFRITIE

Table 1 Intervention schedule for each group of rats

205 1~4 J 5~6 J] 7~13 A 14-15 4
Xt BR4 T AR K N=S B /
[ER:REFSIEE] H'H ccl, RE RE /
FLWiZ 330 min 41 H#H ccl, TPk 30 min/d bk 30 min/d /
4325 60 min 41 #E ccl, Ji# ik 60 min/d Tk 60 min/d /
FERIE Z) 30 min £H #EH cal, 7Nz Tk 30 min/d Ji#0k 30 min/d
FERIE 5] 60 min £ #EH cal, /9= JiF 7k 60 min/d 7k 60 min/d
ioanad: | HE cal, / / /

1.3 BB CTHRE

fdi Jfl GE 5 1 fi£ i CT (Discovery CT 750 HD,
GE, USA) #4744 , 4% 41 K Bz 3l 1 9 52 i 5 17
BEHE CT 4, FAH AT A5 & 12 h, 257K 4 h, BRI 5 Y
JHe [ 5 F BB 404, A RN, Sk e F R A IR

R JF g, A EAME, TERH S
& L JE 80/140 kVp 78 0.5 ms P % I % e, 4% i
560 mA , BEBE I, 5 0.5 s/%5 o by B,
A2 R 2 B 5 24 K 1.25 mm, FOV 40 mm, 45
4 512512,
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RETE CT 34 58 L5 37 B ARBE R B, B H 52 4
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e CT HE UG , BIE A 8h1% & ADW4.6 5
A BT A5k 2 PACS, i H GSI viewer X} 5 £ K& J5
VLBL ISR NI B i AT AN S N O R NPT PN
G0, LA 1124 B0 2 TR ARG o /MR 2
e — )2 T e B 3 S 1 AR K 2~5 mm® B9 ROT(IE 1),
HHEE CT E E 540, 145 : (1)40.60 #1100 keV HLfE
i CT1H; (2) BEIE M2 Mo iRt 3, Rl %=(40 keV CT
{H-100 keV CTAH /60, X — i F th W6 24 W) Z S B
2 UAEAN T A Bl 2 S A 0 T PR atEA T o

Spectral HU Curve 2

1 BECTREREAE
Figure 1 Spectral CT images and post—processing
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1.6 FBAZSH
1.6.1 B8 RAFIETE K DICOM A% 2 iy 5 4
BRI PACS H 3 11, Y 96 44 00 97805 8 1 U el FH
TEZ A 3D Slicer (B4 5.0.2, https://www.slicer.org ) 73
S BRI HEAT T3l A T R B — 2 T B A AR
4 ROL, 5 Jil il 202U 1 O Fp A [R] B 15, 3 I ] i K
M4, e EARBEISEAT 9% R EERS 7 #)
J5i A5 2 Y HE IR R 1% 5 A Python (i A 3.7.6, https://
www.python.org) , ffi i Pyradiomics "% ¥E 47 47 1E 3¢
W, BUR 2R AR EAL AL B S, R B R 4 2
FHIE

DA B2 25 S b i, 439 FO-1 1 F2-4 154>
o N2MREARE IR 7:3 BEALS: I ZRAE (n=78) A1

REE (n=34) , YR BIE LR AL AL B Se (il K6
B A SCRARRE 1T S AIBR A OC R ECR T 0.8,
T REAF7E 2 AL 2 H AR B/ RRAE , S5 )5 1
e /N e X W 4 ik £ 5 F (the Least Absolute
Shrinkage and Selection Operator, LASSO) [F] I 45 74
i — 2T , 28 10 37 28 SLIIE 5 5 B R ECH 0 By Fr
fiE o M4 LASSO [0 )5 R Bty g e M 2 KA B R
PR AIE AR 3 1R 5245 41 2% P53 (Rad-score ) o

1.6.2 ZEAEEV R MEETEMY  ff TR L S R B s R
o 2 RRAE P B RS AR 412 Logistic [n1 AR A ; fE 3% CT
S T U0 o R 0 FIRR DG 1 43 BT 2R A7 T 2%, #
% CT Logistic [A] 9 #5 7 ; 15 3] Rad-score Ji7 , #f H: 5 €
W CTE S HIRG , F B A Logistic M1 A BIAY | i



- 1512 -

.

] 22

415

A7 AR S 3 27 4 A R i 25 27 4k A ) — 3 S S AT
%, % H & ik & T 1E 4 1E (Receiver Operating
Characteristic, ROC) fifi & T 1fii #1 ( Area Under Curve,
AUC) ERREE R85 A RPN B AR RE ,
delong £ 50 J| T A 70 22 ] J2 A5 47 4 22 5, (il FH AR vf ot
AW AL G O, AT P 3R it e DAk 452 18 i 15 i ok
HH A -

1.7 St FEFH %

i Ff} SPSS24.0 X} AE 1% CT 2 1 kAT G 112
3P T BORME PS8 hn il 25 3R BRI IE S
PR, FF6 IR 53 A Bl AR ST A A R 50 LA & S 8K
TE T 2 8] 79 22 57, Nl 2 1E 28 43 A1 s, D B Mann-
Whitney UK % . i ] Spearman AH 5% 43 B 4] 7 4%
G T A il AR A G . 25 ROC £k
WA RETE CT 28 ny 2 Wi (i . (8 140 N AH G R 2L
(Intra-class Correlation Coefficient, ICC) X P 44 #/E
BT CT 2 1= 2 Ko & 25 J G T sh oy ) 25 21

AT —BUEPPAL , 1CC>0.75 TA S — Btk R AT, JF LI
VHEVE N B B850 . SUAR A 27 R Ak 42 BRURN 75 128 358 53
fd F Python3.7.6 #E 47 &b B | 452 76 4 2 FIPEAf 8 43
H RIEF (WA 4.2.2, https://www.r-project.org ) 17
Gt P<0.05 AZERAGIEE X,

2.1 ERRAESHNTER

o5 B2 ARG S, 25 4 JE R BEAILAR AE Y 8 H 3250
H BRIA HR IR e 2 AR [ B R /S i TE B B 5
HFA W T £F 4l . R ZH 8 R R FO, AR 92 ue 4
K B — Bt 0] (4 T BURK &2, 2945 AN [R) 2 B ) 3
B BARAARE WE AT AT ik (Fo-1) Kl 22 R AN
ENFEF b (F2-4)34 H(E 2) o KW W52 3 I o
(I RETE CT & & 2 50H ROT T3 43 B 5 2 5 i 114 5%
QA 2R 2 R AT n G b7, S5 R R ICC
KT 0.8, —FhE R,

&2 AT AE AR [E F0 Masson 3 £ & (x100)
Figure 2 Grossly observed and Masson staining images of mouse liver (x100)
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22 BEIECTEESHOTER

A UK R EMG S BORT 2 A a0 iT, 45 0 Kk B
Ak 2 3 AT 2 AL 41 1 PR B CT (EL AN RE I h 4k A %
FE T WAL 4Rk 4, B 100 keV CT{HAL, HiAvfE
I CT B S AR Z R A G R X (F2).,
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7 0.874 F10.943 , W] RE A7 1F 2 28 1, 05 R
40 keV CTH , J5 £2# JH 60 keV CT {H FIRE % fih £k &t
TR BETE CT Logistic [Al 454

2 FRESEERFHNERECTEESHILE
Table 2 Comparison of spectral CT parameters between non—

significant and significant liver fibroses

A FEATL AL EATLT AL

S8 4Z{E PME
(FO-1,n=44)  (F2-4, n=68)

40 keV CT1H 93.67+4.01 86.48+5.87  7.12  <0.01

60 keV CT{H 71.5642.26 68.8142.75 553  <0.01

100 keV CTfY  59.05+1.73 58334240  1.83  0.07

A TS 0.58+0.05 0.47+0.08 842  <0.01

26 ROC I35 AUC R HIMTig i CT &
ESHOT R AEAL A2 W, 45 28 5 7R 60 keV
CT {HAIREIS MR RLERAE S W WA 4 (LA, AUC 4
A2 0.763 F10.851, HA —E MW AT E (B 3) .

2.3 AREF IR BIANFIE

v
) - =60 keV CT{i: 0.763 (0.652-0.873)
eI I ZARER: 0.851(0.765-0.936)

00 02 04 06 08 10
=455
&3 ROC LT AETE CT E 22 M AT 14 48
Figure 3 ROC curves to assess the predictive performance of

spectral CT quantitative parameters

BRI REA T RIS 2 851 AR “EAFE AL
5ok A IR RS 8 107 SRR FIR B /N BCIE IS #1R
(4 744 ANRHIE . SRR GRS i, R B X S BT A
WA B H REAEF N 8 MR A F R, 25 F-AE
R RN 4 FR

original glszm_GrayLevelVariance -
wavelet-LLL_firstorder Maximum -
wavelet-HLH_firstorder InterquartileRange -

original glrlm_ShortRunLowGrayLevelEmphasis -
wavelet-HLH glszm ZonePercentage -

wavelet-HHL _glrlm_ShortRunLowGrayLevelEmphasis -
wavelet-HHL_glrlm HighGrayLevelRunEmphasis -
wavelet-HHL glszm GrayLevelNonUniformity -
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DEEY

4 FHETHIE R RER S MR BAFFHENNERYE

Figure 4 Weight coefficient plots of the 8 radiomic features retained after feature screening

EFHORER T 0 8 M HEAS L% Rad-score,,
Rad-score=(0.111xoriginal glszm GrayLevelVariance)+
(0.055xwavelet-LLL _firstorder Maximum) + (0.047x
wavelet-HLH _firstorder InterquartileRange) + (0.022x
original glrlm ShortRunLowGrayLevelEmphasis)  +
(-0.035xwavelet-HLH glszm ZonePercentage)+(-0.048x
wavelet-HHL glrlm ShortRunLowGrayLevelEmphasis)+
(-0.090xwavelet-HHL glrlm HighGrayLevelRunEm -
phasis) + (-0.103xwavelet-HHL glszm_GrayLevelNon-
Uniformity)+0.036., Ztit45 4 ik /K Rad-score 7E9F i 3%
JHEF A A2 B i T b 2 AR Ak, BLAE I 25 A
AR A G (K 5) . 23 ROC LR, £5281

27~ Rad-score X FF£F 4ifb 12 Wi 5 —E M (5, AUC Hy
0.859(46),
2.4 BV KRR

W BETE CT & 1 Z%0(60 keV MRETE Hh £k 41 %)
51 A Logistic [m S48 5 | # 57 GEfE CTHLAY , Hoh g%
R ARE R by A 27 4 Ak i 2 Sz #0007 (P=0.004)
|15 J5 F2 R - 2.616x fig 3 il 4 &L % -0.707 , £ Al
x*=30.784, P<0.001, 7£ Il 25 5 Al ik 4R 19 AUC 43511
47°0.850 Fl1 0.818 5 Kt i 126 J5 753 1 19 8 5 (5 A1 2 AIE
51 A Logistic [a] IH 8 18 | & 37 52 AR 4] 22 #E AL Hoop
original glszm GrayLevelVariance, wavelet HLH

firstorder InterquartileRange Fll wavelet HLH glszm
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Figure 5 Box plots of Rad—score in the training and test sets
1.07 <3 EREINGEFRMK LRI
Table 3 Model performance in the training and test sets
0.8
T AUC(95%CY)  UERRE/% FETRE/% REE/%
100 it CT R
B8
0.4 IS 0.850(0.764~0.936)  79.49 76.67 71.88
M4 0.818(0.674~0.963)  73.53 60.00 75.00
0-2 AR
7/
ool b7 e Radsene 0859 07730983 _| Y% 0.895(0.825~0966) 82.05  80.00  75.00
00 02 04 06 08 10 i gE 0.803(0.628~0.978)  79.41 69.23 75.00
155k
S aii]
6 ROC HhZ& 1T 4% Rad-score BTN 14 BE -
HIIEE R S 0.939(0.884~0.993)  89.74 87.50 87.50
Figure 6 ROC curves to assess the predictive performance of Rad—score
M4 0.883(0.770~0.995)  82.35 75.00 75.00

ZonePercentage A - W] JH 25 4 {k i 2k 37 F 0 N+
(P=0.013, 0.050, 0.023) , [l 5 J5 # 2 : 1.228x
original glszm GrayLevelVariance + 0.749xwavelet
HLH_firstorder InterquartileRange - 0.891xwavelet
HLH_glszm ZonePercentage-0.767, 15 7l y*=44.110,
P<0.001, 7E Il 255 FI L £& 1 AUC 433 4 0.895 il
0.803; ¥ fiE 1% CT & & = $ F1 Rad-score I & 5] A
Logistic B8, 7 57 RS R RY , Hvp RE 35 il 26 A5 A
Rad-score & B i JiF £F 4k fb 19 ph 57 f0 90 [N 5
( P=0.040, 0.001) , [n1 575 F& 9 : 1.567= RE T i £k 77}
#+10.121xRad-score-1.434, K7 x*=59.806, P<0.001,
oI A5 Y A Y1 5 A A K AR AUC 439 o 0.939 FHI
0.883(%3).

fdt FH] delong #6: 58 % | AR R (1) AUC i #E 47 73
Br, 45 3R R BE T CT AR S AR AU TE Y| ZRdE rh 22
5% (Z=-2.414, P=0.016) , KA 2 R Y LG4
X {# ] Hosmer-Lemeshow #F 47 15 1 i 481 & 0 BE 46
B, 45 R B 3 BRI L5 RAF (RETE CT KL
X=7.001, P=0.537; s AR 4B « x*=7.643, P=0.469;

B A B . y?=5.474, P=0.706) . % i &% o il 2%
(16l 7a~c) , AT LAFE 31 3 A~ A5 7Y fy T 000 A 5 R UEI00 M 25
Z RN S S B L AU B AT s PSR 4y
BT il 2k (& 7d) PRAR B S, 25 5 0 /R 224 5 (A
RAF 0.03~0.66 i, 3 AR I HL AT ARGl 26, oI
SRR

JHF 2T 2 A S 45 o 1 P9 A DT 2 J o Ry it Ak
(e RE— 2, B A W ST UE W P T b 2 T 3k ™), 7
HI B B, IF 27 4 AL 3T T 28U 5 16 2 HoAT 3
A B AR, DA RT3 T 3 A 4 A i Be
T EZ U fbiayr o Bk, R AET 2 W
YRR T A B L.

JHF 16 KA R T 27 44012 B 1 4 hn o, (R A
PETT A 25 9 838 232, T BUM L B I R A 58 M L)
J& o AR I i b AT AT ALK B Sh A Y 345
JFEF AL AR 0 W A BE 1% CT %R . CCLi%E AT &7 4k



12 , . CT

Lof”
0.8
E‘;o.é
#0.4
0.2 T
bRz
0.0l — KiFmiZ
00 02 04 06 08 1.0
T A% =
a: eI CTARAMRIERZ
Lo{™
0.8
gw
@
#0.4
0.2 — - TR
— s
0.01/ — RIEMZ
00 02 04 06 08 1.0

RIS
c: A RANRIELZ

- 1515 -
1.04°
0.8
go.@
E
0.4
0.2 = FEMZ
— bR
0.0- — Rz

00 02 04 06 08 10
T ARE 2

b: S RAF R RO L

\

S
00 02 04 06 08 10
1 JRUIG: 15 {

d:RFEHILE

7 REPROERZLFURE D AT

Figure 7 Calibration curves and decision analysis curves of various models
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B 5 B[R] (4R RS 25 B — e RR B Y [ &l i B &
AT REPRAE 2) IE 5 K AR X — 5 AR5
YT EFANG 46T RS E I, IR H &
30 A e R P AT A [ B T T, AR A AN [ B B4 4
R CT BHURE G . fEE Ao Brad e b, BB CT &
SN LSRR T o0 2 1 ROTARYS K %]
2 ) T, 3 A5 TR R ph R A4 R R TE AN TE R
ZH AN B4 B 9 25 R 40 AT A T L F e £
FNGAT Y528 i M8 B4 S B A o

AR R — P E T A B AR, MRS T
FW CT KIHG, 81 5 30 i B HA S 58 4 LA )
(ORI A5 B, R P50 A 2 43 AT ik SRR AIE 5 98
9 LB WA B 2 ) BB R, AT DR R 12 W A Ak
SEAUERTE " . ARAFFEEERE 60 keV HLAE R FIGOK
Oy R R B R e e A s, HLZE AL IR LA oA S
TR S FRIEE RS IR B T 8 AN AR 4 F 4R AE , H
643k F /N AR IS, 3 AT BB TN i i
18 RE o T Z 25 F AN AT (5 B Y % A o v
PEAR AL, 7E x vy vz J7 [a) b3 i 04 T v 3 o A1 O
P, BETS 2 8 FP U I 4R &, X728 BRI AE ) T g e
BT AR UL FRAE HE ST AR AUC (B 7 VI 24 A

MR AR S35 0.895 F10.803 , ELAT 45 5 1 i g
AEIE CT AT 7E 0.5 ms PN 58 il = fIK AE & 10 D) 48, 5K
MEZSHAE . SEG MR G RE & CT BUZ AH
Lt , BARE I A% AT AT BR A Ak O 52 4 e PG
RE T Hh £ 02 CT R Bl 5 26 A AR fh 1 b £k, ] LA s ik
YR R RE IR IE > . AT, FIEZ SIS CT
PRAG AT 2 AR rf A AR g 1 2 5032 W R s
VEAS 5 T, 107X B 41 4 AL R B DEAG B R 58 1 A T2 47 -
A ) TLIT 48 T8 X 3189 5 BE % CT 491 4% [R5 i 2 B0tk
FPWRSE , 0 R 1 i RE T CT RIS AE BT 2F 4 AL PEAS o
MY E WSy SR, T is B S i s ), 1o
FH 2 38 n £ ) B R RN 4 9k i T AN E AR
BEVT , B9 A B AT LA T 7 5A00 7 4 B4R S U
SRR F2 0 A JC AN VT AR 5 4 AL T 1 Y T
TEME . ABFFEH, G CT - H EME 1L 40 keV Al
60 keV HLpEH: CT HAEIE & 5 W E L 4L A
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