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Abstract

Purpose To construct a gadoxetic acid-enhanced MRI (EOB-MRI) -based multivariable model to predict Ki-67 expres-
sion levels in hepatocellular carcinoma (HCC) using LI-RADS v2018 imaging features.

Methods A total of 121 patients with HCC who underwent EOB-MRI were enrolled in this study. The patients were
divided into three groups according to Ki-67 cut-offs: Ki-67 > 20% (n=86) vs. Ki-67 < 20% (n=35); Ki-67 >30% (n=73)
vs. Ki-67 <30% (n=48); Ki-67 > 50% (n=45) vs. Ki-67 < 50% (n=76). MRI features were analyzed to be associated

with high Ki-67 expression using logistic regression to construct multivariable models. The performance characteristic
of the models for the prediction of high Ki-67 expression was assessed using receiver operating characteristic curves.

Results The presence of mosaic architecture (p=0.045), the presence of infiltrative appearance (p=0.039),

and the absence of targetoid hepatobiliary phase (HBP, p=0.035) were independent differential factors for the pre-
diction of high Ki-67 status (= 50% vs. < 50%) in HCC patients, while no features could predict high Ki-67 status

with thresholds of 20% (= 20% vs. < 20%) and 30% (> 30% vs. < 30%) (p > 0.05). Four models were constructed includ-
ing model A (mosaic architecture and infiltrated appearance), model B (mosaic architecture and targetoid HBP),
model C (infiltrated appearance and targetoid HBP), and model D (mosaic architecture, infiltrated appearance

and targetoid HBP). The model D yielded better diagnostic performance than the model C (0.776 vs. 0.669, p=0.002),
but a comparable AUC than model A (0.776 vs. 0.781, p=0.855) and model B (0.776 vs. 0.746, p=0.076).

Conclusions Mosaic architecture, infiltrated appearance and targetoid HBP were sensitive imaging features
for predicting Ki-67 index > 50% and EOB-MRI model based on LI-RADS v2018 features may be an effective imaging
approach for the risk stratification of patients with HCC before surgery.
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Introduction

Hepatocellular carcinoma (HCC) is the most common
primary liver cancer and ranks second in cancer-related
mortality worldwide [1]. High tumor recurrence and
metastasis, which occurs in approximately 60%—70%
of patients within 5 years, remains a major concern in
HCC treatment [2-5]. Patients with the same types
of tumors receiving the same treatments at the same
doses may have different outcomes due to differences in
the proliferative activities of tumors.

Ki-67 is a nuclear antigen that is only expressed dur-
ing the cell proliferation phase and has a short half-life
[6-8]. As such, it is an effective biomarker to predict
tumor cell division and proliferative activity, which is
believed to be associated with the therapeutic effects
and prognoses of malignant tumors in clinical prac-
tice [6—9]. The optimal cut-off value of Ki-67 to guide
the clinical management of patients with HCC remains
undetermined, although previous studies have shown
that high Ki-67 expression is associated with tumor
differentiation, lymph node metastasis, and poor prog-
noses [6, 10]. Currently, Ki-67 can only be evaluated by
surgery or biopsy histopathology, which are invasive
and may cause infection, intra-abdominal bleeding, and
tumor spread [11]. In addition, puncture biopsy has a
high rate of misdiagnosis due to sampling error. There-
fore, there is an urgent need for a non-invasive method
to predict the optimal cut-off value of Ki-67 for the risk
stratification of patients with HCC.

Gadoxetic acid-enhanced magnetic resonance imag-
ing (EOB-MRI) can play an essential role in the diag-
nosis, staging, and surveillance of HCC. To standardize
the interpretation of features in imaging reports and
promote communication between different HCC-
related disciplines, the Liver Imaging Reporting and
Data System (LI-RADS) was introduced in 2016 by
the American College of Radiology [12]. Recent meta-
analysis reported that LI-RADS showed moderate
sensitivity of 62—-67% and high specificity of 91-93%
for diagnosing HCC [13, 14]. This high specificity at
the cost of sensitivity was designed for the prevention
of misallocation of liver transplants. Emerging pieces
of studies suggested that EOB-MRI has high clinical
value for preoperatively predicting Ki-67 expression in
HCC, however, the clinical promotion has been limited
because the commercial software is required to trans-
form the results [15-18].

Thus, this study aimed to explore the correlation
between EOB-MRI LI-RADS v2018 features and differ-
ent Ki-67 expression levels, and construct a multivariable
model based on EOB-MRI using LI-RADS v2018 fea-
tures for preoperative prediction of Ki-67 expression in
patients with HCC.
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Materials and methods

Patients

This retrospective single-center study was approved by
the Institutional Review Board with waived requirement
for informed consent (Ethical Board Approval Number:
“K-2022-004-01"). From January 2017 to April 2023,
all patients with pathologically confirmed HCC in our
hospital were included in this study. 136 patients were
excluded from the study; 67 were due to incomplete
pathological data, 36 had previous treatment for HCC, 27
were due to incomplete MRI sequence, and the other 6
were due to poor quality of MRI images caused by res-
piratory motion artifacts.

Lastly, 121 patients with HCC were enrolled in this
study. Figure 1 shows a flow chart of the study popula-
tion. According to different thresholds of 20%, 30%
and 50% of Ki-67, HCC lesions were divided into three
groups: Ki-67 > 20% (n = 86) vs. Ki-67 < 20% (n = 35);
Ki-67 > 30% (n = 73) vs. Ki-67 < 30% (n = 48); Ki-67 >
50% (n = 45) vs. Ki-67 < 50% (n = 76) [6, 19, 20].

Clinical and laboratory data

All clinical and laboratory data of the patient were
retrieved and collected from the clinical case system.
The characteristics including age, gender, etiology of
the underlying liver disease, Child-pugh score, the lev-
els of alpha-fetoprotein (AFP), alanine aminotransferase
(ALT), serum total bilirubin (STB), plasma albumin
(PA), and platelet levels were selected for distinguishing
HCC with different thresholds of Ki-67.

MRI examinations

MRI was obtained using a 3.0T MRI scanner (Siemens
Magnetom Verio). Pre-contrast MRI sequences included
T1-weighted imaging, T2-weighted imaging, and dif-
fusion-weighted imaging (DWI). EOB-DTPA (Primov-
ist, Bayer Schering Pharma, Germany) was injected at a
dose of 0.025 mmol/kg at 2 mL/s for contrast-enhanced
MRI including hepatic arterial phase (AP), portal venous
phase (PVP), transitional phase (TP), and hepatobiliary
phase (HBP) images.

Image analysis

All images were evaluated by two abdominal radiologists
(with 10 and 17 years of experience, respectively) inde-
pendently, who were blinded to the final pathological
diagnosis. Inter-observer agreement was assessed, and
any discrepancies were resolved by consensus as the ref-
erence standard.

LI-RADS v2018, including major (non-rim arte-
rial phase hyperenhancement [APHE], non-peripheral
washout, enhancing capsule and threshold growth),
ancillary (favoring HCC in particular, and favoring
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— Between January 2017 and April 2023

257 potentially eligible patients
— Hepatocellular carcinoma (HCC) confirmed by pathology
— Dynamic Gd-EOB-DTPA-Enhanced MRI Protocol

A4

-Incomplete pathological data (n=67)
-Treated before imaging or surgery (n=36)
-Incomplete MR sequence (n=27)

-Poor image quality (n=6)

136 patients were excluded:

v

Ki-67<20%(n=35)
Ki-67<30%(n=48)
Ki-67<50%(n=76) Versus

Versus

Versus

Final study cohort: 121 patients with 121 lesions

Ki-67>20% (n=86)
Ki-67>30% (n=73)
Ki-67>50% (n=45)

Fig. 1 Flow chart of the study population selection

malignancy, not HCC in particular), and LR-M imag-
ing criteria (targetoid appearance and non-targetoid
LR-M features) were used to evaluate all lesions [21].
The threshold growth was not applicable because only
one MRI examination per patient was evaluated in
the analysis. Other imaging features, including intra-
tumoral arteries (continuous enhancement of arterial
vessels in the tumor during the arterial phase which
attenuated in the portal phase and later phase), sat-
ellite nodules(presence of nodules <2 cm in diam-
eter and within 2 cm of primary tumor), peritumoral
enhancement(irregular enhancement outside the tumor
margin in arterial phase which attenuated in portal
phase and later phase), lymph node metastasis (the
short axis of a lymph node was greater than 10 mm or
central necrosis was found on MRI), portal and hepatic
vein tumor thrombus (unequivocal enhancing soft
tissue in portal and hepatic veins), and ascites, were
also evaluated which has been reported in our previ-
ous study [22]. LI-RADS category of each lesion was
assigned by the same two abdominal radiologists. In
addition, the largest tumor was evaluated in patients
with multiple tumors.

Histopathological examination

The pathological reports of all included patients with
HCC were retrospectively reviewed. The Ki-67 prolif-
eration index was evaluated according to the normal

immunohistochemical process and evaluated blindly by
two experienced pathologists blindly.

Statistical analysis

Continuous variables were compared using student’s ¢
test or the Mann—Whitney U test and categorical vari-
ables were compared using x* test or Fisher’s exact test.
Kappa (k) statistics were used to evaluate the agreement
for MRI features (poor, 0.00—0.20; fair, 0.21-0.40; mod-
erate, 0.41-0.60; substantial, 0.61-0.80; and excellent,
0.81-1.00). Data from the most experienced radiologist
were used for analyses.

Univariate and multivariate logistic regression analyses
were performed to identify the independent risk factors
for predicting Ki-67 expression. Univariate predictors
with p<0.1 were used in the multivariate regression
analysis.

Subsequently, different logistic regression models
were built based on MRI features. For assessment of
the discriminative abilities of the parameters and mod-
els, receiver operating characteristic (ROC) curves were
constructed, and the areas under the ROC curves (AUC)
were computed. The DeLong test was performed to com-
pare AUCs of the prediction models. Two-sided p <0.05
were considered statistically significant. All statistical
tests were performed using SPSS (version 19.0, SPSS,
Chicago, IL, USA).
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Table 1 Patient characteristics
Index 20% 30% 50%
Ki-67<20% Ki-67>20% P Ki-67 <30% Ki-67>30% P Ki-67<50% Ki-67>50% P
Sex
Male 29(82.9%) 68(79.1%) 0636  39(81.3%) 58(79.5%) 0.808 62(81.6%) 35(77.8%) 0.612
Female 6(17.1%) 18(20.9%) 9(18.7%) 15(20.5%) 14(18.4%) 10(22.2%)
Age (Mean+SD) 59.57+144 5557124 0.129 57.71+144 56.08+12.2 0.507 57.38+13.8 5562+118 0478
LI-RADS
4 5(14.3%) 9(10.5%) 0121 7(14.6%) 7(9.6%) 0015  11(14.5%) 3(6.7%) 0.036
5 26(74.3%) 50(58.1%) 36(75.0%) 40(54.8%) 52(68.4%) 24(53.3%)
M 0(0.0%) 6(7.0%) 0(0.0%) 6(8.2%) 2(2.6%) 4(8.9%)
Tv 4(11.4%) 21(24.4%) 5(10.4%) 20(27.4%) 11(14.5%) 14(31.1%)
AFP (>400)
Positive 25(71.4%) 57(66.3%) 0.583  35(72.9%) 47(64.4%) 0326 54(71.1%) 28(62.2%) 0315
Negative 10(28.6%) 29(33.7%) 13(27.1%) 26(35.6%) 22(28.9%) 17(37.8%)
Etiology
Alcohol 2(5.7%) 1(1.2%) 0284  2(4.2%) 1(1.4%) 0454 2(2.6%) 1(2.2%) 0.733
HBV 33(94.3%) 84(97.6%) 46(95.8%) 71(97.2%) 73(96.1%) 44(97.8%)
PBC 0(0.0%) 1(1.2%) 0(0.0%) 1(1.4%) 1(1.3%) 0(0.0%)
Child-pugh
A 32(91.4%) 75(87.2%) 0511 45(93.8%) 62(84.9%) 0.138  72(94.7%) 35(77.8%) 0.005
B 3(8.6%) 11(12.8%) 3(6.3%) 11(15.1%) 4(5.3%) 10(22.2%)
ALT(U/L) 47.51+54.7 64.14+75.8 0241 44.38+484 69.16£80.7 0.058 53.24+678 69.60+74.5 0.219
STB (umol/L) (Mean+SD) 2885+183  23.18+168  0.103 2630+17.9 23.84+17.1 0448 2432+157  2566+200 0682
PA(g/L) (Mean+SD) 37.81£39 37.21£65 0615 3817+38 36.87£69 0234 37.84+42 36.61+£79 0.266
Platelet (x 10%/L) (Mean+SD) 1700+1232 17498+780 0795 16745+1104 17755795 0562 17195956 17633+87.7 0803

Abbreviations: AFP alpha-fetoprotein, ALT alanine aminotransferase, HBV Hepatitis B, M mean, PA plasma albumin, PBC primary biliary cirrhosis, SD standard deviation,

STB serum total bilirubin

Results

Clinical characteristics

The clinical characteristics of HCC patients are shown
in Table 1. One hundred twenty-one patients (mean age,
56.73 £13.1 years), including 97 men and 24 women were
analyzed. Child-Pugh classes A and B were found in
88.4% (107/121) and 11.6% (14/121) of patients, respec-
tively. The most common etiology of HCC was HBV
infection (96.7%), followed by chronic alcohol ingestion
(2.5%) and primary biliary cirrhosis (0.8%). Of 121 HCC
nodules, 14 (11.6%) and 76 (62.8%) were categorized as
LR-4 and LR-5, respectively, whereas 6 (4.9%) and 25
(20.7%) were categorized as LR-M and LR-TIV, respec-
tively. Larger tumor diameters (>5 c¢cm) were more preva-
lent in HCC with Ki-67 indexes<20% (p=0.837),>30%
(p=0.179), and >50% (p=0.070) (Table 2).

Interobserver agreement

The interobserver agreement was substantial for non-
enhanced capsule, corona enhancement, rim APHE,
peripheral washout, and marked diffusion restriction
[k=0.760-0.796] and excellent for all major features of

HCC [k=0.868-0.948], AF that favor HCC over non-
HCC malignancies except for nonenhanced capsule
[k=0.878-0.980], AF favoring malignancies in general,
not HCC in particular except for corona enhancement
[k=0.853-1.000], LR-M features except for rim APHE,
peripheral “washout’, and marked diffusion restric-
tion [k=0.869-0.967] and all other imaging features
[k=0.885-0.974] (Table 2).

Univariate and multivariate analysis of differential factors
between different Ki-67 cut-offs

The relationship between EOB-MRI features and the dif-
ferent Ki-67 cut-offs are presented in Tables 2 and 3.

For Ki-67>20%, univariate analysis suggested that
absence of nonperipheral washout (p=0.062), presence
of mosaic architecture (p=0.092), presence of rim APHE
(p=0.020), presence of targetoid restriction (p=0.020),
and presence of peritumoral enhancement (p=0.026)
were potential differential factors for the prediction of
HCC with Ki-67>20%. Subsequently, multivariate logis-
tic analysis was conducted on these potential differential
factors; no factors were significantly different.



Page 5 of 13

(2024) 24:27

®weee)ty  (whle)v.  d %Sr6)69  (W6L6)y  d ©Cr6)l8  (%0001)SE  d
(000°1-02£0) S060 1820 (%L9)¢ %90 N 6S£0 (%S S)v %Ll N S#L0 (%8'9)S (%000 N AnsusyulodAy aseyd jeuopisuel]
%T 1 (%000 d %t 1)1 (%000  d % L)L (%000 d
(000'L-000'1) 000'L 610 %86}y (%000L)9L N Sl0 (%9'86)cL  (%000L)8Y N TIS0 (%8'86)58  (%6'80)SE N ssews pijos e ul buieds uoy|
%0006  (W9/OlT  d %L 720)81 %0szl  d [(Cirazeltd %506 d
(000'L-#180) 0680 /¥E€0 (%008)9¢  (%7/)SS N 9960 (%€'64)SS  (%0S/)9€ N 1880 (%9'62)59  (WEV/9T N sseus pijos e u butleds e4
(%951)L %69 d (%eT1)6 Lol d (%5016 6L d
(1960-6550) 09,0 SO0 rv8)8e  (%L'96)EL N S¥00 %L (89 (W6L6)/y N 8910 (%S68)LL @l6)E N JUSWIdULYUD BUOIOD
8160y (%L86)SL  d %EL6)lL  (000L)8Y  d %L L6)v8  (%0001)SE  d
(000°'1-0680) ¥S60  S0L0 @)L %L N 8720 (%0 (%000 N €9€0 (%€ (%000 N uoIsnyip P12y
%ee6)ty  (%0001)9 d (%6'S6)0L  (%000L)8Y  d (%5'96)€8  (%0001)SE  d
(000'1-695°0) €680 €200 (%L9)¢ (%000 N SSL0 %LY)E (%000 N €920 (%S€)E %0000 N Alisu1uliadAy 71 S1e1spow 01 plI
Jejndnued ul DOH jou ‘jesdudb ul sapueubijew bulioney Jy
%9SL).  (wlZDEL  d (%L€1)01 %8000l d @t L1)S1 %ErL)S  d
(000'1-9080) 8060 #¢80 (' 78)8 (%678)€9 N 10€0 (%€98)€9  (%T6/8€ N /90 ©9T8)lL  (%L989)0€ N 13A]] JUSDE[PE Uey) 310U ‘Ssew Ul 1e4
(%0018 (A VAN ®wlog)ce  (wliogl  d ©l'60)SC (%9800l  d
(000°L-1¥6'0) 0860 6£0°0 (%0'09)Z (%924)6S N LLLO (%669)LS  (W6TAHSE N 9560 60419 W¥'L)ST N ssews ul s3onpo.d poojg
(%6'88)0 rer)ee  d L1986y  (%009)¥C  d (%1'59)95 (%98l d
(££60-8180) 8680 L000> @L'LDS  (%999)¢ N 0900 W6COPC  (W009)¥C N 600 %67€)0E (6198l N 9IN123)1YdJe DIesO
%r¥8)8¢  (%/'8%)/ d (%589)0S  (%l'T9ST  d (%€99)/5  (%¥'198L  d
(996'0-06£°0) 880 1000 > (%95 1)Z (%€'159)6 N 6900 %S'19€C (W6/v)EC N LTL0 Lee)6C (%9871 N 3|NPOU Ul 3|NPON
(%6'8)Y (%S L) d (%9°6)L (%91)8  d (%07L)CL (%98 d
(8960-9190) ¢6/0  89€0 ®LLe)Y  (%SS8)S N 8vC0 ©%¥'06)99  (%E€8)0r N SL¥O (%0'98)%/ @v'le)ze N 3|nsded padueyus-UoN
salbueubljew DDHH-UOU J9A0 DDHH 10Ae) 1Y) An_<v sa4njes) Kie nuy
9s)ve (0SNS5 d @9cLes  (wcense  d l'7l)z9  (we'Te)er  d
(0001-1980) Y660 S¥60 el ©%0S06L N €170 @' £00C (%8000 N #1270 (%6'L0)Y ©l'/1)9 N JuBWdURYU 3nsde)
(%v'¥8)8¢€ (%6809  d (%£°92)9S %S89y d (%£94)9 %r'le)ze  d
(186'0-652°0) 8980  9S+'0 %9S1).  (%L1Y9L N 6£L0 (%E€NLL (%STL)9 N 7900 (%€'€2)0C %98) N anoysem [esayduaduon
%Te)Le  (%9L06S  d (%€'SL)SS  (wvs9)ly  d (%£'92)9 (%£'68)0¢  d
(000'L-£/80) 8760 /¥50 %818 (wTd)/L N 18L0 %/ v0)81 %9+, N 6970 (%€'€0)0 %ErL)S N JHdY Wl-UoN
DDH JO sainjes)} ‘_O.FS_
(%8'/5)9¢  (wgop)le  d %179)88 (%9686l d ©Sor)or  (%98h)/L  d
0200 (6T Tr)6l %T69)Sy N 6410 W6/7)SE (Y096 N /€80 %599 r'198L N (W g ) ImawWelq
d %0S</[9 9%0S>/,9-M d %0E<L9 %0E>/L9-M d %0T<L9M %0T>L9-M
2N[eA) %05 %0€ %0¢ sdnsuadRIRYD

Liang et al. BMC Medical Imaging

/9-1Y JO aN[eA JJO-1ND JUI3-IP YHMm siusiied Jo sainiea) buibew YN 3yl ¢ djqeL



Page 6 of 13

(2024) 24:27

Liang et al. BMC Medical Imaging

(T Ty)6l ®%9'1EvC  d ®STh)le  (%0osOzL  d (%S'6E)Y %LS06  d
(£86'0-8780) L060  LETO (%8'£5)9¢ %¥'89)¢S N 0S00 %S89y (%0'SA)9€ N 0510 (%S509)C %E¥/)9C N S9|Npou ||31eS
(%0 oi (%67E)SC d ©®S'19€C (%L E d (%9'7€)8 %6Tr)SL d
(6£6:0-7080) 8880  0£t0 (9%60°09)/ (%L'29)1S N €5¢0 (%5'89)05 (%898 N €870 (%¥'£9)8 %l/90C N A1zpe [eJowiniedul
sainjeay buibewi 19Y10
%TT9)8C  (%E196E  d (%S'£8)T ©%1'29)S d %8'69)8y  (WEV6L
(000°L-126'0) L960 €40 ﬁgm L8)/1 (%L8Y)LE N §SS0 @STILE (%6 /D)€ N 8/80 T vr)8e  (WL/SP9L N BILUBYDS! 319AIS 10 SISOID3N
@l'loze  (%681)09  d %0rL)vSs  (%T6/)8 d %e€HE9 (w686 d
(000°'L-90%0) 960 6C£0 @% 80)€L %l'199L N €150 (%0'90)6 1 (%8'02)0 N 2920 (%£'90)€C ©lZ1)9 N UONDLISaI UOISNYIP Padtiely
%8L0)5€  (WoEly  d L2196y (%99, d @89S (%679 d
(£86'0-5€80) LL60 6000 (%00l %l9r)SE N 92C0 W6COVC  W8EMIT N 5660 T L8)ze (WlLOEL N odoueleadde sanes|yu|
((Aazell} (%s6£)0s d (%S 19)EC (%S'£€)8 d (%L €€)6C %eve)eL  d
(/86'0-7€80) 6060 1600 (%9'SvE  (%S099% N 96+0 (%5'89)0S  (%579)0 N €560 (%€99)/S  (%/59€C N dgH pioebue|.
@68  (wl/EL  d %16 @918  d %LSL)EL @Wriy  d
(566'0-17/°0) 6980 6070 @LlLe)ly  (%678)E9 N 2050 (ClYAY (%E€8)0r N £650 %678)e.  (%988)LE N d1 plo1abue|
%L°11)S %C6e).  d ©%L'€1)0 v d (%071)CL (%0000 d
(000'1-96£°0) ¥160  SEL0 (%6'88)0% (%806)69 N 9800 (%€98)¢ (%856)9%F N 0200 (%099)7.  (%000L)SE N uonoLIsal pioiabie].
(©%L'9)¢ %90  d (%8'9)S %000  d (%8'9)S (%000 d
(000'1-1990) G880 180 weee)ty  W/6)y. N $900 (%7€6)89  (%000L)8y N S¥10 %Cre)l8  (%0001)SE N 1USWAdUBYUS [211USD PakefR(
(%£9)€ w6€)e  d (%8°9)S %Ll d (%8'9)S w6l d
(000'1-2150) 2640 S0S0 ®weee)ty  (Wl9e)EL N LETO (%C€6)89  (W6L6)y N L6V0 %Tre)l8  (Wl/6)¥E N Anoysem, [esayduiag
(%9°51)L (%995 d %rol)zL (%000 d (%0¥1)C (%000  d
(£86:0-8£50) €80  0LLO Qv r8)8¢  (%F€6)l. N €000 (%9°€8)L9  (%000L)8y N 0700 %0987/ (%000L)SE N JHAY Wiy
saanjes) W-41
%956)r (%Y L6)Y d (%6'$6)0L  (W6L6)/Y %es6)z8  (w000L)SE  d
(000°1-6950) €580 0650 (% 7)C %90 N T¥S0 @l P)E %Ll N 610 (%L )Y %000 N AusuaiuiodAy dgH
d %0S</L9D %0S>,9-M d %0E<L9-IM %0E>L9-I d %0T<L9M %0T>L9-M
eN[eAY %0S %0¢€ %0¢ sdnsuadeIRYD

(panunuod) g ajqey



Page 7 of 13

(2024) 24:27

Liang et al. BMC Medical Imaging

sonsiiels (%) eddey Yim paqudsap si 21n1eay Yoes 1oy JUsWa16e J9AISqoIaI BY]

aseyd |euonisuely 4/ ‘aaiisod 4 ‘aanebau p ‘aseyd Aeljiqoleday ggH ‘YuswadueyuaiadAy aseyd |eusie JHJY SUOHDIAIGQY

(%€°€1)9 % E1)0L d (%0'L1)8 %918  d (AR (%98)€  d

(000'L-1680) €960  8/60 (%£99)6€ (%898)99 N S9¢0 %068)S9  (%E€E])0r N SECO (%6'78)€L (AT 4N S1DSY
(%L9)€ %90  d (%S9 %Ll d %L Y)Yy 6L d

(000'1-199°0) $880  18CO weeeley  wv6)y. N 6S£0 (%S¥6)69 %626)/y N €590 %es6)c8 wle)ye N siselselow spou ydwiAg
(%9°51)L ey d %L€1)01 %Ll d %8TI)LL %000  d

(000°L-9¥80) 8760 500 (%r¥8)8¢ (%/¥6)2. N 0€00 (%£'98)€9 %6'L6)Ly N 9200 %CL8)SL  (woool)sE N JUSWIDURYUS [RIOWNILIR
(%6'80)E L %SPLLL  d (%0920)61 %¥ols  d (%€'€2)0C @ri)y  d

(000°L-226'0) ¥/60  SS00 (CNYAl4S (%568)S9 N G€00 (%0¥L)¥S %968)cy N 6€1°0 (96£9/)99  (%9'88)LE N SNQUIOIY} Jown) UIdA dljeday pue |eniod

d %0S<L9-M %0S>L9-I) d %0E<L9-M %0E>L9- d %0T<L9M %0T>L9-
eONeA)] %08 %0€ %0T sJnsualdeIRY)

(PanunuOd) Z 3jqey



Liang et al. BMC Medical Imaging (2024) 24:27 Page 8 of 13

Table 3 Multivariate analysis with logistic regression in the MRl imaging features

Characteristic Multivariate analysis

B P OR (95%Cl)

20% of Ki-67 cutoff
Nonperipheral washout -0.794 0.285 0.452 (0.105-1.938)
Mosaic architecture 0.796 0.077 216 (0.918-5.350)
Rim APHE 19.08 0.998 1.93%10% (0)
Targetoid restriction 19.439 0.998 277%108(0)
Peritumoral enhancement 18.844 0.998 1.53%x 108 (0)

30% of Ki-67 cutoff
Nodule in nodule -0.269 0.734 0.764 (0.162-3.599)
Mosaic architecture 0.897 0.251 2453 (0.531-11.339)
Corona enhancement 0.826 0.505 2.285(0.201-25.908)
Rim APHE 20436 0.998 7.5%108(0)
Delayed central enhancement 19.197 0.999 2.17%108(0)
Targetoid restriction 0.082 0.935 1.086 (0.148-7.979)
Satellite nodules 0.207 0.680 1.23(0.459-3.294)
Portal and hepatic vein tumor thrombus 0.657 0.307 1.93 (0.547-6.805)
Peritumoral enhancement 0.703 0.569 2.02(0.179-22.736)

50% of Ki-67 cutoff
Size (=5 cm) -0.852 0.280 0.427(0.091-2.003)
Nodule in nodule 0.862 0.365 2.367(0.367-15.28)
Mosaic architecture 1.706 0045 5.507(1.036-29.271)
Blood products in mass 0.149 0.810 1.16(0.346-3.895)
Mild to moderate T2 hyperintensity -21.537 0.999 0(0)
Corona enhancement 2.195 0.078 8.983(0.785-102.793)
Targetoid HBP -1.304 0.035 0.271(0.081-0.915)
Infiltrated appearance 1.141 0039 3. 129(1 .058-9.258)
Portal and hepatic vein tumor thrombus 0.108 0.862 14(0.330-3.764)
Peritumoral enhancement 0.309 0.776 1 362(0 163-11.381)

Abbreviations: APHE arterial phase hyperenhancement, B regression coefficients, CI confidence interval, HBP hepatobiliary phase, OR odds ratio’p < 0.05

“p<0.05

For Ki-67 >30%, univariate analysis suggested that the
presence of nodule-in-nodule architecture (p=0.069),
presence of mosaic architecture (p=0.060), presence of
coronal enhancement (p=0.045), presence of rim APHE
(p=0.003), presence of delayed central enhancement
(p=0.064), presence of targetoid restriction (p=0.086),
presence of satellite nodules (p=0.050), presence of por-
tal and hepatic vein tumor thrombus (p=0.035), and
presence of peritumoral enhancement (p=0.030) were
potential differential factors for the prediction of HCC
with Ki-67>30%. Subsequently, multivariate logistic
analysis was conducted on these potential differential
factors; no factors were significantly different (Fig. 2).

For Ki-67>50%, univariate analysis suggested that
tumor diameter >5 cm (p=0.070), presence of nodule-
in-nodule architecture (p<0.001), presence of mosaic
architecture (p<0.001), presence of blood products in
the mass (p=0.039), absence of mild-to-moderate T2

hyperintensity (p=0.023), presence of coronal enhance-
ment (p=0.025), absence of targetoid HBP (p=0.091),
presence of infiltrative appearance (p=0.009), presence
of portal and hepatic vein tumor thrombus (p=0.055),
and presence of peritumoral enhancement (p=0.057)
were potential differential factors for the prediction of
HCC. Subsequently, multivariate logistic analysis was
conducted on these potential differential factors. Only
the presence of mosaic architecture (OR=5.507, 95%
confidence interval [CI]: 1.036-29.271, p=0.045), pres-
ence of infiltrative appearance (OR=3.129, 95% CIL
1.058-9.258, p=0.039), and absence of targetoid HBP
(OR=0.271, 95% CI: 0.081-0.915, p=0.035) were inde-
pendent differential factors for prediction of HCC when
Ki-67 > 50% (Fig. 3).
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Fig. 2 Hepatocellular carcinoma in the right lobe of liver showed hypointense on T1-weighted imaging (A, B), hyperintense on T2-weighted
imaging (C), hyperintense on DWI (D) while hypointense on apparent diffusion coefficient map (E), hypointense on precontrast T1-weighted
imaging (F), arterial phase hyperenhancement (APHE) on arterial phase (G), washout and enhancing capsule on portal venous phase (H)
and transitional phase (I), and apparent hypointense without targetoid appearence on hepatobiliary phase (J). H Pathology revealing hepatocellular
carcinoma (HE x 10). I Immunohistochemistry showing high proliferative activity of tumor cells with approximately 10% Ki-67 expression (x 10)

Fig. 3 Hepatocellular carcinoma in the right lobe of liver showed heterogenous hypointense with blood products on T1-weighted imaging (A, B),
heterogenous hyperintense on T2-weighted imaging (C), hyperintense on DWI (D) while hypointense on apparent diffusion coefficient map (E),
hypointense on precontrast T1-weighted imaging (F), arterial phase hyperenhancement (APHE) on arterial phase (G), washout, mosaic architecture
and infiltrative appearance on portal venous phase (H) and transitional phase (I), and apparent hypointense without targetoid appearence

on hepatobiliary phase (J). H Pathology revealing hepatocellular carcinoma (HE x 10). I Immunohistochemistry showing high proliferative activity
of tumor cells with approximately 50% Ki-67 expression (x 10)
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Comparison of diagnostic performance

Table 4 summarizes the corresponding AUCs, 95%
CIs, sensitivities, and specificities of the different fea-
tures and models. The mosaic architecture, infiltrative
appearance, and targetoid HBP in the mass exhibited
sensitivities of 88.89% (95% CI: 75.90-96.30), 77.78%
(95% CI: 62.90-88.80), and 75.56% (95% CI: 60.50—
87.10), specificities of 56.58% (95% CI: 44.70-67.90),
46.05% (95% CI: 34.50-57.90), and 39.47% (95% CI:
28.40-51.40) and AUC of 0.727 (95% CI: 0.639-0.804),
0.619 (95% CI: 0.526-0.706), 0.575 (95% CI: 0.482—
0.665) for the prediction of the HCC with Ki-67 >50%,
respectively.

Four different logistic regression models were built
based on MRI features, including model A (mosaic
architecture and infiltrated appearance), model B
(mosaic architecture and targetoid HBP), model C
(infiltrated appearance and targetoid HBP), and model
D (mosaic architecture, infiltrated appearance and
targetoid HBP). The ROC curves of the four models
are shown in Fig. 4. When the presence of any two
features was used to predict HCC with Ki-67 >50%,
the sensitivities were 75.56% (95%CI: 60.50-87.10)
in model A, 88.89% (95% CI: 75.90-96.30) in model
B, 60.00% (95% CI: 44.30-74.30) in model C with a
specificity of 77.63% (95% CI: 66.60—86.40) in model
A, 56.58% (95% CI: 44.70-67.90) in model B, 71.05%
(95% CI: 59.50-80.90) in model C. The model D
based on three predictors yielded a sensitivity, speci-
ficity, and AUC of 84.44% (95% CI: 70.50-93.50),
63.16% (95% CI: 51.30-73.90), and 0.776 (95% CI:
0.691-0.847), respectively, for the prediction of HCC
when Ki-67 > 50% (Fig. 4). The model D yielded better
diagnostic performance than the model C (0.776 vs.
0.669, p=0.002), but a comparable AUC than model

Table 4 Predictive performance of the model
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Fig. 4 The ROC curve of the models. Model A: mosaic architecture
and infiltrated appearance; Model B: mosaic architecture

and targetoid hepatobiliary phase; Model C: infiltrated appearance
and targetoid HBP; Model D: mosaic architecture, infiltrated
appearance and targetoid HBP

A (0.776 vs. 0.781, p=0.855) and model B (0.776 vs.
0.746, p=0.076) (Table 5).

Discussion

Our study showed that the presence of mosaic archi-
tecture, infiltrative appearance, and absence of target-
oid HBP were independent predictors of Ki-67 (Ki-67
index >50%) positivity in patients with HCC. A nonin-
vasive multivariable model composed of three LI-RADS
features was developed to predict the Ki-67 index in
patients with HCC; the model showed good discrimina-
tive performance with an AUC of 0.776, and this may be

Appearance AUC 95%ClI Sensitivity 95%ClI Specificity 95%Cl

Mosaic architecture 0.727 0.639, 0.804 88.89 75.9,96.3 56.58 44.7,67.9
Infiltrated appearance 0619 0.526,0.706 77.78 629,888 46.05 345,579
Targetoid HBP 0.575 0.482, 0.665 75.56 60.5,87.1 3947 284,514
Model A 0.781 0.696,0.851 75.56 60.5,87.1 77.63 66.6, 86.4
Model B 0.746 0.659,0.821 88.89 75.9,96.3 56.58 44.7,679
Model C 0.669 0.578,0.752 60.00 443,743 71.05 595,809
Model D 0.776 0.691, 0.847 84.44 70.5,93.5 63.16 513,739

Model A: mosaic architecture and infiltrated appearance
Model B: mosaic architecture and targetoid HBP
Model C: infiltrated appearance and targetoid HBP

Model D: mosaic architecture, infiltrated appearance and targetoid HBP

Abbreviations: AUC the areas under the receiver operating characteristic curves (AUC), Cl confidence interval, HBP hepatobiliary phase
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an effective imaging approach for the risk stratification of
patients with HCC.

Many studies have confirmed that high Ki-67 expres-
sion levels are associated with tumor invasiveness and
poor prognoses in patients with HCC [20, 23]. However,
there is still no consensus about the precise cut-off value
for Ki-67 because values ranging from 5 to 50% are used
yet [6, 24—28]. To date, no studies have evaluated the cor-
relation between MRI LI-RADS features and different
Ki-67 expression. In the present study, LI-RADS features
were compared between the low and high Ki-67 index
groups (Ki-67 index>20% vs.<20%; Ki-67 index>30%
vs.<30%; Ki-67 index>50% vs.<50%), which demon-
strated that there were no LI-RADS features showing
statistically significant differences in predicting Ki-67
cut-off values of 20% (Ki-67 index>20% vs.<20%) and
30% (Ki-67 index>30% vs.<30%). A possible explana-
tion is that although the tumors with different levels of
Ki-67 expression may have different components and tis-
sue structures, which may be overlapped with imaging
findings in HCC. Thus, more prospective studies with a
larger sample size are needed to confirm this result in the
future.

In this study, the results also showed that the LI-
RADS features including mosaic architecture, infiltrative
appearance, and targetoid HBP are sensitive in predict-
ing high Ki-67 expression (Ki-67 index>50% vs. < 50%) in
patients with HCC. Mosaic architecture is a well-known
ancillary feature of HCC characterized by random inter-
nal nodules or components of different attenuations,
intensities, enhancements, sizes, shapes, and separation
by fibrous material within tumors [29]. Mosaic architec-
ture may reflect tumor heterogeneity, corresponding to
histological variations, including tumor viability, fatty
infiltration, necrosis, hemorrhage, cystic degeneration,
or copper deposition, suggesting that the internal com-
ponents of HCCs are complex [30]. It is more common in
progressed HCC rather than early HCC [29]. The results
of the our study are consistent with the study by Liu [18].

Table 5 Comparison of ROCs in predicting models using the

Delong test

Model Z statistic P value
Model D-Model A 0.183 0.855
Model D-Model B 1.777 0.076
Model D-Model C 3.099 0.002
Model C-Model A 2.785 0.006
Model C-Model B 1.587 0.113
Model B-Model A 1.066 0.287

Abbreviations: Model A: mosaic architecture and infiltrated appearance; Model
B: mosaic architecture and targetoid HBP; Model C: infiltrated appearance

and targetoid HBP; Model D: mosaic architecture, infiltrated appearance and
targetoid HBP
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Infiltrative appearance and targetoid HBP are uncom-
mon in HCC and more common in cholangiocarcinoma.
Infiltrative appearance was observed in approximately
8%—20% of all HCC cases [31]. Ki-67-positive HCCs
have a more infiltrative appearance than conventional
Ki-67-negative HCCs. Thus, infiltrative appearance is a
key feature of Ki-67-positive HCCs, which may represent
true infiltration of tumor cells into the liver parenchyma,
and has been associated with more aggressive tumors,
metastasis, and short survival times [32, 33]. Targetoid
HBP was rarely observed in HCC in our study, especially
in Ki-67-positive HCCs. However, it was more frequently
observed in CK19-positive HCCs, which suggests the
tumor progenitor phenotype [34].

Several studies have evaluated the diagnostic value of
the different models for predicting Ki-67 expression [15,
17-19, 35], however, most of the studies are on the basis
of radiomics. Wu et al. conducted a radiomics nomo-
gram based on CT features, AFP, and Edmondson grades
to predict high Ki-67 expression (>20%) with AUCs of
0.884 and 0.819 in the training and validation groups,
respectively [19]. Fan developed a combined model
including artery phase Rad-scores and serum AFP levels
based on enhanced MRI to predict high Ki-67 expression
(>14%) in HCC, which performed better than the artery
phase radiomics model in the training (AUC: 0.922 vs.
0.873) and validation cohorts (AUC: 0.863 vs. 0.813) [15].
Undoubtedly, the above previous studies indicated that
radiomics was important for predicting Ki-67 expres-
sion [19]; however, it requires large sample sizes and is
time-consuming. Thus, the present study is the first one
to develop a preliminary multivariable model based on
LI-RADS features for individualized discrimination of
high-level Ki-67 HCCs. The developed model, which
included mosaic architecture, infiltrative appearance, and
targetoid HBP, was proved to be the best predictive com-
bination with an AUC of 0.776. This model is clinically
significant because it is simple and user-friendly, which
enables clinicians to implement it.

Our study has several limitations. First, there was the
potential for selection bias due to the study being a ret-
rospective, single-center study. Second, the study was
limited by the small sample size, and a prospective study
with more cases is needed. Third, three non-high-risk
patients were included in our study, which may affect the
result because LI-RADS version 2018 specifically defined
high-risk patients. Finally, a multivariable model was
built for the prediction of Ki-67 expression; however, the
performance and reproducibility of the model requires
further testing using additional methods of external vali-
dation due to the limited number of cases.

In conclusion, our study showed that the presence
of mosaic, infiltrative appearance, and the absence of
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targetoid HBP are independent predictors of Ki-67
indexes >50% in patients with HCC. A noninvasive mul-
tivariable model composed of three LI-RADS features
was developed to predict the Ki-67 index in patients with
HCC, which showed good discriminative performance,
with an AUC of 0.776, and may be an effective imaging
approach for the risk stratification in patients with HCC.
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