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Abstract

Background/purpose of the study: Glypican-3 (GPC3) is associated with the occurrence and poor prognosis of
hepatocellular carcinoma (HCC). To explore the value of quantitative image features of Gadoxetic Acid-enhanced
magnetic resonance imaging (MRI) for predicting GPC3 expression of single HCC < 3 cm.

Methods: One hundred and forty-nine patients with pathologically confirmed HCC (training cohort: n=117;
validation cohort: n=32) were included retrospectively. Quantitative image features and clinicopathological
parameters were analyzed. The significant predictors for GPC3 expression were identified using multivariate
logistic regression analyses. Nomograms were constructed from the prediction model and recurrence rates was
evaluated by the Kaplan—Meier method.

Results: Serum alpha-fetoprotein (AFP) > 20 ng/mL (odds ratio [OR] = 5.215; p = 0.004) and tumor-to-liver signal
intensity (SI) ratio on hepatobiliary phase (HBP) (OR = 0.003; p = 0.005) were independent significant factors for
GPC3 expression. When these two factors were combined, the diagnostic specificity of the training cohort and
validation cohort was 87.9 (29/33) and 90.0 (9/10), respectively. The nomogram based on the predictive model
performed satisfactorily in the training (C-index: 0.856) and validation (C-index: 0.877) cohort. Recurrence rates
were significantly higher in patients with GPC3-positive HCCs compared with those with GPC3-negative HCCs after
curative resection in the training (45.9% vs. 25.0%, P=0.034) and validation (54.5% vs. 30.0%, P=0.042) cohorts.

Conclusion: Serum AFP > 20 ng/mL combined with tumor-to-liver Sl ratio on HBP are potential predictive factors
for GPC3 expression of HCC < 3cm. GPC3-positive is correlated with a poor prognosis in HCC patients.

Lay Summary

e Serum AFP > 20 ng/mL combined with tumor-to-liver Sl ratio on HBP were independent predictors for GPC3
expression of HCC.

e The combinational model prepared from the two findings satisfactorily predicted GPC3 expression, and GPC3-
positive was associated with recurrence after surgical resection in HCC patients.

e This model could help clinicians in the preoperative management of small HCC < 3 cm.

Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the third leading cause of cancer
related death worldwide [1]. The treatment of HCC has made progress, but its prognosis is still very poor [2, 3].
Glypican-3 (GPC3), a heparin sulfate proteoglycan, is associated with HCC tumorigenesis and poor prognosis [4]. It
is highly expressed in HCC patients and plays an important role in cell proliferation and differentiation, promoting
the progression and metastasis of HCC patients [5, 6]. Studies have shown that GPC3 could be an
immunotherapeutic target for hepatocellular carcinoma [7, 8]. Although GPC3 expression can be detected by liver
biopsy before surgery, this invasive method does not reflect the heterogeneity of the entire tumor and may be
unreliable due to sample variation [9]. Thus, preoperative evaluation of GPC3 expression by using noninvasive
imaging techniques is helpful for diagnosis, treatment and prognosis of HCC.

Gadoxetic acid-enhanced magnetic resonance imaging (MRI) has high sensitivity in diagnosis of HCC, especially
for small HCC [10, 11]. Previous studies have shown that some imaging features of HCC based on gadoxetic acid-
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enhanced MR, such as irregular tumor margin, arterial rim enhancement, and lower tumor-to-liver signal intensity
(SI) ratio at hepatobiliary phase (HBP) images, can predict its biological behavior [12, 13]. However, there is no
study to predict the expression of GPC3 in HCC based on these imaging features.

Three-dimensional (3D) quantitative analysis is a technique that furnishes a more detailed and repeatable
quantitative assessment of the tumor characteristics, which can be used for preoperative diagnosis and risk
stratification of tumors [14, 15]. A recent study has shown that the 3D quantitative analysis of gadoxetic acid-
enhanced MRI can predict MVI of small HCC < 3 cm [16]. We hypothesis that 3D quantitative analysis and
imaging features of gadoxetic acid-enhanced MRI may help predict GPC3 of small HCC.

Therefore, the purpose of this study was to explore the significance of preoperative 3D quantitative analysis and
imaging features of gadoxetic acid-enhanced MR for predicting GPC3 and the relationship between GPC3 status
and recurrence after surgery of single HCC < 3 cm.

Materials And Methods

The institutional review board approved this retrospective study and waived the requirement for informed consent.

Study Design

The patients were divided into the training cohort and the validation cohort according to time. The data from the
training cohort enabled the screening of the significant image findings and established the GPC3 prediction model.
The data from the validation cohort verified the diagnostic performance of the prediction model.

Patients

Consecutive patients who underwent gadoxetic acid-enhanced MRI before HCC resection from July 2012 to
October 2019 were retrospectively included. The criteria for patient inclusion are as follows: pathologically proven
single HCC without suspicious lymph nodes, longest tumor diameter < 3 cm in MR imaging and have GPC3
immunochemical staining. The inclusion and exclusion criteria are summarized in the patient flow diagram shown
in Fig. 1.

MR Imaging Data

All MR images were acquired using a 1.5 T scanner (MAGNETOM Aera, Siemens Healthcare) with an intravenous
bolus injection of 0.025 mmol/kg gadoxetic acid (Primovist, Bayer HealthCare Pharmaceuticals Inc.). The MRI
sequences included: T2-weighted phase with fat suppression, diffusion-weighted imaging (DWI), pre-contrast T1-
weighted phase and post-contrast dynamic T1-weighted volumetric-interpolated breath-hold examination (VIBE) at
arterial phase (20—30 seconds), portal venous phase (60—70 seconds), transitional phase (3 minutes), and HBP
(20 minutes). Detailed parameters of each MRI sequence are shown in Table S1.

Imaging Analysis

The image features analyzed in this study include 3D quantification analysis, traditional quantitative and
qualitative image features. MR images were independently evaluated by two radiologists (with 6 and 18 years of
experience in liver MRI, respectively; hereafter referred to as reader 1 and reader 2, respectively).

3D Quantitative Analysis
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Tumor segmentation was performed using the LIFEx software (http://www.lifexsoft.org). Previous studies have
shown that the boundary of the lesion is best visualized in the HBP images [17]. Therefore, in this study, the region
of interest (ROI) was manually segmented along the tumor boundary on the HBP image by reader 1. Next, 50
randomly selected tumors (40 in the training cohort and 10 in the validation cohort) were re-segmented by reader 2
to test the reproducibility of the features extracted from the segmentations [18]. Both readers were blinded to
clinical, laboratory, histopathological, and follow-up results. The representative cases of tumor contouring on MR
images are shown in Fig. 2—3.

After profiling the whole tumor, three 3D quantitative parameters were calculated by the LIFEx software: (1)
Volume (mL), the volume of interest in mL; (2) Sphericity, ranging from 0 to 1. The sphericity of a perfect sphere is
equal to 1; (3) Compacity, reflecting how compact the lesion is. The formulas of 3D quantitative parameter are
given in Online Resource.

Traditional Imaging Features

The traditional quantitative image features included in this study are as follows: tumor size, tumor apparent
diffusion coefficient (ADC) value, tumor-to-liver Sl ratio on DWI, and tumor-to-liver Sl ratio on HBP. Tumor size was
defined as the maximum diameter on the transverse image. The other parameters were evaluated at the level of
the maximum tumor diameter. Manually place the ROl on the ADC map, DWI (b value of 500 sec/mm?) and HBP
image to approximately cover the entire tumor area. The peripheral portion was excluded to prevent the
interference of the partial volume effect of adjacent tissues. All lesions were first evaluated by reader 1. Then, 50
randomly selected tumors (the same as those mentioned in the 3D quantitative analysis) were re- evaluated by
reader 2 to test the reproducibility of the features. Further details are given in Online Resource.

The qualitative image features were independently reviewed by the two readers using a picture archiving and
communication system (PACS): (a) arterial rim enhancement, (b) arterial peritumoral enhancement, (c) tumor
margin, (d) tumor capsule, (e) tumor hypointensity on HBP, (f) peritumoral hypointensity on HBP, and (g)
enhancement pattern. After independent image review, interobserver agreement was evaluated. When there was a
discrepancy between the two readers, a joint review was conducted to reach a consensus on the final decision.
Further details are given in the supplementary material.

Histopathological Diagnosis and Follow-up

Pathologic data analyzed in our study were the GPC3 expression, presence of microvascular invasion (MVI),
intrahepatic location, presence of cirrhosis, etiology of liver disease, Edmondson-Steiner grade, and presence of
satellite nodule. Immunoreactivity was evaluated as the positive percent area of GPC3. To minimize false-positive
interference, GPC3 expression was defined as the presence of immunoreactivity in at least 5% of tumor cells, and
cases with tumor cell immunoreactivity lower than 5% were excluded. MVI was defined as the presence of tumor
emboli in tiny blood vessels near the primary tumor, which was only visible under a microscope. This information
comes from surgical and pathologic reports initially completed by two experienced pathologists (with 15 and 21
years of experience in liver histopathological diagnosis, respectively). After surgical resection, the patients were
monitored by multi-phase liver computed tomography (CT) or MRI and serum alpha-fetoprotein (AFP) every 3-6
months to assess tumor recurrence.

Nomogram Construction and Evaluation
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The nomogram was constructed according to the prediction model and illustrated in a graphical manner. Harrell’s
C-index assessed the discrimination performance of the nomogram. Calibration curves analyzed the diagnostic
performance of the nomogram in the training and validation cohorts. The decision curve quantifies the net benefit
of the entire cohort under different threshold probabilities to determine the clinical efficacy of the nomogram

Statistical Analysis

Categorical variables were analyzed using Chi-square test or Fisher's exact test. Continuous variables were
analyzed using two-sample t-test or the Mann-Whitney U test. The interobserver agreement was determined using
kappa statistics and intraclass correlation coefficients (ICC): poor for 0 - 0.2, fair for 0.2 - 0.4, moderate for 0.4 -
0.6, good for 0.6 - 0.8, and excellent for 0.8 - 1.0. Univariate and multivariate logistic regression were performed to
assess the independent risk factors for GPC3 expression. Receiver operating characteristic (ROC) curve and area
under the curve (AUC) were performed to evaluate the diagnostic performances of significant findings. The best
cutoff value for ROC curve was calculated by Youden's index. Sensitivity, specificity, accuracy, positive predictive
value (PPV), and negative predictive value (NPV) of significant imaging findings were also calculated. Nomograms
were built based on this prediction model. The recurrence curves were estimated by the Kaplan-Meier method, and
differences among the subgroups were compared by the log-rank test. Statistical analyses were performed using
SPSS software (version 26.0) and R software (version 3.6.1). P < 0.05 was considered significant.

Results
Demographic and Pathologic Characteristics

Table 1 shows the baseline clinical and pathologic characteristics of HCC. The final cohort of 149 patients (123
men and 26 women) was classified into two cohorts. The training cohort included 117 patients (84 for GPC3-
positive, 33 for GPC3-negative; 98 men and 19 women) and was conducted from July 2012 to December 2017.
The time-independent validation cohort included 32 patients (22 for GPC3-positive, 10 for GPC3-negative; 25 men
and 7 women) and was conducted from January 2018 to October 2019.

In the training cohort, statistical differences between the GPC3-positive and GPC3-negative patients were observed
in the following characteristics: age (P = 0.009), Edmondson-Steiner grade (P = 0.001), serum AFP (P <0.001), and
MVI (P = 0.018). For age, GPC3-positive patients are younger than those GPC3-negative. For serum AFP, more
patients with serum AFP more than 20 ng/mL in the GPC3-positive group than in the GPC3-negative

group. Edmondson-Steiner grade and MVI were postoperative features and not included in the multivariate
analysis. No significant difference was observed between the training cohort and the validation cohort, including
GPC3 status (P >0.05).

MR imaging characteristics

Table 2 shows the quantitative MR imaging features of HCC. In the training cohort, statistical differences between
the GPC3-positive and GPC3-negative patients were observed in the following image features: tumor volume (P =
0.031), compacity (P = 0.034), tumor-to-liver Sl ratio on DWI (P = 0.031), and tumor-to-liver Sl ratio on HBP (P
<0.001). The ICCs for the imaging findings were 0.936-0.998 (P <0.001). The tumor volume of GPC3-positive HCCs
was larger than that of GPC3-negative HCCs. The tumor compacity of GPC3-positive HCCs were larger than that of
GPC3-negative HCCs, suggesting the more compact nature of GPC3-positive HCC lesions. The tumor-to-liver Si
ratio on DWI of GPC3-positive HCCs were larger than the respective parameters of GPC3-positive HCCs. The tumor-
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to-liver Sl ratio on HBP of GPC3-positive HCCs were less than the respective parameters of GPC3-positive HCCs. No
statistical difference was identified in the quantitative imaging features between the training and the validation
cohorts (P >0.05).

Table 3 shows the qualitative MR imaging findings of HCC. In the training cohort, no statistical difference was
identified in the qualitative imaging features between the GPC3-positive and GPC3-negative patients (P >0.05). No
statistical difference was identified in the qualitative imaging features between the training and the validation
cohorts (P >0.05).

Prediction Model

Table 4 shows the results of the univariate and multivariate analyses of imaging findings related to GPC3
expression in the training cohort. The variables showing P <0.1 in the univariate logistic regression analyses were
applied to multivariate logistic regression analysis. Statistical difference was observed in the serum AFP > 20
ng/mL (odds ratio [OR], 5.215; P = 0.004) and tumor-to-liver Sl ratio on HBP (OR, 0.003; P = 0.005) finally for GPC3
expression in HCC. The optimal cutoff value of tumor-to-liver Sl ratio on HBP was 0.677 according to Youden's
index of the ROC.

Table 5 shows sensitivity, specificity, accuracy, PPV, and NPV for predicting GPC3 using the two significant factors
and their combinations. In the training cohort, when the two factors were combined, the values for sensitivity,
specificity and accuracy were 51.2(43/84), 87.9(29/33) and 61.5(72/117), respectively. In the validation cohort,
when the two factors were combined, the values for sensitivity, specificity and accuracy were 50.0(11/22),
90.0(9/10) and 62.5(20/32), respectively.

The resulting AUC values of diagnostic model (with the two significant factors combined) were 0.856 (95%
confidence interval [CI]: 0.782, 0.930; training cohort) and 0.877 (95% Cl: 0.735, 1.000; validation cohort) (Fig. 4).
The diagnostic model exhibited the highest predictive value compared to that obtained using each significant MRI
finding alone.

Development and Validation of the Nomogram

The nomogram for predicting GPC3 expression using the two significant MR imaging findings is illustrated in Fig.
5. The training cohort (C-index 0.856) and the validation cohort (C-index 0.877) were predicted satisfactorily. The
calibration curves for prediction and observation agreed well in both cohorts. The net benefit of the decision curve
for the predictive nomogram in the whole cohort was higher than that when it was assumed that all or no patients
expressed GPC3-positive. Moreover, the threshold probability was between 2% and 88%, indicating that the therapy
strategy based on our nomogram would be capable of improving clinical outcomes.

Recurrence rate

The recurrence rates of patients are described in Fig. 6. In the training cohort, during the entire follow-up period
(range, 28-1096 days; median, 844 days), the recurrence rates of the two groups patients with GPC3-positive and
GPC3-negative HCCs were 45.9% (39/85) and 25.0% (8/32), respectively. In the validation cohort, during the entire
follow-up period (range, 29—-1237 days; median, 734 days), the recurrence rates of the two groups were 54.5%
(12/22) and 30.0% (3/10), respectively. Recurrence rates were significantly higher in patients with GPC3-positive
HCCs compared with those with GPC3-negative HCCs after curative resection in the training (45.9% vs. 25.0%, P =
0.034) and validation (54.5% vs. 30.0%, P = 0.042) cohorts.
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Discussion

Our study demonstrated that serum AFP > 20 ng/mL and tumor-to-liver Sl ratio of 0.677 or less on HBP images
were significant independent variables for potentially predicting GPC3 expression in single HCC < 3 cm. The
diagnostic specificity of GPC3 was higher when the two variables were combined. The nomogram constructed
from the prediction model was predicted satisfactorily and calibrated well in both the training and

validation cohorts. Additionally, the recurrence rate in patients with GPC3-positive HCCs was significantly higher
than that in patients with GPC3-negative HCCs after surgery in both cohorts.

Serum AFP > 20 ng/mL manifested as a significant factor for predicting GPC3 in the current study, which is
consistent with previous studies [19, 20]. GPC3 mRNA levels in HCC were reported to be associated with serum
AFP levels [21]. GPC3 and AFP may share the transcription factors such as zinc fingers and homeoboxes 2 (Zhx2)
and AFP regulator 2 (Arf2), and some other tumors such as yolk sac tumors also produce AFP and GPC3 [22, 23].
In addition, previous studies have shown that AFP is related to the diagnosis and prognosis of HCC [24, 25].

The tumor-to-liver Sl ratio on HBP images was significantly lower in GPC3-positive HCCs compared with GPC3-
negative HCCs. Previous studies [26, 27] have shown that low tumor-to-liver Sl ratio on HBP images correlates with
poor histologic grade of HCC and this correlation is related to the gradual decrease of the expression of organic
anion transporting polypeptide (OATP) during hepatocarcinogenesis. In addition, several reports have reported that
low tumor-to-liver Sl ratio on HBP images is associated with poor clinical outcomes, as these tumors have more
frequent MVI and cytokeratin 19 (CK19)-positive [12, 28]. Based on these reports, we propose that GPC3-positive
HCCs with low tumor-to-liver Sl ratio on HBP images might have more aggressive behavior than GPC3-negative
HCCs.

Tumor volume and compacity were manifested as significant factors for predicting GPC3 in univariate analysis,
but not in multivariate analysis in this study. We speculate that it may be related to the insufficient sample size of
the study. As a potential predictor of GPC3, 3D quantitative parameters need to be further studied and confirmed.
Because, compared with some 2D morphological parameters such as tumor size, 3D quantitative analysis can
provide more complete morphological information reflecting tumor heterogeneity.

The study exhibited good diagnostic performance in predicting GPC3 in HCC. The diagnostic specificity of GPC3
increased in both cohorts when combined with the two significant factors of serum AFP > 20 ng/mL and tumor-to-
liver Sl ratio of 0.677 or less on HBP images. The nomogram based on the prediction model performed
satisfactorily in both cohorts and were well calibrated. According to the probability predicted by nomogram,
patients could be stratified into high-risk group and low-risk group. For patients at low risk, not only can
unnecessary medical examination or treatment be avoided, but also the burden of follow-up costs can be reduced.
The nomogram might assist surgeons in treatment decision-making and facilitate personalized treatment for HCC
patients.

Recurrence rates were significantly higher in patients with GPC3-positive HCCs compared with those with GPC3-
negative HCCs after curative resection in both cohorts, which is consistent with previous studies [29, 30]. The
evidence supports the association between GPC3 and clinical malignancy of HCC. GPC3-positive may be a
significant indicator to promote the tumor inflammatory microenvironment, which in turn accelerates tumor
recurrence. A previous study reported that enhanced immunoreactivity of GPC3 in HCC cells along the tumor-
stromal boundary in some cases, suggesting stromal influence on GPC3 expression [29].
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Our study has some limitations. First, the retrospective study design could result in selection bias. Second, the
results cannot be generalized to HCC with the largest diameter greater than 3 cm, since the tumor size in the study
was limited to less than 3 cm. Third, only the 3D quantitative parameters on HBP were analyzed without
comparing the difference between sequences. Therefore, the results of this study need to be verified by more
extensive and prospective studies.

In conclusion, serum AFP >20 ng/mL and tumor-to-liver Sl ratio of 0.677 or less on HBP images can be used as
preoperative imaging biomarkers for identifying GPC3-positive small HCC. GPC3 expression is associated with
recurrence after surgery of small HCC < 3 cm.

Abbreviations

3D Three-dimensional

ADC Apparent diffusion coefficient
AFP  Alpha-fetoprotein

AUC Area under the curve

Arf2  AFP regulator 2

Cl Confidence interval

CK19 Cytokeratin 19

CT Computed tomography

DWI Diffusion-weighted imaging
GPC3 Glypican-3

HBP Hepatobiliary phase

HCC Hepatocellular carcinoma

ICC Intraclass correlation coefficients
MRI  Magnetic resonance imaging
MVI  Microvascular invasion

NPV Negative predictive value

OATP Organic anion-transporting polypeptide
OR 0Odds ratio

PACS Picture archiving and communication system
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PPV Positive predictive value

ROC Receiver operating characteristic

ROI

Regions of interest

S| Signal intensity

VIBE Volumetric-interpolated breath-hold examination

Zfh2 Zinc fingers and homeoboxes 2
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Variable

Age (years)”

Gender

Male

Female

Intrahepatic location
Right

Left

Caudate lobe or border

area

Background liver
tissue

Liver cirrhosis
None

Etiology of liver
disease

Hepatitis B virus
Hepatitis C virus
None or other

Edmondson-Steiner
grade

G1-G2

G3-G4
Satellite nodule
Presence
Absence
Serum AFP

< 20 ng/mL
>20 ng/mL
Total bilirubin
< 20.4 ymol/L
>20.4 pmol/L

Training cohort (n = 117)

GPC3
(+) 84

533+
11.1

71 (84.5)
13 (15.5)

66 (78.6)
15 (17.9)
3(3.5)

59 (70.2)
25 (29.8)

79 (94.0)
2 (2.4)

3(3.6)

41 (48.8)
43 (51.2)

9(10.7)
75 (89.3)

37 (44.0)
47 (56.0)

77 (91.7)
7 (8.3)

25 (29.8)

GPC3
()33

59.4 +
11.4

27 (81.8)
6 (18.2)

27 (81.8)
6 (18.2)
0(0)

22 (66.7)
11 (33.3)

29 (88.0)
1(3.0)

3(9.0)

27 (81.8)
6 (18.2)

1(3.0)
32 (97.0)

27 (81.8)
6 (18.2)

28 (84.8)
5(15.2)

3(9.1)

P
Value

0.009
0.721

0.364

0.706

0.496

0.001

0.278

0.001

0.274

0.018
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Validation cohort (n = 32)

GPC3(+) GPC3() P

22 10 Value
525+ 58.8 + 0.124
9.8 12.0

0.387

16 (72.7) 9 (90.0)
6(27.3)  1(10.0)

0.106
12 (54.5) 9 (90.0)
10 (45.5)  1(10.0)
0(0) 0(0)
0.712
11 (50.0) 6 (60.0)
11 (50.0) 4 (40.0)
0.534
21(95.5)  9(90.0)
1(4.5) 1(10.0)
0 (0) 0 (0)
0.712
11 (50.0) 6 (60.0)
11 (50.0) 4 (40.0)
1.000
2(9.1) 0 (0)
20(90.9) 10
(100.0)  0.022
8 (36.4)
8 (80.0)
14 (63.6)
2(20.0)  1.000
18 (81.8)
8 (80.0)
4(18.2)
2(20.0)  0.210
6 (27.3)

5(50.0)

P
Value

0.736

0.786
0.457

0.086

0.089

1.000

0.613

1.000

0.637

0.191

0.234




Microvascular
invasion

Presence

Absence

59 (70.2)

30 (90.9)

16 (72.7)

5(50.0)

*Data are continuous variables, reported as means # standard deviations.

Unless otherwise indicated, data are number of patients, with percentage in parentheses. AFP alpha-fetoprotein,

GPC3 Glypican-3

Table 2. Quantitative MR Imaging Findings

Variable

Volume
(mL)

Sphericity
Compacity
ADC Value

Tumor size
(cm)

Tumor-to-
liver Sl ratio
on DWI

Tumor-to-
liver Sl ratio
on HBP

Training cohort (n = 117)

GPC3
(+) 84

3.184
(0.934,
4.824)

0.804
(0.764,
0.824)

2.000
(1.591,
2.726)

1.178
(0.938,
1.456)

1.650
(1.225,
2.300)

1.691
(1.389,
2.116)

0.560
(0.475,
0.643)

GPC3
()33

2.015
(0.557,
3.132)

0.814
(0.781,
0.831)

1.715
(1.403,
2.226)

1.225
(1.018,
1.490)

1.500
(1.200,
1.750)

1.525
(1.340,
1.784)

0.688
(0.561,
0.800)

Value
0.031
0.203
0.034
0.531
0.062
0.031
<0.001

ICC

0.996
0.908
0.936
0.995
0.975
0.998
0.996

Validation cohort (n = 32)

GPC3
(+)

3.749
(1.922,
7.854)

0.777
(0.764,
0.815)

2.338
(1.917,
3.157)

1.181
(1.036,
1.349)

2.100
(1.375,
2.800)

1.666
(1.317,
1.861)

0.473
(0.417,
0.628)

GPC3
)

3.437
(1.614,
7.673)

0.773
(0.732,
0.819)

2.431
(1.833,
3.120)

1.199
(0.905,
1.304)

2.000
(1.475,
2.000)

1.602
(1.248,
2.072)

0.535
(0.490,
0.663)

P
Value

0.087
0.515
0.935
0.684
0.790
0.776
0.038

ICC

0.997
0.975
0.998
0.986
0.992
0.995
0.942

Value

0.736

0.100
0.390
0.060
0.877
0.150
0.497
0.410

Data are median (interquartile range).

ADC apparent diffusion coefficient, S/ signal intensity, DWI diffusion-weighed imaging, HBP hepatobiliary phase,
GPC3 Glypican-3, ICCintraclass correlation coefficients

Table 3. Qualitative MR Imaging Findings
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Variable

Arterial rim
enhancement

Presence
Absence
Arterial
peritumoral
enhancement
Presence

Absence

Tumor
margin

Non-smooth
Smooth

Tumor
capsule

Complete

Incomplete or
absent

Tumor
hypointensity
on HBP
Presence
Absence
Peritumoral
hypointensity
on HBP
Presence
Absence

Enhancement
pattern

Arterial
enhancement
with washout

No or
minimal
enhancement

Persistent
enhancement

Training cohort (n = 117)

GPC3
(+)

11
(13.1)

73
(86.9)

34
(40.5)

50
(59.5)

41
(48.8)

43
(51.2)

65
(77.4)

19
(22.6)

84
(100.0)

0 (0)

26
(31.0)

58
(69.0)

70
(83.3)

7 (8.3)
6(7.1)
1(1.3)

GPC3
)

6
(18.2)

27
(81.8)

8
(24.2)

25
(75.8)

8
(24.2)

25
(75.8)

23
(70.0)

10
(30.0)

31
(93.9)

2
6.1)

8
(24.2)

25
(75.8)

25
(75.7)

2
6.1)

6
(18.2)

P
Value

0.482

0.100

0.015

0.386

0.078

0.472

0.317

kappa

0.862

0.906

0.912

0.892

0.796

0.897

0.902

Page 14/21

Validation cohort (n = 32)

GPC3
(+)

5
(22.7)

17
(77.3)

12
(54.5)

10
(45.5)

13
(59.1)

9
(40.9)

GPC3
0)

e §

10.0)

o (&)}
o

(=]
N—r

‘U.I‘U'I
_C)
o
~

»® w
o

(=)
N

\l\'

o

(=]
N

P
Value

0.637

0.811

0.252

0.703

1.000

1.000

0.547

kappa

0.904

0.938

0.875

0.867

1.000

0.870

0.940

Value

0.736

0.558

0.063

0.412

0.060

1.000

0.130

0.149




Progressive

0(0)
enhancement

Data are number of patients, with percentage in parentheses.

HBP hepatobiliary phase, GPC3 Glypican-3

Table 4. Univariate and Multivariate Analyses in Prediction of GPC3-positive HCC in the Training Cohort

Variable

Age (years)

Serum AFP > 20 ng/mL
Volume (mL)

Compacity

Tumor-to-liver Sl ratio on DWI
Tumor-to-liver Sl ratio on HBP

Non-smooth tumor margin

Univariate Analysis

Odds Ratio (95% ClI)
0.950 (0.912-0.989)
5.716 (2.137-15.290)
1.201 (0.998-1.445)
1.978 (1.031-3.797)
2.144 (0.938-4.898)
0.001 (0.000-0.040)
2.980 (1.207-7.357)

P Value
0.012
0.001
0.053
0.040
0.070
<0.001
0.018

Multivariate Analysis

Odds Ratio (95% ClI)
0.956 (0.910-1.005)
5.215(1.701-15.991)
1.132(0.608-2.108)
1.601 (1.157-16.293)
1.332 (0.521-3.404)
0.003 (0.000-0.175)
2.160 (0.704-0.175)

P Value
0.081

0.004"
0.696
0.691
0.549

0.005"
6.628

The asterisk indicates statistical signifcance

AFP alpha-fetoprotein, S/ signal intensity, DW/ diffusion-weighted imaging, HBP hepatobiliary phase, GPC3
Glypican-3, HCC hepatocellular carcinoma, C/ confidence interval

Table 5. Diagnostic Performance of Significant Imaging Findings and Combination for Predicting GPC3-positive

HCC
Variable Sensitivity Specificity Accuracy PPV NPV
Training Cohort
Serum AFP >20 ng/mL 56.0(47/84) 81.8(27/33) 63.2(74/117) 88.7(47/53) 42.2(27/64)
Tumor-to-liver Slratioon HBP < 88.1(74/84)  54.5(18/33) 78.6(92/117) 83.1(74/89) 64.3(18/28)
o7 51.2(43/84) 87.9(29/33) 61.5(72/117)  91.5(43/47)  41.4(29/70)
Combination of the two
findings
Validation Cohort 63.6(14/22) 80.0(8/10) 68.8(22/32) 87.5(14/16)  50.0(8/16)
Serum AFP > 20 ng/mL 86.3(19/22) 30.0(3/10) 68.8(22/32) 73.1(19/26)  50.0(3/6)
Tumor-to-liver Sl ratioon HBP < 50.0(11/22)  90.0(9/10) 62.5(20/32) 91.7(11/12)  45.0(9/20)

0.677

Combination of the two
findings
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Data are presented as percentages. Data in parentheses are the number of subjects used to calculate the
percentage.

AFP alpha-fetoprotein, S/ signal intensity, HBP hepatobiliary phase, GPC3 Glypican-3, HCC hepatocellular
carcinoma, PPV positive predictive value, NPV negative predictive value

Figures

Between Jul 2012 and Oct 2019, 1035 consecutive patients who underwent abdominal

gadoxetic acid-enhanced MRI before HCC resection were screened.

Inclusion criteria:
_____________________ . (DPathologically proven HCC
@) Tumor size <3cm
(3)GPC3 immunochemical staining
A
[ n=231 ] Exclusion criteria (n=82):
(DReceiving therapy during MRI and
surgery (n=31)
___________________________ »| @GPC3 <5% (n=29)
(@Interval >30 days between MRI and
surgery (n=18)
(@Insufficient image quality (n=4)
v
[ 149 HCCs included in the study group ]
[ Training Cohort (n=117) ] [ Validation Cohort (n=32) ]
GPC3(+) HCC GPC3(-) HCC GPC3(+) HCC GPC3(-) HCC
(n=84) (n=33) (n=22) (n=10)

Figure 1
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Flow diagram shows inclusion and exclusion criteria for the study

Figure 2

Gadoxetic acid—enhanced MR images of a 51-year-old male patient with pathologically verified GPC3-positive
HCC. (a) Diffusion-weighted imaging shows a 3.0-cm hyperintense mass in the left hepatic lobe, and the tumor-to-
liver Sl ratio is 1.584. (b) The arterial phase shows heterogeneous enhancement of the lesion. (¢) The hepatobiliary
phase image shows that the lesion is hypointense with a non-smooth margin, and the tumor-to-liver Sl ratio is
0.349. (d) The lesion was segmented on the hepatobiliary phase image and recurrence occurred in the liver 12
months after surgery.
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Figure 3

Gadoxetic acid—enhanced MR images of a 74-year-old male patient with pathologically verified GPC3-negative
HCC. (a) Diffusion-weighted imaging shows a 2.8-cm hyperintense mass in the left hepatic lobe, and the tumor-to-
liver Sl ratio is 2.25. (b) The arterial phase shows heterogeneous enhancement of the lesion. (¢) The hepatobiliary
phase image shows that the lesion is hypointense with a smooth margin, and the tumor-to-liver Sl ratio is 0.839.
(d) The lesion was segmented on the hepatobiliary phase image and did not recur during the 36 months follow-up
period after surgery.
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Figure 4

Receiver operating characteristic (ROC) curve of the two significant MR imaging findings and diagnostic model in
the prediction of GPC3 expression for small hepatocellular carcinomas (a) ROC curve in the training cohort; (b)

ROC curve in the validation cohort. AUC area under the curve, S/ signal intensity, HBP hepatobiliary phase, AFP
alpha-fetoprotein
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Figure 5

Nomogram for Preoperative Estimation of GPC3 Risk and Its Predictive Performance (a) Nomogram for predicting
GPC3-positive probabilities, which integrated the two significant MR imaging findings: serum AFP > 20 ng/mL and
tumor-to-liver Sl ratio on HBP. The prediction point is located on the uppermost point scale corresponding to each
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variable. On the bottom scale, the points of all variables are added up and converted into the GPC3-positive

probability. (b-c) Calibration curves of the nomogram in the training and validation cohorts. X-axis is nomogram
predicted probability of GPC3-positive; Y-axis is observed GPC3-positive, and the diagonal dashed line represents
the ideal prediction by a perfect model. (d) Decision curves of the nomogram in the whole cohort. The green line is
the net benefit of assuming that all patients have GPC3-positive; the black line is the net benefit of assuming no

patients have GPC3-positive; and the red line is expected net benefit of per patient based on the predictive

nomogram.
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Figure 6

Recurrence rates of patients (a) In the training cohort; (b) In the validation cohort.
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