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Purpose: Histological microvascular invasion (MVI) is a risk factor for poor survival and early recurrence in hepatocellular 
carcinoma (HCC) after surgery. Its prognostic value in the setting of locoregional therapies (LRT), where no tissue samples are 
obtained, remains unknown. This study aims to establish CT-derived indices indicative of MVI on liver MRI with superior soft tissue 
contrast and evaluate their association with patient survival after ablation via interstitial brachytherapy (iBT) versus iBT combined 
with prior conventional transarterial chemoembolization (cTACE).
Patients and Methods: Ninety-five consecutive patients, who underwent ablation via iBT alone (n = 47) or combined with cTACE 
(n = 48), were retrospectively included between 01/2016 and 12/2017. All patients received contrast-enhanced MRI prior to LRT. 
Overall (OS), progression-free survival (PFS), and time-to-progression (TTP) were assessed. Decision-tree models to determine 
Radiogenomic Venous Invasion (RVI) and Two-Trait Predictor of Venous Invasion (TTPVI) on baseline MRI were established, 
validated on an external test set (TCGA-LIHC), and applied in the study cohorts to investigate their prognostic value for patient 
survival. Statistics included Fisher’s exact and t-test, Kaplan–Meier and cox-regression analysis, area under the receiver operating 
characteristic curve (AUC-ROC) and Pearson’s correlation.
Results: OS, PFS, and TTP were similar in both treatment groups. In the external dataset, RVI showed low sensitivity but relatively 
high specificity (AUC-ROC = 0.53), and TTPVI high sensitivity but only low specificity (AUC-ROC = 0.61) for histological MVI. In 
patients following iBT alone, positive RVI and TTPVI traits were associated with poorer OS (RVI: p < 0.01; TTPVI: p = 0.08), PFS 
(p = 0.04; p = 0.04), and TTP (p = 0.14; p = 0.03), respectively. However, when patients with combined cTACE and iBT were stratified 
by RVI or TTPVI, no differences in OS (p = 0.75; p = 0.55), PFS (p = 0.70; p = 0.43), or TTP (p = 0.33; p = 0.27) were observed.
Conclusion: The study underscores the role of non-invasive imaging biomarkers indicative of MVI to identify patients, who would 
potentially benefit from embolotherapy via cTACE prior to ablation rather than ablation alone.
Keywords: cancer imaging, hepatocellular carcinoma, microvascular invasion, magnetic resonance tomography, predictive imaging 
biomarkers

Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and the third leading cause of cancer- 
related death worldwide.1 In unresectable, loco-regional therapies (LRT) are guideline-approved first-line therapies 
including ablation therapies for early disease stages and conventional transarterial chemoembolization (cTACE) for 
intermediate stage disease, respectively.2,3 In comparison to thermal ablation techniques such as radiofrequency (RF) or 
microwave ablation (MWA), non-thermal ablation using CT-guided interstitial high-dose rate brachytherapy (iBT) 
demonstrates promising median overall survival (OS) and time-to-progression (TTP) in patients with large (>5 cm) 
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and multifocal unresectable HCC.4 iBT comprises the catheter-based internal radiation of the tumor with a beta-emitting 
iridium-192 source being temporarily applied and removed immediately after treatment.5–7 Additionally, ablation can be 
combined with cTACE for the treatment of larger, earlier-stage HCCs up to 5 cm, where ablation alone is insufficient for 
complete treatment leading to high rates of local recurrence.8 Given the hypervascularized nature of HCC, a combination 
of iBT with cTACE tries to exploit the additive benefits of local radiation and embolization with promising efficacy.4 

Besides radiographical tumor size and hypervascularization, the tumor’s histological phenotype may also affect suscept-
ibility to LRT.9 Specifically, microvascular invasion (MVI) represents tumor angiogenesis and a more aggressive tumoral 
phenotype that impacts both disease-free and OS in patients with HCC.10 So far, MWI may only be assessed post-
operatively by histopathological diagnosis and thus, it has only been validated as a predictor of early recurrence and poor 
survival after surgical regimens.11 However, novel imaging biomarkers aim to link the vascular-specific HCC gene 
profile with semantic radiological imaging features to enable the non-invasive prediction of MVI. As single imaging 
features cannot fully capture MWI on cross-sectional imaging, novel diagnostic tools entail decision tree-like algorithms 
to enable the non-invasive diagnosis of MWI in HCC. Following the decoding of gene expression programs in liver 
cancer, single ancillary imaging findings in biomedical imaging have been linked with genomic profiles of pathologic 
liver tissue. Specifically, “Radiogenomic Venous Invasion” (RVI) and “Two-Trait Predictor of Venous Invasion” (TTPVI) 
represent two well-studied algorithms that include a decision-tree-like approach of a few of those imaging features to 
ensure higher reliability while being designed and validated on contrast-enhanced computed tomography (CECT) 
imaging.12,13 Clinical studies reported their potential to predict poorer clinical outcomes in patients undergoing surgical 
resection and orthotopic liver transplant (OLT)14–16 with good intra- and inter-observer agreement.17 However, their 
clinical prognostic value for HCC patients undergoing LRT has not yet been investigated. Moreover, the superior soft 
tissue contrast of contrast-enhanced magnetic resonance imaging (MRI) frequently outperforms CECT in the diagnosis 
and staging of HCC18 and is therefore more commonly found in the clinical routine for both diagnosis and follow-up. 
Therefore, the purpose of this study was to establish the CT-based decision-tree models for RVI and TTPVI as imaging 
biomarkers on liver MRI and to evaluate their potential association with OS, progression-free survival (PFS), and TTP in 
patients with HCC undergoing loco-regional therapies by means of iBT alone or combined with cTACE.

Materials and Methods
Study Cohort and Design
This retrospective single-center study was approved by the local institutional review board of the Charité – University 
Medicine Berlin. Informed consent was waived due to the retrospective study design. The study protocol covers patient 
data confidentially and conforms with the ethical guidelines of the Declaration of Helsinki as reflected in a prior approval 
by the Charité – University Medicine Berlin’s human research committee. Consecutive patients with the primary 
diagnosis of unresectable HCC following LRT between 01/2016 and 12/2017 were included in two groups: one group 
with patients undergoing iBT alone and the other group with patients following a prior cTACE before iBT. The primary 
HCC diagnosis was confirmed via imaging or histopathology. All target lesions were naïve to minimally invasive liver- 
directed therapies. Additional eligibility criteria included contrast-enhanced MRI within 30 days prior to LRT, avail-
ability of patient demographics and survival data, and regular follow-up imaging eight weeks after LRT, then every three 
months for the first year and every six months for the following years, over a minimum of 12 months and a maximum of 
a 4-year follow-up period to ensure an adequate follow-up time frame for survival analysis.

Additionally, a public external dataset (The Cancer Genome Atlas – Liver Hepatocellular Carcinoma, TCGA-LIHC) 
was used to validate CT-based indices RVI and TTPVI on liver MRI. The database includes patients with primary liver 
cancer following surgical resection providing pre-procedural imaging and post-procedural histological confirmation of 
MVI. Thirty-eight of these patients had a confirmed HCC diagnosis, contrast-enhanced MR imaging, and histological
reports.19

The primary endpoint was to establish the assessment of RVI and TTPVI for the prediction of MVI on pre-procedural 
MRI (external group), following the evaluation of their predictive value for OS, PFS, and TTP in terms of ablation via iBT 
alone or in combination with an embolization via a prior cTACE before iBT (internal study groups). Secondary endpoints 
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included correlations of the imaging biomarkers with local tumor progression (LTP) and intrahepatic distant recurrence 
(IDR) subtypes of PFS and TTP, as well as the correlation of RVI and TTPVI with other semantic imaging features.

Locoregional therapies. The decision for LRT was reached in consensus by the institutional multidisciplinary tumor 
board. Recommendations for iBT alone or in combination with cTACE were given at the discretion of the interventional 
radiologist. LRT procedures follow the guideline recommendations described elsewhere20–22 and are explicitly described 
in the Supplement Material.

Image Acquisition and Analysis
Image analysis was performed by two radiologists with three and eight years of experience in abdominal imaging, who 
did not allocate or perform the LRT. The MRI protocol is described in the Supplement Material. Briefly, the standard 
protocol included multiparametric imaging including breath-hold unenhanced and contrast-enhanced T1-weighted 
imaging using a hepatocyte-specific contrast agent (Primovist, Bayer, Germany).

RVI and TTPVI Algorithm Establishment and Semantic Imaging Features 
Both RVI and TTPVI decision tree algorithms were adapted from previous studies based on CECT and established on 
MRI.13–16 RVI trait’s algorithm included the persistent enhancement of intratumoral vessels in the portal venous phase of 
T1-weighted images, followed by the absence of a hypointense halo partially or completely circumscribing the tumor in 
the portal venous phase, and the absence of a sharp transition between tumor and adjacent liver parenchyma in the portal 
venous phase. In comparison, TTPVI trait’s algorithm contained the presence of intratumoral vessels in the arterial phase 
in the absence of a hypointense halo in the portal venous phase of T1-weighted images, while the tumor-liver difference 
was no semantic feature within the algorithm (Figure 1). In patients with multiple lesions, the largest tumor was 
considered as the index lesion. RVI and TTPVI were correlated with other semantic imaging features within the internal 
study cohorts and with histopathological MVI within the TCHA-LIHC cohort. Semantic imaging features and their 

Figure 1 TTPVI and RVI are defined by a two- and three-trait tree-like decision model, respectively. TTPVI (upper row):13 Index lesion must include the presence of 
intratumoral vessels in arterial contrast phase followed by the absence of a peritumoral hypointense halo in the portal venous contrast phase. RVI (lower row):14 Index 
lesion must include the presence of intratumoral vessels in portal venous contrast phase, followed by the absence of a peritumoral hypointense halo in the portal venous 
contrast phase, and moreover, followed by the absence of a sharp tumor-liver-difference in the portal venous contrast phase. Arrows indicate the respective imaging trait. T 
indicated the tumoral index lesion.
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assessment are listed in the Supplement Material and briefly include imaging features of the tumor or the peripheral zone 
in dynamic contrast-enhanced and hepatobiliary phase of T1-weighted images, diffusion-weighted imaging (DWI), and 
apparent diffusion coefficient (ADC) maps.

Tumor Response Assessment 
Tumor response was assessed according to modified response evaluation criteria in solid tumors (mRECIST)23 on follow- 
up MRI scans by two radiologists with three and eight years of experience in abdominal imaging, respectively.

Survival Analysis and Patterns of Progression
Survival analyses were performed for all internal and the external cohorts. Medical records were reviewed using the 
institution’s oncologic database. The last follow-up data collection was performed on July 15th, 2021. OS, PFS, and TTP 
(definitions in Supplement Material) were analyzed using Kaplan–Meier analysis and Log rank testing as defined 
elsewhere.24 In addition, univariate cox-regression analysis was performed to evaluate the predictive value of RVI and 
TTPVI on survival outcomes, and to estimate for the confounding effect of the cohorts’ baseline characteristics. Relevant 
parameters from the univariate model (p-value <0.1) were incorporated into a multivariate Cox regression model.

Local and Distant Intrahepatic Tumor Recurrence 
Besides OS, PFS, and TTP, two specific progression patterns were assessed for subgroup analyses considering intrahepatic 
local tumor progression (LTP, PFSLTP and TTPLTP) and intrahepatic distant tumor recurrence (IDR, PFSIDR and TTPIDR). 
LTP describes the reappearance of the target lesion within or adjacent to the ablation zone, while IDR considered the 
occurrence of new intrahepatic lesions that were not spatially associated with the primary target lesion.25,26

Statistics
Descriptive statistics were reported as numbers and percentages or mean and standard deviation. Statistics included 
Fisher’s exact test for comparing categorical parameters, normality testing, t-testing, and Mann–Whitney-U testing for 
comparing metric parameters for the patient and tumor characteristics, Kaplan–Meier analysis with hazard ratio (HR) and 
95%-confidence interval (95%-CI) calculation for comparing survival outcomes with the imaging biomarkers of RVI and 
TTPVI, and MVI in the external study cohort, qualitative performance metrics including sensitivity, specificity, positive 
and negative predictive values, area under the receiver operating characteristic curve (AUC-ROC), and last, Pearson 
correlation testing for comparing RVI and TTPVI traits with semantic imaging features. Statistical significance was 
defined as a p-value <0.05. Statistics were performed using GraphPad Prism v9.0.0 (GraphPad, La Jolla, USA).

Results
Patient Characteristics in the Study Cohort
In total, 47 patients with 89 target tumors following iBT and 48 patients with 70 target tumors following cTACE/iBT 
were included. Thirteen patients received multiple completed treatments being separately considered for the calculation 
of TTP. Patient demographics and tumor characteristics are summarized in Table 1. Briefly, the mean age was 70.6 ± 9.3 
and 70.3 ± 9.5 years in patients treated with iBT and cTACE/iBT and 79.2% and 76.6% were men, respectively. Overall, 
baseline characteristics were comparable in both treatment groups except for index lesion diameter (p < 0.01) and BCLC 
stage (p < 0.01). Their confounding effects on patients’ survival were accounted for in the Cox regression model.

RVI/TTPVI Establishment on Liver MRI and Cross-Validation in External TCGA 
Cohort
Assessment of both RVI and TTPVI in MRI was feasible. A positive TTPVI trait was more frequently observed in 
patients receiving cTACE/iBT as compared to iBT alone (n = 28, 60.9% vs n = 19, 40.4%, p = 0.06), while the presence 
of a positive RVI trait was similar in both groups (n = 15, 32.6% vs n = 14, 29.8%, p = 0.82). Due to the poor image 
quality of the external validation cohort, imaging biomarker assessment was feasible for 32 cases, in which TTPVI 
appeared in n = 20 (62.5%), RVI in n = 11 (34.4%) of patients, while histological MVI was confirmed in n = 13 (40.5%) 
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Table 1 Patients, Tumor and Disease Characteristics

Demographics iBT Cohort cTACE/iBT Cohort p-value

Patient characteristics

Number of patients 48 47 -

Number of completed therapies 60 51 0.68

Age, mean ± SD 70.60 ± 9.28 years 70.29 ± 9.53 years 0.84

Male:Female, % (n) 79.2%:20.8% (38:10) 76.6%:23.4% (36:11) 0.81

Target tumor characteristics

Lesions, n 89 70 -

Unifocal:Multifocal, % (n) 68.3%:31.7% (41:19) 74.5%:25.5% (38:13) 0.53

Index lesion diameter, mean ± SD 26.51 ± 10.58 mm 44.32 ± 20.36 mm <0.01

Disease characteristics

Cirrhosis, % (n) 85.4% (41) 91.5% (43) 0.52

Etiology of cirrhosis, n (%)

Hepatitis B 2.5% (1) 2.3% (2) 0.99

Hepatitis C 26.8% (11) 20.9% (9) 0.61

Alcoholic steatohepatitis 26.8% (11) 41.9% (18) 0.17

Non-alcoholic steatohepatitis 31.7% (13) 32.6% (14) 0.99

Others 12.2% (5) - -

Child Pugh class, % (n)

A 82.9% (34) 97.7% (41) 0.09

B 17.1% (7) 2.3% (2) 0.09

Barcelona Clinic Liver Cancer stage, % (n)

A 85.4% (41) 46.8% (22) <0.01

B 12.5% (6) 36.2% (17) 0.01

C 2.1% (1) 17.0% (8) 0.02

Laboratory values of liver function, mean ± SD

Albumin [g/l] 38.7 ± 6.6 38.7 ± 3.7 0.96

Bilirubin [mg/dl] 0.76 ± 0.53 0.82 ± 0.47 0.23

ALT [U/l] 38.4 ± 21.6 40.7 ± 23.6 0.63

AST [U/l] 45.9 ± 19.1 53.4 ± 36.3 0.27

γ-GT [U/l] 162.7 ± 154.0 195.0 ± 179.0 0.24

AP [U/l] 115.0 ± 60.8 106.1 ± 46.6 0.73

Note: Bold p-values indicate statistical significance in the respective statistical test (Fisher’s exact test, unpaired 
t-test, and Mann–Whitney U-test). 
Abbreviations: iBT, interstitial brachytherapy; cTACE, conventional transarterial chemoembolization; ALT, 
alanine aminotransferase; AST, aspartate aminotransferase; γ-GT, gamma-glutamyl transferase; AP, alkaline 
phosphatase.
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of the patients. RVI only showed low sensitivity (69.2%) but relatively high specificity (88.9%) and good positive 
(81.2%) and negative predictive values (80.0%) for MVI in the external dataset (AUC-ROC = 0.53). TTPVI showed 
a relatively high sensitivity (84.6%) and negative predictive value (81.2%) but only low specificity (50.0%) and positive 
predictive value (55.0%), respectively (AUC-ROC = 0.61).

Survival Outcomes and Analysis
Tumor Response 
Tumor response at first and second follow-up is reported in Table 2. Briefly, the overall response rates were 84.4% at first 
and 64.6% at second follow-up for patients treated with iBT, as well as 61.7% at first and 66.7% at second follow-up for 
patients treated with cTACE/iBT, respectively.

Survival Analysis 
During the follow-up period, 36 (76.6%) patients treated with iBT and 37 (77.1%) with cTACE/iBT had died, five 
patients (iBT: 4 vs cTACE/iBT: 1) underwent OLT, and 13 patients (9 vs 4) received an additional LRT on the target 
lesion. Median OS (iBT vs cTACE/iBT, 26.7 vs 23.7 months, p = 0.49), PFS (9.3 vs 7.7 months, p = 0.36) and TTP (9.8 
vs 9.3 months, p = 0.16) did not differ between both treatment groups (Figure 2).

Association of RVI/TTPVI with Overall Survival 
In patients with positive RVI and TTPVI traits, Kaplan–Meier analyses revealed poorer median OS for patients treated 
with iBT (positive vs negative, RVI 12.4 vs 40.4 months, p < 0.01, TTPVI 16.0 vs 37.7 months, p = 0.08). However, in 
patients treated with cTACE/iBT, stratification according to RVI or TTPVI status revealed no association with OS (RVI 
26.0 vs 21.8 months, p = 0.75, TTPVI 25.6 vs 19.7 months, p = 0.55).

Association of RVI/TTPVI with Progression-Free Survival 
In patients with positive RVI and TTPVI traits, Kaplan–Meier analyses revealed poorer median PFS for patients treated 
with iBT (RVI 5.9 vs 13.2 months, p = 0.03, TTPVI 5.9 vs 13.8 months, p = 0.04). However, in patients treated with 
cTACE/iBT, positive RVI or TTPVI traits revealed no significant impact for PFS (RVI 11.5 vs 6.2 months, p = 0.70, 
TTPVI 9.6 vs 6.5 months, p = 0.43). Moreover, in patients treated with iBT, positive traits were associated with poorer 
PFSLTP (RVI p < 0.01, TTPVI p = 0.02) and PFSIDR subtypes, respectively (RVI p = 0.01, TTPVI p < 0.01). Such 
findings could not be observed in patients treated with cTACE/iBT (Table 3).

Association of RVI/TTPVI with Time-to-Progression 
In patients with positive RVI and TTPVI traits, Kaplan–Meier analyses revealed an association with poorer median TTP 
for patients treated with iBT (RVI 6.4 vs 11.8 months, p = 0.14, TTPVI 2.6 vs 5.9 months, p = 0.03), but not for patients 
treated with cTACE/iBT (RVI 14.2 vs 7.7 months, p = 0.33, TTPVI 12.1 vs 7.7 months, p = 0.27, Figure 3). For patients 
treated with iBT, positive traits were associated with poorer TTPIDR subtype (RVI p = 0.16, TTPVI p = 0.05), but not in 
patients treated with cTACE/iBT (Table 3).

Table 2 Response Assessment Evaluation by Modified Response Criteria in Solid Tumors

mRECIST 8 Weeks 5 Months

iBT (n = 51) cTACE/iBT (n = 47) iBT (n = 48) cTACE/iBT (n = 42)

CR 60.8% (31) 44.7% (21) 54.2% (26) 57.2% (24)

PR 23.6% (12) 17.0% (8) 10.4% (5) 9.5% (4)

SD 7.8% (4) 10.6% (5) 6.2% (3) 11.9% (5)

PD 7.8% (4) 27.7% (13) 29.2% (14) 21.4% (9)

Abbreviations: CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; iBT, 
interstitial brachytherapy; cTACE, conventional transarterial chemoembolization.
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Association of RVI/TTPVI with Survival in the External TCGA Cohort 
Patients in the external surgical TCGA-LIHC cohort had longer median OS (152.9 months, p < 0.01) and PFS (14.8 
months, p =< 0.01) as compared to the internal study cohorts. Patients with the presence of histological MVI showed no 
significant association but tended to have poorer OS (125.8 vs 170.8 months, p = 0.35) and PFS (12.6 vs 21.5 months, 

Table 3 The Impact of Radiogenomic Venous Invasion (RVI) and Two-Trait Predictor of Venous 
Invasion (TTPVI) on Survival Outcomes

Outcome Imaging Biomarker iBT Cohort cTACE/iBT Cohort

Positive Negative p-value Positive Negative p-value

OS TTPVI 15.97 37.65 0.08 25.58 19.72 0.55

RVI 12.40 40.37 <0.01 26.03 21.77 0.75

PFS TTPVI 5.87 13.77 0.04 9.58 6.45 0.43

RVI 5.87 13.17 0.04 11.50 6.23 0.70

PFSLTP TTPVI 10.87 18.30 0.03 22.85 18.18 0.38

RVI 8.73 17.73 <0.01 25.12 18.20 0.64

PFSIDR TTPVI 11.30 18.77 <0.01 11.50 7.87 0.96

RVI 7.43 14.23 0.01 14.23 7.73 0.84

TTP TTPVI 5.97 15.03 0.03 12.10 7.73 0.27

RVI 6.40 11.83 0.14 14.23 7.73 0.33

TTPLTP TTPVI N/A N/A 0.63* N/A N/A 0.49*

RVI N/A N/A 0.51* N/A N/A 0.94*

TTPIDR TTPVI 9.60 15.67 0.05 12.20 8.00 0.88

RVI 8.73 15.03 0.21 14.23 8.00 0.52

Notes: N/A non-assessable (*median survival was not reached; however, no significant separation of the curves was achieved). 
Values are depicted as medians. Bold p-values indicate statistical differences in the Log rank test (p<0.05). 
Abbreviations: OS, overall survival; PFS, progression-free survival; TTP, time-to-progression; LTP, local tumor progression; IDR, 
intrahepatic distant recurrence; TTPVI, two-trait predictor of venous invasion; RVI, radiogenomic venous invasion.

Figure 2 Patient survival and tumor progression with patients treated with ablation with and without prior embolization. Overall survival (OS), progression-free survival 
(PFS) and time-to-progression (TTP) are depicted for patients undergoing interstitial brachytherapy (iBT, green line) and conventional transarterial chemoembolization 
(cTACE, blue line). Kaplan–Meier analysis reveals no significant differences in survival outcomes between both patient groups. Median survival is indicated by dashed lines.
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p = 0.25), respectively. Similarly, positive RVI and TTPVI traits showed no significant association but revealed trends for 
poorer OS (positive RVI: 12 months vs negative RVI: median OS not reached, p = 0.15; positive TTPVI: 125.8 vs 
negative TTPVI: 231.7 months, p = 0.85) and poorer PFS (RVI 13.1 vs 21.0 months, p = 0.18; TTPVI 14.9 vs 67.6 
months, p = 0.24). Univariate cox-regression analysis confirmed histological MVI as a predictor for PFS (p = 0.01), but 
not for OS. Neither RVI nor TTPVI was confirmed as predictive of OS or PFS, respectively (Figure 4).

Cox Regression Model 
In patients treated with iBT, univariate cox-regression analyses confirmed RVI and TTPVI as predictors of OS (p < 0.01 
and p = 0.09), PFS (p = 0.021 and p < 0.01). TTPVI was also confirmed predictive of TTP (p = 0.04) but not RVI (p = 
0.15). Because no other baseline parameter was found predictive, multivariate analysis was omitted (Table 4). In patients 
treated with cTACE/iBT, univariate cox-regression analysis revealed age (p = 0.07), number of lesions (p < 0.01), index 
lesion diameter (p < 0.01), and BCLC stage (p < 0.01) as predictors of PFS only (Table 4). In line with the findings from 
Kaplan–Meier analysis, RVI and TTPVI showed no impact. Multivariate analysis confirmed age (p = 0.07) and number 
of lesions (p < 0.01) as significant predictors of PFS.

RVI/TTPVI Correlation with Semantic Imaging Features
For patients in the iBT group, RVI and/or TTPVI were found to significantly correlate with the following semantic 
imaging features on multiparametric MRI (Table 5): tumoral vessels in arterial phase (RVI: r = 0.57, p < 0.01 TTPVI: r = 
0.97, p < 0.01) and in portal venous phase (RVI: r = 0.71, p < 0.01 TTPVI: r = 0.79, p < 0.01), respectively, peritumoral 
enhancement (TTPVI: r = 0.27, p = 0.04), relative tumoral enhancement in portal venous phase (RVI: r = −0.33, p = 
0.01), tumor liver difference in hepatobiliary phase (RVI: r = 0.28, p = 0.03) and diffusion weighted imaging (RVI: r = 
−0.31, p = 0.02), respectively. For patients in the cTACE/iBT group, RVI and/or TTPVI were found to correlate with the
following semantic imaging features: tumoral vessels in arterial phase (RVI: r = 0.32, p = 0.03 TTPVI: r = 0.30, p = 0.03)

Figure 3 The impact of RVI on patient survival and tumor progression in patients treated with ablation with and without prior embolization. Overall survival (OS), 
progression-free survival (PFS), and time-to-progression (TTP) are depicted for patients with a positive and negative RVI trait receiving interstitial brachytherapy (iBT, upper 
row) and iBT with a prior conventional transarterial chemoembolization (cTACE/iBT, lower row). For patients within the iBT group, Kaplan–Meier analysis reveals 
significantly poorer OS, PFS, and a trend for poorer TTP in patients that had a positive RVI trait. In patients within the cTACE/iBT group, no significant differences in 
survival outcomes were observed in regards of the RVI trait. Median survival is indicated by dashed lines.
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and in portal venous phase (TTPVI: r = 0.43, p < 0.01), respectively, irregular arterial phase enhancement pattern 
(TTPVI: r = 0.43, p < 0.01), and tumor-liver ratio in diffusion-weighted imaging (TTPVI: r = −0.35, p = 0.02).

Discussion
This study was designed to establish the decision-tree models RVI and TTPVI indicative of histological MVI on 
multiparametric contrast-enhanced liver MRI and investigate their prognostic value for the clinical outcome in patients 
with unresectable HCC undergoing LRT. Following validation on the external TCGA-LIHC database, both RVI and 
TTPVI were found to be associated with poorer OS, PFS, and TTP in patients who received ablation via iBT alone. 
However, in patients treated with additional cTACE prior to iBT, neither RVI nor TTPVI was associated with patient 
survival. These findings suggest that patients with positive RVI or TTPVI on baseline MRI may benefit from combined 
embolization prior to ablation to address probable MVI that remains relatively occult on standard liver MRI readings.

Figure 4 The impact of RVI and TTPVI imaging biomarkers and MVI trait in patients within the internal and external study cohorts. Hazard ratios (HR) and 95% confidence 
intervals (95%-CI) and p-values were calculated for the impact of RVI, TTPVI in the internal and external study cohorts as well and microvascular invasion (MVI) in the 
external study cohort and depicted as colored line graphs in the respective colors of the treatment groups: Orange – TCGA cohort, green – interstitial brachytherapy (iBT) 
cohort, and blue – conventional transarterial chemotherapy with consecutive iBT cohort (cTACE/iBT). Triangles show indicate a significant p-value for the respective 
Kaplan–Meier analysis (p<0.1).
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Both RVI and TTPVI represent vascularity grading systems that support the probability of varying micro vascular-
ization by considering ancillary findings on contrast-enhanced imaging. In this study, RVI and TTPVI were found to 
correlate with a variety of semantic features, which supports the hypothesis that MVI is a rather complex tumor 
component that cannot be reflected by a single ancillary imaging feature, but rather a systematic review of many 
vascular imaging features. Although some of those semantic features may be routinely assessed and possibly described in 
liver MRI readings, their collective value for the prognosis of HCC patients remains underappreciated. Additionally, 
imaging biomarker traits may be underrepresented in current HCC guidelines, e.g. the Barcelona Clinic and Liver-Cancer 

Table 4 The Confounding Effects of Clinical Parameters on the Survival Outcomes

iBT Cohort

Overall Survival Progression-Free Survival Time-to-Progression

95% CI HR p-value 95% CI HR p-value 95% CI HR p-value

Age 0.95–1.02 0.96 0.40 0.97–1.03 1.00 0.92 0.96–1.03 0.99 0.65

Gender 0.40–1.67 0.78 0.49 0.56–1.27 1.06 0.86 0.48–2.15 0.96 0.92

Index tumor diameter 0.98–1.04 1.01 0.44 0.97–1.03 1.00 0.93 0.95–1.02 0.99 0.44

Number of lesions 0.68–1.21 0.94 0.66 0.90–1.65 1.25 0.15 0.91–1.77 1.31 0.11

BCLC stage 0.51–2.77 1.31 0.53 0.63–2.89 1.48 0.31 0.47–2.86 1.32 0.54

RVI 1.63–6.50 3.33 <0.01 1.08–3.86 2.10 0.02 0.78–3.72 1.78 0.15

TTPVI 0.90–3.23 1.73 0.09 1.42–4.92 2.66 <0.01 1.03–4.12 2.08 0.04

0.01

cTACE/iBT Cohort

Overall Survival Progression-Free Survival Time-to-Progression

95% CI HR p-value 95% CI HR p-value 95% CI HR p-value

Age 093–1.00 0.97 0.07 0.97–1.04 1.00 0.93 0.96–1.03 1.00 0.89

Gender 0.40–1.98 0.84 0.66 0.55–2.23 1.07 0.86 0.44–1.84 0.86 0.68

Index tumor diameter 1.01–1.03 1.02 <0.01 0.98–1.01 1.00 0.60 0.98–1.01 1.00 0.60

Number of lesions 1.27–3.62 2.19 <0.01 0.68–1.64 1.09 0.70 0.35–1.16 0.68 0.20

BCLC stage 1.15–2.58 1.73 <0.01 0.80–1.73 1.19 0.37 0.74–1.68 1.13 0.56

RVI 0.42–1.60 0.83 0.59 0.44–1.45 0.81 0.49 0.37–1.36 0.73 0.33

TTPVI 0.48–1.77 0.91 0.76 0.42–1.33 0.74 0.30 0.39–1.33 0.71 0.27

TCGA-LIHC Cohort

Overall Survival Progression-Free Survival

95% CI HR p-value 95% CI HR p-value

MVI 0.58–4.20 1.57 0.36 1.28–8.72 3.29 0.01

RVI 0.72–6.89 2.19 0.16 0.67–5.93 2.05 0.18

TTPVI 0.36–4.14 1.12 0.85 0.67–5.99 1.87 0.25

Note: Bold print p-values indicate statistical differences in the regression analyses (p<0.1). 
Abbreviations: iBT, interstitial brachytherapy; cTACE, conventional transarterial chemoembolization; TCGA-LIHC, The Cancer Genome Atlas – Liver 
Hepatocellular Carcinoma (public external database); MVI, microvascular invasion; RVI, Radiogenomic Venous Invasion; TTPVI, Two Trait Predictor of 
Venous Invasion; HR, hazard ratio; 95% CI, 95% confidence interval.
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(BCLC) classification considers only tumor multiplicity, size, and macrovascular invasion for disease staging and 
treatment recommendation.27 Meanwhile, the Clinical Practice Guidelines of the European Association for the Study 
of the Liver (EASL) underscore the role of CECT and multiparametric MRI diagnosis and staging of HCC and consider 
major imaging features such as hyperenhancement, washout, and capsule enhancement to reflect general vascular 
derangement during hepatocarcinogenesis.28,29

However, in clinical routine, decisions on LRT allocation are frequently made at the discretion of the interventional 
radiologist for lack of more specific guidelines, taking into account additional imaging features such as patterns of 

Table 5 Correlation of Semantic Imaging Features with Radiogenomic Venous Invasion (RVI) and Two-Trait 
Predictor of Venous Invasion (TTPVI)

Semantic Imaging Feature Imaging Biomarker iBT Cohort cTACE/iBT Cohort

Pearson’s r p-value Pearson’s r p-value

Vessel in lesion (art.) TTPVI 0.97 <0.01 0.30 0.03

RVI 0.57 <0.01 0.32 0.03

Vessel in lesion (pv.) TTPVI 0.79 <0.01 0.43 <0.01

RVI 0.71 <0.01 0.04 0.77

Enhancement pattern (art.) TTPVI −0.22 0.10 0.43 <0.01

RVI −0.23 0.08 0.04 0.77

Perilesional enhancement (art.) TTPVI 0.27 0.04 0.09 0.49

RVI 0.16 0.23 −0.02 0.90

Perilesional hypointensity (HBP) TTPVI 0.24 0.08 0.23 0.11

RVI 0.11 0.41 0.07 0.62

Tumor margin (ven.) TTPVI −0.16 0.23 −0.03 0.84

RVI −0.17 0.20 0.17 0.26

Tumor capsule (ven.) TTPVI 0.13 0.32 −0.10 0.50

RVI 0.03 0.82 −0.01 0.93

Relative tumoral enhancement (art.) TTPVI 0.01 0.92 0.07 0.65

RVI −0.10 0.12 −0.23 0.12

Relative tumoral enhancement (pv.) TTPVI −0.16 0.23 0.07 0.61

RVI −0.33 0.01 −0.04 0.76

Tumor liver ratio (HBP) TTPVI 0.01 0.98 −0.04 0.78

RVI 0.28 0.03 −0.01 0.96

Tumor liver ratio (DWI) TTPVI −0.01 0.98 −0.35 0.02

RVI −0.31 0.02 0.07 0.67

Tumor liver ratio (ADC) TTPVI 0.07 0.63 −0.24 0.10

RVI −0.04 0.74 0.11 0.44

Note: Bold p-values (and respective Pearson’s r) indicate statistical significance (p<0.05). 
Abbreviations: TTPVI, two-trait predictor of venous invasion; RVI, radiogenomic venous invasion; Art, arterial phase; pv, portal venous 
phase; ven, venous phase; HBP, hepatobiliary phase of T1-weighted images; DWI, diffusion weighted imaging; ADC, apparent diffusion 
coefficient maps; iBT, interstitial brachytherapy; cTACE, conventional transarterial chemoembolization.
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arterial hyperenhancement and the presence of large tumor-feeding arteries.30,31 Additional, potentially useful imaging 
features have been reported to be associated with the prognosis of HCC.32–34 However, they are usually based on visual 
estimations, and are not assessed systematically, posing a substantial barrier for routine clinical use.

Therefore, novel research is focused on linking radiological imaging features with gene profile analysis to derive 
standardized radiological imaging biomarkers that reflect the individual biological tumor phenotype and enable a more 
precise prediction of early recurrence and tumor progression.14,15 Although MVI represents a complex biological tumor 
component, RVI and TTPVI are promising candidates to non-invasively capture the presence of histological MVI in 
HCC.35 Both have been repeatedly validated by rad-path analyses in previous studies to facilitate their clinical 
application without the need for additional tissue biopsies.16,17 Since these imaging biomarkers are derived from genomic 
analyses, previous studies indicated that they could represent a more fundamental phenotype of aggressive disease than 
MVI itself.12,13 Specifically, Banerjee et al showed that RVI was predictive of OS and recurrence-free survival, whereas 
histological MVI was not.14 This observation could explain our study’s finding of the merely acceptable to low 
correlation with histological MVI in the TCGA-LIHC cohort. However, RVI detected MVI with a relatively high 
specificity (88.9%) but rather low sensitivity (69.2%), while TTPVI showed a relatively high sensitivity (84.6%) but 
only low specificity (50.0%).

However, the consistency in detecting MVI based on histology may also lack due to tissue procurement and intratumoral 
heterogeneity causing sampling errors.36 Moreover, substantial evidence exists, supporting not only the tumoral core but 
also the peritumoral zone to play a key role in angiogenesis and metastatic disease. In this regard, peripheral vessel 
encapsulating tumor clusters (VECTS) has recently been described as distinct vascular patterns seen in HCC histology that 
can serve as a risk factor for recurrent disease, and thus, may be adequately treated with embolotherapies.37

Regarding the sub-analyses of local progression patterns, no significant correlation with TTPLTP was found in both 
our treatment groups, emphasizing LRT to achieve very good local tumor control independent of RVI or TTPVI status. 
However, regarding the distant intrahepatic progression pattern, both imaging biomarkers were associated with shorter 
PFSIDR and TTPIDR in patients treated with iBT. This may support the hypothesis that the imaging biomarkers of RVI 
and TTPVI also reflect a more severe live disease but not only tumor phenotype in patients with HCC, which in return is 
more likely to contribute to new intrahepatic distant lesions.38

The results further suggest ablative LRT regimens to be insufficient treatments for the subgroup with high likelihood 
of a more aggressive, vascularization-dependent HCC phenotype. Similarly, Imai et al reported on patients with MVI- 
positive HCC undergoing radiofrequency ablation to have worse OS supporting the hypothesis of RVI and TTPVI to 
reflect a more aggressive HCC subtype that relies on extensive blood supply.39 In turn, besides many other yet 
unexplored variables, such patients may potentially benefit from additional embolization therapy as previous studies 
investigated the role of cTACE to effectively address histological MVI in HCC patients following surgical regimens,40 

showing that preoperative cTACE may possibly affect disease-free and OS rates in HCC patients following liver 
resection.41 In our institution, cTACE prior to iBT is frequently performed, if tumors show arterial hyperenhancement 
or distinct tumor feeding arteries or exceed 5 cm in diameter. Additionally, cTACE can be performed in smaller lesions to 
deposit Lipiodol in the tumor and guide the puncture and ablation under CT-guidance.

Overall, our findings in the presence of RVI are in good concordance with the original reports from Banerjee et al, in 
which 26.1% of the patients with HCC undergoing surgical resection were detected RVI positive.14 As for TTPVI, in the 
original study by Renzulli et al, 57.8% of the HCC patients undergoing hepatic resection were detected with TTPVI 
positive.15 Li et al detected TTPVI in 44.3%,16 whereas Zhang et al detected in 83%42 of their study patients, suggesting 
TTPVI assessment to be more variable than RVI. However, in all studies, TTPVI was found to be highly predictive of MVI, 
showing a strong correlation with poor survival, which is in line with our findings for the TCGA-LIHC and iBT cohort.

This study has some limitations. Due to the retrospective study design, demographics of the internal cohorts showed 
some differences but were overall comparable. Specifically, lesion size and BCLC stage were more advanced in patients 
following cTACE/iBT since the decision-making process for a suitable LRT regimen depends on these features. 
Additionally, tumor size and stage may represent potential bias for treatment response and patient survival.43 

However, cox-regression revealed no predictors in the entirety of the study cohort (data not shown) and no difference 
in survival curves was found. Although iBT is approved for the treatment of early-stage HCC according to ESMO 
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guidelines,44 it is performed less frequently than thermal ablation. Given the different mechanisms of action of both 
ablative techniques, the reproducibility of the findings in the context of thermal ablation needs to be further investigated. 
This study supports the feasibility of assessing imaging biomarkers in contrast-enhanced MRI using gadoxetic-acid- 
disodium (Primovist) as a contrast agent; however, robustness and reproducibility need further investigation. Additional 
MRI sequences such as diffusion-weighted imaging, hepatobiliary phases or other semantic imaging features that have 
been previously reported to be associated with HCC subtypes have only been considered for the image-based diagnosis 
of HCC but were not considered in the decision-tree models. The imaging biomarkers of RVI and TTPVI have been 
independently assessed by two readers, who finally found a common consent on the status of these parameters. However, 
no interclass correlation coefficients have been calculated since it has already been reported elsewhere.17 Therefore, an 
external dataset validation was used; however, it provides data from the early 2000s and therefore lacks newest 
techniques in histological confirmation and biomedical imaging.

Conclusion
In conclusion, this study established and validated RVI and TTPVI as imaging biomarkers indicative of MVI on 
multiparametric liver MRI to estimate survival in patients with HCC undergoing LRT. Both RVI and TTPVI were 
associated with poorer survival and tumor recurrence in patients following ablation via iBT alone but showed no 
association with the outcome after combined cTACE and iBT. Thus, such non-invasive tools may be key for improved 
patient stratification and personalized treatment planning by identifying HCC patients with occult vascular invasion on 
baseline MRI, who would potentially benefit from additional embolotherapy prior to ablation rather than ablation alone. 
Moreover, this study emphasizes the unmet need of considering HCC tumoral heterogeneity as detected in pre-procedural 
imaging to be incorporated into the current management and treatment algorithms in the future.

Abbreviations
iBT, interstitial brachytherapy; cTACE, conventional transarterial chemoembolization; ALT, alanine aminotransferase; 
AST, aspartate aminotransferase; γ-GT, gamma-glutamyl transferase; AP, alkaline phosphatase; CR, complete response; 
PR, partial response; SD, stable disease; PD, progressive disease; OS, overall survival; PFS, progression-free survival; 
TTP, time-to-progression; LTP, local tumor progression; IDR, intrahepatic distant recurrence, TCGA-LIHC, The Cancer 
Genome Atlas, Liver Hepatocellular Carcinoma (public external database); art., arterial phase; pv., portal venous phase; 
ven., venous phase; HBP, hepatobiliary phase of T1-weighted images; DWI, diffusion weighted imaging; ADC, apparent 
diffusion coefficient maps.
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