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Abstract

Background—Microvascular invasion (MVI) is a significant risk factor for early recurrence after 

resection or transplantation for hepatocellular carcinoma (HCC). Knowledge of MVI status would 

help guide treatment recommendations but is generally identified after surgery. This study aims to 

predict MVI preoperatively using quantitative image analysis.

Study Design—From 2 institutions, 120 patients submitted to resection of HCC from 2003 to 

2015 were included. The largest tumor from preoperative CT was subjected to quantitative image 

analysis, which uses an automated computer algorithm to capture regional variation in CT 

enhancement patterns. Quantitative imaging features by automatic analysis, qualitative 

radiographic descriptors by 2 radiologists, and preoperative clinical variables were included in 

multivariate analysis to predict histologic MVI.

Results—Histologic MVI was identified in 19 (37%) patients with tumors ≤5 cm and 34 (49%) 

patients with tumors > 5 cm. Among patients with ≤5 cm tumors, none of clinical findings or 

radiographic descriptors was associated with MVI; however, quantitative feature based on angle 

co-occurrence matrix predicted MVI with area under curve (AUC) 0.80, positive predictive value 
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(PPV) 63% and negative predictive value (NPV) 85%. In patients with > 5 cm tumors, higher α-

fetoprotein (AFP) level, larger tumor size, and viral hepatitis history were associated with MVI, 

whereas radiographic descriptors did not. However, a multivariate model combining AFP, tumor 

size, hepatitis status, and quantitative feature based on local binary pattern predicted MVI with 

AUC 0.88, PPV 72% and NPV 96%.

Conclusions—This study reveals the potential importance of quantitative image analysis as a 

predictor of MVI.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common liver cancer and its incidence is on the 

rise.1, 2 Liver transplantation and resection are potentially curative for selected patients, but 

early recurrence is common, likely related to microvascular invasion (MVI).3–5 MVI is an 

invasion of tumor cells into small vessels, which is associated with tumor dissemination and 

aggressive tumor biology.6–8 MVI can only be diagnosed reliably in postoperative 

specimens and is not readily discernible on preoperative imaging.9

It is important to detect MVI prior to surgery, as presence of MVI may discourage 

transplantation in favor of resection given the shortage of liver graft and thus the need to 

optimize the resource for those with low risk of recurrence5, 10. On the other hand, it would 

also be clinically relevant to predict absence of MVI, for both small tumors as well as for 

larger tumors that are within the extended criteria for transplantation, as the results may 

favor transplantation over resection11, 12.

Preoperative biopsy may identify MVI but is useful only if positive; a negative result is not 

exclusionary due to tumor heterogeneity and sampling error. Furthermore, biopsy is not 

routinely performed prior to transplantation because of the risk of tumor seeding.6, 13, 14 

Thus, many groups have studied noninvasive clinical predictors of MVI: larger tumor 

diameter, presence of multiple nodules, high level of α-fetoprotein (AFP), and 

thrombocytopenia.8, 15–18 However, a nomogram based on some of these clinical predictors 

only predicted MVI with 57% positive predictive value (PPV) in resected tumors within 

Milan criteria.15 In addition to clinical predictors of MVI, identification of MVI from 

preoperative computed tomography (CT) images has been attempted. Qualitative 

radiographic descriptors such as nonsmooth tumor margin and peritumoral enhancement 

have some association with MVI.9, 19 Other groups have also incorporated genomic and 

pathologic data with radiographic descriptors to develop radiogenomic venous invasion 

(RVI), an algorithm of three image traits that correlated with MVI.14, 20 RVI was defined by 

the presence or absence of radiographic descriptors: presence of internal arteries, absence of 

a hypodense halo, and absence of tumor-liver difference.14, 20 However, such qualitative 

radiographic descriptors depend on subjective evaluation by individual radiologists and are 

not validated in external cohorts. As shown in a repeatability study of major diagnostic 
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scoring descriptors for HCC, even evaluation of classic descriptors of HCC such as washout 

appearance and pseudocapsule yield only moderate interobserver agreement.21

Radiomics is an emerging field that aims to quantify tumor heterogeneity related to changes 

in cellularity, necrosis, angiogenesis, and extracellular matrix deposition in tumor 

microenvironments.22, 23 Quantitative image analysis is an automated computer algorithm to 

objectively quantify image heterogeneity by measuring spatial variations in pixel 

intensities.22, 24 The utility of quantitative image analysis for diagnosis and prognosis in 

cancer patients has been shown in prior studies, but it has never been previously explored to 

predict MVI.25–27 In this study, we aim to use preoperative CT quantitative image analysis 

to objectively identify predictors of MVI in resected HCC tumors, and also evaluate and 

compare to other previously reported predictors of MVI using clinical findings and 

subjective radiographic descriptors.

METHODS

Patient selection

With the approval of the institutional review boards of Memorial Sloan Kettering Cancer 

Center (MSKCC) and Washington University School of Medicine, we retrospectively 

analyzed patients who underwent resection of HCC with curative intent from 2003 to 2015 

(n=348). At both institutions, patients with limited hepatic disease were considered for 

resection if they had resectable tumors, adequate future liver remnant for metabolic function, 

and absence of distant metastasis.5, 28, 29

All patients included in the study had abdominal CT within 3 months of surgery, with 

routine clinical imaging protocol for contrast-enhanced portal venous phase CT. Patients 

with no contrast-enhanced CT scan (n=165) or with metal artifacts infiltrating the tumor on 

CT imaging (n=5) were excluded. Patients treated previously with ablation, embolization, 

resection or transplant (n=39) were excluded, as these treatments would alter the appearance 

of HCC on imaging and compromise the quantitative image analysis. Tumors that were 

ruptured (n=6) or had a diffuse infiltrative pattern (n=4) were also excluded since tumor 

borders were challenging to determine for analysis. Patients with gross macrovascular 

invasion (n=9) were excluded. A total of 120 patients remained for inclusion in the study.

Clinical and pathological variables

Clinical and pathological variables were retrospectively reviewed. The variables analyzed 

included age at resection, gender, underlying liver disease, body mass index (BMI), Child 

Pugh classification, model for end-stage liver disease (MELD), α-fetoprotein (AFP), and 

platelet level. Operative details included operative blood loss and the number of segments 

resected. Resection of ≥3 Couinaud segments was considered a major hepatectomy. 

Pathological data included number of tumors and satellites, largest tumor diameter, tumor 

cell differentiation, degree of tumor necrosis, hepatic capsule invasion, and margin status. 

The presence or absence of MVI on histology of the largest tumor, corresponding to the CT 

image, was also documented from the retrospective review. The grade of fibrosis and 

steatosis on adjacent liver was also recorded.
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Qualitative radiographic descriptors

Two hepatobiliary radiologists blinded to clinicopathological variables independently 

reviewed the CT scans and graded radiographic findings including number of tumors, largest 

tumor diameter, presence or absence of tumor internal arteries, hypodense halo, tumor-liver 

difference, nonsmooth margin, peripheral rim enhancement, and peritumoral enhancement 

as previously described.9, 14, 19, 20, 30

Quantitative image analysis

Automated quantitative image analysis was performed at the tumor periphery and the 

adjacent liver parenchyma motivated by qualitative radiographic descriptors such as 

hypodense halo and tumor-liver difference at the peritumoral region associated with MVI 

gene signatures14, 20. This region of interest is termed the liver-tumor interface, which was 

defined as a 5 pixel-wide band inside and outside the tumor margin (Fig. 1A). The largest 

tumor and liver were segmented from CT using semi-automatic software (Scout Liver, 

Analogic Corporation, Peabody, MA, USA).

Quantitative image texture analysis was used to quantify variation in CT enhancement at the 

liver-tumor interface. Briefly, texture analysis captures differences in attenuation values in 

the scan using well-established techniques from the image analysis literature. Two types of 

texture features were studied: angle co-occurrence matrices (ACM) and local binary patterns 

(LBP). ACM quantifies the orientation patterns of neighboring pixels over a specified 

distance and direction31–33, whereas LBP quantifies the intensity patterns of the neighboring 

pixels34–36. As previously described, 38 ACM and 128 LBP features were extracted for 

analysis.31, 36 These features were evaluated at the liver-tumor interface, where 5 pixel-wide 

band inside the tumor margin was subtracted from outside the tumor margin. Quantitative 

image analysis was implemented in Matlab (Mathworks, Natick, MA, USA).

Statistical analysis

Significance of association between MVI and clinical variables was assessed using Fisher’s 

exact test for categorical variables and Mann-Whitney for continuous variables. The 

unknown AFP levels for 9 (8%) patients were imputed with other preoperative data using 

multivariate imputation by chained equations.37 For radiographic descriptors, Cohen’s kappa 

statistic was used to quantify interobserver agreement. Significance of association between 

MVI and the radiographic descriptors was performed using Chi-squared test. Significance of 

association between MVI and quantitative imaging (texture) features was assessed with 

logistic regression. All preoperatively available variables (clinical, qualitative radiographic 

descriptor, and quantitative imaging features) significant on univariate analysis were 

including the multivariate analysis using logistic regression.

We created two multivariate models where the tumor was stratified by size, ≤5 cm and > 5 

cm to parallel stratification by Milan criteria and because greater heterogeneity in larger 

tumors may be related to intratumoral changes from angiogenesis, cell proliferation, and 

necrosis.22 The performance of each model as well as the overall performance of the 

combined models was evaluated using area under the receiver operating characteristic curve 

(AUC). This method evaluates a marker without the need for dichotomization, resulting in 
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the receiver operating characteristic (ROC) curve, which provides an overall assessment of 

the predictive value of the marker. However, to make clinically relevant decisions, thresholds 

are needed to dichotomize the marker. These can be chosen in a variety of ways. The first 

threshold was selected to maximize sensitivity and specificity [maximizing the summation 

of sensitivity and specificity (Youden index)] to balance false positives and negatives. Given 

scarce organ availability, predicting absence of MVI may be more clinically relevant with 

improving allocation to those who have less aggressive tumor biology and benefit most from 

liver transplantation. Therefore, we evaluated the performance of our model with a second 

threshold which optimizes negative predictive value (NPV).

Analyses were performed using GraphPad Prism (GraphPad Software, CA) and Matlab 

(Mathworks, Natick, MA, USA). P value < 0.05 from two-sided tests was considered 

statistically significant.

RESULTS

During 2003 to 2015, 120 patients submitted to resection of HCC were included in the study, 

with 104 patients from MSKCC and 16 patients from Washington University School of 

Medicine met the inclusion and exclusion criteria. A total of 53 (44%) patients had tumors 

with pathologically confirmed MVI. Nineteen of 51 patients (37%) with ≤5cm tumors had 

MVI, and 34 of 69 patients (49%) with > 5 cm tumors had MVI (Fig. 1B). The incidence of 

MVI was not statistically different between the two groups (p=0.200). Presence of MVI was 

associated with worse RFS among patients with tumors ≤5 cm (median RFS=16 vs 51 

months, p=0.002) and tumors > 5 cm (median RFS=12 vs 46 months, p=0.010).

Clinical and pathological factors of both groups are shown (Table 1). In univariate analysis, 

no clinical variable was significantly associated with presence of MVI in patients with ≤5 

cm tumors, although there was a non-significant AFP elevation in patients with MVI. By 

contrast, among tumors > 5 cm, higher levels of AFP, larger tumor size, poor tumor 

differentiation, and history of viral hepatitis were all associated with presence of MVI. In the 

entire study population, larger tumor size on preoperative CT was associated with presence 

of MVI (median size 5.1cm vs 8.3cm for absence vs presence of MVI, respectively, 

p=0.006).

Qualitative radiographic descriptors

Two radiologists independently evaluated the largest tumor on preoperative CT of each 

patient for the presence or absence of tumor internal arteries, hypodense halo, tumor-liver 

difference, non-smooth margin, peripheral rim enhancement, and peritumoral enhancement. 

The ability of each radiologist to predict MVI as well as their interobserver agreement for all 

tumors, tumors ≤5 cm, and tumors > 5 cm were analyzed (eTable 1). Only radiologist 1 was 

able to associate the presence of internal arteries and the absence of tumor-liver difference 

with MVI (p=0.007 and p=0.017, respectively) in all tumors, but the level of agreement 

between the radiologists for all of the variables was modest, at best (kappa=0.075 and 0.452, 

respectively). Since qualitative radiographic descriptors were not reliable predictors of MVI, 

these were not included in multivariate analysis.
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Quantitative image features

Of the total 38 ACM and 128 LBP features evaluated, 16 ACM and 21 LBP features were 

significantly associated with MVI in tumors ≤5 cm and > 5 cm, respectively, on univariate 

analysis. For simplicity and to avoid overloading the prediction model with quantitative 

features, the most significant single feature by univariate analysis was included in 

multivariate analysis using logistic regression.

Multivariate preoperative MVI prediction model

We created two multivariate models where the tumor was stratified by size, ≤5 cm and > 5 

cm, to align with Milan criteria, and we also presented an overall performance of combined 

model. Among patients with ≤5 cm tumors, only AFP approached significance on univariate 

analysis of all preoperatively available clinical variables and was therefore included in the 

multivariate model. A single ACM feature in the tumor-liver interface predicted MVI with 

AUC 0.80. A positive predictive value (PPV) of 63% and negative predictive value (NPV) of 

85% were achieved when both sensitivity and specificity were optimized, which were 79% 

and 72%, respectively (Fig. 2). When a threshold was applied to achieve 100% NPV, to 

predict absence of MVI in order to limit the rate of postoperative recurrence and thus to 

provide greater benefit from transplant, the model yielded 100% sensitivity, with 

corresponding decreases in PPV and specificity. The performance of prediction model did 

not improve with the addition of AFP.

In patients with > 5 cm tumors, a single local binary pattern (LBP) feature in the tumor-liver 

interface alone predicted MVI with AUC 0.75. A PPV of 83% and NPV of 69% were 

obtained when both sensitivity and specificity were optimized (Fig. 3). In this group, higher 

level of AFP, larger tumor size, and history of viral hepatitis were associated with MVI in 

the univariate analysis. Thus, these preoperative clinical variables were added to the LBP 

feature in multivariate analysis, which yielded AUC 0.88, PPV 72% and NPV 96%. Again, 

the prediction model can obtain 100% NPV (identify absence of MVI in tumors > 5 cm that 

may still be favorable for transplant) and 100% sensitivity, with corresponding decreases in 

PPV and specificity.

The overall performance of the proposed models for all patients obtained an AUC of 0.85. 

Since for tumors ≤5 cm the model with a single ACM feature provides the best performance, 

and for tumors > 5 cm the model with a single LBP, AFP, largest tumor size, and hepatitis 

provides the best performance, we considered these variables in overall performance. This 

method achieved the optimal sensitivity and specificity of 89% and 67% with a PPV and 

NPV of 68% and 91% while balancing sensitivity and specificity. The NPV of 100% is 

achieved with a sensitivity of 100% and specificity and NPV of 40% and 57%, respectively.

DISCUSSION

In this study, we show that quantitative image analysis is a promising preoperative predictor 

of MVI in patients with HCC. Quantitative features alone were powerful predictors, offering 

a NPV of 85% among ≤5 cm tumors and 69% among > 5 cm tumors, and the NPV can also 

be optimized to yield 100% NPV for tumors of all sizes. This is clinically significant 
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because predicting absence of MVI among HCC tumors with high NPV may favor liver 

transplantation over resection. On the other hand, the ability to predict the presence of MVI 

with high PPV may discourage transplantation in favor of other treatments.

The critical shortage of available organs and long waiting lists mandates the most effective 

and rational use of this scarce resource. To offer the best outcome, liver transplantation is 

generally limited to patients with tumors that meet Milan criteria, which includes either a 

single tumor that is ≤5 cm or up to 3 tumors that are ≤3 cm each, to minimize the risk of 

recurrence.38, 39 Several groups have challenged Milan criteria and called for expanded 

criteria, including use of ≤8 cm total tumor diameter as proposed by University of 

California, San Francisco.11, 12 These clinically based classification schemes have proven 

useful for risk stratification but are clearly imperfect, since many patients within the criteria 

have aggressive tumors that should not be considered for transplantation, and likewise some 

patients with disease outside the criteria have favorable biology and would potentially 

benefit from this therapy. In this regard, the use of quantitative image analysis to predict for 

MVI may serve as an important adjunct variable to the extended criteria and further optimize 

patient selection for liver transplantation. For example, tumors outside of Milan criteria (i.e. 

> 5 cm) but without MVI may indicate a less aggressive disease biology that may benefit 

from transplantation. On the other hand, patients with small tumors but with evidence of 

MVI with a high PPV may be more suitable for other approaches. This would be especially 

prudent in patients with high operative risk from significant co-morbidities. If patients were 

known to have high risk of MVI and consequent recurrence, perhaps they may be better 

treated with upfront transarterial chemoembolization followed by resection at a later time if 

no new disease manifests.

Quantitative image analysis can predict MVI status among both ≤5 cm and > 5 cm HCC 

tumors, with best features derived from ACM and LBP, respectively. This difference 

warrants further prospective evaluation of the tumor specimen, but it is likely because 

smaller tumors appear more homogeneous on imaging, with outward growth of tumor best 

captured by directional changes in intensity as measured by ACM features. On the other 

hand, larger tumors appear more heterogeneous and thus best quantified by local variations 

in pixel intensity as in LBP analysis. Heterogeneous tumors may reflect underlying poor cell 

differentiation with areas of necrosis, angiogenesis, and extracellular matrix deposition.22

The most predictive feature came from the differences in pixel variations between the HCC 

near the tumor border and adjacent liver parenchyma. This finding was not unexpected given 

that even radiographic descriptors from the literature have similarly shown that the 

peritumoral region was the most informative region, including presence or absence of 

hypodense halo, tumor-liver difference, non-smooth margin, peripheral rim enhancement, 

and peritumoral enhancement.9, 14, 19, 20, 30, 40 This tumor-liver interface may reflect 

underlying tumor distortion of tissue from microvascular invasion, cellular proliferation, 

associated inflammatory response and extracellular matrix remodeling.14, 20, 41 The tumor 

edge has been shown in an experimental study to be a site of tumor-host crosstalk via 

signaling of transforming growth factor-β and platelet-derived growth factor and thus crucial 

in tumor cell progression.42
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In addition to quantitative image analysis, we also evaluated the predictive power of 

preoperative clinical variables. High levels of AFP, larger tumor size, and a history of 

chronic viral hepatitis were associated with MVI among tumors > 5 cm, consistent with 

prior findings.8, 15–18 AFP and tumor size among ≤5 cm tumors were not associated with 

MVI. This is likely because the rate of MVI among tumors ≤5 cm was relatively low at 37%. 

Prior studies have also shown that tumors ≤2 cm and 2 - 4cm had significantly lower rate of 

MVI (25% and 31%, respectively) compared to tumors that reached ≥4 cm (50%).43 Since 

only 11 patients (9%) had multiple tumors on preoperative CT, we did not have the statistical 

power to associate MVI with multinodularity. The addition of quantitative image features to 

preoperative clinical variables that were associated with MVI improved the prediction 

model. Radiographic descriptors were not included in the multivariate model because only 

radiologist 1 was able to significantly associate MVI with the presence of internal arteries 

and absence of tumor-liver difference, but the interobserver agreement with radiologist 2 

were only slight and moderate.

This study’s use of quantitative image analysis to predict MVI is novel and clinically 

important. Not only is imaging analysis noninvasive and suitable for use in serial follow-up 

CT scans, its sensitivity for MVI detection surpassed that of preoperative biopsy.14 In 

addition, quantitative image analysis is an unbiased and systematic method that can be used 

by other institutions. We have performed quantitative image analysis only on CT images, but 

its use on other imaging modalities, such as magnetic resonance imaging (MRI), to predict 

MVI has not been explored. A limitation of our study is the relatively small sample size, as 

many patients were excluded due to lack of adequate CT images and many patients only had 

MRI. Similar approaches could be developed for MRI scans. In addition, we did not include 

transplanted patients in this study. Many of the patients included had Child’s Pugh class A 

and some with solitary or multinodular tumors within the Milan criteria and were eligible for 

both resection and transplantation. Thus, our result would be applicable to a subset of 

patients who are considered for transplantation, but this needs to be validated in a larger 

cohort of patients with advanced liver disease. We did not include transplant patients in this 

study primarily because majority of patients received pre-transplant locoregional therapies, 

which would alter the image characteristic of HCC. Furthermore, since CT scans were 

obtained up to 3 months preoperatively, it is possible for MVI to have developed after the 

scan and before resection in some cases, thereby reducing the predictive utility. However, the 

median time from CT to resection in this study was 20 days and thus new MVI is unlikely to 

a major source of error. We also did not examine tumor histology to correlate quantitative 

imaging features with the exact location(s) of MVI, but promising results from this study 

may guide future prospective studies with more comprehensive radio-pathologic 

correlations.

CONCLUSION

In summary, we showed for the first time that quantitative image analysis can predict MVI 

status among both ≤5 cm and > 5 cm HCC tumors and that the addition of clinical data 

improved the predictive model among larger tumors. External validation of quantitative 

image analysis for the prediction of MVI is warranted, as it may help guide treatment 

recommendations for patients considered for resection or liver transplantation.
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Abbreviations

ACM angle co-occurrence matrices

AFP α-fetoprotein

AUC area under curve

BMI body mass index

CT computed tomography

HCC hepatocellular carcinoma

LBP local binary patterns

MELD model for end-stage liver disease

MVI microvascular invasion

NPV negative predictive value

PPV positive predictive value

RFS recurrence-free survival

RVI radiogenomic venous invasion

MRI magnetic resonance imaging
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Figure 1. 
(A) Quantitative image analysis was performed on tumor-liver interface, where 5 pixel-wide 

band inside the tumor margin (red shade on the tumor periphery) was subtracted from 

outside the tumor margin (blue shade on the adjacent hepatocytes). (B) The largest tumor 

from each patient was used to perform quantitative image analysis to predict microvascular 

invasion (MVI).
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Figure 2. 
Quantitative image analysis of angle co-occurrence matrix (ACM) predicted microvascular 

invasion among ≤5 cm tumors. ACM, angle co-occurrence matrix; AFP, α-fetoprotein; 

AUC, area under curve; CI, confidence interval; PPV, positive predictive value; NPV, 

negative predictive value. 95% confidence intervals are presented in parentheses.
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Figure 3. 
Clinical and quantitative image analysis of local binary pattern (LBP) predicted 

microvascular invasion among > 5 cm tumors. LBP, local binary pattern; AFP, α-fetoprotein; 

AUC, area under curve; CI, confidence interval; PPV, positive predictive value, NPV, 

negative predictive value. 95% confidence intervals are presented in parentheses.
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