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Abstract
BACKGROUND
Presence of microvascular invasion (MVI) indicates poorer prognosis post-curative resection of hepatocellular carcinoma (HCC), with an increased chance of tumour recurrence. By present standards, MVI can only be diagnosed post-operatively on histopathology. Texture analysis potentially allows identification of patients who are considered ‘high risk’ through analysis of pre-operative magnetic resonance imaging (MRI) studies. This will allow for better patient selection, improved individualised therapy (such as extended surgical margins or adjuvant therapy) and pre-operative prognostication.

AIM
This study aims to evaluate the accuracy of texture analysis on pre-operative MRI in predicting MVI in HCC. 

METHODS
Retrospective review of patients with new cases of HCC who underwent hepatectomy between 2007 and 2015 was performed. Exclusion criteria: No pre-operative MRI, significant movement artefacts, loss-to-follow-up, ruptured HCCs, previous hepatectomy and adjuvant therapy. Fifty patients were divided into MVI (n = 15) and non-MVI (n = 35) groups based on tumour histology. Selected images of the tumour on post-contrast-enhanced T1-weighted MRI were analysed. Both qualitative (performed by radiologists) and quantitative data (performed by software) were obtained. Radiomics texture parameters were extracted based on the largest cross-sectional area of each tumor and analysed using MaZda software. Five separate methods were performed. Methods 1, 2 and 3 exclusively made use of features derived from arterial, portovenous and equilibrium phases respectively. Methods 4 and 5 made use of the comparatively significant features to attain optimal performance.

RESULTS
Method 5 achieved the highest accuracy of 87.8% with sensitivity of 73% and specificity of 94%. 

CONCLUSION
Texture analysis of tumours on pre-operative MRI can predict presence of MVI in HCC with accuracies of up to 87.8% and can potentially impact clinical management.
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Core Tip: This study demonstrates the utility of texture analysis on pre-operative magnetic resonance imaging to potentially impact clinical management in patients with surgically resectable hepatocellular carcinoma.

INTRODUCTION
Macrovascular invasion and microvascular invasion (MVI) are independent prognostic factors of hepatocellular carcinoma (HCC) recurrence after curative partial hepatectomy or liver transplantation[1-3]. Previous studies have shown MVI to shorten disease-free survival and overall survival post-liver transplantation and liver resection[4]. While presence of macrovascular invasion can often be determined definitively on pre-operative cross-sectional imaging, microvascular invasion in HCC is typically only diagnosed post-operatively on histopathology. Moreover, the lack of consensus definition and grading of MVI, coupled with inter/intra-observer variability, has resulted in great heterogeneity in evaluation of this histopathological feature[5]. Previous studies have shown that the incidence of MVI ranges between 15% and 57.1%[4]. Pre-operative diagnosis of microvascular invasion to identify patients who are considered ‘high risk’ will allow for better patient selection, improved individualised therapy (such as extended surgical margins or adjuvant therapy) and pre-operative prognostication. 
Texture analysis (TA) is a branch of computer vision that analyses and objectifies imaging characteristics that may be imperceptible to the human eye. It can be applied to any cross-sectional imaging and has been proven to reflect underlying heterogeneity. This technique may provide quantitative data and insight into tumor biology and thus has the potential to be used to diagnose and prognosticate disease[6-9]. Several groups have attempted to identify MVI pre-operatively using clinical data and imaging scoring systems albeit with variable and sometimes conflicting results[10-12], limiting its translation into clinical practice. Moreover, the detection of MVI by using pre-operative biopsy has proven to be unreliable as it did not correlate well with post-operative pathology[13]. Recent studies have sought to use TA to predict MVI on MRI and have identified certain imaging and textural features (such as tumour entropy) that may be associated with bad tumour behaviour[14,15]. While TA continues to grow as an emerging technology, before it can be considered for widespread clinical implementation, we sought to validate and replicate those findings. In this study, we aim to evaluate the accuracy of texture analysis on pre-operative contrast-enhanced MRI to predict microvascular invasion in HCC.

MATERIALS AND METHODS
Study cohort
Institutional review board was obtained and the requirement to obtain written consent was waived. All patients who underwent hepatectomy between January 1, 2007 and December 31, 2015 were considered for study inclusion. Clinical and pathologic parameters were retrospectively reviewed on electronic medical records. Inclusion criteria included histologically proven HCC with pre-operative MRI (done with 1.5T), tumour size ≥ 1 cm, treatment-naïve HCC. Exclusion criteria included loss to follow-up, collision tumours, ruptured HCCs, previous hepatectomy and interval adjuvant therapy, such as transarterial chemoembolization or radiofrequency ablation. For texture analysis evaluation, additional imaging-specific exclusion criteria included 3 T MRI, outdated MRI protocols, and images degraded by motion artefacts.
A total of 129 hepatectomies were performed on 129 HCC patients within the study period. 79 patients were excluded from the study for the following reasons: absence of pre-operative MRI (n = 37), interval adjuvant therapy or prior hepatectomy (n = 18), loss to follow-up (n = 12), 3 T MRI (n = 6), ruptured HCC (n = 2), old MRI protocol (n = 2), collision tumour (n = 1), movement artefact (n = 1). A representative flowchart is shown in Figure 1.
The primary outcome measure was the presence of MVI based on histopathological findings. Clinical factors that were potentially associated with MVI were analysed: age, gender, aetiology, hepatitis B surface antigen (HBsAg), serum alpha-fetoprotein, albumin, bilirubin, alanine amino-transferase, aspartate amino-transferase, alkaline phosphatase, ɣ-glutamyltranspeptidase (GGT) and Child-Pugh score.

MRI technique
Magnetic resonance (MR) imaging studies were performed using 1.5 T scanners (Signa HDxt, GE Medical Systems, Milwaukee, WI, United States; Ingenia, Philips, Amsterdam, The Netherlands). The liver imaging protocol included the following sequences: Breath-hold gradient-echo T1-weighted [4.2 ms repetition time (TR)/2 ms echo time (TE), 40 cm field of view, 12o flip angle, 5 mm section thickness], free-breathing spin-echo T2-weighted (10000 ms TR/82.8 ms TE, 40 cm field of view, 90o flip angle, 6 mm section thickness), diffusion-weighted (6000 ms TR/66.1 ms TE, 40 cm field of view, 90o flip angle, 5 mm section thickness, b = 1000 s/mm2) and T1-weighted contrast-enhanced sequences performed in the arterial (20-second scanning delay), portal venous (70-second scanning delay), and equilibrium phases (180-second scanning delay). Of note, one of the cases had no useable equilibrium phase image. Gadobenate dimeglumine (n = 36; MultiHance, BRACCO Altana Pharma, Constance, Switzerland), gadoterate meglumine (n = 8; Dotarem, Guerbet Roissy, France) and gadoxetic acid (n = 6; Primovist, Bayer Schering Pharma AG, Berlin, Germany) were used as contrast material. All MR examinations utilised 10 cc of the respective contrast agents.

Qualitative analysis
The pre-operative MR images were first independently evaluated on the picture archiving communication system by two radiologists with 13 and five years of experience (Tan CH and Low HM). The reviewers were aware that the patients had HCC but were blinded to the diagnosis of MVI by pathologic examination. The images were evaluated for tumour size (mm), tumour multiplicity, T1 pre-contrast signal intensity, post-contrast enhancement pattern in all phases, T2 hyperintensity, restricted diffusion, visibility of vessels in post-contrast sequences, peri-tumoral features, presence of hypodense halo, definition of border between tumour and liver, tumour margin smoothness and LI-RADS score (see Table 1). The reviewers reviewed the images in consensus and assessed the imaging features subjectively, with a binary “Yes/No” output.

Image segmentation and texture analysis
T1W post-contrast sequences in the arterial, portal venous (PV) and equilibrium phases were exported as DICOM (digital imaging and communications in medicine) files. A polygonal region of interest (ROI) was manually drawn on the largest cross-sectional area of the tumour. The segmented images were checked visually by a researcher and vetted by a third radiologist. Discordant findings were verified by one of the two senior radiologists (Tan CH). A typical segmentation result is shown in Figure 2.
Texture analysis was performed using MaZda software (MaZda, Technical University of Lodz)[16]. The MaZda software automatically extracts and analyses 290 texture parameters including area, histogram-based, gradient based, co-occurrence matrix based, autoregressive model, run-length matrix-based and wavelet analysis. 
Five distinct methods were evaluated in an attempt to optimise the accuracy of the binary classification (presence or absence of MVI). Support vector machine classifiers developed for each study were tested using either bootstrapping method (1000 runs of five randomly selected test samples at a time, thus obtaining the average accuracy) or leave-one-out method.
Methods 1, 2 and 3 exclusively used features from the arterial, PV, and equilibrium phase respectively. To optimise performance, 14 of the most significant features from methods 1-3 were manually selected and put through mutual information feature selection method for methods 4 and 5. Method 4 employed three features selected purely through mutual information, while study 5 incorporated recursive pruning and subsequent manual feature selection after mutual information. Method 5 eventually employed three features and was then tested with leave-one-out classification method to attain optimal performance.

Statistical analysis
Statistical analysis was performed using SPSS 20.0. The Mann-Whitney U-test or independent t-test were used for continuous variables, while the Fisher exact test was used for categorical variables.

RESULTS
Fifty patients (43 males, 7 females, and mean age 67 years, range 53-81 years) were included in the present study. All were new cases of histology-proven HCC in treatment-naive patients. The aetiologies include hepatitis B (n = 28%, 56%), hepatitis C (n = 3%, 6%), hepatitis B and C (n = 1%, 2%), de novo (n = 9%, 18%), cryptogenic (n = 5%, 10%), alcoholic cirrhosis (n = 3%, 6%), and non-alcoholic steatotic hepatitis (n = 1%, 2%). 
MVI was present in 30% (n = 15) of the resected specimens. Univariate analysis between MVI group and non-MVI group is shown in Table 2. Univariate analysis was also performed for MR imaging features collected for qualitative analysis (Table 1). We found a statistically significant difference of the pre-operative serum ɣ-glutamyltranspeptidase (GGT; P ≤ 0.01) level between the two groups. We also noted a statistically significant difference in the rates of the following imaging features between the two groups: Visible intra-tumoral vessels in arterial phase (P = 0.01) and in PV phase (P = 0.043).
Of the five methods, Method 5 achieved the highest accuracy of 87.8%. Method 5 also achieved a sensitivity of 73.3%, specificity of 94.1% with positive and negative predictive value of 85% and 89% respectively. Methods 1 through 4 achieved accuracies between 70.0% to 85.5%. The details and results of the 5 methods are summarized in Table 3. The three TA parameters in method 5 were Arterial S(4,0) Correlat, Arterial S(4,-4) InvDfMom and PV (3,0)SumAverg. Incidentally, these textural features are found in relatively close proximity along the horizontal and diagonal position of the image (at a distance of 3 and 4 pixels), which could imply particular areas of the tumours contribute more to accuracy than others. 

DISCUSSION
The results of our study show that texture analysis of pre-operative MRI can predict the presence of MVI pre-operatively with an accuracy of up to 87.8%. Although the exact relationship between the selected texture parameters and the image appearance is not easily explainable, this study shows that the grey value variation in the horizontal and the diagonal direction show usable differences between the two groups. The study by Ahn et al[14] also showed that application of TA increased diagnostic performance [area under the curve (AUC) improved from 0.7 to 0.83]. Unlike ours, the same study also found sphericity and discrete compactness to be the texture analysis variables that are significantly associated with MVI[14]. Wilson et al[15] achieved an AUC of 0.83 with their final texture analysis model and found tumour entropy to be significantly associated with MVI. Other studies have also identified entropy on post-contrast CT images to be an independent predictor of disease-free survival and overall survival[17,18].
TA is a post-processing technique for quantification of tissue heterogeneity. The method is based on analysis of the grey value distribution and relationship of pixels within any given ROI. The potential applications of texture analysis and radiomics in general are expanding, especially in solid tumour imaging[19-22]. In its present state, this technique is able to achieve good results without the need to obtain additional sequences or interventions. TA can also potentially be incorporated into future predictive models that incorporate clinicoradiological risk factors and radiomic features; early work has shown some promise in predicting MVI[21].
Qualitative MRI features of HCC may be useful in predicting MVI. Kim et al[23] found irregular circumferential peritumoral enhancement to be the only significant variable in MVI-present HCC, while Chandarana et al[24] demonstrated tumor multifocality takes precedence over all other imaging features. The presence of the aforementioned imaging features leads to high specificity for diagnosis of MVI, but with low sensitivity[25,26]. Furthermore, interobserver agreement tends to be only fair to moderate[27].
Most recently, Hong et al[28] conducted a systematic review and meta-analysis on MRI features for predicting MVI and found 7 MRI features to be significantly associated with MVI: Larger tumour size (> 5 cm), rim arterial enhancement, arterial peritumoral enhancement, peritumoral hypointensity on hepatobiliary phase, non-smooth tumour margin, multifocality and hypointensity on T1W imaging. 
Our study evaluated most of the aforementioned features, but found that only intra-tumoral vessel visibility on arterial and PV phase was significantly associated with MVI. Interestingly, vessel visibility in post-contrast sequences has not been extensively studied and may be a subject of future study. Further analysis of these two statistically significant features show sensitivity of 53.3% and 33.3% for vessel visibility on arterial and PV phase respectively. Both features demonstrate specificity of 91.4%. Using these as a measure of the qualitative analysis by radiologists, our model outperforms both features, achieving sensitivity of 73.3% and specificity of 94.1%.
The imaging features described in other papers, such as peritumoral arterial phase hyperenhancement, were not found to be significant for diagnosis of MVI; this may be due to small sample size in our current study. Of note, none of the parameters selected for Methods 4 and 5 included features from the equilibrium phase. This is consistent with the observations in current literature, where arterial phase and hepatobiliary phase findings predominate[28].
Current diagnosis of MVI relies on histopathologic examination that is done post-operatively. The presence of MVI indicates more aggressive tumour behaviour and poorer prognosis[1,2]. Furthermore, our study cohort comprises a high proportion of Hepatitis B aetiology (n = 29%; 58%) which has been shown to be associated with development of vascular invasion[29]. The ability to diagnose pre-operative MVI can significantly alter the clinical management for patients in several ways. Firstly, the informed consent process could include equivalent non-invasive options (e.g. Chemoembolisation and/or ablation techniques) which have been shown to produce similar oncologic outcomes, but with the added benefit of lower morbidity[30]. Secondly, the presence of MVI may prompt the use of more aggressive treatment options such as extended surgical margins or additional bridging treatment while awaiting liver transplantation[31-34]. Additionally, adjuvant therapy after surgical resection have also been shown to improve survival in patients with MVI[35,36]. Lastly, these patients could be followed up more closely given the susceptibility for early recurrence.
This study is not without its limitations. Firstly, this is a retrospective single-institution study with a small sample size, limiting our ability to compare it against the diagnostic performance of visual analysis by radiologists. The low sample size may also account for the relative paucity of statistically significant differences among the two study groups in terms of both clinical and radiological characteristics. Despite this, TA was able to achieve relatively high accuracy rates while identifying features that were significantly associated with MVI. Secondly, this study included MR examinations that were done with two types of hepatobiliary contrast agents (gadoterate meglumine, gadoxetate and gadobenate dimeglumine). Utilising a single (hepatocyte-specific) contrast agent would have helped to reduce heterogeneity of the MR images and allowed further analysis of the hepatobiliary phase. Due to small sample size, sub-group analysis of scans performed with each type of contrast agent could not be performed. However, standard imaging parameters were performed, in particular fixed timing of contrast enhanced phases, which reduced technical variability. Lastly, TA was only done across the largest cross-sectional area of the tumour. While analysing the entire volume of the tumour and the peritumoral tissues, would have been ideal, enough information was extracted from just a two-dimensional representation of the HCC to yield relatively accurate results. 

CONCLUSION
In conclusion, texture analysis of HCC performed on pre-operative MR images can accurately predict the presence of MVI with an accuracy of up to 87.8%. It has potential to be incorporated into clinical routine as a reliable tool for making pre-operative treatment decisions. Larger studies should be performed to validate the texture parameters and its value over qualitative visual analysis.

ARTICLE HIGHLIGHTS
Research background
Presence of microvascular invasion (MVI) indicates poorer prognosis post-curative resection of hepatocellular carcinoma (HCC), with an increased chance of tumour recurrence. By present standards, MVI can only be diagnosed post-operatively on histopathology. 

Research motivation
Texture analysis potentially allows identification of patients who are considered ‘high risk’ through analysis of pre-operative magnetic resonance imaging (MRI) studies. These findings may or may not be readily apparent to the human eye, thus the need for an analytic software. This will in turn allow for better patient selection, improved individualised therapy (such as extended surgical margins or adjuvant therapy) and pre-operative prognostication.

Research objectives
To evaluate the accuracy of texture analysis on pre-operative MRI in predicting MVI in HCC. 

Research methods
We recruited patients who underwent hepatectomy. Both qualitative (performed by radiologists) and quantitative data (performed by software) were obtained. Radiomics texture parameters were extracted based on the largest cross-sectional area of each tumor and analysed using MaZda software. Final histology of the tumour was used as ground truth.

Research results
Texture analysis of tumours on pre-operative MRI can predict presence of MVI in HCC with accuracies of up to 87.8%.

Research conclusions
Texture analysis of HCC performed on pre-operative MR images can accurately predict the presence of MVI with an accuracy of up to 87.8%. It has potential to be incorporated into clinical routine as a reliable tool for making pre-operative treatment decisions. Larger studies should be performed to validate the texture parameters and its value over qualitative visual analysis.

Research perspectives
This study demonstrates the utility of texture analysis on pre-operative MRI to potentially impact clinical management in patients with surgically resectable hepatocellular carcinoma.
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Figure Legends
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Figure 1 Flow chart of patient selection based on the inclusion and exclusion criteria. HCC: Hepatocellular carcinoma; MRI: Magnetic resonance imaging.
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Figure 2 Segmentation of two different biopsy-proven hepatocellular carcinoma across the largest cross-sectional area of the tumor in the T1-arterial phase and T1-portovenous phase. A: T1-arterial phase; B: T1-portovenous phase.

Table 1 Tumor features on magnetic resonance imaging
	
	Total
	MVI group
	Non-MVI group
	P value

	Tumors, n (%)
	50 (100)
	15 (30)
	35 (70)
	

	Size (mm), mean (SD)
	
	56.4 (34.6)
	41.3 (29.1)
	0.107

	Multiplicity, n (%)
	
	
	
	0.087

	Single
	43 (86)
	15 (100)
	28 (80)
	

	Multifocal
	7 (14)
	0
	7 (20)
	

	T1 (unenhanced), n (%)
	
	
	
	0.346

	Hypointense
	46 (92)
	13 (87)
	33 (94)
	

	Isointense
	2 (4)
	1 (7)
	1 (3)
	

	Hyperintense
	2 (4)
	1 (7)
	1 (3)
	

	T1 (arterial phase), n (%)
	
	
	
	0.663

	Hypointense
	6 (12)
	1 (7)
	5 (14)
	

	Isointense
	6 (12)
	1 (7)
	5 (14)
	

	Hyperintense
	38 (76)
	13 (87)
	25 (71)
	

	T1 (portal venous phase), n (%)
	
	
	
	0.231

	Hypointense
	42 (84)
	14 (93)
	28 (80)
	

	Isointense
	6 (12)
	0 (0)
	6 (17)
	

	Hyperintense
	2 (4)
	1 (7)
	1 (3)
	

	T1 (equilibrium phase), n (%)
	
	
	
	0.654

	Hypointense
	45 (90)
	14 (93)
	31 (89)
	

	Isointense
	4 (8)
	1 (7)
	3 (9)
	

	Hyperintense
	0
	0 (0)
	0 (0)
	

	T1 (HPB phase), n (%)
	
	
	
	0.664

	Hypointense
	33 (66)
	9 (60)
	24 (69)
	

	Isointense
	1 (2)
	0
	1 (3)
	

	Not performed
	16 (32)
	6 (40)
	10 (28)
	

	T2 hyperintensity, n (%)
	
	
	
	0.451

	Present
	42 (84)
	12 (80)
	30 (86)
	

	Absent
	8 (16)
	3 (20)
	5 (14)
	

	Restricted diffusion, n (%)
	
	
	
	0.745

	Present
	44 (88)
	13 (87)
	31 (89)
	

	Absent
	5 (10)
	2 (13)
	3 (9)
	

	Not performed
	1 (2)
	0 (0)
	1 (3)
	

	Visible vessels (arterial phase), n (%)
	
	
	
	0.001

	Present
	11 (22)
	8 (53)
	3 (9)
	

	Absent
	39 (78)
	7 (47)
	32 (91)
	

	Visible vessels (portal venous phase), n (%)
	
	
	
	0.043

	Present
	8 (16)
	5 (33)
	3 (9)
	

	Absent
	42 (84)
	10 (67)
	32 (91)
	

	Peritumoral enhancement, n (%)
	
	
	
	0.248

	Present
	15 (30)
	6 (40)
	9 (26)
	

	Absent
	35 (70)
	9 (60)
	26 (74)
	

	Hypodense halo, n (%)
	
	
	
	0.524

	Present
	5 (10)
	1 (7)
	4 (11)
	

	Absent
	45 (90)
	14 (93)
	31 (89)
	

	Border between tumour and liver, n (%)
	
	
	
	0.428

	Sharp
	34 (68)
	11 (73)
	23 (66)
	

	Ill-defined
	16 (32)
	4 (27)
	12 (34)
	

	Tumor margins, n (%)
	
	
	
	0.477

	Smooth
	28 (56)
	9 (60)
	19 (54)
	

	Non-smooth
	22 (44)
	6 (40)
	16 (46)
	

	LI-RADS, n (%)
	
	
	
	0.05

	LR-4
	10 (20)
	0 (0)
	10 (29)
	

	LR-5
	27 (54)
	10 (67)
	17 (49)
	

	LR-M
	13 (26)
	5 (33)
	8 (22)
	


MVI: Microvascular invasion.

Table 2 Patient demographics
	Variable
	Total
	MVI
	P value

	
	
	MVI group = 15
	Non-MVI group = 35
	

	Age (yr), mean (SD)
	67.0 (7.0)
	68.3 (8.8)
	66.4 (6.1)
	0.491

	Gender
	
	
	
	0.348

	Male, n (%)
	43 (86)
	12 (80)
	31 (89)
	

	Female, n (%)
	7 (14)
	3 (20)
	4 (11)
	

	Aetiology
	
	
	
	0.377

	Alcohol, n (%)
	3 (6)
	0 (0)
	3 (8)
	

	Hepatitis B, n (%)
	28 (56)
	7 (46)
	21 (60)
	

	Hepatitis C, n (%)
	3 (6)
	1 (7)
	2 (6)
	

	Hepatitis B and C, n (%)
	1 (2)
	1 (7)
	0 (0)
	

	NAon-alcoholic steatohepatitis, n (%)
	1 (2)
	1 (7)
	0 (0)
	

	Cryptogenic cirrhosis, n (%)
	5 (10)
	2 (13)
	3 (8)
	

	De novo, n (%)
	9 (18)
	3 (20)
	6 (17)
	

	HbSAg
	
	
	
	0.676

	Positive, n (%)
	27 (54)
	7 (46)
	20 (57)
	

	Negative, n (%)
	22 (44)
	8 (54)
	14 (40)
	

	Unknown, n (%)
	1 (2)
		0 (0)	
	1 (3)
	

	Pre-operative serology
	
	
	
	

	Alpha-fetoprotein (UG/L), mean (SD)
	248.0 (893.2)
	777.7 (1571.4)
	32.9 (105.6)
	0.065

	Albumin (g/L), mean (SD)
	36.3 (5.8)
	35.4 (5.6)
	36.7 (5.9)
	0.374

	Bilirubin (µmol/L), mean (SD)
	19.5 (12.1)
	18.6 (7.1)
	19.9 (13.8)
	0.797


MVI: Microvascular invasion.


Table 3 Features and results of methods 1 to 5
	
	Method 1
	Method 2
	Method 3
	Method 4
	Method 5

	Feature set used
	Arterial phase
	Portovenous phase
	Equilibrium phase
	Selected features from all phases
	Selected features put through recursive pruning

	Classification accuracy (%)
	81.4
	84.7
	70
	85.5
	87.8
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