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Abstract

Background: Preoperative prediction of tumor recurrence is important in the management of
patients with hepatocellular carcinoma (HCC).

Purpose: To investigate whether tumor stiffness derived by magnetic resonance elastography
(MRE) could predict early recurrence of HCC after hepatic resection.

Study Type: Retrospective.
Population: In all, 99 patients with pathologically confirmed HCCs after surgical resection.

Field Strength/Sequence: 3.0T; preoperative MRE with 60-Hz mechanical vibrations using an
active acoustic driver.

Assessment: Regions of interest (ROIs) were manually drawn in the tumors to measure mean
tumor stiffness. Surgical specimens were reviewed for histological grade, capsule, vascular
invasion, and surgical margins. The early recurrence of HCC was defined as that occurring within
2 years after resection.

Statistical Tests: Cox proportional hazard models were used to evaluate risk factors associated
with the time to early recurrence.

Results: HCCs with recurrence had higher tumor stiffness, higher rate of advanced T stage,
vascular invasion, lower rate of capsule formation, larger tumor size, higher aspartate
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aminotransferase (AST), and hepatitis B virus (HBV)-DNA level and aspartate aminotransferase /
alanine aminotransferase ratio (= 0.031, 0.007, 0.01, <0.001, 0.015, 0.034, 0.01, and 0.014,
respectively) than HCCs without recurrence. Vascular invasion (hazard ratio [HR] = 2.922; 95%
confidence interval [CI]:[1.079, 7.914], A= 0.035) and mean tumor stiffness (HR = 1.163; 95%
Cl: [1.055, 1.282], A= 0.002) were risk factors associated with early recurrence. Each 1-kPa
increase in tumor stiffness was associated with a 16.3% increase in the risk for tumor recurrence.

Data Conclusion: The mean stiffness of HCCs may be a useful, noninvasive, quantitative
biomarker for the prediction of early HCC recurrence after hepatic resection.

Level of Evidence: 4

Technical Efficacy: Stage 5

Hepatocellular carcinoma (Hcc) is the most common primary hepatic malignancy and one of
the leading causes of cancer-related deaths worldwide.! Surgical resection, when possible, is
considered to be the most effective treatment. However, patient outcomes following surgical
resection are less than optimal due to tumor recurrence in approximately 50% of cases after
2 years and 75% of cases after 5 years.? Previously, tumor size, higher histological grade,
vascular invasion, tumor capsule formation, and number of lesions were found to be
predictive of HCC aggressiveness and recurrence after surgery. However, histological
features can only be obtained after surgery.® Therefore, identifying predictive, preoperative
imaging features is crucial for the management of HCC patients awaiting surgical resection
and predicting tumor recurrence after surgery.

HCC is a highly aggressive cancer with the activation of multiple signal transduction
pathways, various gene mutations, and diverse etiologies that make the mechanism of HCC
invasion and metastasis complex. It is reported that increased tumor stiffness promotes
tumor invasion and metastasis.* There are several factors that may contribute to an overall
increase in tumor stiffness, including an increased extracellular matrix (ECM) stiffness
secondary to collagen deposition and/or cross-linkage, abnormal perfusion, altered
vasculature, and higher interstitial fluid pressure.> The ECM, in particular, plays an
important role in the growth of tumors and their overall structural characteristics and is
related to proliferation, chemotherapeutic response, and tumor cell differentiation.®
Increased ECM rigidity has been shown to promote HCC progression.8 Increased interstitial
fluid pressure is an additional contributing factor to increased tumor stiffness and is closely
associated with the invasiveness and metastasis of HCC.” Several staging systems based on
tumor morphological characteristics and hepatic function are used by surgeons for the
prediction of prognosis and the selection of treatments according to the stage.®

Currently, tumor characteristics mainly rely on imaging modalities such as computed
tomography (CT) and magnetic resonance imaging (MRI). Hepatobiliary contrast-enhanced
imaging and diffusion-weighted imaging have shown promise in evaluating the
aggressiveness of HCCs, but are limited in assessing the malignant phenotype of the tumor,
and this may be one of the reasons why patients of the same stage may show a different
prognosis.? In MRI, hypointense hepatic nodules during the hepatobiliary phase were
associated with recurrence.10 CT features and the relative signal intensity of HCC in the
hepatobiliary phase are also affected by liver parenchymal features that can confound
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results.1> A combination of morphologic features could provide a specificity >90%, but with
a low sensitivity of 19.0%.12 Low apparent diffusion coefficient (ADC) may predict
recurrence of HCC after hepatectomy, but ADC measurement has poor reproducibility.13
The high standard uptake value in HCC using fluorodeoxyglucose positron emission
tomography (FDG-PET) may be a predictor of poor prognosis in patients with HCC.14
However, it has limited sensitivity for the detection of some HCCs due to variable FDG
uptake and high background liver metabolic activity.1®> To overcome the above limitations,
imaging modalities measuring tissue stiffness have been used to evaluate HCC
characteristics and prognosis. Increased matrix stiffness promotes the progression of heat-
treated residual HCC cells, proposing a new mechanism of an altered biomechanical
environment following thermal ablation that accelerates HCC development.16 MR
elastography (MRE) is a noninvasive method for measuring tissue stiffness. MRE-measured
stiffness is useful for the staging of chronic liver disease, distinguishing malignant liver
tumors from benign tumors, and predicting posthepatectomy liver failure.1’-19 A
preliminary study has shown that MRE may be able to differentiate HCC tumor grades?® and
provide motivation for the further evaluation of tumor stiffness in the clinical management
of HCC, especially for predicting recurrence.

Chronic hepatitis B virus (HBV) accounts for more than two-thirds of HCCs in Asian
countries. HBV-associated HCCs are seen in younger patients, predominantly male, and
have better liver functional reserve at the time of diagnosis but present at a more advanced
stage compared with hepatitis C virus (HCV)-associated HCC. However, the overall survival
rate is higher in HBV-associated HCC compared with HCV-associated HCC and this is
likely due to better liver parenchymal reserve and less severe hepatic inflammation.21-23

We hypothesized that HCC stiffness evaluated with 3D MRE may be useful for predicting

early recurrence of HCC after surgery. The aim of this retrospective study was to evaluate

the potential utility of tumor stiffness for predicting the early recurrence of HCC following
hepatic resection in patients with HBV infection.

Materials and Methods

Study Subjects

This retrospective study was approved by our Institutional Review Board and the
requirement for informed consent was waived. The final study cohort consisted of 99
patients with 145 HCCs that were obtained from a historical cohort of 309 consecutive
patients who had liver MRE examinations and pathologically confirmed HCCs performed at
our center between December 2014 and October 2017 (Fig. 1). The 99 patients included 90
males and 9 females (mean age + standard deviation [SD]: 49.79 + 11.39 years, range: 22—
74 years). All patients underwent preoperative MRE, surgical resection within 1 month of
the MRE examination, and regular follow-up after surgery. The mean time between MR
imaging and surgery was 6.8 days (median: 6 days, range: 1-30 days). The diagnosis of
HCC before surgery was based on typical hallmark imaging features according to guidelines
by the American Association for the Study of Liver Diseases (AASLD).24 For patients with
multiple tumors, the tumor with the largest diameter in the axial imaging plane was
analyzed. The surgical procedures included wedge resection (7= 19), segmentectomy (7=
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25), left-lateral sectionectomy (7= 9), right-anterior sectionectomy (= 4), right-posterior
sectionectomy (/7= 7), central hepatectomy (/7= 3), and hemihepatectomy (n7= 32).

The primary outcome for this study was the early recurrence of HCC after surgical resection.
Early recurrence was defined as recurrence within 2 years after curative resection of the
HCC. Tumors occurring within 2 years of surgery are more likely to show the same clonal
origins as the original tumor, suggesting that they had their metastatic origin shortly after the
operation.2® The follow-up time was calculated as the interval between resection and the
date of tumor recurrence diagnosis, or as the time between the resection and the last visit if
recurrence was not diagnosed.

Postoperative follow-up included clinical examination, chest radiography, biochemical liver
function tests, serum levels of serum a-fetoprotein (AFP), and mean serum hepatitis B
virus-DNA levels performed 1 month after hepatic resection and then every 2-3 months. In
addition, contrast-enhanced ultrasound, multiphasic abdominal CT, or MRI was performed
every 3 months. Increasing tumor marker levels alone without radiographic evidence of a
new lesion did not indicate HCC recurrence until it was detected on imaging studies. Mean
and median follow-up periods for surviving patients after hepatic resection were 7.97 and
5.39 months, respectively (range: 1.18-30.85 months). Postoperative HCC recurrence was
indicated as intrahepatic recurrence, and it was considered to be present only if a newly
appearing focal nodule showed hyperenhancement on arterial-phase images and washout on
portal venous or delayed-phase images from dynamic CT or MRI, or by pathologic
examination of resected specimens when patients underwent rehepatectomy.28

Laboratory Assessment

Subjects underwent standardized evaluation of clinical history, physical and anthropometric
exams, and laboratory tests within 2 weeks of MRE. Several blood test indices including
aspartate aminotransferase (AST), alanine aminotransferase (ALT), AST/ALT ratio, total
bilirubin, albumin, prothrombin time, AFP, mean serum HBVDNA levels, hemoglobin,
white blood cells, sodium, creatinine, neutrophil-to-lymphocyte ratio, and platelet count
were recorded by referring to previous studies.?®

Pathology Review

Histology specimens were obtained from surgical resection in all patients. An experienced
hepatopathologist (21 years of experience) blinded to all clinical data and MRE results
reviewed the hematoxylin-and-eosin-stained slides for capsule formation, histological grade,
vascular invasion, and clean surgical margins according to the World Health Organization
classification system.27:28 All pathologic parameters were considered as categorical
variables: histological grade (well/moderately/poorly differentiated), vascular invasion (no
invasion/microvascular invasion/macrovascular invasion) and tumor capsule formation
(absent/present). Microvascular invasion was defined as seen only on microscopy, and
macrovascular invasion was defined as visible on radiological imaging or on gross
examination. When different grades coexisted within a tumor, the predominant grade of the
tumor was used (>50%). Tumor capsule formation was considered positive when the capsule
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was found along at least two-thirds of the tumor margin, regardless of the presence of
microscopic capsular or extracapsular invasion.2® The surgical margin of the tumor was
assessed to confirm if it was clear. The liver fibrosis stage of the nontumor-bearing liver
parenchyma was assessed from the resected specimens using the METAVIR staging system.
30 Based on the prognostic significance, tumor size was categorized as <5 cm and =5 cm.

All subjects underwent conventional MRI and MRE examinations using a 3.0T MR system
(Discovery MR750, GE Healthcare, Milwaukee, WI) with an 8-channel, phased-array, torso
coil. To reduce potential physiological confounding factors, patients were instructed to fast
for a minimum of 4 hours before the MRE exams. 3D liver MRE was performed before any
intravenous contrast was given, as previously described, using a multislice, flow-
compensated, spin-echo echo-planar imaging (SE-EPI), MRE sequence.1® A pneumatic,
passive, drum driver was placed, over the left or right tumor-containing lobe of the liver, at
the level of the xiphisternum and was secured with an elastic belt. Continuous, 60-Hz,
mechanical vibrations were generated using an active acoustic driver located outside of the
scan room and were transmitted through polyvinyl chloride tubing to the passive driver to
produce shear waves in the liver.3 The total imaging time for MRE was about 64 seconds,
performed in either three 21-second breath-holds or six 11-second breath-holds. The MRE
parameters included: acquisition matrix = 80 x 80; repetition time = 1334 msec; echo time =
52 msec; one EPI shot; field of view =44.8 cm; number of slices = 32; slice thickness = 3.6
mm, inter-slice gap = 0 mm, superior—inferior spatial saturation bands, and parallel imaging
acceleration factor = 2. The MRE phase images were processed using a 3D direct inversion
of the Helmholtz wave equations using the curl of the measured wave field to generate
images of the stiffness distribution in the liver and tumors (elastograms).3!

Image Analysis and Tumor Stiffness Measurement

MRE images were interpreted in consensus by a board-certified abdominal radiologist with
24 years of experience and one experienced engineer with 18 years of MRE experience to
assess image quality and the reliability of the tumor stiffness measurements.1® The diagnosis
of HCC was based on the noninvasive criteria proposed by the AASLD recommendations,
including washin in the arterial phase and washout in the portal or delayed phase.24 Tumor
stiffness was measured independently by a radiologist with 5 years of experience in liver
MRI who was blinded to all clinical and tumor pathology data. For the purpose of assessing
the reliability of the measurements of tumor stiffness, 60 (60.6%) patients were randomly
selected for repeated, blinded measurements performed independently by another radiologist
with 6 years of experience.

The tumor stiffness was considered reliable when an interquartile range (IQR)/median value
was less than 0.30.32 Regions of interest (ROIs) were manually drawn tracing the HCC on
every slice demonstrating the tumor and covering the entire tumor on the magnitude images
using T,-weighted and contrast-enhanced images as references. The mean liver stiffness, in
kPa, and the ROI area were recorded. The ROIls were drawn as large as possible while
excluding tumor edges (where partial-volume effects likely affected the calculated
stiffness)19:33:34: areas of significant wave interference (such as liquefactive necrosis in the
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tumor), and any other artifacts seen on the magnitude and phase images. Whole-tumor
volume was automatically calculated by multiplying the cross-sectional area by the section
thickness (ie, the sum of the area in all ROIs drawn times the section thickness) using a
manufacturer-developed tool. This was done to reflect the histology and characteristics of
the tumor more accurately. The mean stiffness from the ROIs and the ROI area for each
tumor were recorded. Separate ROIs were drawn on the liver parenchyma around the tumor
(avoiding regions with significant wave interference, large vessels, and bile ducts) and the
mean stiffness was obtained by pooling the ROIs drawn on all sections.33

Statistical Analyses

Results

Data for continuous measures are summarized as mean + SD when the #test was used, but
as the median (IQR) when the Mann- Whitney test was used. Categorical variables were
analyzed using a chi-square test or Fisher’s exact test.

Interobserver agreement of the tumor stiffness measurements on the same lesion between
two radiologists was evaluated using the intraclass correlation coefficient (ICC) along with
its 95% confidence interval (Cl). Comparisons were made for tumor stiffness and
histological results. The univariate Cox proportional hazard model was performed first to
evaluate the association between time to early recurrence and each individual risk factor,
such as tumor stiffness, number of tumors, tumor size, histological grade, vascular invasion,
capsule, age, gender, serum AFP level, AST, AST/ALT, HBV-DNA, body mass index, liver
parenchyma stiffness, and fibrosis stage. For adjusting potential confounding factors, the
multivariate Cox proportional hazard model was used to identify independent risk factors for
the time to early recurrence. The variables that were significant (2 < 0.100) in the univariate
analysis were included in the initial multivariate model to derive the final model. Hazard
ratios (HRs) and their 95% Cls were presented. All the statistical analyses were performed
using SPSS v. 22.0 (IBM, Armonk, NY). P< 0.05 for two-sided tests was considered
statistically significant.

The median body mass index was 22.02 kg/m? (IQR:19.92—24.91 kg/m?). The median
serum hepatitis B virus-DNA levels were 0.020 x 10° IU/mL (IQR: 0.00012-1.14 x 10° [U/
mL). Sixty-two patients (63%) had advanced liver fibrosis (F3-F4). Surgical margins were
clear in all the resected species. No patients died during the follow-up.

The size (diameter) of the tumors ranged from 23-155 mm (median: 48 mm, IQR: 37.00-
72.00 mm). Fortyeight patients had tumors with diameters =5 cm and 51 patients had tumors
<5 cm, including 12/51 patients with tumors <3 cm. HCC with clean surgical margins was
confirmed in each hepatectomy specimen. The majority of patients (72/99,72.7%) had a
single HCC. Seventy-two HCCs (72.7%) had capsules and 27 (27.3%) did not have any
capsule. Tumor grade was well differentiated in 11 patients (11.1%), moderately
differentiated in 73 (73.7%), and poorly differentiated in 15 (15.2%). Fifty-nine (60%)
patients had vascular invasion, of which 12 had macrovascular invasion on MRI or gross
examination. HCC volume ranged from 140-45,758 mm?3 with a mean of 5839 mm3
(median: 1840 mm3) (Figs. 2-5). The mean HCC stiffness measured by observer 1 and
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observer 2 ranged from 2.40-18.58 kPa (median: 5.26 kPa, IQR: 4.75-6.26 kPa, IQR/
median: 0.29) and 2.40-18.58 kPa (median: 5.43 kPa, IQR: 4.59-6.15 kPa, IQR/median:
0.29). There was excellent interobserver reproducibility of HCC stiffness, with an ICC of
0.965 (95% CI: 0.943-0.979). The liver parenchyma stiffness ranged from 1.78-10.90 kPa
(median: 2.90 kPa, IQR:2.54-3.34 kPa). The liver parenchyma stiffness with early-stage
fibrosis ranged from 1.78-4.65 kPa (median: 2.60 kPa, IQR:2.21-2.96 kPa), and with
advanced fibrosis ranged from1.86-10.90 kPa (median: 3.08 kPa, IQR: 2.79-3.71 kPa).
HCCs with capsule had significantly lower mean stiffness as compared with HCCs without
capsule (4.77 (4.011-6.36) kPa vs. 7.03 (5.58-9.50) kPa, £< 0.001). HCCs with vascular
invasion had a higher stiffness compared with those without vascular invasion (5.77 (4.35-
7.32) kPa vs. 4.67 (4.04-5.98) kPa, £=0.018). There was a significant difference in tumor
stiffness between well and/or moderately differentiated HCCs and poorly differentiated
HCCs (4.91 (4.01-6.48) kPa vs. 7.28(5.68-9.80) kPa, = 0.001).

Comparison of Patients With and Without Recurrence

Twenty-nine of the 99 patients showed early tumor recurrence within 2 years (recurrence
rate of 27.3%). The demographics and clinical pathological characteristics of patients with
and without recurrence are compared in Table 1. Tumor stiffness of HCCs with recurrence
was significantly higher than that of HCCs without recurrence (5.89(4.34-9.10) kPa vs. 4.87
(4.08-6.57) kPa; P=0.031). HCCs with recurrence had a higher rate of advanced T stage;
larger tumor size; and higher AST, HBV-DNA, and AST/ALT ratio (= 0.007, 0.015, 0.034,
0.01, and 0.014, respectively) than HCCs without recurrence. Moreover, HCCs with
recurrence showed much lower incidence of capsule formation and higher incidence of
vascular invasion (£<0.001 and 0.01, respectively).

Factors Associated With Early Recurrence of HCC

There was no significant correlation between liver parenchyma stiffness and recurrence (P=
0.699). Univariate analysis showed that tumor size (HR = 2.618, 95% ClI: [1.190,5.758], P=
0.017), histological grade (HR = 2.527, 95% CI:[1.093, 5.843], A= 0.03), vascular invasion
(HR =3.695, 95% ClI: [1.402, 9.736], A= 0.008), capsule (HR = 3.087, 95% CI: [1.479,
6.442], P=10.003), and tumor stiffness (HR = 1.203, 95% ClI: [1.095, 1.321], A< 0.001)
were associated with early recurrence. HCC size, histological grade, vascular invasion,
capsule, and stiffness were included in the initial multivariate model to derive the final
model. The multivariate Cox proportional hazard model showed that vascular invasion (HR
=2.922; 95% ClI: [1.079, 7.914], A= 0.035) and tumor stiffness (HR = 1.163; 95% CI:
[1.055, 1.282], P=0.002) were risk factors associated with early recurrence (Table 2). Each
1-kPa increase in tumor stiffness was associated with a 16.3% increase in the risk for tumor
recurrence.

There were 77 patients with a single HCC who were used for subgroup analysis. Univariate
analysis showed that tumor size (HR = 3.131, 95% CI: [1.184, 8.282], A= 0.021), vascular
invasion (HR = 4.434, 95% ClI: [1.289,15.251], A= 0.018), capsule (HR = 3.713, 95% ClI:
[1.430,9.640], A= 0.007) and tumor stiffness (HR = 1.196, 95% ClI: [1.055, 1.356], P=
0.005) were associated with early recurrence. The variables size, histological grade, vascular
invasion, capsule, and stiffness were included in the initial multivariate model to derive the
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final model. The multivariate Cox proportional hazard model showed that vascular invasion
(HR = 3.773; 95% CI: [1.073, 13.264], £=0.038) and tumor stiffness (HR = 1.150; 95% CI:
[1.013, 1.307], P=0.031) were risk factors associated with early recurrence (Table 3).

Discussion

The results of our study show that HCCs that were poorly differentiated, had no capsule, and
had vascular invasion were significantly stiffer than well or moderately differentiated HCCs,
HCCs with capsule, and HCCs without vascular invasion. High HCC stiffness was also
associated with high recurrence following hepatic resection. Our study also confirmed that
higher tumor stiffness, large size, advanced T-stage, vascular invasion, absence of capsule,
high HBV DNA levels, higher AST levels, and a higher serum AST/ALT ratio were
associated with recurrence. Multivariate analysis showed that only vascular invasion and
mean HCC stiffness were risk factors associated with early recurrence. MRE may therefore
be useful as a potential noninvasive imaging biomarker for predicting early recurrence.

Several imaging studies have attempted to differentiate HCCs using dynamic contrast-
enhanced MRI, hepatobiliary phase (HBP) imaging, diffusion-weighted imaging, and intra-
voxel incoherent motion. Morphologic features such as tumor size, nonsmooth tumor
margins, and peritumoral enhancement have high accuracy in the prediction of
microvascular invasion in HCCs; the sensitivity is relatively low,3° HCCs may show hyper-,
iso-, and hyperintensity on HBP images, and Choi et al considered that iso- to hyperintensity
on HBP images may be a useful imaging biomarker to indicate prognosis after surgery.11
Although ADC measurements have promise, they also have several limitations, including
variable b-values, with no consensus among researchers, and other technical limitations.3!
The absence of a tumor capsule and an indistinct margin on CT were found to predict early
recurrence after surgical resection in one study,29 suggesting a need for additional
biomarkers to identify vascular invasion.

Although additional equipment is necessary to quantify tumor stiffness with MRE, it
provides a new way to assess HCC aggressiveness. In our study, all cases showed washin/out
enhancement patterns according to AASLD criteria in conventional MR, but our results
showed that some tumors were stiff and others were soft. The tumor capsule is recognized as
a barrier preventing the spread of cancer cells and the presence of a capsule has been
considered a significant and independent predictive factor of overall survival and recurrence,
even in small HCCs.35 Encapsulated HCCs are associated with less vascular invasion, lower
tumor stage, and smaller tumor size.3 Vascular invasion represents one of the most
important prognostic factors for tumor recurrence and overall survival after HCC resection
and this feature is included in major Society guidelines.3¢ Microvascular and macrovascular
invasion are associated with a 4.4-fold and 15-fold increased risk of tumor recurrence,
respectively.3” Poorly differentiated HCCs are associated with a higher recurrence rate (2-
fold increase) and lower survival rate compared with well and moderately differentiated
HCCs.2 Our results showed that HCCs that were poorly differentiated, had no capsule, and
had vascular invasion were significantly stiffer than well or moderately differentiated HCCs,
HCCs with capsule, and HCCs without vascular invasion, suggesting a possible role for
MRE as a noninvasive indicator of these tumor characteristics. Our results also showed that
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patients with recurrence tend to have vascular invasion, no capsule, and higher tumor
stiffness in addition to higher serum AST/ALT, AST, and HBV-DNA levels, larger tumor
size, and advanced T stage. HCCs with recurrence tended to be poorly differentiated
compared with HCCs without recurrence, but this did not show a significant difference,
which may be due to our small sample size.

A previous sono-elastography study reported that tumor stiffness was higher in poorly
differentiated lesions than in moderately to well-differentiated lesions, which is consistent
with our results.38 This indicates the potential value of tumor stiffness as a noninvasive
biomarker for the aggressiveness of HCCs. Our results are different from that of a recent
study by Thompson et al20 using 2D MRE that showed that well or moderately differentiated
HCCs were stiffer than poorly differentiated HCCs. However, their study population was
much smaller than ours and they used a 2D MRE technique with just four, 1-cm-thick slices,
which may introduce measurement biases or variances due to the complicated, 3D nature of
wave propagation in tumors. Our 3D MRE technique may have provided better estimates of
stiffness that are less subject to partial volume effects and other artifacts than the 2D method.
20 1n addition, in their study ROIs were drawn by excluding necrotic components according
to enhancement, which may be subjective and lead to interobserver variability. By contrast,
in our study whole tumor analysis was used and it may provide more precise information,
reflect the tumor heterogeneity better, and mitigate interobserver variability. However, we
did exclude from this study tumors that were less than 2 cm to avoid incorrect tumor
stiffness measurements due to the low resolution of MRE, and any areas of significant wave
interference due to obvious liquefactive necrosis in the tumor. The reproducibility of the
HCC stiffness measurements was excellent. These may explain the discrepancy between our
study and theirs. A future study with serial MRE measurements may be useful to determine
if there are changes in tumor stiffness with the evolution of HCC. In this study, only HBV-
related HCC patients were included. HBV infection is the main risk factor of HCC in China.
In addition, larger tumor size, multiple nodules, and vascular invasion are more frequent in
HBV-related HCC compared with HCC caused by other factors.22:23

Since early tumor recurrence is associated with a worse prognosis, preoperative evaluation
with MREs may be useful for identifying patients with a higher risk of recurrence so that
alternative treatment options may be considered. MRE is a reliable method for assessing
tissue stiffness, with little variability between image manufacturers, field strengths, and
pulse sequences.1939 Each 1-kPa increase in tumor stiffness was associated with a 16.3%
increase in the risk for tumor recurrence, suggesting a possible role for MRE as a method to
evaluate histological features and aggressiveness of HCCs. Tumor stiffness measured using
MRE adds to the growing list of candidate imaging biomarkers for HCC.20 Previous studies
reported that background liver stiffness measured by MRE is an independent risk factor for
the development of HCC in chronic liver disease, with cirrhotic patients having a 2.4-fold
increased risk of developing a late recurrence when compared with noncirrhotic patients.40
We did not find any such correlation in our study. This is probably due to the relatively small
sample size of patients with advanced fibrosis and shorter follow-up period in our study. The
recurrence rate of HCC after hepatic resection was lower in our study compared with other
reports, which may be attributable to the small sample size in our study.? Future prospective
studies involving a larger cohort of patients and a longer longitudinal follow-up are needed
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to systematically investigate radiologic-pathologic correlates and their predictive capability
for early and late recurrence in order to explore the role of tumor stiffness in the
development of HCC.

There were several limitations to our study. The retrospective design of cases from a single
scanner from one MRI vendor at one institution, together with the selection of surgical
candidates and the small number of small HCCs, may not represent a normal or general
clinical spectrum of cases and imaging results. Our cohort had 80% of patients with well or
moderately differentiated HCCs. Our patients were chronic hepatitis B carriers, whereas the
incidence of HBV infection is lower in Europe and Western countries, and the conclusion
may not be generalizable to patients with other etiologies. It would be useful to perform a
similar study in a Western population and with different chronic liver disease etiologies. This
is a pilot study and the follow-up time was short. We will see if more insights can be drawn
from a larger case pool in the future. Newer imaging methods, such as hepatobiliary phase
imaging with liver-specific contrast agents, were not compared, as this was not the aim of
the study. It is possible that liver MRE using a 60-Hz vibration frequency may be less
effective in resolving small, stiff HCCs due to the long shear wavelength, and the use of
higher vibration frequencies may have to be considered for smaller tumors. HCCs are
inhomogeneous and the ROIs used in this study covered the whole tumor, thus mixed
components, including necrosis and hemorrhage, were also included, which may have
affected the assessment of the tumor stiffness. The mean tumor stiffness used in our study
may not adequately reflect the heterogeneity of HCCs and some form of histogram analysis
might be useful in future studies. Although the mean time between the surgery and MRI was
less than 1 week, there may have been variations in the HCC and hepatic parenchyma
stiffness even in that time frame. Lastly, we only analyzed the stiffness of the largest lesion
in patients with multiple tumors, which may have variable intralesional components that
have variable elastic values, and the largest tumor may not reflect the invasiveness of other
HCCs and the aggressive behavior of smaller HCCs. We did a subanalysis to assess the early
recurrence of HCCs in patients with only one tumor, and it showed vascular invasion and
mean tumor stiffness were independent risk factors associated with early recurrence.

In conclusion, tumor stiffness measured by 3D MRE is a significant noninvasive risk factor
associated with the early recurrence of HBV-related HCCs after hepatic resection. Each 1-
kPa increase in tumor stiffness was associated with a 16.3% increase in the risk for tumor
recurrence. More studies using tumor stiffness are warranted to further explore this field,
which will improve our understanding of the relationship between HCC stiffness,
invasiveness, and outcome for better allocation of treatment strategies and surveillance
follow-up.
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309 Patients with pathologically confirmed HCCs

—

184 Patients were excluded due to

Pre-examination therapy(n=140)
Needle-biopsy(n=44)

125 patients who underwent resection or LT after exam for HCCs

without pre-examination therapy

—

18 Patients were excluded due to MRE limitations

Lesions smaller than 2.0 cm in diameter whose
stiffness may not be measured accurately due to
partial-volume effects (n=12)

Technical failures(n=4)

Respiratory artifact(n=2)

A\ 4

107 Patients who had pathologically confirmed HCCs and
reliable measurements on MRE

8 Patients were excluded due to

Liver transplantation(n=3)

TACE between exam and operation(n=3)
RFA between exam and operation(n=1)
Lost of follow up(n=1)

v

99 Patients with follow up

FIGURE 1:

Flowchart shows inclusion and exclusion criteria for the study.
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FIGURE 2:
A 55-year-old male patient with a poorly differentiated HCC without capsule formation,

with vascular invasion, and without early recurrence after 9.8 months. MRI shows a mass in
the right lobe of the liver with mild-moderate hyperintensity on T,WI (a) and hypointensity
on precontrast T{WI (b). Contrast-enhanced MRI shows typical washin in the arterial phase
(c) and washout in the portal venous phase (d). The 3D elastogram (e) shows that the HCC
was very stiff. The mean tumor stiffness was 14.87 kPa and the mean liver parenchyma
stiffness was 4.96 kPa. Photomicrograph (f) of H&E-stained (x100) shows tumor thrombus
in a vessel.
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FIGURE 3:
A 37-year-old male patient with a moderately differentiated HCC with capsule, without

vascular invasion, and with early recurrence after 3 months. MRI shows a mass in S5 of the
liver with mild-moderate hyperintensity on ToWI (a). The mass is hypointense on
precontrast T{WI (b) and shows typical washin in the arterial phase (c), and washout in the
portal venous phase (d). The 3D elastogram (e) shows that the HCC is stiff. The mean tumor
stiffness was 8.84 kPa and the mean liver parenchyma stiffness was 1.91 kPa.
Photomicrograph (f) of H&E-stained (x400) of moderately differentiated HCC shows
abundant atypical hepatocytes with high cellularity.
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FIGURE 4:
A 41-year-old male patient with a moderately differentiated HCC with capsule, without

vascular invasion, and without recurrence after 11.7 months. MRI shows a mass in the right
lobe of the liver with mild-moderate hyperintensity on To,WI (a). The mass is hypointense on
precontrast T{WI (b) and shows typical washin in the arterial phase (c), and washout in the
portal venous phase (d). The 3D elastogram (e) shows that the HCC is a little stiffer than the
parenchyma. The mean tumor stiffness was 4.71 kPa and the mean liver parenchyma
stiffness was 3.93 kPa. Photomicrograph (f) of H&E-stained (x20) shows tumor with
peritumoral fibrosis.
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FIGURE 5:
A 72-year-old male patient with a moderately differentiated HCC with capsule formation,

without vascular invasion, and without early recurrence after 15.7 months. MRI shows a
mass in the right lobe of the liver with mild-moderate hyperintensity on T,WI (a) and
hypointensity on precontrast T{WI (b). Contrast-enhanced MRI shows typical washin in the
arterial phase (c) and washout in the portal venous phase (d). The 3D elastogram (e) shows
that the HCC is soft. The mean tumor stiffness was 3.04 kPa and the mean liver parenchyma
stiffness was 3.02 kPa. Photomicrograph (f) of H&E-stained (x100) shows tumor,
noncancerous liver tissue, and tumor capsule (black arrow).
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