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SPECIAL SECTION: QUANTITATIVE IMAGING

Contrast‑enhanced magnetic resonance imaging perfusion can 
predict microvascular invasion in patients with hepatocellular 
carcinoma (between 1 and 5 cm)
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Abstract
Purpose To evaluate the role of perfusion parameters with MR imaging of the liver in diagnosing MVI in hepatocellular 
carcinoma (HCC) (between 1 and 5 cm).
Materials and methods This retrospective study was approved by the institutional review board. In 80 patients with 43 
MVI( +) and 42 MVI( −) HCC, whole-liver perfusion MR imaging with Cartesian k-space undersampling and compressed 
sensing reconstruction was performed after injection of 0.1 mmol/kg gadopentetate dimeglumine. Parameters derived from 
a dual-input single-compartment model of arterial flow (Fa), portal venous flow (Fp), total blood flow (Ft = Fa + Fp), arterial 
fraction (ART), distribution volume (DV), and mean transit time (MTT) were measured. The significant parameters between 
the two groups were included to correlate with the presence of MVI at simple and multiple regression analysis.
Results In MVI-positive HCC, Fp was significantly higher than in MVI-negative HCC, whereas the reverse was seen for 
ART (p < 0.001). Tumor size (β = 1.2, p = 0.004; odds ratio, 3.20; 95% CI 1.45, 7.06), Fp (β = 1.1, p = 0.004; odds ratio, 3.09; 
95% CI 1.42, 6.72), and ART (β =  − 3.1, p = 0.001; odds ratio, 12.13; 95% CI 2.85, 51.49) were independent risk factors for 
MVI. The AUC value of the combination of all three metrics was 0.931 (95% CI 0.855, 0.975), with sensitivity of 97.6% 
and specificity of 76.2%.
Conclusion The combination of Fp, ART, and tumor size demonstrated a higher diagnostic accuracy compared with each 
parameter used individually when evaluating MVI in HCC (between 1 and 5 cm).

Keywords Hepatocellular carcinoma · Prognosis · Pharmacokinetics · Magnetic resonance imaging

Introduction

Hepatocellular carcinoma (HCC) is the sixth most com-
monly diagnosed cancer worldwide and the fourth leading 
cause of cancer-related deaths [1]. Hepatic surgery is an 
appropriate choice for patients with early HCC, who have 
good liver function according to the European Association 
for Study of the Liver (EASL) and American Association 
for the Study of Liver Diseases (AASLD) guidelines [2, 3]. 
However, microvascular invasion (MVI) is a high risk fac-
tor for early recurrence during the first 2 years after hepa-
tectomy [4, 5]. As such, the preoperative detection of the 
presence of MVI holds a significant clinical importance as 
it could help decrease the risk of reoccurrence by treatment 
with regional or systemic therapy to eradicate any micro-
scopic foci in the liver remnant [6–9]. A major challenge 
at present is the absence of noninvasively diagnostic tools 
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to identify biologically aggressive features of the tumor. 
Several studies have reported that certain imaging findings 
including tumor size [10–12], peritumoral enhancement [5, 
10], tumor margin [5, 10], and peritumoral hypointensity on 
gadoxetic acid-enhanced hepatobiliary phase images [5, 13] 
were useful for predicting MVI in HCC. There is a definite 
trend in evaluating the presence of MVI in HCC using func-
tional radiologic parameters [14, 15].

Radiologic findings about dynamic contrast-enhanced 
(DCE) MR imaging have only been examined in few stud-
ies to date. Golden-angle radial acquisition with compressed 
sensing reconstruction was reported for free-breathing 
dynamic liver imaging [16–18]. Liver perfusion imaging 
performed under breath-holding combined with shallow 
respiration is sensitive to respiratory motion and is limited 
by the extent of anatomical coverage that can be achieved 
[19–21]. Given the limitation, motion-free sequences such 
as LAVA-STAR [22] or GRASP VIBE [16, 18] were used 
for liver perfusion quantification. In addition, quantita-
tive parameters derived from MR imaging are susceptible 
to artifacts such as B1 field inhomogeneity, and tissue T1 
value is essential to convert signal intensity into contrast 
concentration for quantitative analysis [23, 24]. As such, a 
technique of DCE-MRI using Cartesian k-space undersam-
pling with compressed sensing, which enables high temporal 
and adequate spatial resolution, was adopted in this study 
for whole-liver perfusion in free-breathing. Combined with 
T1 mapping and B1 inhomogeneity correction, we aimed to 
preoperatively identify MVI in HCC (between 1 and 5 cm) 
with MRI perfusion parameters.

Materials and methods

Patients

This retrospective clinical study was approved by our insti-
tutional review board. Between January 2018 and August 
2018, a total of 132 consecutive patients underwent abdomi-
nal DCE MR imaging for focal liver lesion detection and 
characterization. The inclusion criteria were as follows: (1) a 
solitary tumor up to 5 cm in diameter or multiple tumors up 
to 3 in number and up to 3 cm in diameter for each tumor; (2) 
hepatectomy within 14 days after MR examinations; and (3) 
Child–Pugh class A/B [25]. The exclusion criteria were as 
follows: (1) lesions histopathologically diagnosed as tumors 
other than HCC; (2) small HCCs with diameters less than 
1 cm; (3) presence of radiological evidence of macroscopic 
portal vein or hepatic vein invasion; (4) any prior recur-
rence of HCC; (5) history of prior therapy; (6) chronic renal 
dysfunction; (7) extrahepatic metastasis; and (8) poor MR 
image quality due to motion artifacts. Among these patients, 
52 were excluded for the following reasons: 5 patients with 

benign lesions, 1 patient with chronic kidney disease, seven 
patients with interventional therapy, 22 patients with non-
HCC, 17 patients with unqualified DCE images. Finally, 80 
patients (mean age, 56 years; range, 32–82 years) with 85 
HCC, composed of 67 (83.8%) men (mean age, 56 years; 
range, 32–78 years) and 13 (16.2%) women (mean age, 
58 years; range, 48–82 years) were included in this study. Of 
these HCC, 43 MVI-positive lesions and 42 MVI-negative 
lesions were identified on histology (Fig. 1).

Three Dimensional (3D) MR Imaging with Compressed 
Sensing for Hepatic Perfusion.

MR imaging was performed at a 3.0-T system with a torso 
phased-array coil (uMR 770, United Imaging Healthcare, 
Shanghai, China). All patients were asked to fast for 6 h 
before examination to avoid postprandial elevated portal 
venous flow [26]. Routine MRI was performed with the fol-
lowing sequence: axial T2-weighted single-shot fast spin 
echo sequence and T1-weighted dual-echo in-phase and 
opposed-phase gradient-echo sequence. A single-shot echo 
planar imaging sequence (b value of 0, 50, and 500 s  mm−2) 
was used to obtain diffusion-weighted imaging (DWI). 
Subsequently, patients underwent successive whole-liver 
volumetric T1 and  B1+ mappings prior to contrast injec-
tion.  B1+ mapping was generated using the DREAM (Dual 
Refocusing Echo Acquisition Mode) technique, which was 
an ultra-fast multi-slice volumetric sequence [27]. T1 map-
ping was acquired using variable flip angle method, which 
was a 3D T1-weighted gradient-echo sequence with flip 
angles of 3°, 7°, 11°, and 15° [28]. Finally, followed by a 

Fig. 1  Flow diagram of the study enrollment population. TACE tran-
scatheter arterial chemoembolization, RFA radiofrequency ablation, 
ICC intrahepatic cholangiocarcinoma, FNH focal nodular hyperpla-
sia, DCE dynamic contrast enhanced, HCC hepatocellular carcinoma, 
MVI microvascular invasion
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whole-liver perfusion MR imaging with 3D spoiled gra-
dient-echo (SPGRE) sequence in the axial plane. During 
5–8 pre-contrast baseline acquisitions in free-breathing, a 
training procedure prior to the image data acquisition was 
adopted to learn patient’s respiration pattern to determine 
a expiratory threshold. Only the image data corresponding 
to a position within the threshold were acquired with the 
help of a real-time feedback framework, which updated the 
respiration state and controlled the data acquisition. Next, 
0.1 mmol/kg gadopentate dimeglumine ([Gd]) (Magnevist, 
Bayer Schering Pharma AG, Berlin, Germany) was injected, 
immediately followed by a 20-mL saline flush through a 
power injector at a rate of 4 mL/s. Another 40–43 phases of 
post contrast acquisitions were obtained within 3.2–3.5 min 
depending on the patient’s respiration pattern with a tem-
poral resolution up to 3.9–4.3 s/phase. More details (the 
protocol of perfusion MR imaging sequences and Cartesian 
k-space sampling) are available in the Supplementary Mate-
rials and Methods.

Image analysis

The images were transferred to workstation, uWS (United 
Imaging Healthcare, Shanghai, China), which runs a 
4D-Analysis software package for image segmentation and 
coregistration. A square region of interest (ROI) was manu-
ally placed on the proximal abdominal aorta at the level of 
the celiac axis for arterial input function (AIF) calculation 
[29], which was used as an estimation for the hepatic arterial 
blood supply, another square was placed on the main portal 
vein at the level of the porta hepatis for the portal vein input 
function estimation (Fig. 2).

The conversion from signal intensity (SI) to Gd concen-
tration was performed by inverting the non-linear relation-
ship given by the SPGR signal equation [30], assuming a 

constant pre-contrast T1 value for blood at 1200 ms [31] and 
obtaining the T1 values for the tumor and liver parenchyma 
from the B1 inhomogeneity-corrected T1 map. Resulting 
time activity curves were fitted by using a dual-input single-
compartment model:

where Ca(t) , Cp(t) , and Cl(t) were the concentrations of con-
trast material in the aorta, portal vein, and liver, respectively; 
k
1a , k1p and k

2
 were constants for the aortic inflow rate, the 

portal venous inflow rate, and the outflow rate, respectively; 
t  represented time and dt was the differential. All DCE 
images were used as the input for a voxel based curve fit-
ting resulting in pseudocolor mappings of the hemodynamic 
parameters: arterial flow (Fa, ml/min/100 g), portal venous 
flow (Fp, ml/min/100 g), total blood flow (Ft = Fa + Fp, ml/
min/100 g), arterial fraction (ART = 100 × Fa/Ft, %), the dis-
tribution volume of Gd contrast through the liver compart-
ment [DV = 100 × (k

1a + k
1p)/k2 , %], and the average time it 

took a Gd molecule to traverse the liver from the arterial or 
portal inputs to the venous output given by the mean transit 
time (MTT = 1/k

2
 , s).

Measurements of tumor and liver parenchyma [tissue at 
more than 2 cm from the lesion [32] in the position far from 
heart and diaphragm] on all parametric maps of each patient 
were performed by an abdominal radiologist (L.F.W., with 
6 years of experience) who was blinded to pathologic diag-
nosis. ROIs for tumor were manually delineated to include 
the whole tumor covering the largest axial-sectional area at 
enhanced phase, combined with adjacent upper and lower 
sections to obtain an average value. The ROIs were then 
transferred to the same regions on all parametric maps. 
When normal liver ROIs were drawn, care should be taken 
to avoid including any visible lesions, large vessels, artifacts, 
and the liver border, and the size were similar to that of the 
tumor.

Morphologic features evaluation

The conventional MR imaging features were assessed by one 
abdominal radiologist (S.X.R., with 20 years of experience), 
who was blinded to the results of MVI and DCE analysis. 
The following main potential features were evaluated: (a) 
presence and subclassification of single nodular smooth 
margin, focal extranodular growth, confluent multinodular 
growth, or infiltrative border with irregular shape via com-
prehensive analysis using T1-weighted, T2-weighted, and 
DCE imaging, respectively; (b) radiologic capsule appear-
ance at delayed phase (180 s after injection of [Gd]), cat-
egorized as complete, incomplete, or absent; (c) peritumoral 
enhancement was assessed as detectable enhancing portion 

dCl(t)

dt
= k

1a ∙ Ca(t) + k
1p ∙ Cp(t) − k

2
∙ Cl(t)

Fig. 2  Graph shows the concentration of gadopentetate dimeglumine 
in the blood (abdominal aorta and portal vein) versus time curves for 
the aorta and portal vein
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adjacent to the tumor border (wedge-shaped type) or a larger 
range of enhancement surrounding the border (irregular cir-
cumferential type) at the arterial phase, turning isointense 
at the portal venous phase. The presence of hemorrhage, fat 
deposition, and necrosis were also assessed.

Histopathologic evaluation

Pathologic characteristics of each lesion were evaluated 
independently from surgical resection specimens, which 
were taken by a dedicated pathologist (Y.J., with 28 years 
of experience in hepatic pathology) who was unaware of the 
imaging results. Histologically, MVI was defined as a tumor 
within a vascular space lined by endothelium that was vis-
ible only at microscopy.

Statistical analysis

The sample size was determined by using power analysis 
according to our pretest values of sensitivity of 0.9 and spec-
ificity of 0.8 for each hemodynamic parameter by presuming 
an incidence rate of MVI in HCC (between 1 and 5 cm) of 
0.35 [5], an α value of 0.05, and a power of 0.9, yielding an 
expected sample size of 42. Student’s t test or Mann–Whit-
ney U test was used for continuous variables depending on 
their distribution and Pearson’s chi-squared test or Fisher’s 
exact test was used for categorical variables. Univariate and 
multivariate logistic regression analyses were performed to 
screen the independent risk factors of MVI. Factors with a P 
value of 0.05 or less at univariate analyses were entered into 
a stepwise logistic regression model (conditional backward 
elimination) to assess for the best predictor of MVI [33]. The 
absence of multicollinearity was ensured by calculating the 
variance inflation factor (VIF) less than 10 in the model. The 
standardized coefficients called β weights and coefficients 
of determination (R2) were reported as descriptors of the 
model [33]. Receiver operating characteristic (ROC) curve 
analyses were performed to evaluate the diagnostic perfor-
mance. Areas under the curves (AUCs) were compared using 
the DeLong method. A difference with a P value of less 
than 0.05 was considered statistically significant. Statistical 
analyses were performed by using SPSS (v. 20.0, Chicago, 
IL) and MedCalc (MedCalc, Mariakerke, Belgium).

Results

Clinical‑pathologic characteristics

The pretreatment characteristics of all patients are presented 
in Table 1. Seventy-five patients had solitary HCC between 1 
and 5 cm in diameter, and the remaining five had two lesions 
between 1 and 3 cm in diameter, respectively, among which 
one had a MVI-negative lesion and the rest had two MVI-
negative lesions. Apart from variations in BCLC stage and 
tumor size, other baseline clinical-pathologic characteristics 
showed no significant differences between the MVI-positive 
and MVI-negative groups of the study populations. The 
number of patients at BCLC stage 0 was higher in MVI-neg-
ative group than that in MVI-positive group (13/37, 35.1% 
vs 4/43, 9.3%; P = 0.011), and tumor size of HCC with MVI 
was larger than that of HCC without MVI (mean ± SD, 
3.56 ± 1.04 cm [range, 1.4–5.0] vs 2.58 ± 1.23 cm [range, 
1.2–5.0]; P < 0.001).

Conventional MR imaging findings

According to the lesion’s morphologic features in MR imag-
ing, its radiological capsule integrity, peritumoral enhance-
ment, as well as presence of hemorrhage, fat deposition, 
and necrosis revealed no significant difference between the 
MVI-positive and MVI-negative groups, except for tumor 
margin (P = 0.032) (Table 2). Focal extranodular growth sig-
nificantly appeared more frequently in HCC with MVI com-
pared to those without MVI (10/43, 23.3% vs 1/42, 2.4%; 
P = 0.017), whereas confluent multinodular growth and infil-
trative border with irregular shape showed no significant 
difference between the two groups based on the reference of 
smooth margin (3/43, 7.0% vs 2/42, 4.8%, P = 0.475; 1/43, 
2.3% vs 1/42, 2.4%,P = 0.851).

Perfusion parameters

In both groups, the Fa, ART, and DV were significantly 
higher in HCC than in normal liver parenchyma, while Fp 
was significantly lower in HCC than in normal liver paren-
chyma (Table 3; P < 0.001).
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Comparing the perfusion parameters between the two 
groups, Fp was significantly higher in the MVI-positive 
HCC than in the MVI-negative HCC, whereas this finding 
was reversed for ART (P < 0.001). MTT was significantly 
higher in the MVI-negative HCC than in the MVI-positive 
HCC (P = 0.019). No significant difference was observed for 
Fa (P = 0.866), Ft (P = 0.064), and DV (P = 0.206) between 
MVI-positive and MVI-negative groups (Fig. 3).

Risk factors for MVI of HCC

In terms of significant morphologic features and quantita-
tive parameters derived from DCE, Table 4 showed the risk 
factors that were found to be significantly related to MVI in 
HCC (between 1 and 5 cm) at univariate analysis: presence 
of focal extranodular growth with the reference category 
of smooth margin (β = 1.2, P = 0.017, R2 = 0.16), increased 

Table 1  Patient baseline 
characteristics

ALT alanine aminotransferase; AST aspartate aminotransferase; ALP alkaline phosphatase; GGT  gamma-
glutamyl transpeptidase; INR international normalized ratio; AFP alpha fetoprotein; SD standard deviation; 
L left lobe; R right lobe; C caudate lobe; Y yes; N no. Tumor size was compared using a Mann–Whitney U 
test. Numbers for the rest of parameters were compared for significance using Pearson’s chi-squared test or 
Fisher’s exact test

Parameter All MVI-positive MVI-negative P Value

Age (years), mean ± SD 56 ± 10 55 ± 10 58 ± 9 .208
Male/female (n) 67/13 36/7 31/6 1.0
Hepatitis B virus, Y/N 70/10 37/6 33/4 .745
Antiviral treatment, Y/N 31/39 14/23 17/16 .335
Child–Pugh A/B (n) 80/0 43/0 37/0
BCLC stage 0/A/B (n) 17/63/0 4/39/0 13/24/0 .011
Pretreatment laboratory markers
ALT > 50 U/L, Y/N 17/63 10/33 7/30 .785
AST > 40 U/L, Y/N 19/61 10/33 9/28 1.0
ALP > 125 U/L, Y/N 9/71 2/41 7/30 .073
GGT > 60 U/L, Y/N 24/56 14/29 10/27 .632
INR > 1.2, Y/N 5/75 3/40 2/35 1.0
Total bilirubin > 0.336 mg/dL, Y/N 20/60 11/32 9/28 1.0
Albumin < 35 g/L, Y/N 1/79 0/43 1/36 .462
Creatinine > 1.5 mg/dL, Y/N 2/78 2/41 0/37 .496
AFP > 20 ng/mL, Y/N 41/39 26/17 15/22 .115
Tumor
Number of HCC 85 43 42 .180
One 75 42 33
Two 5 1 4
Tumor size (cm), Mean ± SD 3.08 ± 1.23 3.56 ± 1.04 2.58 ± 1.23  < .001
Lesion distribution .102
Unilobar (L/R/C) 74(22/51/1) 34(9/25/0) 40(13/26/1)
Bilobar 11 9 2
Pathologic findings
Edmondson-Steiner grade .676
G1–G2 80 41 39
G3–G4 5 2 3
Fibrosis stage .574
S0 4 3 1
S1-S2 17 9 8
S3-S4 64 31 33
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tumor size (β = 0.8, P < 0.001, R2 = 0.21), Fp (β = 1.2, 
P < 0.001, R2 = 0.31) value, and decreased ART (β =  − 2.5, 
P < 0.001, R2 = 0.51), and MTT (β =  − 0.6, P = 0.022, 
R2 = 0.07). In multiple regression analysis, all candidate var-
iables showing significant association at univariate analysis 
were included at the start, the VIF of the multiple regres-
sion models ranged from 1.09 to 1.53. With the deletion 
of insignificant variables step by step, tumor size (β = 1.2, 
P = 0.004; odds ratio, 3.20; 95% CI 1.45, 7.06), Fp (β = 1.1, 
P = 0.004; odds ratio, 3.09; 95% CI 1.42, 6.72), and ART 
(β =  − 2.5, P = 0.001; odds ratio, 12.13; 95% CI: 2.85, 51.49) 
were independent risk factors for MVI (Fig. 4). The R2 value 
for the goodness-of-fit test of the multiple regression model 
was 0.719. ROC curves of ART, Fp, and tumor size and their 
combinations for predicting MVI are plotted in Fig. 5. The 
optimal cutoff value, as well as corresponding AUC, P value, 
sensitivity, specificity, positive predictive value (PPV), and 
negative predictive value (NPV) are presented in Table 5. 
The AUC values of ART, Fp, and tumor size were 0.861 

(95% CI 0.769, 0.927), 0.791 (95% CI 0.689, 0.871), and 
0.733 (95% CI 0.626, 0.823), respectively. For pairwise 
comparisons of ROC curves, there were no significant dif-
ferences among ART, Fp and tumor size in diagnosing MVI 
(P = 0.060–0.448). The AUC value of the combination of all 
three metrics was 0.931 (95% CI: 0.855, 0.975), which was 
significantly superior than the performance of ART, Fp and 
tumor size used alone (P < 0.05), with a sensitivity of 97.6%, 
specificity of 76.2%, PPV of 80.8%, and NPV of 97.0%.

Discussion

The study initially evaluated the differences of MRI perfu-
sion parameters derived from dual-input single-compartment 
model between HCC and peripheral liver parenchyma, and 
between MVI-positive and MVI-negative HCC lesions. The 
results suggested that the increased Fp, the decreased ART, 
and tumor size ≥ 2.5 cm in diameter were independently 
correlated with MVI in HCC (between 1 and 5 cm), and 

Table 2  Analysis of radiologic 
features for the relationship with 
MVI of 85 HCCs

Data are numbers of lesions, with percentages in parentheses. Data are compared by using Pearson’s chi-
squared test or Fisher’s exact test

Parameter No. of lesions
n = 85

MVI-positive
n = 43

MVI-negative
n = 42

P Value

Tumor margin .032
Smooth 67 (78.8) 29 (67.4) 38 (90.5)
Focal extranodular growth 11 (12.9) 10 (23.3) 1 (2.4)
Confluent multinodular growth 5 (5.9) 3 (7.0) 2 (4.8)
Infiltrative border with irregular shape 2 (2.4) 1 (2.3) 1 (2.4)
Radiologic capsule integrity .446
Complete 25 (29.4) 10 (23.3) 15 (35.7)
Incomplete 45 (52.9) 25 (58.1) 20 (47.6)
Absent 15 (17.6) 8 (18.6) 7 (16.7)
Peritumoral enhancement .350
Absent 74 (87.1) 37 (86.0) 37 (88.1)
Wedge shaped 9 (10.6) 4 (9.3) 5 (11.9)
Irregular circumferential 2 (2.4) 2 (4.7) 0
Hemorrhage .227
Absent 72 (84.7) 34 (79.1) 38 (90.5)
Present 13 (15.3) 9 (20.9) 4 (9.5)
Fat deposition .712
Absent 77 (90.6) 38 (88.4) 39 (92.9)
Present 8 (9.4) 5 (11.6) 3 (7.1)
Necrosis .494
Absent 83 (97.6) 41 (95.3) 42 (100.0)
Present 2 (2.4) 2 (4.7) 0
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that the combination of all three parameters showed higher 
diagnostic accuracy compared with each used individually.

Several studies have investigated the application of 
dynamic contrast-enhanced image for perfusion quantifica-
tion of HCC and liver parenchyma. Taouli et al. [34] used 
a dual-input single-compartment model to quantify MRI 
perfusion parameters in patients with HCC. They demon-
strated higher Fa and ART and lower Fp in HCC compared 
with hepatic parenchyma, findings not similar to ours were 
DV and MTT, where they reported lower DV in HCC and 
no difference of MTT between HCC and surrounding liver. 
Wu et al. [15] also found higher hepatic artery flow (HAF), 
perfusion index (equivalent to ART) and lower portal vein 
flow (PVF) in HCC than in normal hepatic parenchyma 
using a dual-input maximum slope analysis method with 

dynamic CT. Besides, they presented the similar change in 
HAF, PVF, and total flow of small HCC (≤ 3 cm) between 
MVI ( +) and MVI ( −) groups as observed in our study. The 
arterial and portal vein flow related parameters were logi-
cally supposed to be more robust ones. In theory, the step-
wise hepatocarcinogenesis is associated with a progression 
toward increasing in arterial blood flow and decreasing in 
portal venous flow [35–37]. In HCC with MVI, the observed 
increase in Fp might be caused by the effect of high perme-
ability, and hepatic artery-portal vein fistula formation, with 
subsequent decrease of the ART. Unlike in previous studies 
involving quantitative MR perfusion imaging, in the present 
study, 3D data encompassing the entire liver were acquired. 
This had an additional advantage of enabling measurement 
of a vascular input function close to the tissue.

New sequences combining Cartesian k-space undersam-
pling with compressed sensing reconstruction enable high 
accelerations in dynamic liver imaging with a temporal 
resolution up to 3.9–4.3 s/phase to catch the peak concen-
tration of AIF, while maintaining an acceptable level of 
signal to noise ratio (SNR) and adequate spatial resolu-
tion for anatomic visualization [38]. Golden-angle radial 
acquisition with compressed sensing reconstruction was 
reported for free-breathing dynamic liver imaging [16–18]. 
However, compared to Cartesian sampling, the time effi-
ciency of k-space coverage in radial trajectories is much 
lower, especially when combined with square in-plane FOV 
and restricted sampling along slice dimension in stack-of-
stars acquisition. Even though Cartesian sequences were 
motion-sensitive, in the presented sequence, we used gating 
approaches in free-breathing to ensure that data were always 
acquired at the end expiratory phase, which mitigates res-
piratory motion effects as much as possible. Hausmann et al. 
[39] demonstrated that compressed sensing free-breathing 
VIBE using motion-state-resolved reconstructions, and an 
echo train assigned as the sixth movement state, was techni-
cally feasible with improved image quality compared to the 
breath-hold VIBE. There was following potential risk of data 
undersampling within some temporal periods, resulting in 
sub-optimal characterization of the peak arterial enhance-
ment and consequently the AIF. The strategy to mitigate this 
was to choose the reconstructed AIF curves of better qual-
ity, which presented a steep upslope, a high concentration 
first pass peak and a steep downslope, followed by a small 
recirculation peak based on the previous research [40]. In 
addition, bias due to field inhomogeneity was avoided to a 
large extent with B1 correction, and the T1 relaxation time 
based indices of the whole liver were more reliable [23]. In 
this sense, our method provides a solid base for an accurate 
whole-liver perfusion analysis and a reliable pharmacoki-
netic parameter evaluation.

Table 3  Analysis of DCE-MRI parameters of HCC and normal liver 
parenchyma between MVI-positive and MVI-negative groups

Data are means ± standard deviation. Fa arterial blood flow; Fp portal 
venous blood flow; Ft total blood flow; ART  arterial fraction; MTT 
mean transit time; DV distribution volume. Between the MVI-posi-
tive and MVI-negative groups, the difference of Fa, Fp, and ART of 
HCC, and the difference of Fa of normal liver parenchyma were com-
pared for significance using a Student’s t test; Numbers for the rest of 
parameters were compared using a Mann–Whitney U test. Between 
HCC and normal liver parenchyma, the difference of Fp in MVI-posi-
tive group, and the difference of Ft in MVI-negative group were com-
pared for significance using a Student’s t test; Numbers for the rest of 
parameters were compared using a Mann–Whitney U test
* The difference of parameters between the MVI-positive and MVI-
negative groups
† The difference of parameters between HCC and normal liver paren-
chyma

Parameter MVI-positive MVI-negative P*Value

Fa
(ml/min/100 g)

HCC 57.34 ± 24.78 58.17 ± 20.45 .866
Liver 23.43 ± 10.40 24.03 ± 68.25 .754
P† value  < .001  < .001

Fp
(ml/min/100 g)

HCC 36.58 ± 13.32 22.34 ± 12.85  < .001
Liver 63.37 ± 25.09 60.08 ± 23.11 .471
P† value  < .001  < .001

Ft
(ml/min/100 g)

HCC 93.91 ± 36.56 80.51 ± 31.38 .064
Liver 86.80 ± 32.70 84.11 ± 26.68 .648
P† value .336 .348

ART (%) HCC 57.71 ± 9.43 71.41 ± 9.39  < .001
Liver 31.09 ± 7.42 29.15 ± 7.51 .234
P† value  < .001  < .001

MTT (sec) HCC 18.3 ± 9.2 24.1 ± 12.1 .019
Liver 16.9 ± 4.6 18.1 ± 5.9 .629
P† value .976 .009

DV (%) HCC 24.65 ± 7.17 27.94 ± 10.54 .206
Liver 19.49 ± 10.64 19.22 ± 4.94 .426
P† value  < .001  < .001
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Fig. 3  Comparison of perfusion parameters between the MVI-positive HCC and the MVI-negative HCC and between HCC and liver paren-
chyma in both groups. *The difference of parameters was significant. MVI microvascular invasion, HCC hepatocellular carcinoma

Table 4  Univariate and multivariate analyses of risk factors for MVI of HCC (between 1 and 5 cm)

Data in parentheses are 95% CIs
Fp portal venous blood flow; ART  arterial fraction; MTT mean transit time
* Data were used as the reference category

Risk Factor Univariate analysis Multivariate analysis

R2 Value β Value Odds ratio P Value β Value Odds ratio P Value

Tumor size 0.21 0.8 2.43(1.47,4.02)  < .001 1.2 3.20 (1.45,7.06) .004
Nonsmooth tumor margin
Smooth*

Focal extranodular growth 0.16 1.2 3.62 (1.25,10.40) .017 .113
Confluent multinodular growth 0.01 0.6 1.96 (0.30,12.54) .475
Infiltrative border with irregular shape 0.1 1.09 (0.42,2.79) .851
Fp (ml/min/100 g) 0.31 1.2 3.39 (1.85,6.19)  < .001 1.1 3.09 (1.42, 6.72) .004
ART (%) 0.51 − 2.5 12.32 (3.75,40.48)  < .001 -2.5 12.13(2.85,51.49) .001
MTT (sec) 0.07 − 0.6 0.55 (0.33,0.92) .022 .562



3272 Abdominal Radiology (2022) 47:3264–3275

1 3

Fig. 4  a MVI ( +) HCC in a 
60-year-old female patient in the 
left lobe (segments 4). MVI( +) 
HCC shows a higher Fp (b 
blue color in the lesion) and a 
lower ART (c green color in the 
lesion). d Microscopy (hema-
toxylin–eosin stain, × 20) shows 
a cluster of carcinoma cells in 
microvessel. e MVI ( −) HCC in 
a 61-year-old male patient in the 
left lobe (segments 2). MVI(-) 
HCC shows a lower Fp (f black 
color in the lesion) and a higher 
ART (g red color in the lesion). 
h Microscopy (hematoxylin–
eosin stain, × 10) shows no 
carcinoma cells in microvessel. 
MVI microvascular invasion, 
HCC hepatocellular carcinoma, 
Fp portal venous flow, ART  
arterial fraction

b

c

f

g

d h

a e
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Previous studies [5, 41] reported that imaging feature 
of non-smooth tumor margin in HCC was independently 
associated with MVI, and several potential risk factors such 

as incomplete radiologic capsule, irregular circumferential 
enhancement, and size were also reported to be related to 
MVI of HCC [42, 43]. These results of the different studies 
were inconsistent in varying degrees. Selection bias of surgi-
cal candidates might be the cause of disagreements among 
different studies.

There were a number of limitations in this study. Firstly, 
imaging technique repeatability of the free-breathing MR 
perfusion for liver was not performed; however, the com-
prehensive details in acquisition techniques and MR param-
eters made the experiment reproducible. Secondly, despite 
the whole-liver perfusion imaging with compressed sensing 
allowed high temporal resolution for the perfusion param-
eters estimation, the compromised spatial resolution was still 
difficult for the small lesions (< 1 cm) detection. Thus, we 
excluded small HCCs less than 1 cm in diameter.

In conclusion, free-breathing 3D MR imaging with com-
pressed sensing reconstruction for whole-liver perfusion 
provides an excellent approach to quantitatively evaluate 
MVI in HCC (between 1 and 5 cm). When coupled with the 
Fp, ART, and tumor size, higher diagnostic accuracy can be 
obtained than each parameter used individually.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00261- 022- 03423-6.

Fig. 5  Receiver operating characteristic (ROC) curve and corre-
sponding areas under ROC curve (AUCs) of significant parameters 
for prediction of MVI. Numbers in parentheses represent 95% confi-
dence intervals. MVI microvascular invasion

Table 5  ART, Kep, and tumor 
size results for prediction of 
MVI in HCC (between 1 and 
5 cm)

Data in parentheses are 95% CIs
PPV positive predictive value; NPV negative predictive value; AUC  area under the ROC curve; ART  arte-
rial fraction; Fp portal venous blood flow

Variables Sensitivity Specificity PPV NPV Cutoff value AUC P Value

ART (%) 69.7 88.1 85.7 74.0 62.5 0.861 (0.769,0.927)  < .001
Fp (ml/min/100 g) 90.7 64.3 72.2 87.1 22.33 0.791 (0.689,0.871)  < .001
Tumor size 86.1 54.7 66.1 79.3 2.40 0.733 (0.626,0.823)  < .001
ART + Fp + Size 97.6 76.2 80.8 97.0 0.931 (0.855,0.975)  < .001

https://doi.org/10.1007/s00261-022-03423-6
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