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Purpose: To assess the effectiveness of tri-exponential Intra-Voxel Incoherent Motion (tri-IVIM) MRI in preoperatively identifying 
microvascular invasion (MVI) in hepatocellular carcinoma (HCC).
Patients and Methods: In this prospective study, 67 patients with HCC were included. Metrics from bi-exponential IVIM (bi-IVIM) 
and tri-IVIM were calculated. Subgroup comparisons were analyzed using the independent Student’s t-test or Mann–Whitney U-test. 
Logistic regression was performed to explore clinical risk factors. Diagnostic performance was assessed using receiver operating 
characteristic (ROC) curves, calibration curves and decision curve analysis.
Results: MVI-positive HCCs exhibited significantly lower true diffusion coefficient (Dt) from bi-IVIM, as well as fast-diffusion 
coefficients (Df) and slow-diffusion coefficients (Ds) from tri-IVIM, compared to MVI-negative HCCs (p < 0.05). Tumor size and 
alpha-fetoprotein (AFP) were identified as risk factors. The combination of tri-IVIM-derived metrics (Ds and Df) yielded higher 
diagnostic accuracy (AUC = 0.808) compared to bi-IVIM (AUC = 0.741). A predictive model based on a nomogram was constructed 
using Ds, Df, tumor size, and AFP, resulting in the highest diagnostic accuracy (AUC = 0.859). Decision curve analysis indicated that 
the constructed model, provided the highest net benefit by accurately stratifying the risk of MVI, followed by tri-IVIM and bi-IVIM.
Conclusion: Tri-IVIM can provide information on perfusion and diffusion for evaluating MVI in HCC. Additionally, tri-IVIM 
outperformed bi-IVIM in identifying MVI-positive HCC. By integrating clinical risk factors and metrics from tri-IVIM, a predictive 
nomogram exhibited the highest diagnostic accuracy, potentially aiding in the noninvasive and preoperative assessment of MVI.
Keywords: tri-exponential intra-voxel incoherent motion, diffusion weighted imaging, hepatocellular carcinoma, microvascular 
invasion

Introduction
Hepatocellular carcinoma (HCC) ranks as the sixth most prevalent malignant tumor globally and is responsible for 
approximately 75–85% of all cases of primary liver cancer. It also stands as the second leading cause of cancer-related 
mortality.1,2 Numerous previous studies have provided compelling evidence for the significance of microvascular 
invasion (MVI) as a prognostic factor in HCC. Accurate identification of MVI can provide substantial clinical benefits 
by stratifying the risk of recurrence, predicting overall survival, and guiding clinical management.3–5 However, the 
current gold standard for evaluating MVI relies on histopathological examination, which has inherent limitations 
including invasiveness, time consumption, and the risk of sampling bias in liver tissue. Consequently, there is an urgent 
need for preoperative and noninvasive techniques to accurately identify MVI in HCC.
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Diffusion-weighted imaging (DWI), which captures endogenous contrast derived from the diffusion characteristics of 
water molecules, has demonstrated considerable clinical utility in diagnostic imaging.6,7 Various intriguing DWI 
techniques have been developed and implemented in clinical imaging.8–17 Among these techniques, Intra-voxel inco-
herent motion (IVIM) MRI stands out as one of the most widely-used approaches. Since the introduction of IVIM theory 
in 1986,18 over 1300 published studies have extensively showcased its clinical potential across a wide range of clinical 
scenarios (Data accessed from PubMed, May 2023). The core principle underlying IVIM is the existence of two diffusion 
components, namely perfusion and diffusion. In recent years, several researchers have proposed tri-exponential IVIM 
(tri-IVIM) as a potential alternative to the conventional bi-exponential IVIM (bi-IVIM), suggesting that the perfusion 
component should be further separated into two diffusion components: very fast diffusion and fast diffusion.19,20 The 
unexpected confounding of these two components within a single perfusion component can compromise the accuracy and 
reliability of perfusion-related metrics derived from bi-IVIM. Evidence has shown that tri-IVIM provides better fitting 
accuracy than bi-IVIM for brain and liver applications.20,21 However, most previous studies focused on feasibility 
investigations of tri-IVIM with small cohorts of healthy volunteers. To the best of our knowledge, there are few reports 
evaluating the value of tri-IVIM for abdominal malignancies.

The objective of this research is to assess the feasibility of tri-IVIM in characterizing HCC, specifically by exploring 
its potential for preoperative and noninvasive diagnosis of MVI-positive HCC, with a comparison to bi-IVIM.

Materials and Methods
Patients Cohort
This prospective study received approval from the local institutional review board, and written informed consent was 
obtained from all participating patients. This study also complies with the Declaration of Helsinki. Inclusion and 
exclusion criteria were applied as follows:

Inclusion Criteria: 1) Patients who were suspected of having primary liver cancers based on their medical history or 
other imaging examinations and had not undergone preoperative treatment. Exclusion Criteria: 1) Patients who were 
deemed ineligible for tumor resection or did not undergo surgery at our hospital. 2) Patients histopathologically 
diagnosed with malignancies other than HCC. 3) Patients with a time interval of three weeks or longer between the 
MRI examination and surgical resection. 4) Poor DWI image quality due to respiratory motion or other artifacts. 5) 
Absence of a histopathological report regarding the MVI status.

MRI Examination
All MRI examination of this research was performed with a 3T scanner (770, Shanghai UIH Healthcare Co, Ltd. 
Shanghai, China). Daily MRI sequences included an axial T2-weighted imaging sequence (repletion time (TR) = 2000.0 
ms, echo time (TE) = 106.2 ms, field of view (FOV) = 380×380 mm2, scanning matrix = 256×256, section thickness = 
6.0 mm, flip angle (FA) = 100°), an axial T1-weighted in- and opposed-phase imaging sequence (TR = 4.27 ms, TE = 
1.24 ms, FOV = 300×400 mm2, scanning matrix = 252×432, section thickness = 4 mm, FA = 10°), an axial contrast- 
enhanced T1-weighted imaging sequence (TR = 3.28 ms, TE = 1.45 ms, FOV = 255×463 mm2, scanning matrix = 
237×480, FA = 10°). The tri-IVIM and bi-IVIM DWI were performed based on a single-shot echo-planar diffusion- 
weighted MRI sequence (TR = 3800 ms, TE = 75.0 ms, FOV = 300×380 mm2, scanning matrix = 202×256, section 
thickness = 6 mm, FA = 90°, b values = 01, 201, 401, 501, 1001, 2001, 5001, 8003 and 15004 s/mm2, the subscript indicates 
the number of averages).

Image Analysis
The post-processing of parametric maps for DWI was performed using a custom program script developed in-house and 
implemented on Python (Python 3.8; Python Software Foundation). Pixel-wise fitting of the tri-IVIM parametric maps 
was carried out with a dogleg algorithm and based on the following formula:
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Where Sb and S0 represent the signal intensity of different b values and b = 0 s/mm2, fs and Ds represent the volume 
fraction of slow diffusion and slow diffusion coefficient. ff and fvf are the volume fractions of fast and very fast perfusion- 
related pseudo-diffusion. The Df and Dvf are the diffusion coefficients of perfusion-related fast and very fast pseudo- 
diffusion.

In addition to tri-IVIM, we also calculated the parametric maps of conventional bi-IVIM for comparison according to 
the following formula:

Where Sb and S0 represent the signal intensity of different b values and b = 0 s/mm2, Dt represent the true diffusion 
coefficient. fb is the volume fraction of perfusion-related pseudo-diffusion. The Dp is the pseudo-diffusion coefficient.

Two radiologists, RF. S and YF. Z, with 12 years and 8 years of experience in abdominal imaging, were enlisted to 
delineate the volumes of interest (VOIs) encompassing the entire HCC lesions on the DWI image with a b value of 500 s/ 
mm2. The final VOIs were determined through consensus between the two radiologists. In cases where consensus could 
not be reached, a third radiologist, MS. Z, with over 39 years of experience in abdominal imaging, was consulted for 
resolution. Subsequently, the VOIs were transferred to other parametric maps to calculate the mean values within the 
entire VOIs.

Statistical Analysis
The p values of larger than 0.05 given by the Shapiro–Wilk test suggest the quantitative data obey normal distribution. 
Significant differences in different DWI-derived metrics between the subgroups were explored by the independent 
Student’s t-test (for normally-distributed data) or the Mann–Whitney U-test (for non-normally distributed data). 
Univariate and multivariate logistic regression was used for selecting the independent risk factors of MVI. The area 
under the receiver operative characteristics curve (AUC) was used for determining the diagnostic accuracy. Calibration 
curve analysis was conducted for validating the predictive accuracy. Power analysis was performed to estimate the 
required sample size by PASS software (version 2021, https://www.ncss.com/software/pass/). P values of less than or 
equal to 0.05 indicated significant differences. Except for power analysis, all other statistical analyses in this research 
were performed with R software (R version 4.1.0, R Foundation for Statistical Computing, Vienna, Austria).

Results
Patients Cohort
From 2020 to 2022, a total of 101 patients were initially enrolled in this prospective study. However, after applying the 
exclusion criteria (Figure 1), the following patients were excluded: 15 patients were not eligible for tumor resection or 
did not undergo surgery at our hospital, 5 patients had a time interval of three weeks or longer between the MRI 
examination and surgical resection, 4 patients were histopathologically diagnosed with malignancies other than HCC, 3 
patients had poor DWI image quality and were not suitable for subsequent post-processing, and 7 patients lacked 
a histopathological diagnosis of MVI status. As a result, 67 patients were included in the final analysis (age: 57.6±10.4 
years, 59 men, 8 women, 29 MVI-positive HCCs, and 38 MVI-negative HCCs). Detailed clinical characteristics can be 
found in Table 1. Representative MRI images of two patients, one with MVI and one without MVI, are displayed in 
Figure 2 and Figure 3, respectively.

Quantitative Comparison of DWI-Derived Metrics
The box-plots in Figure 4 show that significantly lower Ds, Df and Dt were associated with the MVI (MVI-negative HCCs vs 
MVI-positive HCCs: Ds = 1.17±0.22×10−3 vs 0.96±0.23×10−3 mm2/s, p <0.001; Df = 34.85±17.22×10−3 vs 20.93±7.78×10−3 

mm2/s, p < 0.001; Dt = 1.23±0.23×10−3 vs 1.02±0.24×10−3 mm2/s, p = 0.001). Other metrics did not show the significant 
difference between the subgroups (MVI-negative HCCs vs MVI-positive HCCs: fp = 0.38±0.06 vs 0.35±0.06, p = 0.060; Dp 
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= 70.51±22.59×10−3 vs 67.90±26.46×10−3 mm2/s, p = 0.909; Dvf = 1.50±0.25 vs 1.52±0.33 mm2/s, p = 0.560; fs = 0.60±0.07 
vs 0.59±0.10, p = 0.879; ff = 0.11±0.08 vs 0.11±0.07, p = 0.980; fvf = 0.27±0.13 vs 0.25±0.13, p = 0.511;).

Evaluation of Diagnostic Accuracy
For individual metrics showing the significant differences between the subgroups, Df (AUC = 0.767, specificity = 0.579, 
sensitivity = 0.897) has the best diagnostic performance followed by Ds (AUC = 0.760, specificity = 0.684, sensitivity = 
0.793) and Dt (AUC = 0.741, specificity = 0.684, sensitivity = 0.793) (Figure 5). Taken Df and Ds together by logistic 

Figure 1 The flowchart shows the inclusion and exclusion of subjects.
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regression, the tri-IVIM-based model resulted in improved diagnostic accuracy (AUC = 0.808, specificity = 0.658, 
sensitivity = 0.862) (Figure 5).

According to the multivariate logistic regression (Table 2), tumor size (odds ratio (OR) = 1.248, 95% CI of OR = 
1.020–1.527, p = 0.032) and alpha-fetoprotein (AFP) (OR = 3.653, 95% CI of OR = 1.174–11.371, p = 0.025) were 
selected as independent risk factors of MVI. A nomogram-based predictor was constructed with tumor size, AFP, Ds and 
Df (Figure 6A), showing the best diagnostic accuracy (AUC = 0.859, Specificity = 0.842, Sensitivity = 0.793, Figure 6B). 
Dt was excluded from the model construction because it provided similar information related to cellularity as Ds, and its 
diagnostic performance was not superior to that of Ds. The calibration curves in Figure 6C indicate a strong agreement 

Table 1 Clinical Characteristics

Characteristics No of Patient (n = 67)

Gender
Male 59 (88.1%)

Female 8 (11.9%)

Age (y) 57.6±10.4 (Min: 33.0, Max: 83.0)
Etiology of liver disease

Hepatitis B virus 67 (100.0%)

Hepatitis C virus 3 (4.5%)
α-fetoprotein

≥ 20 ng/mL 41 (61.2%)
< 20 ng/mL 26 (38.8%)

Tumor Size (cm) 4.87±3.27 (Min: 1.0, Max: 15.0)

Degree of Differentiation
Well and medium 47 (70.1%)

Poor 20 (29.9%)

Fibrosis
With 33 (49.3%)

Without 34 (50.7%)

Total bilirubin (TBiL)
>20.4 μmol/L 9 (13.4%)

≤20.4 μmol/L 58 (86.6%)

Direct Bilirubin (DBiL)
>6.8 μmol/ 9 (13.4%)

≤6.8 μmol/L 58 (86.6%)

Alanine Aminotransferase (ALT)
>35 U/L 16 (23.9%)

≤35 U/L 51 (76.1%)

Aspartate Aminotransferase (AST)
>40 U/L 12 (17.9%)

≤40 U/L 55 (82.1%)

γ-glutamyl transferase (γGT)
>60 U/L 22 (32.8%)

≤60 U/L 45 (67.2%)

Carcinoembryonic Antigen (CEA)
≥5 ng/mL 8 (11.9%)

<5 ng/mL 59 (88.1%)

Carbohydrate Antigen 19–9 (CA199)
≥37 ng/mL 6 (9.0%)

<37 ng/mL 61 (91.0%)

MVI
MVI-Positive 29 (43.3%)

MVI-Negative 38 (56.7%)
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between the predicted risk of MVI generated by the nomogram model and the actual risk of MVI. This demonstrates the 
reliability and accuracy of the nomogram in assessing MVI. The decision curve analysis also demonstrated that with the 
highest predictive accuracy, the nomogram-based model can yield the highest net benefit by accurately stratifying the risk 
of MVI compared to other metrics (Figure 7).

Power Analysis and Sample Size Estimation
The required sample size for this study was estimated at the beginning using power analysis.

As this study is centered on diagnostic evaluation, and the ROC analysis is an important statistical analysis for 
determining the diagnostic accuracy for this research. Therefore, we conducted a power analysis specifically tailored to 
the ROC analysis employed in this study. Different effect values (AUCs) were considered with a significance level of 
0.05 and a statistical power of 0.85. The results showed that the minimum required sample sizes for AUCs of 0.60, 0.65, 
0.70, 0.75, 0.80, 0.85, and 0.90 were 296, 128, 70, 44, 30, 20, and 14, respectively. In this study, we included a total of 67 
subjects, and the observed AUCs for the metrics showing significant differences between the subgroups and the 
constructed models ranged from 0.741 to 0.859. In accordance with the principles of power analysis, it is important to 
note that, when considering a specific statistical power and significance level, the required sample size exhibits a negative 

Figure 2 Representative MRI images including the T2WI, T1WI, DWI of b = 100 s/mm2 and bi-IVIM-derived parametric maps (fp, Dt and Dp) as well as tri-IVIM-derived 
parametric maps (fs, ff, fvf, Ds, Df and Dvf) of a patient with MVI-negative HCC. 
Notes: It is important to note that the parametric pseudo-color maps of the segmented tumors were superimposed on the DWI images with a b-value of 500 s/mm2. All 
pseudo-color maps utilize the same color bar, which ranges from blue to red. The following ranges apply to different parameters: fp, fs, ff, and fvf range from 0.0 to 1.0; Dt and 
Ds range from 0.0 to 5×10−3 mm2/s; Dp and Df range from 0.0 to 200×10−3 mm2/s; Dvf ranges from 0.0 to 10,000×10−3 mm2/s.
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correlation with effect values. These findings indicate that the sample size in this study ensures a relatively high statistical 
power (0.85) for the evaluation of diagnostic accuracy.

Discussion
This study represents a preliminary evaluation of the value of tri-IVIM for assessing MVI in HCC. To the best of our 
knowledge, there have been few attempts made to explore the clinical utility of tri-IVIM in abdominal malignancies. Our 
findings demonstrate that tri-IVIM can serve as a noninvasive approach for preoperative identification of MVI-positive 
HCC. Specifically, we observed significant differences in two metrics derived from tri-IVIM (Df and Ds), whereas only 
one metric derived from bi-IVIM (Dt) showed a significant difference between MVI-positive and MVI-negative HCCs. 
Moreover, the combination of Df and Ds, which respectively reflect perfusion and diffusion, resulted in superior 
diagnostic performance compared to bi-IVIM. The results presented above indicate that tri-IVIM analysis offers more 
valuable markers for assessing MVI from diverse biological perspectives. We identified two clinical factors, tumor size, 
and AFP, as independent risk factors for MVI. By integrating these clinical factors with tri-IVIM-derived metrics, we 
constructed a predictive model that displayed the highest diagnostic accuracy for MVI. This approach may provide new 
insights for the preoperative, noninvasive, and accurate diagnosis of MVI-positive HCC.

Our findings revealed that the presence of MVI was associated with significantly lower Df, Ds, and Dt. However, 
other metrics derived from bi-IVIM or tri-IVIM did not show significant differences between the two groups. The 
potential biophysical explanations for these findings can be speculated as follows: 1) Ds and Dt have similar biological 

Figure 3 Representative MRI images including the T2WI, T1WI, DWI of b = 100 s/mm2 and bi-IVIM-derived parametric maps (fp, Dt and Dp) as well as tri-IVIM-derived 
parametric maps (fs, ff, fvf, Ds, Df and Dvf) of a patient with MVI-positive HCC. 
Note: The color bar and ranges of different metrics are same as those in Figure 2.
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insights. Both metrics quantify true diffusion and reflect tissue cellularity. Previous research has demonstrated that the 
presence of MVI indicates a higher degree of malignancy with increased tumor cell proliferation and a higher nucleo- 
cytoplasmic ratio, which results in a reduction in the extracellular space. As a consequence, the diffusion of water 
molecules becomes more restricted, leading to significantly lower diffusion coefficients in MVI-positive HCC. Our 
findings are consistent with previous publications that have identified significantly lower diffusion coefficients as 
indicators of MVI-positive HCC.22–24

2) Df, on the other hand, reflects perfusion-related diffusion. While exuberant neovascularization is essential to meet 
the demands of oxygen and nutrient supply during hepatocarcinogenesis, these neovascular vessels are often character-
ized by vascular leakage and defective vascular remodeling.25 Therefore, the decreased Df observed in MVI-positive 
HCC may be associated with these vascular abnormalities.

Many investigators have utilized IVIM for diagnosing MVI-positive HCC. In these studies, it was found that only 
IVIM-derived Dt showed statistical significance, while Dp and f exhibited high variance and did not demonstrate 
statistical differences, consistent with our findings.22,23,26,27 The liver exhibits distinctive histological features, encom-
passing various types of vessels such as arteries/arterioles, portal veins/venules, and hepatic veins/venules. In addition, it 
contains sinusoid capillaries, bile ducts, and an extensive lymphatic system. Within these compartments, there are 

Figure 4 Quantitative comparison of bi-IVIM and tri-IVIM derived metrics between MVI-negative and MVI-positive HCCs.
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flowing or moving spins that are intricately interconnected either directly or indirectly. This intricate network of vessels 
and structures contributes to the presence of an extra diffusion component in the liver. Recent evidence suggests the 
existence of a third diffusion compartment in the liver characterized by very fast diffusion.28–31 The confounding of two 

Figure 5 The receiver characteristics curves (ROC) of Df, Ds, Dt and the combination of Df and Ds (Df+Ds).

Table 2 Explore the Independent Risk Factors of MVI Through Univariable and 
Multivariable Logistic Regression Analysis

Parameters Univariable Analysis Multivariable Analysis

OR (95% CI) P OR (95% CI) P

Gender 0.411 (0.090–1.886) 0.253 0.523

CEA 0.968 (0.923–1.016) 0.187 0.738
CA199 2.217 (0.563–8.738) 0.255 0.209

HCV 0.643 (0.055–7.455) 0.724 0.646

Tumor Size 1.268 (1.050–1.531) 0.013 1.248 (1.020–1.527) 0.032
TBIL 0.615 (0.140–2.702) 0.520 0.850

DBIL 0.328 (0.063–1.715) 0.187 0.654

ALT 1.429 (0.463–4.411) 0.535 0.788
AST 1.391 (0.398–4.866) 0.605 0.472

γGT 1.500 (0.537–4.188) 0.439 0.780

AFP 4.259 (1.416–12.812) 0.010 3.653 (1.174–11.371) 0.025

Abbreviations: CEA, carcinoembryonic antigen; CA199, Carbohydrate antigen199; HCV, Hepatitis C; TBIL, 
total bilirubin; DBIL, direct bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; γGT, γ 
glutamyltransferase; AFP, alpha-fetoprotein.
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diffusion components, fast diffusion and very fast pseudo-diffusion, within a single perfusion component, is likely the 
main factor contributing to high variance and suboptimal diagnostic performance of the bi-IVIM derived parameters Dp 

and f.28 According to the tri-IVIM theory, Dvf represents the component of very fast diffusion, which can arise from the 
complex interactions of spins within various tissue types, including arteries/arterioles, portal veins/venules, hepatic veins/ 
venules, sinusoid capillaries, bile ducts, and the extensive lymphatic system.28,29 However, due to the intricate nature of 
these interactions, Dvf may exhibit high variance and limited diagnostic power. Additionally, the volume fractions of the 
different diffusion components were not found to have significant differences, suggesting that these volume fractions are 
not sensitive enough to differentiate between MVI-positive HCC and MVI-negative HCC.

Among all individual metrics from tri-IVIM and bi-IVIM, Df demonstrated the best performance for diagnosing 
MVI-positive HCC, followed by Ds and Dt. Combining the tri-IVIM-derived Ds and Df resulted in a significantly 
higher AUC, indicating that tri-IVIM is more powerful in identifying MVI compared to IVIM, which relies on a single 
metric of Dt as the diagnostic marker. These results highlight the superior capability of tri-IVIM in the preoperative 
evaluation of MVI with high accuracy. Additionally, by separating the fast diffusion component and very fast diffusion 
component, the perfusion-related metric can serve as a diagnostic marker and exhibit excellent diagnostic perfor-
mance. Our study also found that increased tumor size and elevated AFP levels were both risk factors for MVI. Based 
on these findings, we constructed a nomogram-based predictive model that incorporates Ds, Df, tumor size, and AFP. 
The predictive model exhibited a strong diagnostic power, as indicated by an AUC of 0.859. This suggests that the 
model has the potential to serve as a valuable and cost-effective tool for assisting in the noninvasive and preoperative 
identification of MVI-positive HCC.

Figure 6 Evaluation of the nomogram-based model. 
Notes: (A) The nomogram plot. (B) The ROC and (C) calibration curve of the constructed nomogram model.
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This study is subject to several limitations. Firstly, the sample size of this prospective study was not very large, highlighting 
the need for larger sample sizes and external validation to strengthen the evidence. Secondly, the exact biological origin of the 
component with very fast diffusion in tri-IVIM remains unclear and requires further exploration. Therefore, more research is 
needed to elucidate the detailed mechanisms underlying the correlation between Dvf and MVI. Thirdly, it is important to note 
that MVI can be graded into different grades, such as M0, M1, and M2. However, this proof-of-concept study focused solely 
on evaluating the feasibility of using tri-IVIM for diagnosing MVI-positive HCC, rather than grading the extent of MVI.

Conclusion
Our findings highlight the feasibility and value of tri-IVIM in identifying MVI in HCC. Specifically, both the perfusion- 
related Df and diffusion-related Ds obtained from tri-IVIM proved to be valuable indicators for MVI. Furthermore, tri- 
IVIM demonstrated superior diagnostic accuracy compared to bi-IVIM. Ultimately, the construction of a predictive 
nomogram that combines both clinical factors and tri-IVIM resulted in the highest accuracy for diagnosing MVI-positive 
HCC. These findings signified that tri-IVIM has the potential for enhancing prognostic prediction and guiding clinical 
management in the context of MVI-positive HCC.
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