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Background: Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer-related death
worldwide. Angiogenic factors may be valuable indices of tumor recurrence and treatment and potentially
useful markers for predicting the response to antiangiogenesis therapy. Vascular endothelial growth factor
(VEGF) and matrix metalloproteinases (MMPs) are major drivers of tumor angiogenesis. Preoperatively
predicting the expression of VEGF and MMPs is crucial for treating HCC. Intravoxel incoherent motion
(IVIM) diffusion-weighted imaging (DWI) has been successfully used in the differential diagnosis of HCC,
pathological grading, and treatment response evaluation. However, the correlations between IVIM-DWI
parameters and VEGF and MMP expression have not been reported. This study provides a preliminary
analysis of the correlation between IVIM-DWI parameters and the expression of VEGE, MMP-2, and
MMP-9 to investigate the value of IVIM-DWTI in the noninvasive evaluation of angiogenesis in HCC.
Methods: IVIM-DWI was performed in 61 patients with HCC 1 week before they underwent surgical
resection. VEGF, MMP-2, and MMP-9 expression was detected using immunohistochemistry staining.
Spearman correlation analysis was used to analyze the correlations between the IVIM-DWTI parameters and
VEGE, MMP-2, and MMP-9 expression in HCC.

Results: The fast apparent diffusion coefficient fraction (f) value was positively correlated with the
expression of VEGF (P<0.001), MMP-2 (P=0.002), and MMP-9 (P<0.001). The fast apparent diffusion
coefficient (D*) was positively correlated with VEGF (P<0.001) and MMP-9 (P<0.001) expression but
was not correlated with MMP-2 (P=0.659) expression. The apparent diffusion coefficient (ADC) and slow
apparent diffusion coefficient (D) values were not significantly correlated with the expression of VEGF
(P=0.103 and P=0.543, respectively), MMP-2 (P=0.596 and P=0.338, respectively), or MMP-9 (P=0.102 and
P=0.660, respectively).

Conclusions: IVIM-DWI can be used to noninvasively evaluate angiogenesis in HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fourth most
common cause of cancer-related death in the world (1,2).
Tumor growth can be limited by suppressing tumor
angiogenesis. Angiogenic factors have been identified as
valuable indices of recurrence in the treatment of tumors
and as useful markers to predict antiangiogenesis therapy
response (3). Among these factors, vascular endothelial
growth factor (VEGF) and matrix metalloproteinases
(MMPs) are major drivers of tumor angiogenesis.
Preoperatively predicting VEGF and MMP expression is
critical to treating HCC.

Intravoxel incoherent motion diffusion-weighted imaging
(IVIM-DWI) is a new technology that has emerged in
recent years. Using a biexponential model, IVIM-DWI
can quantitatively measure information related to pure
water molecule diffusion and microcirculation perfusion,
thus compensating for the shortcomings of traditional
DWI. Recently, IVIM-DWTI has been successfully
used in differential diagnosis (4), pathological grading
(5-7), assessment of microvascular invasion (MVI) (7), and
evaluation of treatment response (8). Several studies have
investigated the relationship between apparent diffusion
coefficients (ADCs) derived from traditional DWT and
VEGEF expression in various tumors, but the reported results
are contradictory (9-11).

However, there are no reports on the use of IVIM-DWI
to evaluate the expression of VEGF and MMPs in HCC.
This study provides a preliminary analysis of the correlation
between IVIM-DWI parameters and the expression of
VEGE, MMP-2, and MMP-9 to investigate the value of
IVIM-DWTI in the noninvasive evaluation of angiogenesis

in HCC.

Methods
Patient data

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This study was
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approved by the Ethics Committee of the Affiliated Hospital
of North Sichuan Medical College. Written informed
consent was obtained from all study participants. A total of
393 patients with HCC who visited the Affiliated Hospital
of North Sichuan Medical College between January 2018
and September 2019 were included. The final cohort
consisted of 61 patients with HCC who had no other liver
diseases according to the inclusion and exclusion criteria
(Figure I). Patients were included if they (I) had received
surgery within 1 week after magnetic resonance imaging
(MRI) examination, (II) had not received preoperative
radiochemotherapy or preoperative interventional therapy,
and (III) had a postoperative pathological diagnosis of HCC.
Patients were excluded if they (I) had contraindications for
MRI examination or (II) had incomplete data or poor image

quality.

MRI scan and data measurement

All patients underwent conventional noncontrast-enhanced
MRI, dynamic contrast-enhanced MRI, and IVIM-DWI
imaging using a 3.0T magnetic resonance scanner with
a 32-channel phased array body coil (Discovery MR750,
GE Healthcare, Chicago, IL, USA). Patients had fasted
for more than 4 hours and completed respiration training
before the MRI scans. Each patient was scanned from the
apex of the diaphragm to the lower edge of the liver. The
MRI sequence and parameters and the data measurement
method used in this study were the same as those used
in previous studies (12,13). The IVIM-DWI sequence
(respiratory-triggered) was obtained using the following
parameters: repetition time/time to echo (TR/TE),
3529/60.8 ms; flip angle (FA), 90°; matrix, 128x160; field
of view (FOV), 340x340 mm” to 360x360 mm’; and section
thickness, 5 mm. Nine # values (b=0, 20, 50, 100, 150, 200,
400, 800, and 1,000 s/mm”) were used for the IVIM-DWI
sequence, and segmented fitting with a threshold 4 value of
200 s/mm’ was used. The contrast-enhanced MRI sequence
was acquired after IVIM-DWI. The contrast agent (Gd-
DTPA; 15-20 mL) was injected with a high-pressure
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Figure 1 Flowchart of the study population. HCC, hepatocellular carcinoma; IVIM-DWI, intravoxel incoherent motion diffusion-weighted

imaging; MRI, magnetic resonance imaging.

syringe through the vein of the hand at an injection speed
of 2-2.5 mL/s.

MR images were sent to a GE ADW4.6 workstation
and analyzed using Function-MADC software. A
70-80 mm’ region of interest (ROI) was manually selected
in the largest solid area of the HCC lesion, with areas with
necrosis, hemorrhage, or cystic degeneration being avoided.
Pseudocolor parameter maps of the ADC, slow apparent
diffusion coefficient (D), fast apparent diffusion coefficient
(D*), and fast apparent diffusion coefficient fraction (f) were
generated. All parameter values were measured 3 times, and
the average values were recorded.

Immunobistochemical staining

The VEGF, MMP-9, and MMP-2 antibodies (Abcam,
Cambridge, UK) were clones ab1316, ab38898, and
ab86607, respectively, and their dilutions were 1:200,
1:250, and 1:250, respectively. Postoperative HCC tissue
specimens were fixed in 10% formalin, dehydrated in
ethanol, cleared in xylene, embedded in paraffin, and serially
sectioned into 5-pm slices for hematoxylin and eosin (HE)
staining and immunohistochemical staining. The VEGE,
MMP-9, and MMP-2 staining results were evaluated based
on the semiquantitative method of Shimizu et 4/. (14,15).
Scores for the proportion of stained cells were as follows:
0 points indicated that no cells were stained, 1 point
indicated that 1-10% of tumor cells stained positively,

2 points indicated that 11-50% of tumor cells stained
positively, and 3 points indicated that 51-100% of tumor
cells stained positively.

Scores for staining intensity were as follows: 0 points
indicated that no cells were stained, 1 point indicated that
the tumor cells stained light yellow, 2 points indicated
that the tumor cells stained brownish yellow, and 3 points
indicated that the tumor cells stained brown.

The overall score was defined as the sum of the scores
for the proportion of stained cells and for staining intensity:
overall score = score for the proportion of stained cells +
score for staining intensity. The overall score was divided
into 3 levels: 0-2 points represented negative, 3—4 points
represented positive, and 5-6 points represented strongly
positive.

Statistical analysis

All data were statistically analyzed using SPSS 23.0 IBM
Corp, Armonk, NY, USA). One-way analysis of variance was
used to compare the differences in IVIM-DWI parameters
between HCC tissues with negative, positive, and strongly
positive expressions of VEGE MMP-9, and MMP-2.

Spearman correlation analysis was used to analyze the
correlation between the IVIM-DWI parameters and the
expression of VEGE, MMP-9, and MMP-2 in HCC tissues.
A P value less than 0.05 indicated a statistically significant
difference.
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Results

The 61 patients in this study included 55 males and
6 females aged 29 to 70 years; the average age was
50.3+10.4 years. The tumor size ranged from 1.2 to 16.1 cm
with an average size of 5.1£3.3 cm. VEGEF expression was
negative in 10 patients, positive in 39 patients, and strongly
positive in 12 patients. MMP-9 expression was negative in
12 patients, positive in 30 patients, and strongly positive in
19 patients. MMP-2 expression was negative in 17 patients,
positive in 36 patients, and strongly positive in 8 patients.

The fvalue was significantly different among patients
with different expression levels of VEGE, MMP-2, and
MMP-9. The f values of patients strongly positive for
VEGF, MMP-2, and MMP-9 were significantly higher
than those of patients who were positive or negative for
VEGF, MMP-2, and MMP-9. The f values of patients
positive for VEGE, MMP-2, and MMP-9 were significantly
greater than those of patients negative for VEGEF, MMP-
2, and MMP-9, respectively. The D* value was significantly
different between patients with different expression levels
of VEGF and MMP-9 and was not significantly different
between patients with different expression levels of MMP-
2. The D* values of patients who were strongly positive
for VEGF and MMP-9 were greater than those of patients
positive for VEGF or negative for MMP-9. The D* values
of patients positive for VEGF and MMP-9 were greater
than those of patients negative for VEGF and MMP-9. The
ADC and D value were not significantly different among
patients with different expression levels of VEGE, MMP-2,
and MMP-9.

The fvalue was positively correlated with the expression
of VEGF, MMP-2, and MMP-9. The D * value was
positively correlated with VEGF and MMP-9 expression
but was not correlated with MMP-2 expression. ADC and
D values did not significantly correlate with the expression

of VEGE, MMP-2, or MMP-9 (Tubles 1,2; Figures 2-4).

Discussion

Le Bihan (16) was first to propose the concept of IVIM in
the 1980s. IVIM-DWTI refers to diffusion-weighted imaging
based on a double exponential model that can quantitatively
obtain information on water molecule diffusion and
microcirculatory perfusion-related diffusion. It compensates
for a deficiency of the conventional single exponential
model-based DWI, which can only determine the
ADC (17). D, an IVIM-DWI parameter, reflects the
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diffusion of water molecules in the tissue within the ROI;
D* reflects the microcirculatory perfusion in the ROI; f
represents the ratio of microcirculatory perfusion-related
diffusion volume to total diffusion volume (18-20). The
attenuation of the IVIM-DWTI signal in tissue is related to
the b value (18,21):

Sb/SO:(l—f)xexp(—bD)+f><exp[—b(D+D*)] [1]

where S, and S, are the signal intensities at / values of # and
0 s/mm’, respectively (21).

VEGEF is an endothelial cell-specific mitogen that
induces angiogenesis (22). VEGF plays an important
role in mediating tumor angiogenesis (23-28). MMPs are
zinc-dependent endopeptidases with proteolytic enzyme
activity that play an important role in extracellular matrix
remodeling and affect tumor growth, invasion, and distant
metastasis (29,30). MMP-2 and MMP-9 are important
members of the MMP family and are the 2 most effective
initiators of collagen breakdown (30). They play a key
role in the angiogenesis, invasion, and metastasis of HCC
(31,32). In tumor angiogenesis, there is a complex mutual
regulatory relationship between VEGF and MMPs (33-36).

Microvessel density (MVD) is commonly used to
evaluate tissue perfusion. Perfusion-related IVIM-
DWI parameters, such as D* and f; and the expression of
angiogenic factors, such as VEGEF, MMP-2, and MMP-
9, in tumor tissue are significantly positively correlated
with MVD (31,32,37-41). IVIM-DWI parameters can
be used to evaluate tumor angiogenesis (40,42,43). An
IVIM-DWTI study of a mouse lung cancer model showed
that D* and f were positively correlated with VEGF
expression (43). A study using MR-DWI to monitor how
metastatic abdominal and pelvic tumors responded to a
VEGTF inhibitor showed that D* significantly decreased
on day 7 and that f significantly decreased on day 28 (44).
Significant differences in the f values of colorectal cancer
patients with different expression levels of mismatch repair
proteins may be related to the differential expression of
VEGF and its receptor, VEGFR2 (40). However, D* is
reported to have no correlation with VEGF (42). The
possible causes of these controversial findings may be that
the structure and density of some capillaries cannot reflect
the information from macroscopic tumors and blood
vessels (42); other physiological processes, such as glandular
secretion and fluid flows inside the glandular ducts and
other ducts, may affect the measured D* values (45), and D*
is associated with a low signal-to-noise ratio (46) and poor
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Table 1 Comparison of IVIM-DWI parameters for patients with different expression levels of VEGE, MMP-2, and MMP-9 in HCC tissues

1891

Biomarker ADC (10°mm?/s) D (10°mm?/s) D*(10° mm?/s) f (%)
VEGF
Negative 1.04+0.17 0.84+0.20 26.03+19.84% 13.51+5.03°
Positive 1.20+0.25 0.89+0.19 44.51+21.31° 22.41+6.76°
Strongly positive 1.21+£0.17 0.95+0.18 66.01+18.49° 33.78+5.48°
F 2.236 0.994 10.483 29.132
P value 0.116 0.376 0.000 0.000
MMP-2
Negative 1.17+0.21 0.92+0.14 47.09+26.83 18.67+8.68°
Positive 1.17+£0.24 0.88+0.22 42.16+21.49 23.37+7.18°
Strongly positive 1.21+£0.24 0.91+0.10 58.77+23.58 31.99+9.44°
F 0.099 0.238 1.700 0.717
P value 0.906 0.789 0.192 0.001
MMP-9
Negative 1.06+0.23 0.88+0.19 27.76+15.34° 14.56+4.64°
Positive 1.20+0.23 0.89+0.21 42.81+22.34° 22.28+6.92°
Strongly positive 1.20+0.21 0.92+0.17 61.63+20.32° 30.08+8.02°
F 2.006 0.215 10.578 18.969
P value 0.144 0.807 0.000 0.000

The values of ADC, D, D*, and f are presented as mean + standard deviation. Superscript letters indicate significant differences between
groups. D, slow apparent diffusion coefficient; D*, fast apparent diffusion coefficient; f, fast apparent diffusion coefficient fraction. HCC,
hepatocellular carcinoma; VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinase; IVIM-DWI, intravoxel incoherent
motion diffusion-weighted imaging; ADC, apparent diffusion coefficient.

Table 2 Correlation between IVIM-DWI parameters and the expression of VEGE, MMP-2, and MMP-9 in HCC tissues

VEGF MMP-9
Parameters
r P value r P value r P value
ADC 0.211 0.103 -0.069 0.596 0.212 0.102
D 0.079 0.543 -0.125 0.338 0.057 0.660
D* 0.526 0.000 0.058 0.659 0.488 0.000
f 0.740 0.000 0.387 0.002 0.633 0.000

D, slow apparent diffusion coefficient; D*, fast apparent diffusion coefficient; f, fast apparent diffusion coefficient fraction. HCC,
hepatocellular carcinoma; VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinases; IVIM-DWI, intravoxel incoherent
motion diffusion-weighted imaging; ADC, apparent diffusion coefficient.
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Figure 2 Images of a 33-year-old male with HCC in the right lobe of the liver. (A) Unenhanced T1-weighted image showing a mildly
hypointense lesion (red arrow). (B) Unenhanced T2-weighted image showing a heterogeneous and mildly hyperintense lesion (red
arrow). (C) An image of the arterial phase showing a significantly unevenly enhanced lesion (red arrow). (D) An image of the portal
venous phase showing a lesion with reduced enhancement (red arrow). (E) The map of the ADC (red arrow) showing an ADC of
1.29x10”° mm®/s. (F) The map of the D (red arrow) showing a D value of 0.93x10” mm’/s. (G) Map of the D* (black arrow) showing a D*
value of 33.8x10”° mm®/s. (H) The map of the f(black arrow) showing an fvalue of 19.5%. HCC, hepatocellular carcinoma; ADC, apparent
diffusion coefficient; D, slow apparent diffusion coefficient; D*, fast apparent diffusion coefficient; f, fast apparent diffusion coefficient

fraction.
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Figure 3 Immunohistochemistry images of VEGE, MMP-2, and MMP-9, all showing strong positivity. (A) VEGF (x200); (B) MMP-2 (x200);
(C) MMP-9 (x200). VEGE, vascular endothelial growth factor; MMP, matrix metalloproteinase.

stability (18,47). In this study, D* was positively correlated
with the expression of VEGF and MMP-9, and f was
positively correlated with the expression of VEGE, MMP-9,
and MMP-2, suggesting that perfusion-related IVIM-DWI
parameters could reflect angiogenesis in HCC.

The correlations between the IVIM-DWI parameters
ADC and D and tumor angiogenesis are inconsistent
across different studies (10,39,40,44,48-51). Li
et al. (51) showed a statistically significant correlation
between the D value and MVD. In contrast, Lee et al.
(39) found no significant correlation between tissue
diffusivity (Dt) and MVD. Regarding the relationships
between the IVIM-DWTI parameters ADC and D and
the angiogenic factors VEGF and MMPs, some studies
have shown that ADC is negatively correlated with
VEGF (10,49-50), MMP-9, and MMP-2 (15) expression,
while other studies have shown that ADC is positively
correlated (52) or nonsignificantly (11,53,54)
correlated with VEGF expression. These
inconsistent results might be related to a number
of factors. First, the relationship between VEGF
and MMP expression and tumor angiogenesis is
complex (55). Second, VEGF expression leads to the
proliferation of tumor cells and restricted movement of
intracellular and extracellular water molecules, which can
decrease ADC values (10). On the other hand, it leads
to more tumor blood vessels, faster proton movement in
lumens, and increased ADC values (52). Third, VEGF
expression is already high in the early stage of tumor
development and does not increase exponentially with
tumor growth (52). Fourth, in addition to VEGF and
MMPs, other angiogenic factors are also involved in tumor
angiogenesis (55,56). Fifth, factors such as sample size,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

b value, and distribution may also affect the measured
results (16,18,57).

The results of this study indicated no significant
correlations between the IVIM-DWTI parameters ADC and
D and the angiogenic factors VEGF, MMP-2, and MMP-9.
Further research is needed in the future.

This study has some limitations. First, the relationship
between the IVIM-DWI parameters and the degree of
HCC tissue enhancement was not investigated. Second,
due to tumor heterogeneity, the values of the IVIM-DWI
parameters obtained from selective ROIs could not fully
represent the overall tumor condition. Third, the number
and size distributions of / values are not yet standardized
and thus require further optimization (58,59). In addition,
according to current IVIM models, the mutual constraint
of the diffusion and perfusion components occurs
(changing toward the opposite direction) (60-62). Recently,
Wing et al. (60-62) reported that liver microperfusion
could be evaluated by diffusion-derived vessel density
(DDVD). The D*, f, and DDVD values measure different
aspects of liver perfusion. The D* and fvalues may mainly
measure the arteries, while DDVD may mainly measure
the veins rather than the arteries. Moreover, the DDVD
is not constrained by IVIM-DWI modeling. In the future,
conventional IVIM-DWI parameters integrating the
DDVD may improve the diagnostic performance of liver

DWI (60-62).

Conclusions

In conclusion, the results of the present study suggest
that IVIM-DWI can be used to noninvasively evaluate
angiogenesis in HCC.
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Figure 4 Scatter plots showing the correlation between IVIM-DWI parameters and VEGF (A), MMP-2 (B), and MMP-9 (C) expression
in HCC. The ADC, D, and D* value unit is x10~ mm’/s, and the f value unit is %. *, indicates P<0.05; **, indicates P<0.01; ***, indicates

P<0.001. D, slow apparent diffusion coefficient; D*, fast apparent diffusion coefficient; f; fast apparent diffusion coefficient fraction. IVIM-

DWI, intravoxel incoherent motion diffusion-weighted imaging; VEGE, vascular endothelial growth factor; MMP, matrix metalloproteinase;

HCC, hepatocellular carcinoma; ADC, apparent diffusion coefficient.
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