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A B S T R A C T   

Objectives: To evaluate the efficacy and image processing time of the dynamic contrast-enhanced 
MRI (DCE-MRI) exchange model in liver fibrosis staging and compare it to the efficacy of mag-
netic resonance elastography (MRE). 
Methods: The subjects were 45 patients with nonalcoholic fatty liver disease (NAFLD) who un-
derwent MRE and DCE-MRI in our hospital. Liver biopsy results were available for all patients. 
Spearman rank correlation coefficients were used to compare the correlations among MRE, DCE- 
MRI and liver fibrosis parameters. Quantitative DCE-MRI parameters, MRE-derived liver stiffness 
measurement (LSM), and the results of a combined DCE-MRI + MRE logistic regression model 
were compared in terms of the area under the receiver operating characteristic curve (AUC). We 
also compared the scanning and postprocessing times of the MRE and DCE-MRI techniques. 
Results: The correlation coefficients between the following parameters of interest and liver fibrosis 
were as follows: capillary permeability–surface area product (PS; DCE-MRI parameter), − 0.761; 
portal blood flow (Fp; DCE-MRI parameter), − 0.754; MRE-LSM, 0.835. Some DCE-MRI param-
eters (PS, Fp) had slightly greater AUC values than MRE-LSM for diagnosing the presence or 
absence of liver fibrosis, and the combined model had the highest AUC value for all stages except 
F4, but there was no significant difference in the diagnostic efficacy of the DCE-MRI, MRE, and 
combined models for any stage of fibrosis. The average scanning times for MRE and DCE-MRI 
were 17 s and 330 s, respectively, and the average postprocessing times were 45.5 s and 
342.7 s, respectively. 
Conclusions: In the absence of MRE equipment, DCE-MRI represents an alternative technique. 
However, MRE is a quicker and simpler method for assessing fibrosis than DCE-MRI in the clinic.   

1. Introduction 

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in the world, and its prevalence can be as high as 
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30 % in adults [1,2]. In the past 40 years, exclusive diagnostic criteria have been adopted for NAFLD. With the improvement of the 
basic level of pathophysiology, people’s understanding of NAFLD has also been constantly changing. Experts believe that affirmative 
diagnostic criteria should be adopted for NAFLD. In 2020, NAFLD welcomed its first renaming, Asian Pacific Association for the Study 
of the Liver (APASL) suggestions for the use of metabolic-dysfunction-associated fatty liver disease (MAFLD) in NAFLD [3]. During the 
2023 European Association for the Study of the Liver (EASL) Annual Conference, the “A multisociety Delphi consensus statement on 
new fatty liver disease nomenclature" was officially released [4]. The new consensus suggests renaming NAFLD as “metabolic 
dysfunction-associated steatotic liver disease (MASLD), which places more emphasis on the role of metabolic cardiovascular risk 
factors in the pathogenesis of NAFLD. Renaming NAFLD is a broad and complex task, and the results of the latest renaming are still 
uncertain [5]. Due to incomplete uniformity of names, various studies on NAFLD, MAFLD, and MASLD exist. The main pathological 
manifestations of NAFLD are steatosis, inflammation, and fibrosis; steatosis and the inflammatory component of the NAFLD activity 
score (NAS) do not correlate with overall disease-specific mortality. The risk of liver-related death increases exponentially as the 
fibrosis stage progresses [6–8]. Early fibrosis in NAFLD is typically reversible, so early detection of liver fibrosis is clinically significant 
[9,10]. Risk stratification is also performed to manage advanced fibrosis in NAFLD patients [11]. In clinical practice, the invasive 
technique of liver aspiration biopsy is commonly used to diagnose liver fibrosis; because the biopsy is only a local sample, there is a 
potential risk of sampling error, which limits the clinical application of this technique in patient follow-up [9,12]. Therefore, there is a 
need to develop a noninvasive method of assessing liver fibrosis in NAFLD patients in the clinic. 

With new technologies such as magnetic resonance elastography (MRE) and dynamic contrast-enhanced MRI (DCE-MRI), quan-
titative assessment of liver fibrosis staging can be accomplished by radiology. MRE is based on displacement phase imaging tech-
nology, which utilizes different wavelengths of mechanical wave conduction in different elastic media and particle displacement of 
tissue under the action of shear waves and calculates a quantitative elastogram of liver tissue with an inversion algorithm; accordingly, 
the MRE technique can be performed to determine the degree of liver fibrosis intuitively, thus effectively distinguishing the different 
stages of fibrosis. In previous studies, MRE was found to have high diagnostic efficacy for liver fibrosis [13–15]. However, MRE re-
quires special hardware whose clinical availability is limited. In addition, MRE scans will fail in patients with iron overload or obesity 
[16]. 

DCE-MRI does not have the above limitations described for MRE applications. DCE-MRI allows semiquantitative and quantitative 
analysis of the hemodynamic status of tissue perfusion and microvascular permeability [17,18]. The progression of liver fibrosis is 
often accompanied by changes in the hemodynamic and microvascular environments, and hemodynamic changes precede morpho-
logical changes [19]. Therefore, tissue perfusion and microvascular permeability were calculated by DCE-MRI to reflect the hemo-
dynamic changes in the liver and thus assess liver fibrosis. 

At present, the Tofts model is the most widely used pharmacokinetic model of DCE-MRI hemodynamics [20,21]. The latest model is 
the two-compartment exchange model (2CXM); however, in contrast to the Tofts model, the 2CXM separates the perfusion influences 
from Ktrans and thus obtains the true capillary permeability–surface area product (PS) parameter so that changes in hepatic micro-
circulatory perfusion can be assessed more accurately in theory [22]. 

Quantitative DCE-MRI is commonly used in animal experiments [23–25], while clinical studies mainly use semiquantitative 
DCE-MRI parameters [26–28]. In a study by S. Kelle et al. [23], semiquantitative DCE-MRI was found to have lower diagnostic efficacy 
for liver fibrosis than DWI. In animal experiments by Zou L [26], full quantitative DCE-MRI showed the opposite result. In a study by Li 
et al. [29], the Ktrans parameter of the Tofts model for DCE-MRI was found to have an AUC diagnostic validity of 0.887 in an early 
fibrosis diagnosis. 

Quantitative DCE-MRI has demonstrated higher diagnostic efficacy than semiquantitative DCE-MRI in previous studies, and the 
diagnostic accuracy of quantitative DCE-MRI in the noninvasive assessment of liver fibrosis merits investigation. 

According to previous studies, DCE-MRI may represent an alternative to MRE; thus, the purpose of this study was to explore the 
diagnostic efficacy of the quantitative DCE-MRI exchange model for each liver fibrosis stage and to compare the diagnostic ability of 
DCE-MRI and MRE for different stages of liver fibrosis. The development of noninvasive fibrosis assessment techniques also involves 
consideration of their ease of clinical application; thus, scanning and postprocessing times need to be considered. Therefore, this study 
also compared the scanning and postprocessing times of the MRE and DCE-MRI techniques. 

Abbreviations 

ECM = Extracellular matrix 
EES = Extravascular extracellular space 
HSCs = Hepatic stellate cells 
HPI = Hepatic perfusion coefficient 
MRE = MR elastography 
DCE-MRI = dynamic contrast-enhanced MRI 
NAFLD = Nonalcoholic fatty liver disease 
FP = Plasma blood flow 
PS = Permeability of capillary vessel surface 
2CXM = Two-compartment exchange model  
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2. Materials and methods 

2.1. Experimental design and inclusion and exclusion criteria 

This study was a single-center retrospective study. The Ethics Committee of Beijing Friendship Hospital approved this study (2020- 
P2-235-01) and waived informed consent given its retrospective design. This study was conducted on patients with pathologically 
diagnosed NAFLD who underwent DCE-MRI and MRE (73 individuals between November 2016 and September 2021). The exclusion 
criteria for patients were as follows: (1) MRE or DCE-MRI data that did not meet the image quality requirements (7 patients were 
excluded), (2) focal liver lesions ≥3 cm on MRI (1 patient was excluded), or (3) F0–F3 liver puncture pathology and an imaging interval 
>6 months (20 patients were excluded). The total number of exclusions was 28. The flow chart of subject inclusion and exclusion is 
shown in Fig. 1. 

2.2. Reference standards 

All patients underwent ultrasound-guided liver biopsy, and one strip of liver tissue (more than 15 mm in length and containing at 
least six confluent areas) was collected from the right liver lobe in each patient. The total number of patients excluded was 28. The flow 
chart of subject inclusion and exclusion is shown in Fig. 1. All pathological tissue samples were stained with hematoxylin-eosin stain 
and Masson trichrome stain. All pathological findings were pathologically diagnosed by a senior hepatologist (XYZ) with more than ten 
years of experience who was aware of each patient’s clinical profile but had no knowledge of the subject’s imaging measurements. The 
Nonalcoholic Steatohepatitis Clinical Research Network histologic scoring system for fibrosis was used. Fibrosis was staged as follows: 
F0: no fibrosis; F1: perisinusoidal or periportal fibrosis; F2: perisinusoidal and portal/periportal fibrosis; F3: bridging fibrosis; and F4: 
cirrhosis. 

2.3. Image acquisition and postprocessing 

All subjects were scanned on a 3.0 T MRI instrument (GE Discovery 750 W) with scan sequences including MRE and DCE-MRI, and 
MRI signals were acquired using a 16-channel phased-array coil. 

2.4. DCE-MRI scan parameters and postprocessing 

The DCE-MRI scan parameters were as follows: repetition time/echo time (TR/TE), 3.2 ms/1.4 ms; matrix, 256 × 160, field of view 
(FOV), 42 cm × 35.7 cm; layer thickness, 4 mm; layer spacing, 0 mm; flip angle, 12◦; and receiver bandwidth, ±83.33 kHz. The liver 
acquisition with volume acceleration–extended volume (LAVA-XV) sequence was used to cover the whole liver, and the radiologic 
technologist scanned the mask image before enhancement, followed by breath-hold training to keep the subject performing inter-
mittent and low-frequency breathing. The contrast agent was then injected intravenously into the upper arm, and images were ac-
quired continuously by scanning 30 phases with a temporal resolution of 10 s for a total of 5 min. The injection method was as follows: 
a high-pressure MRI injector (Medrad Spectris Solaris EP) was used to inject the contrast agent GD-DTPA (at a dose of 0.1 mmol/kg) 
first, followed by 20 mL of saline, all at a rate of 2.5 mL/s. The DCE-MRI sequence took 5 min and 30 s. 

Fig. 1. Flowchart of inclusion and exclusion criteria.  
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The 2CXM is the most commonly used exchange model and is capable of measuring portal blood flow (Fp) and PS separately, as well 
as Ve, Vp, and Kep data [30,31]. The calculation formula of Exchange is shown in Equation (1). 

Ct(t) = Fp[faCa(t) + (1 − fa)Cv(t) ]/(1 − HLV) ⊗ A.exp( − αt) + (1 − A).exp( − β) (1) 

A, α, and β were obtained according to the hemodynamic model parameters Vp, Ve, and PS. 
The relationship between Ktrans and the values of Fp and PS is shown in Equation (2). 

Ktrans=Fp
(
1 − e− PS/Fp) (2) 

The parameters of Equations (1) and (2) are shown in Table 1, and a schematic diagram of the exchange is shown in Fig. 2. 
The radiologist imported the scanned images into GE’s Omni Kinetics software for processing. A dual-input AIF model was selected, 

with the abdominal aorta and portal vein labeled as the vascular input function. The fitted curves used to select the exchange model for 
calculation are shown in Fig. 3. Two radiologists, HR (with eight years of experience) and DWY (with more than 10 years of expe-
rience), who were unaware of the pathological findings, selected three ROIs in the right lobe and segment 4 on the largest slice of the 
liver and calculated the mean. The ROIs were selected, avoiding the hepatic margins, blood vessels and hepatic cyst areas. The final 
values were averaged from the measurements performed by the two radiologists, and the ROIs are shown in Fig. 3. Two radiologists 
recorded the postprocessing time for each patient. 

2.5. MRE image acquisition and processing 

The MRE scan parameters were as follows: spin-echo echo-planar imaging (SE-EPI); TR/TE: 1000 ms/min full; matrix: 64 × 64; 
FOV: 42 cm × 42 cm; layer thickness: 10 mm; layer spacing: 5 mm; number of layers, 7; number of excitations, 1; bandwidth: ±250 
kHz; driver frequency, 60 Hz; amplitude, 70 %; end-expiratory breath-hold scan; and a scanning duration of 17 s. 

All acquired MRE images were automatically processed by the postprocessing software Volume Viewer (version 13.0, GE 
Healthcare) on the MR master computer, and wave images, elastograms, and magnitude images were generated using inversion al-
gorithms. The elastogram forms crossed line regions (low-confidence data regions excluded by the postprocessing algorithm). 

Two radiologists (the same two as before) selected the ROI (right branch level of the portal vein) in the right lobe region of the liver, 
including the two layers above this level and a total of three layers, using a weighted average for the measurements. The physicians 
drew the ROI to include as much of the liver parenchyma as possible, with a minimum area >3 cm2, while avoiding large vessels, bile 
ducts, and areas in the 1 cm surrounding the liver or in the cross-shadow areas (low-confidence data areas). Two radiologists recorded 
the postprocessing time for each patient. 

2.6. Statistical analysis 

In this study, PASS software 15.0 was used to calculate the necessary sample size. Given α err pro = 0.05, Power (1-β err pro) =
0.80, the estimated AUC of DCE-MRI was 0.8, compared with AUC 0.5, N+ = 13 calculated from N- = 7; accordingly, the initial 
calculation required 20 cases, and to ensure the credibility of this study, this study collected a total of 45 cases. 

All data were statistically analyzed using SPSS 25.0 software and MedCalc 19.0. The Shapiro‒Wilk test was used to test the 
normality of the data. Data for all measurements were expressed as the mean ± standard deviation (normally distributed data) or 
median and quartiles (nonnormally distributed). The Kruskal-Wallis test was used to compare the differences in fibrosis stages among 
different groups of different parameters. A Spearman’s rank correlation coefficient ρ > 0.8 was considered very strong, a ρ of 0.6–0.8 
was moderately strong, a ρ of 0.3–0.6 was fair, and a ρ < 0.3 was poor [32]. A combined DCE-MRI model was constructed to include the 
strongly correlated parameters that were substituted into the linear regression equation and tested for covariance. DCE-MRI-related 
parameters and MRE were used to construct the logistic regression model. The diagnostic efficacy of each MR parameter and com-
bined model were then tested using the receiver operating characteristic (ROC) curve. Cutoff values, sensitivity, and specificity were 

Table 1 
Exchange formula symbols and abbreviations and definitions.  

Symbol/Abbreviation Definition Unit 

Ct(t) Contrast agent concentration in tissue mmol/L 
Ca(t) Abdominal aortic contrast agent concentration mmol/L 
Cp(t) Portal vein contrast agent concentration mmol/L 
fa Intratissue arterial perfusion fraction % 
HLV Intravascular hematocrit None 
HPI Hepatic perfusion coefficient None 
Fp Plasma blood flow ml/ml⋅min− 1 

Vp Blood plasma volume fraction None 
Ve Extravascular extracellular space volume fraction None 
Kep Outflow rate constant min− 1 

Ktrans Inflow transfer constant min− 1 

PS Permeability of the capillary vessel surface ml/ml⋅min− 1 

⊗ Convolution operation None  
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Fig. 2. Schematic of the dynamic exchange model. PS indicates the capillary permeability–surface area product. Fp indicates portal blood flow.  

Fig. 3. Abdominal aorta (green circles) and portal vein input (red circles) labeling and the 3 ROI labeling areas (yellow circular areas) for each DCE- 
MRI parameter. The curved part of the picture shows the fitted curve measurements of the abdominal aorta (green line) and portal vein (blue line). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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determined by calculating the maximum Youden index. In the dichotomous grouping, the fibrosis group (F ≥ 1), significant fibrosis 
group (F ≥ 2), advancing fibrosis group (F ≥ 3), and cirrhosis group (F = 4) were defined as positive results, and the DeLong test was 
used to compare the area under the ROC curve (AUC) values of the multiparametric combined diagnostic model and the 
single-parameter models. 

3. Results 

3.1. Subject information 

Ultimately, 45 subjects were included, all of whom had NAFLD; the subjects comprised 15 males and 30 females, with a mean age of 
50 ± 12 years and a mean body mass index (BMI) of 26.673 ± 3.001. There were 7 patients in stage F0, 12 patients in stage F1, five 
patients in stage F2, 12 patients in stage F3, and nine patients in stage F4. Sample plots of patients in stages F0 and F3 are shown in 
Figs. 4 and 5, respectively. 

3.2. Correlation between the value of each quantitative parameter and the stage of liver fibrosis 

MRE, PS, Fp, and HPI were strongly correlated with liver fibrosis (ρ = 0.835, − 0.761, − 0.754, and 0.632, respectively; all P <
0.001); Vp had a fair correlation with liver fibrosis (ρ = − 0.361, P < 0.05); Ve and Kep were not correlated with liver fibrosis (all P >
0.05). The correlation of each parameter with fibrosis is shown in Table 2. MRE had the highest correlation with the stage of liver 
fibrosis as determined by pathology. The DCE-MRI (PS, Kep, Ve, Vp, HPI, Fp) parameters and MRE-LSM used the Kruskal-Wallis test to 
compare the differences in fibrosis stages among various parameters. There was a statistically significant difference in the values of 
different fibrosis groups between DCE-MRI (PS, Vp, HPI, Fp) and MRE (P < 0.05), as shown in Fig. 4(A–F) and 5 (A - F). There was no 
difference in the values of Kep and Ve in the different fibrosis groups (P > 0.05). Values of DCE-MRI and MRE quantitative parameters 
in different liver fibrosis stages are shown in Table 3. 

3.3. Comparison of the diagnostic efficacy of DCE-MRI parameters alone and in combination with MRE elasticity values 

A combined DCE-MRI model was constructed to include the strongly correlated parameters (PS, Fp, and HPI), which were 
substituted into the linear regression equation and tested for covariance. The variance inflation factors of PS and Fp were 20.254 and 
20.155, respectively; therefore, the PS parameters with high correlation coefficients were selected to be included in the combined 
diagnostic model by logistic regression to construct a combined DCE-MRI model, i.e., combined model 1 (PS, HPI), and a combined 
DCE-MRI and MRE model 2 (PS, HPI, and MRE-LSM). 

The sensitivity and specificity of all AUCs, optimal cutoff values, and different diagnostic models for detecting any fibrosis (F0 
versus F1-4), significant fibrosis (F0-1 versus F2-4), advanced fibrosis (F0-2 versus F3-4), and cirrhosis (F0-3 versus F4) are shown in 
Table 4 and Fig. 6(A–D). The AUC values of DCE-MRI were higher than the MRE-LSM in the diagnosis of early fibrosis. There was no 
significant difference in the AUC of DCE-MRI (PS, HPI), MRE-LSM, and combined models 1 and 2 in the diagnosis of different stages of 
fibrosis (P > 0.05). 

Fig. 4. A 40-year-old female patient was pathologically confirmed to be in stage F0 by needle biopsy. From A to F, the images show PS, Fp, MRE, 
HPI, Vp, and Masson staining, with values of 0.606 mL/mL⋅min− 1, 0.558 mL/mL⋅min− 1, 2.122 kPa, 0.127, and 0.130, respectively, for the first 
5 images. 
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3.4. The scanning and postprocessing times of the MRE and DCE-MRI techniques 

The average MRE scanning time was 17 s, and the average postprocessing time was 45.5 s, for a total of 62.5 s. The average DCE- 
MRI scanning time was 330 s, and the average postprocessing time was 342.7 s, for a total of 672.7 s. Paired-sample t tests were 
performed to compare the postprocessing time and total time of the DCE-MRI and MRE techniques; P < 0.001 was considered to 
indicate a statistically significant difference. 

4. Discussion 

In this study, the parameter most strongly correlated with the pathological stage of liver fibrosis was MRE-LSM (ρ = 0.835), which 
had a stronger correlation than any of the DCE-MRI parameters. The AUCs of the single DCE-MRI parameter (PS) and the combined 

Fig. 5. A 59-year-old female patient was pathologically confirmed to be in stage F3 by needle biopsy. From A to F, the images show PS, Fp, MRE, 
HPI, Vp, and Masson staining, with values of 0.276 mL/mL⋅min− 1, 0.0251 mL/mL⋅min− 1, 4.178 kPa, 0.371, and 0.037, respectively, for the first 
5 images. 

Table 2 
Correlation of each parameter with liver fibrosis.  

Parameter ρ P 

PS − 0.761 ＜0.001a 

Fp − 0.754 ＜0.001a 

Kep − 0.215 0.156 
Ve 0.017 0.913 
Vp − 0.361 0.015a 

HPI 0.632 ＜0.001a 

MRE 0.835 ＜0.001a  

a Indicates statistical significance. 

Table 3 
Values of DCE-MRI and MRE quantitative parameters in different liver fibrosis stages.  

Group F0 (n = 7) F1 (n = 12) F2 (n = 5) F3 (n = 12) F4 (n = 9) P 

PS 
(ml/ml⋅min− 1) 

0.649 (0.586, 0.702) 0.532 (0.471, 0.633) 0.487 (0.350, 0.507) 0.291 (0.262, 0.411) 0.314 (0.216, 0.382) ＜0.001a 

Fp 
(ml/ml⋅min− 1) 

0.607 (0.449, 0.701) 0.471 (0.441, 0.580) 0.443 (0.308, 0.473) 0.264 (0.227, 0.326) 0.307 (0.199, 0.336) ＜0.001a 

Kep 
(min− 1) 

4.944 (2.984, 5.512) 3.437 (1.167, 6.220) 2.684 (1.706, 3.584) 2.442 (0.737, 4.300) 4.200 (0.842, 5.549) 0.300 

Ve 0.179 (0.145, 0.340) 0.407 (0.158, 0.777) 0.504 (0.342, 0.611) 0.472 (0.224, 0.697) 0.141 (0.077, 0.586) 0.206 
Vp 0.104 (0.083, 0.134) 0.091 (0.074, 0.143) 0.067 (0.052, 0.153) 0.053 (0.039, 0.092) 0.069 (0.041, 0.114) 0.039a 

HPI 0.171 (0.049, 0.242) 0.149 (0.082, 0.260) 0.291 (0.222, 0.442) 0.409 (0.333, 0.492) 0.535 (0.332, 0.727) 0.001a 

MRE 
(kPa) 

2.284 (2.171, 2.590) 2.538 (2.180, 2.745) 2.617 (2.395, 3.306) 4.352 (3.207, 5.504) 6.894 (4.523, 7.953) ＜0.001a  

a Indicates statistical significance. 
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Table 4 
Diagnostic efficacy of PS, HPI, MRE, combined model 1, and combined model 2 for liver fibrosis.  

Parameter Cut-off Sensitivity (%) Specificity (%) PPV (%) NPV (%) Z P AUC (95 % CI) 

F0 vs. F1-4 
PS (ml/ml⋅min− 1) ≤0.551 86.84 85.71 97.06 54.55 7.221 <0.001 0.906 (0.781–0.973) 
HPI >0.252 65.79 100.00 100.00 35.01 4.220 <0.001 0.805 (0.659–0.907) 
MRE (kPa) >2.682 65.79 100.00 100.00 35.01 5.274 <0.001 0.838 (0.698–0.931) 
Combined model 1 >0.721 86.84 85.71 97.06 54.55 7.695 <0.001 0.910 (0.786–0.975) 
Combined model 2 >0.634 89.47 85.71 97.14 60.00 8.008 <0.001 0.917 (0.796–0.978) 
F0-1 vs. F2-4 
PS (ml/ml⋅min− 1) ≤0.460 84.62 89.47 91.67 80.95 10.861 <0.001 0.923 (0.804–0.981) 
HPI >0.261 80.77 89.47 91.30 77.27 5.408 <0.001 0.844 (0.705–0.935) 
MRE (kPa) >2.921 84.62 100.00 100.00 82.61 12.499 <0.001 0.937 (0.823–0.988) 
Combined model 1 >0.599 80.77 89.47 91.30 77.27 10.704 <0.001 0.921 (0.801–0.980) 
Combined model 2 >0.725 80.77 100.00 100.00 79.17 20.733 <0.001 0.964 (0.860–0.997) 
F0-2 vs. F3-4 
PS (ml/ml⋅min− 1) ≤0.437 95.24 87.50 86.96 95.46 9.273 <0.001 0.917 (0.795–0.978) 
HPI >0.291 85.71 83.33 81.82 86.95 5.006 <0.001 0.829 (0.688–0.925) 
MRE (kPa) >3.090 95.24 95.83 95.24 95.83 21.920 <0.001 0.972 (0.874–0.999) 
Combined model 1 >0.330 95.24 87.50 86.96 95.46 9.580 <0.001 0.919 (0.798–0.979) 
Combined model 2 >0.540 95.24 100.00 100.00 96.00 26.072 <0.001 0.982 (0.889–1.000) 
F0-3 vs. F4 
PS (ml/ml⋅min− 1) ≤0.394 100.00 66.67 42.86 100.00 4.656 <0.001 0.806 (0.660–0.908) 
HPI >0.488 66.67 88.89 60.00 91.43 3.800 <0.001 0.809 (0.664–0.910) 
MRE (kPa) >4.184 88.89 83.33 57.14 96.77 10.154 <0.001 0.929 (0.811–0.984) 
Combined model 1 >0.337 66.67 91.67 66.68 91.67 5.206 <0.001 0.843 (0.703–0.934) 
Combined model 2 >0.057 100.00 75.00 50.00 100.00 10.248 <0.001 0.926 (0.807–0.983) 

PPV, positive predictive value; NPV, negative predictive value. 

Fig. 6. Receiver operating characteristic curves of liver elastance values and multiphase dynamic enhanced PS parameters for detecting liver 
fibrosis, F1-4 (A); significant fibrosis, F2-4 (B); progressive fibrosis, F3-4 (C); and cirrhosis, F4 (D). 
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parameters (PS and HPI) in the exchange model were slightly greater than those of MRE-LSM in diagnosing the presence or absence of 
liver fibrosis. There was an increase in AUC in combined model 2 compared to MRE-LSM for the diagnosis of fibrosis ≥ F1, F2, and F3. 
There was no significant difference among the MRE, DCE-MRI, and combined models in the diagnosis of any fibrosis stage. The MRE 
technique was faster to perform than the DCE-MRI technique (shorter scanning and postprocessing times). 

In this study, as the severity of liver fibrosis increased, HPI increased; Fp, PS, and Vp decreased; and Fp, PS, and HPI had good 
diagnostic value for the differential diagnosis of NAFLD liver fibrosis stages. Pathologically, liver fibrosis is an accumulation of 
extracellular matrix components in the liver, and steatohepatitis in NAFLD patients promotes the activation of hepatic stellate cells 
(HSCs) [33]. The production of large fibrous collagen molecules deposited in the extravascular space leads to the formation of a 
basement membrane for hepatic sinusoidal cells and the capillarization of these cells [34]. Liver fibrosis will therefore impede the 
exchange of vascular and histological interstitial material, while a large amount of extracellular matrix will be deposited in the 
extravascular space, causing increased resistance to blood flow in the hepatic sinusoids and consequently decreased perfusion in the 
liver. Hagiwara et al. [35] showed that with the exacerbation of liver fibrosis, the Fp gradually decreased, and the velocity of this flow 
decreased. Therefore, both PS and Fp should decrease with the exacerbation of liver fibrosis. 

In this study, the PS and Fp parameters decreased as the stage of liver fibrosis increased, thus supporting the theoretical hypothesis. 
Wu et al. [36] performed a quantitative study using a rat liver fibrosis model and found that Ktrans (Ktrans in the extended Tofts model 
is equivalent to PS and Fp in the exchange model) increased as the fibrosis stage increased. Wu et al. [36] believe that the reason for the 
increase in Ktrans is that Gd-EOB-DTPA is a small molecule contrast agent that is not affected by the deposition of an extracellular 
matrix (ECM). Wu et al. [36] suggested that as the stage of liver fibrosis progresses, the increase in the hepatic artery blood supply 
fraction will increase the transport speed of the contrast agent. The researchers in the present study suggest that the increase in Ktrans 
in the study by Wu et al. [36] may be due to the use of the contrast agent Gd-EOB-DTPA, which is taken up by hepatocytes and 
therefore requires an increase in the calculated size of the third compartment of the intracellular space in terms of pharmacokinetics, 
whereas the study by Wu Z used a two-input extended Tofts model, which is only a two-compartment model and ignores the effect of 
the third compartment of the contrast agent taken up by hepatocytes in the calculation of quantitative parameters. Despite the use of 
Gd-EOB-DTPA contrast in the studies of Zou et al. [26] and Liu et al. [27], the Ktrans parameter of DCE-MRI in their studies still had 
high diagnostic efficacy in diagnosing the early stages of liver fibrosis. In another study, Li et al. [29] used the contrast agent 
Gd-DTPA-BMA in a rabbit liver fibrosis model. They found that Ktrans values decreased with increasing liver fibrosis, and their results 
were consistent with this study. 

Capillarization of the hepatic sinusoids and deposition of collagen fibers in the tissue interstices results in increased resistance to 
blood flow in and out of the hepatic sinusoids, decreased hepatic perfusion, and impaired blood microcirculation to hepatocytes. In 
advanced liver fibrosis, further destruction of liver lobules and formation of pseudolobules increase the intrahepatic vascular pressure, 
which further increases the vascular resistance of the portal venous system. The corresponding decrease in hepatic blood flow leads to 
a compensatory response of hepatic artery dilation and subsequent elevation of the hepatic artery fraction to maintain total blood flow 
to the liver, thus causing an increase in the hepatic artery fraction [37]. The HPI also showed a good correlation with the liver fibrosis 
stage in this study. HPI values increased as the fibrosis stage increased, and Fp values decreased as the fibrosis stage increased, which is 
consistent with the pathological change process of liver fibrosis. The HPI can reflect the degree of hepatic vascular arterialization; 
therefore, the HPI has clinical value in assessing the stage of liver fibrosis. 

The parameters Kep and Ve did not correlate statistically with the pathological stage of liver fibrosis, while Vp was negatively 
associated with liver fibrosis. The Kep and Vp parameter values in the present study were consistent with the findings of Li et al. [29]. 
Ve was not correlated with liver fibrosis in the present study but was negatively correlated with fibrosis in the study by Li et al. [29]. 
Theoretically, ECM deposition in the interstitium increases with the progression of fibrosis. Li et al. [29] explained the reason for the 
reduced Ve as the proliferation of fibrosis-related cells. The reason for the discrepancy between our study and Li’s conclusion may be 
that the rat CCl4 model used in their research is less prone to steatosis. In contrast, almost all the NAFLD patients in the present study 
had hepatocellular steatosis, which would cause reduced extravascular extracellular space (EES). Therefore, two factors influenced the 
Ve parameters, resulting in a nonsignificant Ve parameter. There are fewer studies on Kep, Ve, and Vp; most studies focus more on 
Ktrans. The present study initially explores these relevant parameters, but more cases are needed to validate them. 

MRE has been shown to correlate well with liver fibrosis and has been used as an essential reference standard in liver disease 
guidelines. In previous studies, MRE was somewhat deficient in its ability to identify early fibrosis [15,38]. First, the MRE-LSM of the 
liver in normal, healthy individuals is an interval range value [39]. Second, the degree of mechanical alteration of the liver in early 
fibrosis in NAFLD is small. Therefore, MRE is slightly less accurate in diagnosing early fibrosis than advanced liver fibrosis. In addition, 
liver MRE-LSM are affected by blood perfusion. Furthermore, the patients included in this study were all NAFLD patients; thus, the 
diagnostic efficacy in identifying liver fibrosis above stage F1 was reduced and may have been influenced by steatosis and inflam-
mation. Nevertheless, MRE is the most effective imaging tool for detecting liver fibrosis. Indeed, this study confirms that MRE is still an 
excellent diagnostic tool for identifying all stages of fibrosis. 

DCE-MRI can be used to evaluate liver fibrosis by MRE directly evaluates liver stiffness through changes in mechanical waves. The 
effect of early fibrosis on peripheral perfusion/microcirculation may be greater than that of overall liver stiffness, as in advanced liver 
fibrosis, the ECM has deposited a large amount of collagen fibers into the extracellular space, leading to changes in blood perfusion. 
Advanced fibrosis is associated with smaller changes in blood perfusion than early fibrosis, and imaging may also reveal perfusion 
related to portal hypertension in advanced fibrosis. At this point, the deposition of collagen fibers and portal hypertension will increase 
the stiffness of the liver. This may explain the current findings that in early fibrosis, the AUC of DCE-MRI was slightly higher than that 
of MRE, while in advanced fibrosis, the AUC of DCE-MRI was lower than that of MRE. 

Imajo K et al. [40] reported that the ICC of interobserver repeatability between an expert and trainee increased with the number of 
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cases that the trainee had experienced. Regarding operation, DCE-MRI is more cumbersome than MRE, and operators greater expe-
rience to become familiar with the operation. In this study, the scanning and postprocessing times of MRE and DCE-MRI were 
compared; MRE measurements were easier, postprocessing times were shorter, and the technique was easier to implement in clinical 
applications. 

The present study has some shortcomings, such as a small sample size. Additionally, because the temporal resolution of DCE-MRI is 
low, the diagnostic efficacy of the parameters may be reduced. Additionally, in this study, because of the different technical principles 
of DCE-MRI and MRE, two ROI drawing methods were used. In DCE-MRI, three ROIs in the right lobe and segment 4 on the largest slice 
of the liver were selected, and the mean was calculated. Segments 2 and 3 of the liver are easily affected by heartbeat, so measurements 
are taken in the right lobe and segment 4 of the liver. The principle of DCE-MRI is different from that of MRE. Small blood vessels have 
little effect on MRE, but they can have a certain impact on DCE measurement. Therefore, DCE-MRI requires more liver segments for 
measurement. The MRE passive driver is closer to the liver segment 4 region, and for some patients, the MRE-LSM calculation is 
incorrect in some areas of liver segment 4, which may have led to some differences in the diagnostic efficacy of the two methods. In 
recent years, NAFLD has been renamed twice, and different naming diagnostic criteria have differences. This study was a retrospective 
trial, and subjects were enrolled from the clinic according to the NAFLD criteria. Therefore, there may be some bias in patient selection 
in this study. 

5. Conclusion 

In conclusion, MRE has good diagnostic value for all stages of liver fibrosis in patients with NAFLD. There was no significant 
difference in the diagnostic efficacy of DCE-MRI and MRE for any stage of fibrosis in this study. In the absence of MRE equipment, DCE- 
MRI represents an alternative technique. MRE is a quicker and simpler method of assessing fibrosis than DCE-MRI in the clinic. 
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