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Abstract

Background: The damping ratio (DR) and the loss modulus (G″) obtained by 3D MR 

elastography complex modulus analysis has been reported recently to reflect early intrahepatic 

inflammation, and is expected to be a noninvasive biomarker of inflammation in nonalcoholic fatty 

liver disease (NAFLD). However, the role of the DR and the G″ in Japanese NAFLD patients 

remains unclear.

Methods: We enrolled 39 Japanese patients with NAFLD who underwent liver biopsy and 3D 

MR elastography within 1 month and analyzed the association between DR, G″, and histological 

activity.

Results: Regarding DR, no evident correlation was observed between the DR and histological 

activity (p = 0.14) when patients with all fibrosis stages were included. However, when patients 

were restricted up to stage F2 fibrosis, the association of the DR and inflammation became 

significant, the DR increasing with the degree of activity (p = 0.02). Among the constituents of 
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fibrosis activity, ballooning correlated with the DR (p < 0.01) while lobular inflammation did 

not. Regarding G″, it was correlated with histological activity (p < 0.01), ballooning (p < 0.01), 

and lobular inflammation (p < 0.01) in patients with all fibrosis stages and in patients up to F2 

fibrosis (p = 0.03 for activity and p = 0.04 for ballooning). The best cutoff value of DR for 

hepatitis activity in patients within the F2 stage was 0.094 (area under the receiver operating 

characteristic curve 0.775, 95% CI: 0.529–1.000) and G″ was 0.402 (area under the receiver 

operating characteristic curve 0.825, 95% CI: 0.628–1.000).

Conclusions: The DR and G″ reflected the histological activity in Japanese patients with 

NAFLD during the early stage, indicating these values for noninvasive diagnosis of inflammation 

in Japanese patients with NAFLD.
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BACKGROUND

In recent years, nonalcoholic fatty liver disease (NAFLD) has become the most common 

chronic liver disease worldwide, accompanying the increase in lifestyle-related diseases such 

as obesity and diabetes. In contrast to the decrease of viral hepatitis following advances in 

antiviral therapy, it is estimated that 20%–30% of adults have NAFLD, worldwide1 and in 

Japan.2,3 Though the prevalence of nonalcoholic steatohepatitis (NASH), a more progressive 

condition, and its time-dependent changes are not understood precisely in patients with 

NAFLD, NASH was thought to be becoming more prevalent as the number of patients 

with NAFLD increases.4 It is also thought that the number of patients with cirrhosis and 

hepatocellular carcinoma (HCC) is growing with the increase in NASH.1,5–8

In patients with NAFLD, the diagnosis of NASH is clinically important and has been 

made by liver biopsy; histological information regarding fibrosis, fat accumulation and 

inflammation, including lobular inflammation and ballooning, has been essential and is 

indispensable.1,9 However, liver biopsy is a rather invasive procedure and it is difficult 

to perform liver biopsies on a large number of patients with NAFLD and, therefore, a 

noninvasive and simple alternative is required. Several noninvasive methods have been 

developed for the assessment of liver histology, such as the serum markers M2BPGi, 

Fibrosis-4 (FIB-4) index, and APRI,10 as well as medical devices such as Fibroscan and 

MR elastography (MRE).11–14 However, most of these serum markers and medical devices 

focus on the quantitative evaluation of liver fibrosis or fat deposition, but not on hepatic 

inflammation. Only recently, it was reported that the damping ratio (DR) and the loss 

modulus (G″), an index of liver viscosity obtained during the three-dimensional (3D) MRE 

complex modulus analysis, might reflect early inflammation in chronic liver diseases.15–24 

First, this was shown in animal models, including mice with NAFLD, and later it was also 

reported in human patients with NAFLD. On the other hand, those studies were from the 

United States and Europe, and the data were obtained primarily from White patients; it 

remains to be determined whether the findings extend to other ethnic groups.15–19,21,23,24
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The clinical manifestations and the course of NAFLD may vary among different ethnic 

groups. For example, Asians have a significant predisposition to metabolic syndrome and 

NASH, despite having a lower body mass index and lower rates of obesity than other ethnic 

groups.25 Although such differences may be caused by multiple genetic and environmental 

factors and the detailed reasons are not clear, it is possible that the applicability of the DR 

and the G″ might vary among different ethnic groups.26–28

Based on this, we focused our study on the role of the DR and the G″ obtained by 3D MRE 

in the diagnosis of inflammation in Japanese patients with NAFLD.

PATIENTS AND METHODS

Study population

Between June 2017 and September 2020, 220 patients with a diagnosis of fatty liver 

(MRI-proton density fat fraction [PDFF] ≥5%) underwent 3D-MRE at the University of 

Yamanashi Hospital. In 80 of the 220 patients, histological evaluation was performed using 

liver tissue obtained via liver biopsy or surgical hepatic resection for HCC within 1 month of 

the 3D-MRE. From these 80 patients, those with a clear history of alcohol consumption (n 
= 17, defined as drinking more than 30 g/day of ethanol for men and 20 g/day for women) 

and liver diseases other than NAFLD (viral hepatitis [n = 23] and autoimmune hepatitis 

[n = 1]) were excluded and, finally, 39 were enrolled to analyze the association between 

liver histology and MRE parameters (Figure 1). We investigated the relationship between the 

histological findings of the liver and the parameters related to hepatic viscosity and elasticity 

obtained through 3D-MRE analysis in all patients and, separately, in those without advanced 

fibrosis (patients with F2 or lower stages of fibrosis in the Brunt classification, or patients 

with MRE shear stress values of <3.62 kPa, because that value has been reported to be 

equivalent to F2 or lower stages of fibrosis).29

Histologic evaluation

Thirty-two of the 39 patients had liver tissue collected with a 16G semiautomated biopsy 

needle (BARD, MONOPTY) under echo guidance; and two samples, at least 10 mm long, 

were collected. Seven patients were evaluated for background liver histology based on tissue 

collected during surgery for HCC. All samples were stained with hematoxylin–eosin and 

Masson’s trichrome and evaluated by an experienced pathologist. Liver fibrosis was rated on 

a 5-point scale from 0 to 4 by Brunt staging. Steatosis (scale: S0–3), lobular inflammation 

(scale: Lob0–3), and ballooning (scale: Ba0–2) were scored by the NASH Clinical Research 

Network system and their unweighted sum formed the NAFLD activity score (scale: A0–8). 

These classifications were evaluated before the statistical analysis.

Imaging parameters of echo-planar imaging MR elastography

All imaging studies were performed using a 3.0-T MRI scanner (Discovery MR750; GE 

Healthcare) with a 32-channel phased-array coil. After fasting for at least 6 h, participants 

were investigated in the supine position, and a circumferential elastic band used to secure 

the passive driver against the upper abdomen. The MRE imaging sequence was spin-echo 

echo-planar imaging with a 60-Hz frequency of the pneumatic driver. Three alternation 
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orthogonal motion-encoding gradients were used, with a 96 × 96 in-plane acquisition matrix, 

500 ms repetition time, 50 ms echo time, 5 mm section thickness, seven slices, 40 × 40 cm 

field of view, parallel imaging factor of 2, and 4 phase offsets. Direct inversion was achieved 

using Helmholtz equation to calculate the complex shear modulus (G*). Four mechanical 

parameters were derived from G*, including shear stress (|G*|), storage modulus (G′), loss 

modulus (G″), and DR (G″/2G′). Maps of the shear stress, storage modulus, and loss 

modulus, all in kilopascals, were read by MRE Lab software (Mayo Clinic). G′ reflects liver 

elasticity and G″ reflects liver viscosity.

Image analysis

The mechanical parameters of the imaging data were measured by Dr. Y.K. (with 3 years’ 

experience in MRE) without accessing the clinical and biochemical data. The volume 

region of interest (ROI) was drawn geographically on the liver scan and routine MRI 

scans were referenced for manual adjustment of adjacent anatomical landmarks. The mean 

shear stiffness of the liver was calculated using manually designated ROIs. The ROI was 

drawn manually, encompassing the largest possible area of liver parenchyma where coherent 

shear waves were visible, while excluding major blood vessels seen on the MRE magnitude 

image. To avoid areas of incoherent waves, the area immediately below the passive driver 

was avoided, keeping about 1 cm inside the liver border and including a minimum of 500 

pixels per slice. ROIs were set up in center three slices by discarding edge twos, and the 

overall average stiffness of the liver was reported by recording the average stiffness value 

for each ROI and calculating the average value, weighted by the ROI size. To assess the 

reproducibility of 3D MRE, parameters were evaluated twice with an interval of at least 4 

weeks.

Statistical analysis

Continuous variables are presented as the median and IQR, categorical variables as numbers 

and frequencies, and the Kruskal–Wallis test was used to compare histological parameters 

with their corresponding mechanical parameters. The Bonferroni comparison was used 

for pairwise comparisons. The receiver operating characteristic curve (ROC) analysis and 

area under the ROC curve (AUROC) were calculated to evaluate the accuracy of the test. 

Sensitivity, specificity, and 95% CI were determined by the estimated optimal cut-off, using 

the Youden index. The Mann–Whitney U-test was used to compare the DR and G″ by 

fibrosis grade and was used to compare demographics, clinical characteristics, and imaging 

parameters related to DR and G″ as continuous variables. Fisher’s exact test was applied for 

categorical parameters. The Jonckheere–Terpstra test was used to analyze the trend between 

histological data and parameters obtained by 3D MRE.

Statistical significance was defined as p < 0.05. Statistical analyses were performed with 

EZR (Saitama Medical Center, Jichi Medical University), which is a graphical user interface 

for R (the R Foundation for Statistical Computing).
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RESULTS

Characteristics of the 39 patients

The background characteristics of patients in this study are shown in Table 1. Regarding 

fibrosis, six (15.4%), six (15.4%), nine (23.1%), 14 (35.9%), and four (10.3%) patients were 

diagnosed as F0, F1, F2, F3, and F4, respectively. As for variables related to inflammation, 

lobular inflammation 0, 1, and 2 were found in seven (17.9), 23 (59.0), and nine (23.1), 

and ballooning 0, 1, and 2 were found in nine (23.1), 23 (59.0), and seven (17.9) of those 

patients. Steatosis 1, 2, and 3 were observed in 22 (56.4), 10 (25.6), and seven (17.9), 

respectively.

Association of histological fibrosis, histological inflammation, and histological steatosis

We first investigated the association between histological fibrosis and histological hepatitis 

activity in the 39 patients, as well as the association between histological fibrosis and 

histological steatosis (Figure 2). As shown in Figure 2a, the activity score gradually 

increases with the advancement of fibrosis and all patients with F3 or higher had active 

hepatitis of A1 or higher. However, hepatitis activity may not be seen in some of the liver 

tissues in the early stages of disease, between F0 and F2 fibrosis.

Figure 2b shows the relationship between histological fibrosis and histological steatosis; all 

patients with any stage of fibrosis had histological steatosis of S1 or more. However, severe 

steatosis tended to be observed in the early stages of fibrosis.

Relationship between liver biopsy findings and parameters obtained by 3D MR 
elastography

Figure 3 shows the relationship between histological fibrosis and the parameters obtained by 

MRE. The association between shear stiffness and histological fibrosis is shown in Figure 

3a; shear stiffness increases significantly as the F stage progresses. On the other hand, as 

shown in Figure 3b, PDFF values were not affected by the progression of fibrosis from F0 to 

F3, but tended to decrease with progression to F4. Figure 3c shows the relationship between 

the DR and histological fibrosis, indicating that the DR had a trend to increase from F0 to 

F2, but changed to a decreasing trend after F3. G″ increases as the F stage progresses, as 

shown in Figure 3d.

Association of damping ratio and loss modulus (G″) with histological activity

Figure 4 shows the relationship between histological activity and DR and G″. Because 

previous studies have reported that the DR is associated with hepatitis activity during the 

early stages of fibrosis and that the DR no longer reflects hepatitis activity as liver fibrosis 

progresses, we analyzed the associations between activity and DR in two ways: in all 

patients and in the patients with early fibrosis. Figure 4a shows the relationship between DR 

and hepatitis activity in all patients, while the relationship between G″ and hepatitis activity 

is shown in Figure 4b. The association between DR and activity was not significant (p = 

0.14), and DR was not associated with ballooning (p = 0.19) or intralobular inflammation (p 
= 0.18), the two components of activity (Figure 4a). On the other hand, G″ was significantly 
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associated with activity (p < 0.01), ballooning (p < 0.01), and lobular inflammation (p < 

0.01) (Figure 4b).

Figure 5 shows the analysis limited to patients with mild fibrosis up to F2. Hepatitis activity 

was significantly associated with DR, and DR increased as hepatitis activity increased (p = 

0.02) (Figure 5a). When we examined the association of DR with ballooning and lobular 

inflammation, which are components of hepatitis activity, ballooning was significantly 

associated with DR (p < 0.01), but the association was not evident for lobular inflammation 

(p = 0.20). G″ was significantly associated with hepatitis activity (p = 0.03), and ballooning 

(p = 0.04), but the association was not significant for lobular inflammation (p = 0.06) 

(Figure 5b).

We also examined the association of DR and G″ with hepatitis activity in patients 

with advanced fibrosis stages F3 and F4. DR was significantly associated with lobular 

inflammation (p = 0.02), but not with hepatitis activity or ballooning. G″ was not 

significantly associated with hepatitis activity, ballooning, or lobular inflammation (Figure 

S1).

The optimal DR cutoff value associated with the appearance of hepatitis activity in patients 

with up to the F2 stage by ROC analysis was 0.094, with an AUC of 0.775, sensitivity of 

81.2% and specificity of 80.0%, whereas the G″ cutoff value was 0.402, with an AUC of 

0.825, sensitivity of 87.5%, and specificity of 80.0% (Figure S2).

Association of damping ratio and loss modulus (G″) with histological steatosis

Figure S3 shows the association of DR and G″ with histological steatosis. Here, we also 

investigated the relationship in two ways, i.e., in all patients (Figure S3a1,b1) and in patients 

with up to stage F2 fibrosis (Figure S3a2,b2), and found no evident association between 

histological steatosis and the DR or G″ in either analysis.

Clinical variables in those with high- and low-damping ratio and G″ values among patients 
within the F2 stage

We next divided patients within F0–2 stage fibrosis into two groups according to the DR 

cutoff value 0.094 and investigated the clinical factors showing an association with DR 

values. As shown in Table 2, the patients with DR ≥0.094 showed statistically significance 

in high ferritin (p = 0.02). On the other hand, as shown in Table 3, patients with G″ ≥0.402 

showed statistical significance in high BMI (p = 0.02), high FIB-4 (p < 0.01), low platelets 

(p < 0.01), high prothrombin time-international normalized ratio (p = 0.02), high shear 

stiffness (p < 0.01), and high fibrosis stage (p = 0.03).

DISCUSSION

In this study, we investigated the relationship between liver histology and the parameters 

obtained through 3D-MRE analysis in Japanese patients with NAFLD, with a particular 

focus on detecting histological activity, and found that the DR and the loss modulus (G″) 

significantly correlated with the histological activity in the early stage of disease, as has been 

reported for White patients with NAFLD.15,16,21 We also found that histological ballooning, 
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one of the factors constituting histological activity, was also significantly correlated with the 

DR and the G″.

While the clinical usefulness of MRI has been established in the evaluation of fibrosis by 

MRE and fat deposition by MRI-PDFF, the evaluation of inflammation by MRI has been 

difficult. Only recently, the viscosity index DR or G″, one of the parameters obtained 

by 3D-MRE, was found to reflect inflammation in the early stages of liver disease in 

several inflammation-induced mouse models, such as CCl4 and ARPKD mice, and even in 

human patients with NAFLD. On the other hand, it cannot be ruled out that a difference 

in ethnic background might affect the clinical course of NAFLD, as those patients included 

in previous studies were White. In our study, we confirmed that the relationship between 

inflammation and the DR and the G″ may be observed in Japanese patients. The results 

indicate that the DR and the G″ are useful in the diagnosis of early inflammation in both 

White and Japanese people, suggesting that the role of the DR and the G″ in the diagnosis 

of early inflammation may be universal. We consider this finding may lead physicians to 

intervene more aggressively in the management of early-stage NASH (e.g., calorie-restricted 

diets and moderate-intensity exercise). On the other hand, the large number of patients with 

fatty liver makes it difficult to perform 3D MRE on all patients with NAFLD. In this study, 

clinical parameters related to G″ and DR values included ferritin, FIB-4 index, and platelet 

levels. Therefore, patients with abnormalities in these parameters are considered candidates 

for DR and G″ measurements. However, in terms of clinical application, further study on 

narrowing down the target population is needed.

What is the underlying mechanism through which the DR and the G″ reflects inflammation? 

In liver diseases or conditions other than NAFLD/NASH, the DR was also reported to 

reflect portal hypertension,23 inflammation in viral hepatitis, or biliary tract obstruction. 

The DR was also reported as an indicator of brain damage induced by certain diseases 

and its value was associated with memory loss.30 In those previous studies using 3D MRI-

related parameters, both stiffness and DR were used as a set to evaluate the histological 

conditions of each disease. In the CCl4 mouse model, the DR increased when the edema 

of liver tissue became pronounced and decreased with the appearance of fibrosis and, 

in the ARPKD mouse model, the DR increased in the early stages of liver injury, even 

before the appearance of inflammatory cell infiltration. In the elastic component of a tissue, 

the stored energy (shear stiffness [G*], storage modulus [G′]) is contributed primarily by 

solid elements such as fibers and cytoskeleton, while the energy dissipated by the viscous 

component (DR, G″) is a function of the liquid domain such as edema and blood perfusion.

In our study, the DR was associated with hepatocyte ballooning rather than inflammatory 

cell infiltration in the liver, suggesting that inflammation-related cell swelling may be one 

of the parameters that increase the DR. Although the pathomorphological background of 

“ballooning” in NASH is not completely understood, it is considered to occur because 

of fat deposition in hepatocytes, resulting in unstable cell morphology and endoplasmic 

reticulum enlargement, and thus leading to cell swelling.31,32 In ballooning hepatocytes, 

the cytoskeletal system may be damaged by the reduction of keratins 8/18.32 Although the 

present results indicate that inflammation-induced ballooning of hepatocytes is involved in 

DR and G″ changes, the correlation with hepatic inflammation becomes obscured and lost 
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when fibrosis becomes apparent. This is thought to be due to the complex involvement of 

pathological conditions such as portal hypertension and bile stasis, in addition to edema 

associated with inflammation, as fibrosis progresses. Therefore, DR and G″ is particularly 

useful to detect hepatic inflammation before the evident appearance of advanced fibrosis. 

The reason for the lack of association with lobular inflammation may involve the process 

of inflammation. Vasodilation, increased blood flow, increased vascular permeability, and 

interstitial fluid extravasation precede inflammatory cell infiltration into the interstitium.33 

It has been suggested that G″ may be elevated even before the presence of histological 

inflammation of cellular invasion,34 which may be one reason for the lack of association 

between G″ or DR and histologically detectable lobular inflammation. Logically, the role of 

G″ and DR to detect activity might be slightly different. In the complete absence of fibrosis, 

G″ might be keener to detect activity while DR, corrected by the G′, might reflect activity 

more accurately than G″ in the appearance of mild fibrosis by avoiding the influence of 

fibrosis, although further studies are needed.

In this study, we also examined the association between liver steatosis and the DR and the 

G″ in patients with NAFLD, and found no clear association between liver steatosis in liver 

tissue and the DR and the G″. As there is no clear association between liver steatosis and 

DR, G″ has been reported in the NASH mouse model during the early stage, our results 

are also consistent with those previous findings, suggesting that fat deposition in hepatocytes 

in the early stage has little effect on the viscosity of the liver. However, we consider that 

this result does not indicate a direct relationship between fat deposition and the DR and 

G″, but may reflect inflammation rather than fat itself, because fat deposition decreases 

during the late stage of hepatitis as “burn-out” NASH, indicating the opposed dynamics of 

inflammation and fat deposition with diminished viable hepatocytes.

Our study has several limitations. First, the data obtained in our study were at a single 

frequency (60 Hz); DR and G″ are known to be frequency dependent, with lower 

frequencies reflecting inflammation activity more. Second, the slice thickness was large (5 

mm) and the number of slices acquired were small (seven slices). This setting results in low 

z-axis resolution, so optimization of the conditions is necessary. Third, the study included 

seven HCC cases. Although 3D MRE measurements were performed at non-HCC sites and 

at HCC sites, the influence of HCC complications on the values of G″ and DR cannot be 

completely ruled out.

The usefulness of DR and G″ values in the initial diagnosis of inflammation has been 

confirmed by previous studies, as well as the current one. However, there is no clear 

information from previous studies on the effects of DR and “G” values on long-term 

prognosis, and we do not have clear data yet. In other words, future studies will be necessary 

to determine the dynamics of DR and G″ values in the clinical course of individual patients 

and their involvement in the long-term progression of fibrosis, as well as whether DR and 

G″ values can be used as markers reflecting the effects of therapeutic interventions, such as 

exercise, diet, and therapeutic drugs.

In conclusion, this study demonstrates that the DR and G″ obtained by 3D-MRE is an 

important biomarker for the appearance of inflammation in Japanese patients with early 
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NAFLD, indicating that 3D-MRE is a powerful noninvasive tool to disclose hepatic change 

in fibrosis, fat deposition, and inflammation, which was previously only obtained by the 

histological analysis of liver tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Flow chart for the inclusion of patients in this study. 3D MRE, magnetic resonance 

elastography; NAFLD, nonalcoholic fatty liver disease
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FIGURE 2. 
Association of histological fibrosis, histological inflammation, and histological steatosis. 

Association between histological fibrosis and histological hepatitis activity and the 

association between histological fibrosis and histological steatosis were investigated. (a) 

Association between histological fibrosis and histological inflammation. (b) Association 

between histological fibrosis and histological steatosis.
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FIGURE 3. 
Relationship between liver biopsy findings and parameters obtained by 3D MRE. 

(a) Association between histological fibrosis and 3D MRE-derived shear stiffness. (b) 

Association between histological fibrosis and 3D MRE-derived PDFF. (c) Association 

between histological fibrosis and 3D MRE-derived DR. (d) Association between histological 

fibrosis and loss modulus (G″). DR, damping ratio; 3D MRE, magnetic resonance 

elastography; PDFF, proton density fat fraction
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FIGURE 4. 
Association of DR and loss modulus (G″) with histological activity. Relationship between 

the DR and (a1) histological activity, (a2) ballooning, and (a3) lobular inflammation in 

patients with all stages of fibrosis. Relationship between G″ and (b1) histological activity, 

(b2) ballooning, and (b3) lobular inflammation in patients. DR, damping ratio
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FIGURE 5. 
Association of DR and loss modulus (G″) with histological activity with up to stage F2 

fibrosis. Relationship between the DR and (a1) histological activity, (a2) ballooning, and 

(a3) lobular inflammation in patients with all stages of fibrosis with up to stage F2 fibrosis. 

Relationship between the G″ and (b1) histological activity, (b2) ballooning, and (b3) lobular 

inflammation in patients. DR, damping ratio
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