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Abstract

The lack of reliable, noninvasive methods to diagnose early nonalcoholic steatohepatitis (NASH) 

is a major unmet need. We aimed to determine the diagnostic accuracy of 3D-MRE, with shear 

stiffness measured at 60 Hz, damping ratio at 40 Hz, and MRI proton density fat fraction (MRI-

PDFF) in the detection of NASH in individuals undergoing bariatric surgery. Obese adults at risk 

for NASH were enrolled between 2015-2017 (prospective cohort, n=88) and 2010-2013 

(retrospective cohort, n=87). The imaging protocol consisted of multifrequency 3D-MRE (mf3D-

MRE) with shear waves delivered at different frequencies to explore parameters that best 

correlated with histologic NASH; and MRI-PDFF to estimate steatosis. The prospective cohort 

was used to establish the optimal mf3D-MRE technical parameters for NASH detection. The 2 

cohorts were then combined to derive predictive models of NASH and disease activity by NAFLD 

activity score (NAS) using the 3 imaging parameters that correlated with NASH. A total of 175 

patients, median age 45, 81% women, and 81 (46%) with histologic NASH were used for model 
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derivation. From the complex shear modulus output generated by mf3D-MRE, the damping ratio 
at 40Hz and shear stiffness at 60Hz best correlated with NASH. The fat fraction obtained from 

MRI-PDFF correlated with steatosis (p<0.05 for all). These 3 parameters were fit into a logistic 

regression model which predicted NASH with cross-validated AUROC=0.73, sensitivity=0.67, 

specificity= 0.80, PPV= 0.73 and NPV=0.74 and disease activity by NAS with cross-validated 

AUROC=0.82.

Conclusion: Multifrequency 3D-MRE allows identification of novel imaging parameters that 

predict early NASH and disease activity. This imaging biomarker represents a promising 

alternative to liver biopsy for NASH diagnosis and monitoring. The results provide motivation for 

further studies in non-bariatric cohorts. ClinicalTrials.gov number, NCT02565446.
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Chronic liver disease is one of the key contributors to the recent decrease in life expectancy 

in the United States(1). Among causes of chronic liver disease, nonalcoholic fatty liver 

disease (NAFLD) is the most common, with an estimated worldwide prevalence ranging 

from 25% to 45%(2). In the US, it is estimated that 75-100 million individuals are affected 

and the incidence continues to increase(3). Approximately 20-25% of NAFLD patients 

develop nonalcoholic steatohepatitis (NASH), leading to faster fibrosis progression to end-

stage liver disease and hepatocellular carcinoma, which are established risk factors of liver-

related death(4-6).

One of the major gaps in clinical practice is the lack of safe and accurate methods that 

distinguish between patients with NASH, who are at risk of progression to advanced disease, 

from those who have simple steatosis and are less likely to develop liver-related 

complications(7). Timely identification of NASH before the onset of fibrosis would allow 

early intervention to avoid development of end-stage liver disease. Several biomarkers of 

inflammation have been evaluated, but they lack the accuracy and reliability necessary to 

eliminate the need for liver biopsy(8-13). Thus, diagnosis of NASH continues to rely on 

histologic evaluation of liver samples. However, liver biopsy is limited by the risk of 

complications, sampling bias and the inconvenience as a repeat measure of disease activity 

over time. Thus, innovative biomarkers to estimate the key histologic parameters for NASH 

diagnosis and disease monitoring in clinical trials and practice are urgently needed.

Magnetic resonance imaging (MRI) has advanced the evaluation of liver disease with 

techniques that accurately assess fibrosis - MR elastography (MRE)(14-16) and steatosis - 

MRI proton density fat fraction (MRI-PDFF)(17). MRE has emerged as the most accurate 

tool to predict hepatic fibrosis, with an AUROC above 0.90 for all fibrosis stages(18, 19) and 

higher accuracy than ultrasound-based elastography techniques (such as transient 

elastography or acoustic radiation force impulse elastography) for the detection of fibrosis in 

NAFLD(20-23). MRE has several advantages over ultrasound-based elastography, because it 

samples a much larger volume of the liver, it is not affected by body mass index(24) (25)or 

degree of steatosis(14), it is not operator dependent(26), it has favorable test-retest 

repeatability(26) and a high success rate(25),(27). MRE estimates liver stiffness, which 
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correlates to the amount of collagen deposition in the extracellular matrix, but liver stiffness 

is also influenced by other factors, such as inflammation, vascular congestion and 

cholestasis. Consequently, in early NASH when inflammation and cellular injury prevail 

over mild fibrosis, conventional 2D-MRE detects increased liver stiffness but cannot 

distinguish if the increase is due to viscoelastic changes of inflammation or due to mild 

fibrosis.

Recent preclinical studies have shown that varying the frequency of mechanical waves and 

using three-dimensional (3D) MRE software enables identification of MR parameters that 

are sensitive to early viscoelastic alterations in NASH before fibrosis onset. Compared to 

2D-MRE, 3D-MRE allows a more comprehensive analysis of the steady-state dynamic shear 

wave propagation in the entire liver(28). In mouse models of diet-induced NASH, the 

damping ratio and shear loss modulus have been shown to enable discrimination of 

inflammation from fibrosis at early stages of disease, even before the development of 

histologically detectable necroinflammation and fibrosis(29). These data represent a strong 

scientific premise that warrants investigation of MRE as an imaging biomarker for the non-

invasive detection of NASH in humans. If multifrequency 3D-MRE (mf3D-MRE) can be 

used to discriminate NASH from simple steatosis, it is conceivable that an imaging 

biomarker that combines mf3D-MRE for assessment of inflammation and ballooning with 

MRI-PDFF for assessment of steatosis could predict the histologic parameters of NASH and 

estimate disease activity by histologic NAFLD activity score (NAS) without the need for a 

liver biopsy.

Therefore, in this study we explored the performance of a novel MRI protocol that combines 

mf3D-MRE with MRI-PDFF and developed an imaging biomarker for NASH diagnosis and 

disease severity in obese human subjects at risk for NASH.

METHODS

Study subjects and design

The study included two cohorts of bariatric surgery candidates at risk for NASH: one 

prospective and one retrospective, as described below (cohort derivation flow in 

Supplemental Table 1).

To explore the imaging parameters of interest and the optimal frequency of vibration 

application of mechanical waves in humans, adult patients at risk for NASH were enrolled in 

a prospective clinical trial (NCT02565446(30)) (prospective cohort). The cohort consisted 

of consecutive obese patients who were evaluated for bariatric surgery between October 

2015 and June 2017. Given the exploratory nature of the analysis without previous data or 

anticipated differences in the values of imaging parameters between NASH and non-NASH, 

a robust sample size calculation was not feasible. Based on previous MRE studies, where 

significant differences in liver stiffness correlating with NASH or fibrosis were noted at 

sample sizes of 48-58 subjects(14, 31), we aimed for a cohort of 80 subjects at risk for 

NASH. In order to account for unanticipated study events leading to incomplete data 

(conservatively estimated to occur in 30% of enrolled subjects), we aimed to enroll a total of 

120 patients.
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Exclusion criteria included excessive alcohol consumption (> 21 units/week for men and > 

14 units/week for women), steatogenic medications (e.g. amiodarone, methotrexate, 

corticosteroids), presence of liver disease other than NAFLD, contraindications to MR 

imaging (claustrophobia, metallic aneurysm clips, spinal stimulators etc) or patients at high 

operative risk in whom a liver biopsy might lead to complications in the investigator’s 

opinion. Patients who met the inclusion criteria underwent MR imaging per the protocol 

described below followed within 1 month by intraoperative core liver biopsy from the right 

lobe during the weight-reduction surgery.

After the optimal technical parameters for NASH detection were established using the 

prospective cohort, we took advantage of existing data from a retrospective cohort of 

bariatric surgical patients with NAFLD recruited at Mayo Clinic between March 2010 and 

May 2013, which has been previously described(24). This cohort had prospectively acquired 

clinical research data obtained through a similar protocol (mf3D-MRE/MRI-PDFF and 

intra-operative liver biopsy) with technical parameters similar to those identified in the first 

part of the analysis. The exclusion criteria were similar to those used for the exploratory 

cohort. Therefore, to increase the sample size and study power we combined the data from 

the 2 cohorts into a combined cohort which was used to develop a statistical model of 

histologic NASH prediction using the imaging parameters of interest.

MR imaging protocol

The imaging protocol consisted of mf3D-MRE to explore parameters that correlate with 

NASH, along with MRI-PDFF to estimate proton density fat fraction. MR examinations 

were performed on 1.5T whole-body scanners (GE Healthcare, Milwaukee, WI) at Mayo 

Clinic.

Multifrequency 3D-MRE imaging protocol: After a fasting period of at least 4 hours, 

patients were imaged in the supine position with the passive driver placed against the 

anterior body wall over the right lobe of the liver, held in place with an elastic band wrapped 

around the body. Continuous acoustic pressure waves were generated from an active driver, 

and were delivered to the passive driver via a 7.6-m long plastic tube. The waves were 

delivered at 3 separate frequencies (30, 40 and 60 Hz) in the prospective cohort and at 2 

separate frequencies (40 and 60 Hz) in the retrospective cohort. The MRE acquisition was 

performed separately at each frequency as an axial multi-slice spin-echo echo-planar MRE 

sequence using three alternating orthogonal motion-encoding directions with a 72×72 in-

plane acquisition matrix, repetition time of 1333-2666 ms, echo delay time of 43.7-57.0 ms, 

slice thickness of 3.5 mm, 44.8-cm FOV, 32 slices, a 250-kHz readout bandwidth, a parallel 

imaging acceleration factor of 3, and three evenly spaced phase offsets over one motion 

cycle. The encoded motion sensitivity was 8.3-13.4 μm/radian. 3D-MRE at each frequency 

was performed in three to six 20-second breath holds at the end of expiration.

Multifrequency 3D-MRE post-processing protocol: All 3D-MRE wave data were 

interpolated in-plane to 256×256 pixels and were (a) processed with the curl operator (using 

central differences), (b) processed with 20 evenly spaced 3D directional filters(32) (radial 

fourth-order Butterworth bandpass filter, cutoff frequencies of 0.000125 and 3 cm−1), (c) 
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smoothed with a 3×3×3-pixel quartic kernel(33) , and (d) inverted with a direct inversion of 

the Helmholtz equation(34) to calculate the complex shear modulus G*= G’ +i*G’’. Several 

mechanical properties can be derived from G*, including the storage modulus (G’), loss 

modulus (G’’), shear stiffness (|G*|), and the damping ratio (ζ = G’’/(2*G’)). For each 

subject, these quantities were reported as the mean and standard deviation of a single 

volumetric region of interest (ROI) manually drawn to encompass as much of the liver as 

possible that had substantial wave propagation based on visual evaluation by two 

experienced analysts (M.Y. and J.L.). The mean, standard deviation, median, and 

interquartile range were reported for all ROIs. The criteria for ROI placement were as 

follows: (a) include liver parenchyma only, (b) exclude regions without visually adequate 

magnitude of signal or shear wave amplitude, (c) stay two pixels away from the edges and 

exclude the top and bottom two slices of the liver, and (d) exclude unreliable measurements 

with the guidance of the confidence map that representing the reliability of the liver stiffness 

and damping ratio measurements at each voxel based on magnitude/phase signal to noise 

ratios.

MRI: Proton-density fat fraction was measured from a single 16-second breath-hold three-

dimensional volumetric imaging sequence, which is a fast, spoiled, gradient echo sequence 

with a 256×160 prescribed in-plane acquisition matrix, TR = 13.0 ms, flip angle = 7°, slice 

thickness = 8 mm, 40-48 cm FOV, 28 slices, 83.33-kHz readout bandwidth. Six gradient 

echoes were applied to reconstruct water and fat images, relative fat fractions (PDFFs), and 

R2* maps (IDEAL-IQ, GE Healthcare). For each subject, PDFF and R2* measurements 

were reported as the mean of nine ROIs manually drawn in nine anatomic segments by two 

experienced analysts (S.K.V., M.L.W.)

Histologic assessment

All liver biopsy specimens were reviewed by Mayo Clinic liver pathologists as part of the 

clinical service. In addition, one study pathologist with NASH expertise provided a second 

interpretation while blinded to the results of the first interpretation and to imaging. For 

discrepancies in histologic NASH diagnosis in the prospective cohort (which occurred in 4 

cases), the study pathologist reviewed the cases again and provided a final interpretation, 

while in the retrospective cohort a third pathologist was invited for review. NASH was 

defined histologically by the presence of steatosis with 1) hepatocellular ballooning or 2) 

lobular inflammation with associated fibrosis. The disease severity was estimated using the 

NAFLD activity score (NAS)(35).

Statistical analysis

Clinical, demographic, laboratory, imaging and histologic characteristics were compared 

between patients with and without NASH using Kruskal-Wallis rank sum test and Pearson’s 

chi-squared test for continuous and categorical variables, respectively. We hypothesized that 

the three parameters of interest obtained from the pre-clinical studies, namely the damping 
ratio (DR), shear stiffness (SS) and fat fraction (FF) can be combined into a logistic 

regression model of histologic NASH prediction. We also evaluated the potential utility of 

other mf3D-MRE parameters, including attenuation, volumetric strain, storage modulus, loss 
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modulus and their standard deviations (as a measure of heterogeneity) in predicting 

histologic NASH using the lasso method(36).

Consequently, we explored the hypothesis derived from pre-clinical data that the DR 

obtained at lower frequency is superior to that obtained at the conventional 60 Hz frequency 

for NASH diagnosis. Logistic regression models including the DR at separate frequencies 

were compared in performance using c-statistics. After determining the optimal MRE 

frequency in the prospective cohort, we took advantage of a retrospective NAFLD cohort 

with similar data and combined the 2 cohorts into the combined cohort, from which a new, 

final logistic regression model was derived. We elected to use the 2 available cohorts by 

combining the data to increase the sample size and the predictive performance of the 

regression model, with cross-validation, as opposed to using one cohort for derivation and 

the other for validation, since the latter method is less robust due to smaller sample size. 

Among all the potential imaging parameters, the 3 parameters of interest were the most 

useful dimensions (they had the highest variance- Supplemental Methods), and this allowed 

combination of the 2 cohorts without concern for model overfitting. Although both DR and 

SS are calculated from storage modulus and loss modulus, the 2 parameters were obtained at 

different frequencies and there was no collinearity between them (Supplemental Methods).

Using the 3 parameters of interest at optimal frequencies, as determined in the first part of 

the analysis, we constructed two separate regression models, one for the prediction of NASH 

diagnosis (based on the pathologist’s impression, not a NAS cut-off) as a binary outcome 

(yes/no) and one for the prediction of disease severity by NAS as a continuous scale with 

values ranging from 0 to 8. Model performance was estimated using c-statistics. Ten-fold 

cross-validation was performed for each of the 2 models and results were reported as cross-

validated c-statistic. In order to compare the performance of the multiparametric biomarker 

to the currently available 2D MRE technology, we analyzed the predictive performance of 

shear stiffness values obtained at a frequency of 60Hz in a regression model using the 

combined cohort of bariatric patients. Statistical analyses were performed in SAS v9.4 (SAS 

Institute; Cary, NC) and R statistical software, version 3.2.0 (R Foundation for Statistical 

Computing, Vienna). The study was approved by the Institutional Review Board of Mayo 

Clinic. All authors had access to the study data and reviewed and approved the final 

manuscript.

RESULTS

Exploratory analysis of MRE parameters for NASH diagnosis

Prospective cohort—Among 120 patients enrolled in the prospective cohort, 32 were 

excluded due to incomplete data (liver biopsy was not performed due to complexity of the 

bariatric surgery: n=15; MRE was not performed due to claustrophobia: n=4, or terminated 

due to discomfort: n=1) or withdrawal for personal reasons of the participants (n=12). Of the 

88 subjects who completed the study protocol, 70 (80%) were women, median age was 46, 

and 79 (90%) were white (Supplemental Table 2). The median time interval between liver 

biopsies and MRE was 7 (IQR=4-13) days. The median sample length was 1.7 

(IQR=1.3-1.9) cm. NASH was diagnosed by histologic criteria in 37 (40%) of the subjects. 
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Only 3 subjects with NASH were found to have advanced fibrosis: stage 3 (n=2) and 4 

(n=1).

There were significant differences in all the histologic parameters between NASH and non-

NASH subjects (Supplemental Table 2). Similarly, there were significant differences in 

imaging parameters of interest between NASH and non-NASH subjects: DR at 40Hz and 

60Hz, SS at 40Hz and 60Hz and fat fraction (Figure 1). None of the patients had significant 

iron overload. The R2* values were below 50ms.

Performance of multifrequency MRE for NASH diagnosis—None of the additional 

imaging parameters explored (attenuation, volumetric strain, storage modulus, loss modulus 

and their standard deviations), nor serologic parameters such as ALT, AST, fasting glucose, 

insulin, HOMA-IR, total cholesterol, LDL-cholesterol and triglycerides made a measureable 

improvement to a model using the primary three parameters of interest (DR, SS and FF) and 

were not included in further analysis (data not shown).

To explore the optimal frequency of applied MRE shear waves at which the DR best 

correlates with NASH, we explored several models using combinations of the parameters of 

interest with DR obtained at 30, 40 and 60 Hz, respectively (Table 1). Lowering the 

frequency to 40Hz optimized the DR estimation and improved the performance of histologic 

NASH prediction: cross-validated c-statistic=0.76 (95% CI 0.66-0.85). In Figure 2, the DR 

at 40 Hz decreases with the increase in lobular and portal inflammation and hepatocellular 

ballooning.

Development of an MRI-based prediction model of NASH diagnosis and NASH severity

Combined cohort—To increase the sample size and improve the study power, we added a 

retrospective cohort of 87 NAFLD patients with liver biopsy and mf3D-MRE at 40Hz and 

60 Hz, which was previously described(24). The median time interval between liver biopsies 

and MRE was 27 (IQR=20-30) days. The sample length was 1.2 (IQR=0.9-1.7) cm. The 

imaging parameters were obtained using the same imaging protocol. After combining the 

prospective and retrospective subjects, the model derivation cohort consisted of 175 patients, 

median age 45, 141 (81%) women and 81 (46%) with histologic NASH (Table 2).

Model derivation—The 3 parameters of interest obtained from the combined cohort (DR 

at 40Hz, SS at 60Hz and FF) were included into a new logistic regression model of NASH 

prediction. The IQR-standardized model coefficients are shown in Table 3A. In this 

expanded cohort, the cross-validated c-statistic of model performance was 0.73 (95% CI 

0.65-0.81), with sensitivity=0.67, specificity= 0.80, PPV= 0.73 and NPV=0.74 (Figure 3).

A separate logistic regression model for prediction of disease severity by NAS was 

developed using the same 3 imaging parameters of interest (Table 3B). The model cross-

validated c-statistic was 0.82 (95% CI 0.77-0.87). An example output of the 2 models 

predicting NASH and NAS is shown in Figure 4: predicted probability of NASH as a binary 

outcome (yes/no) and predicted probabilities of each NAS value on a continuous scale 

ranging from 0 to 8 (the sum of all probabilities is 100). The highest probabilities within the 

68% confidence interval were chosen to generate a range of predicted NAS score (shaded 
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area on the horizontal NAS bar). For example, in patient A, who by histology does not have 

NASH and whose NAS=0, the logistic regression model using imaging parameters predicted 

a 15% probability of NASH and a predicted NAS=0-1. Patient B, with histologic NASH and 

NAS=3, has a predicted probability of 60% for NASH and a predicted NAS=3-4. Lastly, 

patient C, with histologic NASH and NAS=6, has a 98% predicted probability of NASH and 

a predicted NAS=5-6.

In order to compare the performance of the multiparametric biomarker to the currently 

available 2D MRE technology, we analyzed the predictive performance of shear stiffness 

values obtained at a frequency of 60Hz in a regression model using the combined cohort of 

bariatric patients. The shear stiffness from 2D MRE predicted NASH with a cross-validated 

c-statistic of 0.61 (95% CI 0.53-0.69) and disease activity by NAS with a cross-validated c-

statistic of 0.64 (95% CI 0.58-0.70).

DISCUSSION

In this work, we applied multiparametric MRI and MRE-based methods to noninvasively 

predict histologic findings in NASH. In this first step, we evaluated candidate MRI and 

MRE-based biomarkers in a well-characterized cohort of 175 obese subjects, using liver 

histology as reference. The results showed that within the 3 shear wave frequencies 

evaluated, 2 frequencies for acquiring stiffness and damping ratio provided the greatest 

ability to characterize NASH even in the absence of advanced fibrosis. If further validated, 

the ability to noninvasively assess NASH without a liver biopsy would represent an 

important advance in the field, with potential application in screening, disease monitoring 

and response to therapy in clinical practice and intervention trials.

We speculate that the frequency-dependent information provided by liver stiffness and 

damping ratio measurements is a reflection of inflammation (including associated edema 

and hyperemia) even in the absence of fibrosis. The damping ratio appears to decrease in 

NASH, and it best correlates with the disease when the mechanical stimuli are applied at 

lower frequency. It has potential diagnostic role in improving both the diagnosis accuracy of 

NASH and the performance of disease severity estimation, with a weight in the predictive 

model that is similar to that of shear stiffness. Whereas neither parameter alone has 

sufficient power to diagnose NASH, the combination of the 3D-MRE/MRI parameters 

provides good diagnostic discrimination of inflammation from simple steatosis. As fibrosis 

burden increases, the shear stiffness becomes the dominating imaging parameter.

As with most other diagnostic biomarkers, the performance of mf3D-MRE was developed in 

reference to the histological assessment of a liver biopsy sample. The volume of liver 

parenchyma assessed with a single 3D-MRE slice is approximately 1205 cm3 at 40Hz, and 

949 cm3 at 60Hz, considerably higher than a single 2D-MRE slice (250 cm3), or than the 

volume evaluated by shear wave elastography (20 cm3), transient elastography (4 cm3), and 

nearly 500-fold that of a liver biopsy (37, 38). Assessing a large volume of liver enables 

appreciation of spatial heterogeneity of parenchymal changes (39). Inflammation and 

hepatocellular ballooning can be focal, particularly in early disease stages, which leaves 

room for diagnostic inaccuracies by histology. Therefore, in evaluating the biomarker’s 
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performance, this limitation of the “gold-standard” histologic diagnosis should be 

considered. Moreover, the inter-rater histologic agreement on NASH vs not NASH by 

different pathologists is 0.61(35). The weighted kappa statistics on steatosis, inflammation 

and ballooning grade are 0.84, 0.45 and 0.56, respectively, which suggests that the 

agreement of pathologists on grading the disease severity by NAS is equally imperfect. 

These issues further contribute to the imperfection of the gold-standard to which a 

biomarker is compared. These limitations create a “ceiling effect” on the maximal 

performance of any NASH biomarker, which cannot have a better discrimination than 

around 0.85.

The results of this study indicate that MRI and MRE-based biomarkers represent an 

improvement over the currently available data obtained from conventional 2D-MRE and 

have potential to fill important gaps in several circumstances. As the only noninvasive 

biomarker that predicts disease severity by NAS, mf3D-MRE could be applied in risk-
stratification of patients with NASH. Patients without advanced fibrosis, but with high 

disease activity based on the predicted NAS, can be appropriately counseled about the risk 

of disease progression and advised to implement aggressive therapeutic interventions. 

Moreover, mf3D-MRE might be considered for use as a surrogate end-point in 

interventional clinical trials, because it offers the advantage to predict not only NAS (the 

most commonly used surrogate end-point in NASH trials), but also separate estimations of 

the three components of NAS (steatosis, inflammation/ballooning and fibrosis), which are 

individually targeted in certain experimental monotherapies.

Accordingly, this provides motivation for further studies to evaluate the role of mf3D-MRE 

as a screening tool in selected patients at risk for NASH, such as those with severe obesity, 

diabetes or metabolic syndrome. One of its most important performance characteristics is the 

high specificity of 80%, which is advantageous for the identification of individuals with 

simple steatosis by ruling out those with NASH. Recognizing the low risk of future liver 

disease for individuals with simple steatosis and focusing on those with NASH will allow for 

a more targeted therapeutic approach and prevent downstream costs and unnecessary 

healthcare resources in a disease with significant economic burden(40).

The strengths of this study include the innovative approach, a large, rigorously characterized 

population at risk for NASH using the gold-standard method of NASH diagnosis by 

histology, with uniform interpretation by one study pathologist. We targeted individuals with 

early NASH, without advanced fibrosis, and this criterion was met by the vast majority of 

the subjects. Limitations include the severe obesity, female predominance and the mild-

moderate disease severity, with few subjects having high NAS. Whereas this cohort with 

severe obesity may not be fully representative of the typical NAFLD population, it provided 

a more suitable venue to obtain liver biopsies in a controlled operative environment from a 

large number of patients. Like many other studies of bariatric surgery patients(41),(42),(43), 

this cohort provides the opportunity to derive important data in the field of fatty liver 

disease, that NASH can be diagnosed non-invasively by MRE. However, future work should 

test the generalizability of mf3D-MRE as an accurate NASH biomarker by validating these 

results in a population with lower BMI ranges and more severe steatohepatitis, and assess its 

cost-effectiveness and role in disease monitoring. The MRE analysis used in this study 
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employed manual selection of the region of interest leading to potential interobserver 

variability(26). A confidence map calculated during the mechanical properties inversion was 

available to guide manual ROI selection to mitigate inter-reader variation. Future studies 

should address the utility of automated liver elasticity calculation (44). Similarly, studies 

comparing the performance using different field strengths (1.5T vs. 3T) should be 

performed.

Noninvasive detection of NASH and accurate determination of fibrosis stage remain key 

diagnostic challenges. The technical approach tested in this study combines mf3D-MRE and 

MRI-PDFF in a single test that has the potential to provide a comprehensive estimation of 

inflammation, ballooning, steatosis and fibrosis in one setting. Moreover, it is an accurate 

imaging biomarker not only for NASH diagnosis, but also for estimation of disease severity. 

The value of histological assessment in liver disease remains unquestioned, but by providing 

equivalent information regarding the state of the liver parenchyma, mf3D-MRE has the 

potential to obviate the limitations of liver biopsy in the management of NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DR damping ratio
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MRI-PDFF MRI proton density fat fraction

NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

NPV negative predictive value

PPV positive predictive value

SS shear stiffness
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FIGURE 1. Imaging parameters of interest in patients with NASH versus non-NASH.
A. Damping ratio derived from 3D-MRE at 60Hz, 40Hz and 30Hz. Significant differences 

between NASH and non-NASH were noted at 40Hz and 60Hz. B. Shear stiffness (kPa) 

derived from 3D-MRE at 60Hz, 40Hz and 30Hz. Significant differences between NASH and 

non-NASH were noted at 40Hz and 60Hz. C. Fat fraction (%) derived from MRI-PDFF was 

significantly higher in NASH versus non-NASH patients.
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FIGURE 2. 
The correlation of damping ratio values with histologic parameters of nonalcoholic 

steatohepatitis.
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FIGURE 3. Predictive performance of the imaging biomarker for NASH diagnosis.
AUC: area under the curve; PPV: positive predictive value; NPV: negative predictive value.
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FIGURE 4. Examples of imaging analyses and predicted probabilities of NASH and NAFLD 
activity score (NAS) from three study patients.
The 3 imaging parameters included in the predictive model are shown: mf3D-MRE 

depiction of shear stiffness and damping ratio; MRI-PDFF depiction of fat fraction. The 

horizontal boxes illustrate the NAS values ranging from 0-8. The shaded part of the boxes 

represents the predicted range of NAS which were derived from the regression model as the 

highest probabilities within the 68% confidence interval. In patient A, who by histology 

does not have NASH and whose NAS=0, the logistic regression model using imaging 

parameters predicted a 15% probability of NASH and a predicted NAS=0-1. Patient B, with 
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histologic NASH and NAS=3, has a predicted probability of 60% for NASH and a predicted 

NAS=3-4. Lastly, patient C, with histologic NASH and NAS=6, has a 98% predicted 

probability of NASH and a predicted NAS=5-6.
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Table 1.

Model performance for NASH prediction in the exploratory cohort of 88 bariatric subjects using mf3D MRE 

at 30, 40 and 60 Hz.

Imaging parameters included
in each model

Model performance for histologic NASH prediction

c-statistic (95% CI) Cross-validation c-statistic
(95% CI)

DR-60 Hz, SS-60 Hz, FF 0.87 (0.79, 0.95) 0.74 (0.64, 0.83)

DR-40 Hz, SS-60 Hz, FF 0.87 (0.79, 0.95) 0.76 (0.66, 0.85)

DR-30 Hz, SS-60 Hz, FF 0.87 (0.79, 0.95) 0.74 (0.65, 0.84)
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Table 2.

Characteristics of the combined cohorts of bariatric surgery candidates used for final statistical model 

derivation.

NASH
N=81

Not NASH
N=94

p-value

Age, median (IQR) 47 (39-58) 45 (39-55) 0.65

Female- n (%) 51 (64%) 77 (83%) 0.008

BMI, median (IQR) 46 (41-57) 45 (42-49) 0.39

ALT, median (IQR) 37 (29-53) 22 (18-30) <0.001

AST, median (IQR) 28 (24-38) 22 (19-28) <0.001

Histologic parameters

Steatosis grade 0 1 (1%) 37 (39%) <0.001

1 38 (48%) 49 (52%)

2 25 (31%) 6 (6%)

3 16 (20%) 2 (2%)

Lobular inflammation grade 0 3 (4%) 64 (68%) <0.001

1 64 (79%) 29 (31%)

2 13 (16%) 1 (1%)

3 1 (1%) 0 (0%)

Hepatocyte ballooning grade 0 13 (16%) 92 (98%) <0.001

1 50 (63%) 2 (2%)

2 17 (21%) 0 (0%)

Fibrosis stage 0 14 (17%) 83 (88%) <0.001

1 33 (41%) 6 (6%)

2 18 (22%) 4 (4%)

3 7 (9%) 0 (0%)

4 9 (11%) 1 (1%)

Histologic NAFLD activity score (NAS) 0 0 (0%) 28 (30%) <0.001

1 1 (1%) 38 (40%)

2 6 (7%) 22 (23%)

3 24 (30%) 6 (6%)

4 30 (37%) 0 (0%)

5 13 (16%) 0 (0%)

6 5 (6%) 0 (0%)

7 2 (3%) 0 (0%)

8 0 (0%) 0 (0%)
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Table 3.

Model coefficients derived from logistic regression for NASH prediction (A) and ordinal logistic regression 

for NAFLD activity score prediction (B).

A. Prediction of NASH diagnosis

Parameter Coefficient (per IQR) Standard error p value

DR-40 0.37 0.33 0.26

SS-60 0.75 0.21 <0.001

FF 1.73 0.34 <0.001

B. Prediction of NAFLD activity score (NAS)

Parameter Coefficient (per IQR) Standard error p value

DR-40 0.70 0.25 0.004

SS-60 0.64 0.10 <0.001

FF 2.46 0.29 <0.001
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