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Abstract

Background & Aims—Liver biopsy analysis is the standard method used to diagnose 

nonalcoholic fatty liver disease (NAFLD). Advanced magnetic resonance imaging is a 

noninvasive procedure that can accurately diagnose and quantify steatosis, but is expensive. 

Conventional ultrasound is more accessible but identifies steatosis with low levels of sensitivity, 

specificity, and quantitative accuracy, and results vary among operators. A new quantitative 

ultrasound (QUS) technique can identify steatosis in animal models. We assessed the accuracy of 

QUS in the diagnosis and quantification hepatic steatosis, comparing findings with those from 

MRI proton density fat fraction (MRI-PDFF) analysis as a reference.

Methods—We performed a prospective, cross-sectional analysis of a cohort of adults (n=204) 

with NAFLD (MRI-PDFF≥5%) and without NAFLD (controls). Subjects underwent MRI-PDFF 

and QUS analyses of the liver on the same day at the University of California, San Diego, from 

February 2012 through March 2014. QUS parameters and backscatter coefficient (BSC) values 

were calculated. Patients were randomly assigned to training (n=102; mean age, 51±17 years; 

mean body mass index, 31±7 kg/m2) and validation (n=102; mean age, 49±17 years; body mass 

index, 30±6 kg/m2) groups; 69% of patients in each group had NAFLD.

Results—BSC (range 0.00005–0.25 1/cm-sr) correlated with MRI-PDFF (Spearman’s ρ=0.80; 

P<.0001). In the training group, the BSC analysis identified patients with NAFLD with an area 

under the curve value of 0.98 (95% confidence interval, 0.95–1.00; P<.0001). The optimal BSC 

cutoff value identified patients with NAFLD in the training and validation groups with 93% and 

87% sensitivity, 97% and 91% specificity, 86% and 76% negative predictive values, and 99% and 

95% positive predictive values, respectively.

Conclusions—QUS measurements of BSC can accurately diagnose and quantify hepatic 

steatosis, based on a cross-sectional analysis that used MRI-PDFF as the reference. With further 

validation, QUS could be an inexpensive, widely available method to screen the general or at-risk 

population for NAFLD.

Keywords

chronic liver disease; diagnostic; AUC; biomarker; nonalcoholic fatty liver disease; nonalcoholic 
steatohepatitis; noninvasive; biomarker; imaging; ultrasound; diagnosis; quantitative; fibrosis; 
fatty liver; hepatic steatosis; MRI-proton density fat fraction (PDFF); liver biopsy; backscatter 
coefficient; sensitivity; specificity

Introduction

Nonalcoholic fatty liver disease (NAFLD) has emerged as the leading cause of chronic liver 

disease in the United States1. It is defined as a spectrum of diseases, from hepatic steatosis 
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that can progress to nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and even 

hepatocellular carcinoma2. NAFLD is strongly associated with metabolic risk factors1, such 

as cardiovascular disease3, obesity, diabetes mellitus4, 5, and dyslipidemia6. Currently, the 

estimated U.S. prevalence of NAFLD ranges from 17 to 51%1, and it is even more common 

in certain high risk groups, such as individuals with severely obese (90%), type 2 diabetes 

mellitus (69%), and older, Hispanic males7–9. Liver biopsy remains the gold standard for 

diagnosing NAFLD1, 10. However, this procedure is invasive with complications such as 

bleeding and infection, and is unreliable for quantifying steatosis due to sampling error and 

variability among pathologist interpretation11, 12.

Due to these disadvantages of liver biopsy, there is rising interest in developing noninvasive 

methods to identify hepatic steatosis, including those measured by state-of-the-art imaging 

modalities1, 13. While most commonly accessible to assess NAFLD, conventional 

ultrasonography is limited by operator dependency, low sensitivity and specificity, and lacks 

quantitative accuracy14–16. Computerized tomography is limited by low sensitivity for mild 

steatosis, radiation exposure, and inaccurate quantification of steatosis17. Advanced 

magnetic resonance imaging techniques that measure the proton density fat fraction (MRI-

PDFF)—shown to correlate with histology-determined steatosis grade in adults with 

NAFLD18, 19—and MR spectroscopy have emerged as leading noninvasive modalities for 

steatosis quantification in NAFLD in terms of sensitivity, specificity, and reliability17, 20, 21. 

However, like liver biopsies, magnetic resonance imaging is expensive and not routinely 

accessible.

Quantitative ultrasound (QUS) is a technique that was developed to better characterize tissue 

microstructure by measuring fundamental acoustic parameters, including backscatter 

coefficient (BSC)15. BSC is analogous (but not equal) to the qualitative “echogenicity” of 

tissue, which is used as a component for grading liver status in conventional clinical 

ultrasonography. As demonstrated in several animal models but limited human, prospective 

studies, BSC may have potential to detect and quantify hepatic steatosis22–25. Further, 

several recent inter-laboratory studies demonstrated that QUS methods in reference 

phantoms and in vivo using clinical imaging scanners are highly reproducible and 

independent of operator and imaging system factors26, 27.

This study is a cross-sectional analysis of a prospective cohort aimed to assess the accuracy 

of BSC to diagnose and quantify hepatic steatosis using MRI-PDFF as the reference. The 

rationale for using MRI-PDFF as a reference standard rather than a liver biopsy is that MRI-

PDFF is more accurate than qualitative liver histologic assessment for quantifying liver fat, 

as previously shown28, 29.

Methods

Study design and derivation of cohort

This is an IRB-approved (by the UCSD institutional review board), HIPAA compliant, 

crosssectional analysis of participants derived consecutively from a prospective cohort, 

aimed at assessing the accuracy of BSC to diagnose and quantify hepatic steatosis using 

MRI-PDFF as reference in participants with NAFLD (defined as MRI-PDFF of ≥5%) and 
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non-NAFLD controls (defined as MRI-PDFF <5%). We followed STARD guidelines in this 

study of QUS for the diagnostic accuracy in detecting hepatic steatosis (see Supplemental 

text for STARD checklist).

Study participants were recruited at the UCSD NAFLD Translational Research Unit (PI:RL) 

between February 2012 and March 2014; 236 eligible study participants were screened and 

deemed eligible for the study, and 204 participants complied with the study protocol and 

received same-day QUS and MRI imaging of the liver (see Supplemental Figure A). A 

priori, half of these (102 participants) were assigned to a training group, the other half to a 

validation group using stratified randomization by an experienced statistician before any 

assessment of diagnostic test characteristics to maintain the integrity of the dataset. All 

participants provided written informed consent. Please see supplementary text for Inclusion 
and exclusion criteria, and details for Clinical evaluation.

QUS BSC protocol

QUS was performed by a research physician (HE) using a Siemens S3000 scanner with a 

direct Ultrasound Research Interface (URI) option30. Participants were asked to fast for four 

hours prior to exam. Scanning was done in the dorsal decubitus position with the right arm 

at maximum abduction. The 4C1 curved vector array transducer (1–4.5 MHz nominal) was 

placed 90o to liver capsule through the right intercostal approach.

With the participant in a complete breath hold, multiple B-mode images were acquired of 

the right lobe of the liver area avoiding major vasculature. The URI was enabled and 10 

consecutive frames of transducer signals were recorded from the same region of the liver. 

Then without changing any scanner settings, 10 consecutive frames were recorded in a well-

characterized, tissue-mimicking reference phantom with acoustic properties (sound speed, 

attenuation, backscatter coefficient) comparable to average human liver tissue (Figure 1a). 

Only the first frame was used for QUS analysis. URI data files, identified only by code 

numbers, were saved and then transferred to the server for analysis.

QUS BSC data analysis

Ultrasonic pulses are transmitted by the transducer into tissue, where the energy is absorbed 

and scattered along its path due to the heterogeneous nature of tissue. A portion of the 

energy in the pulses is scattered back to the transducer (echoes). There, it is received, 

processed and recorded to form one scan line at a time. A two-dimensional ultrasonogram 

(one frame) is formed from 128 scan lines, which is stored by the URI. Signal analysis for 

BSC is performed in a selected field of interest (FOI) drawn manually on the liver images 

(Figure 1a). One scan line for illustration is plotted as a raw RF signal as a function of depth 

(Figure 1b). The power spectra from the liver and phantom are computed, shown in Figure 

1c. The reference phantom spectrum is used to correct the liver spectrum for machine 

dependent factors (focusing, gain, transducer pattern, transmit power, etc.) as well as to 

correct for signal loss due to attenuation with depth. BSC is then calculated from the 

corrected power spectrum. (See Supplemental Material for a more detailed description of 

this procedure.)
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The GUI assembles the discrete lines of RF data to form a B-mode sonogram that the 

analyst uses to delineate manually a field of interest (FOI) within a relatively homogeneous 

portion of the liver (Figure 2a). The FOI is drawn as large as possible at least 1 cm below 

the liver capsule avoiding inclusion of and not below large vessels. The FOI is then sub-

segmented automatically into smaller overlapping regions of interest (denoted sub-ROIs) in 

which many local BSCs as a function of frequency, corrected for signal attenuation, are 

calculated in a sequential process (Figure 2b) using the reference phantom methodology26.

The BSC spectra averaged over the entire FOI are shown in Figure 3 for two participants, 

one with NAFLD (Participant A, PDFF 27.9%) and one a non-NAFLD control (Participant 

B, PDFF 1.4%). These are the same participants whose B-mode ultrasonograms are 

displayed in Figure 2. Participant A shows higher BSC across the entire frequency 

bandwidth than Participant B (Figure 3). BSC (1/cm-sr) in the liver vary over several orders 

of magnitude with increasing fat content per MRI-PDFF. For the purposes of this study, a 

narrow bandwidth of each spectrum (2.9–3.1 MHz) was selected, within which the average 

BSC was computed for each participant. Overall, BSC analysis takes about 1–2 minutes of 

analyst time and 5–10 minutes of post-processing computer time running in the background. 

Analysis is done offline on a PC or Mac running established programs in Matlab with a 

user-friendly graphical user interface.

MRI protocol

Please see supplementary text for the MRI protocol.

Statistical analysis

A priori, before conducting data analysis, half of the 204 participants were randomly 

assigned to a training group, the other half to a validation group. Stratified randomization by 

four categories of MRI-PDFF was used (<4%, 4–6%, 6–8% and >8% PDFF), to ensure that 

a full range of PDFF is present in both the training and validation groups, and that the two 

groups were comparable in the MRI-PDFF strata of interest. A receiver operating 

characteristic (ROC) curve was computed for BSC as a separate predictor of steatosis (as 

defined by MRI-PDFF dichotomized at 5%) using the training dataset. Area under the 

receiver operator curve (AUC) and the 95% DeLong confidence intervals around them were 

computed. Please see supplementary text for further details.

Results

Participant characteristics

Table 1 shows baseline demographic, physical, biochemical, and imaging characteristics of 

the study participants. In the training and validation groups, 40% and 38% were male (P = .

886); the mean ± standard deviation (SD) of age was 51 ± 17 and 49 ± 17 years (P = .344); 

mean BMI ± SD was 30.9 ± 6.5 and 30.2 ± 6.1 kg/m2 (P = .533), respectively. The mean 

BSC (1/cm-sr) and MRI-PDFF (segments 5–8, %) in the training and validation groups are 

as follows: 0.026 ± 0.046 versus 0.018 ± 0.030 1/cm-sr (P = .152), and 11.4% ± 9.0% versus 

10.7% ± 8.2% (P = .537), respectively. In both the training and validation groups, 70 of 102 
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participants (69%) had NAFLD by MRI-PDFF (≥5%). There was no significant difference 

on any of these parameters between the training and validation groups.

Correlations between BSC versus MRI-PDFF and BMI in training and validation groups

Figure 4 compares graphically QUS BSC with MRI-PDFF in both training and validation 

groups combined. Spearman’s rank correlation coefficient between BSC and MRI-PDFF 

was ρ=0.82 (P < .0001) in the training group, ρ=0.79 (P < .0001) in the validation group, 

and ρ=0.80 (P < .0001) overall. Correlation of BSC and MRI-PDFF with various metabolic 

parameters has been provided in supplementary section (see supplemental Table A).

Accuracy of QUS BSC for diagnosis of hepatic steatosis (MRI-PDFF ≥5%)

In the training group, BSC provided an AUC of 0.98 (95% CI 0.95–1.00, P < .0001) for the 

diagnosis of steatosis (Figure 4b). In the training group, the optimal BSC cut-off of 0.0038 

1/cm-sr provided a sensitivity of 93%, specificity of 97%, positive predictive value (PPV) of 

99%, negative predictive value (NPV) of 86%, and total accuracy (TA) of 94% (Table 2). In 

the validation group, the training group’s cut-off provided a sensitivity of 87%, specificity of 

91%, PPV of 95%, NPV of 76%, and TA of 88%. We conducted sensitivity analyses to 

carefully examine whether the accuracy of BSC was lower in individuals with higher BMI 

by stratifying the cohort into two groups: < median BMI (<31 kg/m2) and ≥ median BMI (≥ 

31 Kg/m2). The results remained consistent and we did not find any difference in the 

accuracy of BSC between the two groups (p-value = 0.37).

Secondary analysis of QUS BSC and optimal cutoffs at different MRI-PDFF thresholds

Table 2 shows a secondary analysis of the QUS parameter, BSC, at its optimal cut-offs, and 

performance parameters (sensitivity, specificity, PPV, NPV) at various MRI-PDFF 

thresholds (≥4, 5, 6, and 8%). Overall, BSC demonstrated robust AUCs across various MRI-

PDFF thresholds. The highest AUC seen (0.98) is for BSC at a threshold of MRI-PDFF 

≥5%.

Discussion

In this cross-sectional analysis of a prospective cohort of adults with and without NAFLD, 

we demonstrate that QUS BSC is accurate in diagnosing hepatic steatosis, using MRI-PDFF 

as the reference. Furthermore, we found that BSC correlated strongly with the degree of 

hepatic steatosis (as represented by MRI-PDFF), and thus showed potential for noninvasive 

quantification of liver fat content. In stringent sensitivity analyses across various MRI-PDFF 

thresholds (≥4, 5, 6, and 8%), BSC showed robust AUCs across the entire range; moreover, 

the optimal BSC cut-off depended on the threshold.

These findings add to the current literature in that QUS parameter outcomes have not been 

studied extensively in a large, prospective human cohort thus far for the diagnosis and 

quantification of liver fat. While liver biopsy remains the gold standard for diagnosing 

NAFLD, the liver biopsy examination has notable limitations—including subjectivity, 

sampling variability, invasiveness, risk of severe pain and bleeding (1 in 500), and death (1 

in 10000)—that deem it both impractical and unreliable in population-based screening or for 
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monitoring treatment response31, 32. Conventional ultrasonography has been widely used for 

initial screening of fatty liver because it is accessible, noninvasive, and inexpensive11. 

However, its utility is both machine- and operator-dependent, with low accuracy in the 

morbidly obese and poor reliability in distinguishing between steatosis and fibrosis33. 

Previous studies on the use of conventional ultrasonography for detecting fatty liver show 

sensitivities and specificities between 60–94% and 66–95%, respectively34, 35, 

demonstrating that it does not provide reproducible, continuous range of quantitative 

information for steatosis36.

Noncontrast CT imaging is noninvasive with good diagnostic performance in the qualitative 

diagnosis of steatosis, with a sensitivity of 82% and specificity of 100% at a steatosis 

threshold of >30%12, 37. However, CT has poor sensitivity for mild steatosis, is unreliable 

for steatosis quantification, and involves radiation exposure17. Advanced MRI techniques 

can measure PDFF, which has emerged as a new standardized biomarker for assessing liver 

fat38. MRI-PDFF transcends the shortcomings of CT and older MRI techniques that are 

limited by T1 bias, T(2)* decay and multi-frequency signal-interference effects of protons 

within fat21, 39. MRI-PDFF correlates well with histology-determined steatosis in adults 

with NAFLD18, 40. In a longitudinal study, MRI was more accurate and sensitive (93% 

sensitivity, 85% specificity) than histology in quantifying changes in steatosis over time29. 

In a randomized clinical trial studying the effect of colesevelam on liver fat, MRI-PDFF was 

able to detect changes in liver fat longitudinally that histology could not28. Despite these 

advantages, advanced MRI remains costly and relatively inaccessible.

The development of QUS followed various conventional ultrasonographic techniques aimed 

at improving diagnostic accuracy for steatosis. Please see supplemental text for further 

details. This methodology overcomes previous limitations of conventional ultrasonography 

because QUS parameters are estimated using a reference phantom and objective computer 

algorithms. Thus, the phantom reference addresses machine (transducer format, gain, 

dynamic range, focusing, frequency, etc.) and operator dependencies, therefore helping to 

reduce both sources of variability.

The implementation of QUS requires training of an experienced sonographer in a short (<1 

hour) training session. Due to the fact that QUS procedures and measures are platform 

independent, it can be performed on any conventional ultrasonography scanner from any 

manufacturer. This accessibility, along with the advantages of QUS as a noninvasive and 

relatively cost-effective imaging modality, improves the viability of QUS as a large-scale 

screening and monitoring tool for the general population and for research, including clinical 

trials and development of therapies. The strengths and limitations of the study are provided 

in the supplementary text in further details.

Conclusion and future studies

The primary findings of this study show that the QUS parameter BSC can accurately 

diagnose and quantify hepatic steatosis, using MRI-PDFF as the reference. QUS 

methodologies may be a promising, relatively inexpensive modality to screen the general 

population for fatty liver disease. The availability, cost, and accuracy of BSC outweigh the 

risks involved with liver biopsy. Future studies could examine the use of multiple QUS 
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parameters on a larger cohort of participants and follow them longitudinally, include a 

multi-center study, or compare BSC versus liver biopsy for the diagnosis of hepatic 

steatosis, perhaps in a three-way comparison with MRI-PDFF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALT alanine aminotransferase

AST aspartate aminotransferase

AUC area under the receiver operator curve

BMI body mass index

BSC backscatter coefficient

CT computerized tomography

FOI field of interest

GGT gamma-glutamyl transpeptidase

GUI graphical user interface

HDL high-density lipoprotein

INR international normalized ratio

LDL low-density lipoprotein

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy

NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis
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NPV negative predictive value

PDFF proton-density-fat-fraction

PPV positive predictive value

QUS quantitative ultrasound

ROC receiver operating characteristic

ROI region of interest

SGRE spoiled gradient-recalled-echo

TA total accuracy

TGC time-gain compensation

UCSD University of California San Diego

UIUC University of Illinois at Urbana-Champaign

URI Ultrasound Research Interface
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Figure 1. Quantitative ultrasound transducer, region of interest, and the average power spectra
Fig 1a. The QUS transducer captures images and BSC data on both a participant’s liver 

(left) and on a reference phantom (right). Analyst draws field of interest (FOI) for signal 

processing.

Fig 1b. Transducer signals captured by the QUS comprise of raw radiofrequency data in 

lines of pressure waves, one of which is plotted here.

Fig 1c. The average power spectra over a sub-region of interest (sub-ROI) from a participant 

(left) and the reference phantom (right). Participants’ spectra vary from that of the phantom 

due to different acoustic properties; thus, the reference phantom can be used to calibrate 

participant data and correct for total attenuation of tissue signals in the overall FOI.
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Figure 2. QUS backscatter coefficient (BSC) images with corresponding MRI-PDFF liver 
segmentation maps
After a B-mode sonogram is formed and an image of liver tissue is created, a field of interest 

(FOI) is manually selected within a relatively homogenous portion of liver free of 

vasculature (a). This large FOI is further subdivided into many sub-ROIs for which 

attenuation-compensated BSC is estimated (b), and the overall BSC in the overall FOI is 

calculated by averaging the BSC of sub-ROIs therein. The qualitative color maps (b) for 

each patient represent the spectrum of BSC within each large FOI.
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Figure 3. Backscatter spectra averaged over a field of interest between two participants with 
different degrees of MRI-PDFF determined hepatic steatosis
Two participants, as illustrated in Figure 2, with different values of MRI-PDFF (Participant 

A, 27.9%; Participant B, 1.4%) are compared. The plots show QUS BSC as a function of 

frequency. Participant A (with NAFLD) shows significantly higher BSC than Participant B 

(non-NAFLD control) across the entire frequency bandwidth. The yellow shading depicts 

the narrow bandwidth (2.9–3.1 MHz) for the BSC parameters analyzed in this study. The 

numbers within the shaded areas are the mean values of BSC within that bandwidth, for 

each participant.
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Figure 4. Figure 4a Correlation between BSC and MRI-PDFF (≥5%) in training and validation 
groups (n = 204), with the optimal BSC cut-off and corresponding ROC curve for the diagnosis 
of hepatic steatosis
When BSC is correlated with MRI-PDFF (QUS frequency of 3 MHz), BSC exhibited a 

Spearman’s rho in the training and validation groups of 0.82 and 0.79, P < .0001, 

respectively. Overall, BSC ρ=0.80 (P < .0001). At MRI-PDFF ≥5%, the optimal BSC cut-

off was 0.0038 1/cm-sr in the training set for the diagnosis of NAFLD.
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Figure 4b ROC curve for the diagnosis of hepatic steatosis with BSC as defined by MRI-

PDFF ≥5% at the optimal QUS BSC cut-off in the training group. Backscatter coefficient of 

0.0038 1/cm-sr exhibits an AUC of 0.98.
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Table 1

Demographic, physical, biochemical, and imaging characteristics of the study participants

Training Cohort (n = 102) Validation Cohort (n = 102) P-Values

Demographics

 Male (%)^ 40 38 0.886

 Age (years)* 51.3 ± 17.2 49.0 ± 16.6 0.344

 Height (cm)* 165.5 ± 10.3 166.8 ± 9.5 0.375

 Weight (kg)* 85.1 ± 21.0 84.4 ± 20.1 0.809

 BMI (kg/m2)* 30.9 ± 6.4 30.2 ± 6.1 0.432

 Ethnic origin (%)^ 0.671

  White 47 48 -

  Hispanic 31 26 -

  Asian 14 16 -

  Black 4 4 -

  Other 4 6 -

 Diabetes^ 42 47 0.573

Biochemical profile*

 Hemoglobin (g/dL) 13.7 ± 1.6 14.0 ± 1.5 0.086

 Hematocrit (%) 40.3 ± 4.1 41.5 ± 3.8 0.042

 Platelet count (×10^3/uL) 251 ± 72 255 ± 66 0.676

 AST (U/L) 34.1 ± 26.9 34.4 ± 36.2 0.945

 ALT (U/L) 41.9 ± 36.7 43.5 ± 55.3 0.814

 Alkaline phosphatase (U/L) 76.2 ± 28.1 73.9 ± 23.3 0.526

 GGT (U/L) 44.6 ± 45.6 41.3 ± 44.9 0.596

 Total bilirubin (mg/dL) 0.5 ± 0.4 0.5 ± 0.3 0.861

 Albumin (g/dL) 4.5 ± 0.4 4.9 ± 3.9 0.320

 Glucose (mg/dL) 105.5 ± 46.5 109.8 ± 48.4 0.523

 Triglycerides (mg/dL) 145.3 ± 81.0 163.0 ± 275.3 0.538

 Total Cholesterol (mg/dL) 182.9 ± 41.1 180.0 ± 45.5 0.645

 HDL (mg/dL) 54.8 ± 20.8 53.8 ± 15.6 0.717

 LDL (mg/dL) 101.1 ± 31.8 96.6 ± 30.4 0.308

 INR 1.0 ± 0.2 1.0 ± 0.2 0.572

Imaging*

 MRI-PDFF 5–8 (%) 11.4 ± 9.0 10.7 ± 8.2 0.5365

 BSC (1/cm-sr) 0.026 ± 0.046 0.018 ± 0.030 0.1517

Abbreviations for table: AST, aspartate aminotransferase; ALT, alanine aminotransferase; BSC, backscatter coefficient; BMI, body mass index; 
GGT, gamma-glutamyl transpeptidase; HDL, high-density lipoprotein; INR, international normalized ratio; LDL, low-density lipoprotein; MRI, 
magnetic resonance imaging; PDFF, proton-density-fat-fraction (mean calculated from segments 5–8). All labs were measured while patients were 
fasting.
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*
Mean value provided with standard deviations and p-values (t-test).

^
Chi-square test p-values are presented; note that the chi-square test for comparing ethnic proportions in the two groups were conducted for Whites 

versus Hispanics versus Asians/Blacks/Others.
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