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OBJECTIVE. The purpose of this study is to explore the diagnostic performance of two
investigational quantitative ultrasound (QUS) parameters, attenuation coefficient and backscatter coefficient, in comparison with conventional ultrasound (CUS) and MRI-estimated proton density fat fraction (PDFF) for predicting histology-confirmed steatosis grade in
adults with nonalcoholic fatty liver disease (NAFLD).
SUBJECTS AND METHODS. In this prospectively designed pilot study, 61 adults
with histology-confirmed NAFLD were enrolled from September 2012 to February 2014.
Subjects underwent QUS, CUS, and MRI examinations within 100 days of clinical-care liver
biopsy. QUS parameters (attenuation coefficient and backscatter coefficient) were estimated using a reference phantom technique by two analysts independently. Three-point ordinal
CUS scores intended to predict steatosis grade (1, 2, or 3) were generated independently by
two radiologists on the basis of QUS features. PDFF was estimated using an advanced chemical shift–based MRI technique. Using histologic examination as the reference standard, ROC
analysis was performed. Optimal attenuation coefficient, backscatter coefficient, and PDFF
cutoff thresholds were identified, and the accuracy of attenuation coefficient, backscatter coefficient, PDFF, and CUS to predict steatosis grade was determined. Interobserver agreement
for attenuation coefficient, backscatter coefficient, and CUS was analyzed.
RESULTS. CUS had 51.7% grading accuracy. The raw and cross-validated steatosis grading accuracies were 61.7% and 55.0%, respectively, for attenuation coefficient, 68.3% and
68.3% for backscatter coefficient, and 76.7% and 71.3% for MRI-estimated PDFF. Interobserver agreements were 53.3% for CUS (κ = 0.61), 90.0% for attenuation coefficient (κ = 0.87),
and 71.7% for backscatter coefficient (κ = 0.82) (p < 0.0001 for all).
CONCLUSION. Preliminary observations suggest that QUS parameters may be more
accurate and provide higher interobserver agreement than CUS for predicting hepatic steatosis grade in patients with NAFLD.
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uantification of hepatic steatosis
is clinically important because of
the increasing frequency of nonalcoholic fatty liver disease
(NAFLD), the most common chronic liver
disease worldwide, with an estimated 1 billion afflicted individuals [1]. Current methods
to quantify liver fat are limited. Percutaneous

Q

liver biopsy with histologic examination, the
current reference standard, is invasive and
has potential complications [2]. MRI-based
techniques are accurate and precise for quantifying fat [3] but may be impractical for routine clinical use given the large number of affected patients. CT can assess liver fat, but
radiation dose limits its suitability for this
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This study was approved by the University of
California, San Diego, institutional review board
and is compliant with the HIPAA. This was a
cross-sectional pilot analysis of a prospectively
recruited cohort of 61 patients with biopsy-proven
NAFLD. Because this was a pilot study, no a priori
power analysis was performed. All patients underwent liver biopsy for clinical care and, within 100
days of biopsy, CUS, QUS, and MRI examinations
for research. Because hepatic fat contents can vary
over time [15, 16], the 100-day interval was chosen to limit possible changes in hepatic fat content during the interval between biopsy and imaging that might reduce the validity of the histology
reference standard. Patients were recruited from
the institutional fatty liver clinic (September 2012
to February 2014) by the study hepatologist. Patients were included if they were adults at least 18
years old and willing to undergo CUS, QUS, and
MRI for research. Patients were excluded if any of
the following criteria were met: moderate, heavy,
or binge alcohol consumption, defined as three
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agnostic performance of QUS and MRI-estimated PDFF was compared, using histologic
grade as the reference standard. A secondary
objective of this study was to assess the correlations of QUS parameters versus MRI-estimated PDFF and versus histologic grade.
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ultrasound energy loss in tissue and provides
a quantitative parameter analogous to the obscuration of liver structures (vessel and diaphragm blurring) assessed qualitatively with
CUS. The backscatter coefficient is a measure
of ultrasound energy returned from tissue and
provides a quantitative parameter analogous
to the echogenicity assessed qualitatively with
CUS. In the study by Lin et al. [13], backscatter coefficient was shown to accurately detect
the presence of steatosis in patients with suspected NAFLD using MRI-estimated proton density fat fraction (PDFF) as a reference
standard. Although detection accuracy was
shown, a histologic reference standard was
not included, and so the ability of QUS to differentiate between different histologic grades
of steatosis in patients with NAFLD was not
evaluated. Also, a direct comparison with
CUS was not made, and the performance of
QUS versus CUS was not evaluated.
Therefore, the primary objective of this pilot study was to explore, in a cohort of adults
with biopsy-proven NAFLD, the diagnostic
performance and reliability of QUS parameters, attenuation coefficient and backscatter
coefficient, in comparison with CUS for predicting histology-determined steatosis grades.
In addition, because MRI-estimated PDFF is
emerging as the leading quantitative imaging
biomarker for assessment of steatosis, the di-
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purpose [4]. Conventional ultrasound (CUS)
is the most widely used imaging examination
for assessing steatosis because of its accessibility and low cost [5, 6]. In the CUS procedure,
radiologists review conventional B-mode sonographic images of the liver and assess liver
fat on the basis of qualitative features, such
as hyperechogenicity of liver parenchyma,
intrahepatic vessel blurring, and diaphragm
blurring [7]. Because CUS is assessed using
qualitative features, interpretation is subjective, as well as both machine and operator
dependent. Because, in part, of these limitations, CUS has limited accuracy [8–10] and
high interobserver variability [7, 11, 12] for
assessing hepatic steatosis.
Recently, Lin et al. [13] reported promising results in human subjects for a quantitative ultrasound (QUS) technique that assesses
hepatic steatosis objectively. This technique
estimates inherent ultrasonic tissue properties
by using a calibrated reference phantom with
known ultrasound properties [14]. Ultrasonic
echoes acquired from the liver are compared
with echoes acquired from the phantom, using identical instrument settings and from the
same depths, thus accounting for machine
and operator dependencies. Two fundamental liver tissue parameters, attenuation coefficient and backscatter coefficient, are estimated. The attenuation coefficient is a measure of
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Fig. 1—Box-and-whisker plots of pairwise
comparisons of all imaging measures.
A–D, Graphs show comparisons between histologydetermined steatosis grades and conventional
ultrasound (CUS) consensus scores (A), two-analyst
mean attenuation coefficient (B) and backscatter
coefficient (C), and mean right liver lobe MRIestimated proton density fat fraction (PDFF) (D). All
imaging-determined values were plotted as median
(dashed lines), 25th to 75th percentile (box), and
maximum and minimum values (whiskers) for each
histology-determined steatosis grade. Horizontal
brackets over plots indicate statistical significance
as determined by Mann-Whitney test; *p < 0.05, **p <
0.01, and ***p < 0.001. NS = not significant.
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Fig. 2—Three patients with grade 1 (36-year-old woman), grade 2 (27-year-old man), and grade 3 (22-year-old man) steatosis as determined by histologic examination.
Top row shows conventional ultrasound (CUS) B-mode images for each patient, which were used by radiologists for conventional scoring. Second row shows
quantitative ultrasound images for same three patients with blue line outlining fields of interest as determined by one study image analyst. Third and fourth rows show
parametric color-coded maps for attenuation coefficient (0–2 dB/cm-MHz) and backscatter coefficient (0–0.25 1/sr-cm), respectively. Red indicates higher values and
blue indicates lower values.

drinks or more per day on average for men and
two or more drinks per day on average for women;
chronic liver disease other than NAFLD (e.g., viral, cholestatic, or autoimmune); use of steatogen-
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ic drugs; exposure to known hepatotoxins; contraindications to MRI; and time interval exceeding
100 days between biopsy and ultrasound or MRI,
or between MRI and ultrasound.

Research Clinic Visit

Patients underwent comprehensive clinical and
laboratory phenotyping at the University of California, San Diego, NAFLD Translational Re-
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search Unit. Demographic, anthropometric, and
laboratory data were collected by trained research coordinators.

Imaging

Patients were asked to fast for a minimum of 4
hours before imaging. Ultrasound and MRI examinations were performed on the same day if possible.

Ultrasound

Acquisition—Ultrasound examinations were
performed by a research physician using a scanner
(S3000, Siemens Healthcare) with a curved vector array transducer (4C1, Acuson). This transducer has a nominal frequency bandwidth of 1–4.5
MHz. Scanning was done with the patient in the
dorsal decubitus position with the right arm at
maximum abduction. The transducer was placed
at 90° to the liver capsule through the right intercostal approach. With the patient in shallow suspended inspiration, multiple conventional B-mode
images of the liver were obtained in the transverse
and longitudinal planes to depict liver parenchyma, liver vessels, relative echogenicity of the liver
to the kidney, and interface between the liver and
diaphragm. These images were subsequently reviewed by radiologists for CUS scoring (described
in the next subsection). In addition, a single QUS
acquisition was obtained using the scanner’s re-
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Although biopsies were performed for clinical
care, histology slides subsequently were reviewed
by a single expert hepatopathologist for this research. Blinded to clinical and radiologic data,
this hepatopathologist scored steatosis at low-tomedium power using a 4-point ordinal score, as
defined by the Nonalcoholic Steatohepatitis Clinical Research Network scoring system [17], according to the proportion of hepatocytes with
macrovesicular steatosis: 0 (< 5%), 1 (5–33%), 2
(33–66%), and 3 (> 66%). Because our study included only patients with biopsy-proven NAFLD,
only three steatosis grades (1, 2, and 3) were observed in the study cohort.
The pathologist also scored other features of
NAFLD using the Nonalcoholic Steatohepatitis
Clinical Research Network system [17]: lobular
inflammation (4-point ordinal score), ballooning
injury (3-point ordinal score), and fibrosis (5-point
ordinal score). These data were collected to describe the study cohort.
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Nontargeted percutaneous biopsies of the right
liver lobe were performed for clinical care using a
16- or 18-gauge needle by hepatologists at University of California, San Diego.
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Fig. 3—Classification tables showing number of correctly classified (shaded boxes) and incorrectly classified
(unshaded boxes) patients for each histologic steatosis grade for each imaging measure. Tables represent
classification data based on two-radiologist consensus conventional ultrasound (CUS) scores, two-analyst
mean quantitative ultrasound scores (attenuation and backscatter coefficients), or MRI-estimated proton
density fat fraction (PDFF) scores.

search mode in a representative portion of the
right lobe of the liver, while avoiding major vessels and with the patient suspending breathing
[18]. This QUS acquisition captured the raw (unprocessed) radiofrequency data received by the
transducer. Then without changing any scanner
settings, the transducer was placed on a calibrated
reference phantom and the QUS acquisition was
repeated immediately beside the patient [14]. The
QUS data from the patient and the phantom were
exported for offline analysis. The reference phantom has known attenuation and backscatter coefficient properties, each independently calibrated.
CUS scoring—B-mode images of the liver were scored qualitatively on a 3-point ordinal
scale adapted from Ballestri et al. [19] and intended to match the three histologic steatosis grades
observed in our study cohort. The scoring incorporates several criteria, including increased liver
echogenicity in comparison with the kidney (positive liver-to-kidney contrast), loss of clearly demarcated diaphragm border, and loss of echoes
from the walls of the portal vein. Mild steatosis
(CUS score 1) was defined by positive liver-to-kidney contrast with clearly demarcated diaphragm

border and with preservation of echoes from the
walls of the portal vein. Moderate steatosis (CUS
score 2) was defined by positive liver-to-kidney
contrast with accompanying blurring of the diaphragm and loss of echoes from the walls of the
peripheral branches of the portal vein. Severe steatosis (CUS score 3) was defined by a marked reduction in beam penetration, loss of diaphragm visualization, and loss of echoes from most of the
portal vein wall, including the main branches.
To become familiar with and achieve consistency using the CUS scoring system, two fellowshiptrained abdominal radiologists (with 5 and 6 years’
experience in interpreting abdominal sonography,
respectively) each underwent two separate training sessions consisting of 10 B-mode examinations of the liver acquired of patients not included
in the current study. In these sessions, the radiologists scored the B-mode images independently and
then in consensus; this was done to achieve uniformity in how the scoring criteria were applied. After completing this training and while blinded to
each other’s scores as well as all clinical, histologic, and other imaging data, the radiologists independently scored the conventional B-mode images
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Fig. 4—Bland-Altman limits of agreement.
A and B, Graphs show mean interobserver agreement and differences for attenuation coefficients (A) and backscatter coefficients (B) calculated by each research
analyst. One substantial outlier is not shown (interobserver mean = 0.40 1/sr-cm; interobserver difference = 0.76 1/sr-cm) for backscatter coefficient plot (B) for clarity.
Black dotted lines represent mean difference, and black solid lines represent 95% Bland-Altman limits of agreement.

of the study patients. In addition to the two independent scores, a consensus score was assigned
for each CUS examination. The consensus score
was defined as the independent score if the independent scores were identical. If the independent
scores were not identical, the two radiologists reviewed the images together, adjudicated their disagreements, and assigned a consensus score.
Quantitative ultrasound field of interest selection—Using custom software, a single B-mode
image was reconstructed from the raw QUS data
for each study patient [13]. Two image analysts
(each with 4 weeks of training in the analysis procedures) who were blinded to each other’s analysis
as well as all clinical, histologic, and MRI data independently reviewed the reconstructed B-mode
images and manually delineated polygonal fields
of interest that encompassed as much liver tissue as possible, while avoiding artifacts and the
most superficial 1 cm of hepatic parenchyma. If
the borders of the liver parenchyma could not be
adequately identified within the reconstructed
B-mode image, the examination was scored as a
technical failure.
Computation of attenuation coefficient and
backscatter coefficient—The software automatically divided each manually traced polygonal field
of interest into small (≈ 20 mm axial × 46 A-lines
lateral) overlapping (50%) rectangular ROIs. The
attenuation coefficient (in units of decibels per
centimeter-megahertz) within each ROI (i.e., the
local attenuation coefficient) and the backscatter coefficient (in units per steradian-centimeter)
within each ROI (i.e., the local backscatter coefficient) were computed as functions of ultrasound frequency, as described elsewhere [13]; local backscatter coefficient computation required
correction for attenuation coefficient effects [13].
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To remove operator and instrument-setting dependencies, the software automatically normalized
the power spectrum of the echo signals from the
liver by the corresponding power spectrum of the
echo signals from the same depths in the calibrated reference phantom [13, 14]. Local attenuation
and backscatter coefficient values were calculated
using the normalized power spectrum of the echo
signals and the known phantom attenuation and
backscatter coefficient values. The mean attenuation and backscatter coefficient values of the entire
hepatic field of interest were then calculated from
the individual local attenuation and backscatter
coefficients, respectively. Although data were collected over the entire 1–4.5 MHz frequency range
of the transducer, a frequency window from 2.5
to 3.5 MHz was selected for subsequent analyses
because it had the optimal signal-to-noise ratio
and because the frequency window included the
transducer center frequency. The mean attenuation and backscatter coefficients across this selected frequency range were calculated and used
in the analyses described later in this article. Custom software was used to integrate the process of
manual delineation of fields of interest with computation of attenuation and backscatter coefficient
values; postprocessing time was approximately
5 minutes per patient. For illustrative purposes,
parametric maps were generated to show the spatial distribution of attenuation and backscatter coefficient values in the frequency of 2.5–3.5 MHz
within the analyst-defined fields of interest.

MRI Examination and Analysis

Patients were examined in the supine position with a standard torso phased-array coil centered over the liver at 3 T (Signa Excite HD,
GE Healthcare; eight-channel coil). PDFF was es-

timated with a magnitude-based gradient recalledecho technique using a low flip angle to minimize
T1 bias and six gradient-recalled echoes to calculate and correct for T2* signal decay [3, 20]. Parametric liver PDFF maps were then computed pixel
by pixel from source images using custom-developed software that models observed signal as a
function of TE, taking into account the multiple
frequency components of proton signals from triglyceride [3, 20, 21]. A single trained image analyst (with 2 years of experience), who was blinded
to other QUS and CUS results, as well as to clinical and histologic data, manually outlined each
liver segment on the MRI-estimated PDFF maps.
The mean PDFF in the right-lobe segments (segments 5–8) was calculated and used in this study
as the per-patient right-lobe PDFF value.

Statistical Analysis

Cohort characteristics were summarized descriptively.
Pairwise comparison of imaging measures
and histologic steatosis grades—Imaging measures (consensus CUS scores, two-analyst mean
attenuation coefficient values, two-analyst mean
backscatter coefficient values, and MRI-estimated
PDFF values) for different steatosis grades were
compared pairwise (Mann-Whitney test).
Classification of steatosis grades—ROC curve
analysis was performed on each of the quantitative imaging measures of interest: attenuation coefficient derived by each of the two analysts and
the two analysts’ mean, backscatter coefficient derived by each analyst and the two analysts’ mean,
and MRI-estimated PDFF. For each quantitative
measure, two ROC curves were generated: one
for separating histologic steatosis grade 1 versus
grades 2 or higher and another for separating his-
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TABLE 1: Patient Clinical Characteristics and Laboratory Data
Characteristic

Value
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No. of patients

60

Sex
Female

30 (50.0)

Male

30 (50.0)

Age (y), mean ± SD (range)

50 ± 14 (22−76)

Body mass index, mean ± SD (range)

32.6 ± 6.9 (23.8–68.7)

Waist circumference (cm), mean ± SD (range)

104 ± 12 (82–133)

Steatosis grade
0 (< 5% hepatocytes involved)

0 (0.0)

1 (5–33% hepatocytes involved)

27 (45.0)

2 (33–66% hepatocytes involved)

16 (26.7)

3 (> 66% hepatocytes involved)

17 (28.3)

Lobular inflammation
0 (no foci)

0 (0.0)

1 (< 2 foci per 200 × field)

28 (46.7)

2 (2–4 foci per 200 × field)

31 (51.7)

3 (> 4 foci per 200 × field)

1 (1.7)

Hepatocellular ballooning
0 (none)

17 (28.3)

1 (few balloon cells)

31 (51.7)

2 (many cells or prominent)

12 (20.0)

Fibrosis stage
0 (none)

26 (43.3)

1 (perisinusoidal or periportal)

18 (30.0)

2 (perisinusoidal and periportal)

6 (10.0)

3 (bridging fibrosis)

6 (10.0)

4 (cirrhosis)

4 (6.7)

Nonalcoholic steatohepatitis diagnosis
0 (not steatohepatitis)

14 (23.3)

1 (possible or borderline)

9 (15.0)

2 (definite steatohepatitis)

37 (61.7)

Attenuation coefficient (dB/cm-MHz), mean ± SD (range)a
Backscatter coefficient (1/sr-cm), mean ± SD (range)a

0.82 ± 0.15 (0.48–1.23)
0.038 ± 0.064 (0.001–0.400)

MRI-estimated proton density fat fraction (%), mean ± SD (range)a

15.0 ± 9.0 (1.4−35.0)

Note—Unless otherwise indicated, data are number (%) of patients. Body mass index is weight in kilograms
divided by the square of height in meters.
aMean calculated for right lobe of liver.

tologic steatosis grades 2 or less versus grade 3.
AUC values were computed, and DeLong 95%
CIs were constructed around each AUC. Optimal thresholds for separating histologic steatosis
grade 1 versus grades 2 or higher and grades 2 or
less versus grade 3 were selected on the basis of
the Youden index, to provide the maximum possible sum of sensitivity and specificity. On the basis
of these thresholds, the quantitative imaging mea-
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sures (attenuation coefficient, backscatter coefficient, and MRI-estimated PDFF) were converted
into 3-point ordinal scores intended to match the
ordinal histologic steatosis grade. Consensus CUS
score was already defined to match the steatosis
grades and, thus, no conversion was necessary.
Accuracy and cross-validation—Raw and eightfold cross-validated accuracies (percentage of correctly classified histologic grades) were estimated

for the attenuation coefficient–based, backscatter coefficient–based, and MRI-estimated PDFF–based ordinal scores along with exact binomial 95% CIs. Accuracy and binomial 95% CIs were also computed
for the CUS score assigned independently by each
of the two radiologists, as well as for the two radiologists’ consensus score. Cross-validation was not applicable to the CUS scoring, because the scores were
based on criteria established a priori and not on cohort-derived thresholds.
Interobserver agreement—In a secondary
analysis, we examined interobserver agreement
for the continuous attenuation and backscatter
coefficient values using Bland-Altman analysis.
We also assessed interobserver percentage agreement and corresponding Cohen kappa values for
ordinal steatosis scores derived from CUS, attenuation coefficient, and backscatter coefficient;
95% CIs and p values were computed for each
kappa value.

Correlation Analysis of Quantitative
Ultrasound Versus MRI-Estimated Proton
Density Fat Fraction and Versus Histologic
Steatosis Grade

Attenuation and backscatter coefficient values, for each analyst individually as well as for the
two-analyst means, were correlated on a continuous scale with either MRI-estimated PDFF values
(continuous scale) or histologic steatosis grades
(ordinal scale). Spearman correlation coefficients
were computed, and the significance of each correlation was assessed.

Results
Patients
Sixty-one patients with histology-confirmed NAFLD (steatosis grade ≥ 1), for
whom other causes of liver disease were excluded clinically and by laboratory testing,
underwent research CUS, QUS, and MRI
examinations within 100 days of right-liver-lobe biopsy performed for clinical care.
CUS and QUS examinations were performed on the same day for all patients. The
time intervals were 1–100 days (median, 32
days) between CUS and QUS and biopsy,
0–31 days (median, 0 days) between CUS
and QUS and MRI, and 1–100 days (median, 35 days) between MRI and biopsy. For
one patient (24-year-old woman; body mass
index [BMI; weight in kilograms divided
by the square of height in meters], 37.1), the
QUS acquisition was considered a technical failure by both analysts, likely due to obscuring of the echoes by the ribs or patient
motion, so this patient was excluded from
subsequent analyses.
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TABLE 2: Raw Quantitative Ultrasound Estimates
Coefficient

All Patients (n = 60)

Steatosis Grade 1 (n = 27)

Steatosis Grade 2 (n = 16)

Steatosis Grade 3 (n = 17)

0.82 ± 0.15 (0.43–1.20)

0.75 ± 0.13 (0.43–1.01)

0.84 ± 0.18 (0.52–1.20)

0.92 ± 0.09 (0.81–1.12)

Attenuation coefficient (dB/cm-MHz)
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Analyst 1
Analyst 2

0.81 ± 0.15 (0.47–1.26)

0.73 ± 0.13 (0.47–0.95)

0.85 ± 0.17 (0.53–1.26)

0.91 ± 0.09 (0.78–1.12)

Mean for both analysts

0.82 ± 0.15 (0.48–1.23)

0.74 ± 0.12 (0.48–0.98)

0.85 ± 0.17 (0.52–1.23)

0.92 ± 0.09 (0.81–1.11)

Analyst 1

0.0250 ± 0.0357
(0.0004–0.1799)

0.0081 ± 0.0103
(0.0004–0.0508)

0.0214 ± 0.0193
(0.0005–0.0583)

0.0551 ± 0.0521
(0.0051–0.1799)

Analyst 2

0.0505 ± 0.1105
(0.0009–0.7782)

0.0377 ± 0.1484
(0.0016–0.7782)

0.0485 ± 0.0629
(0.0009–0.2466)

0.0726 ± 0.0687
(0.0058–0.2607)

Mean for both analysts

0.0377 ± 0.0645
(0.0007–0.4003)

0.0229 ± 0.0760
(0.0011–0.4003)

0.0350 ± 0.0398
(0.0007–0.1524)

0.0639 ± 0.0580
(0.0054–0.2203)

Backscatter coefficient (1/sr-cm)

Note—Data are mean ± SD (range).

QUS was considered technically successful for the remaining 60 patients. These 60
patients included 30 men and 30 women
with a mean age of 50 years (range, 22–76
years). The mean BMI was 32.6. Of the 60
patients, 22 (37%) had BMI less than 30.0,
18 (30%) had BMI 30.1–35.0, 15 (25%) had
BMI 35.1–40.0, and five (8%) had BMI greater than 40.0; 27 (45.0%) had histologic grade
1 steatosis, 16 (26.7%) had grade 2, and 17
(28.3%) had grade 3. Detailed cohort characteristics are presented in Table 1.
Pairwise Comparison of Imaging Measures and
Histologic Steatosis Grades
Detailed information about attenuation and backscatter coefficient estimates
for each analyst across different steatosis
grades is provided in Table 2. For patients
with steatosis grade 1 (n = 27), the median CUS consensus score was 2, the mean
(± SD) attenuation coefficient was 0.74 ±
0.12 dB/cm-MHz, the mean backscatter coefficient was 0.0229 ± 0.0760 1/sr-cm, and
the mean MRI-estimated PDFF was 7.3% ±
3.2%. For patients with steatosis grade 2
(n = 16), the median CUS consensus score
was 2, the mean attenuation coefficient was
0.85 ± 0.17 dB/cm-MHz, the mean backscatter coefficient was 0.0350 ± 0.0398 1/sr-cm,
and the mean MRI-estimated PDFF was
17.5% ± 7.2%. Finally, for patients with steatosis grade 3 (n = 17), the median CUS
consensus score was 3, the mean attenuation
coefficient was 0.92 ± 0.09 dB/cm-MHz, the
mean backscatter coefficient was 0.0639 ±
0.0580 1/sr-cm, and mean the MRI-estimated PDFF was 24.7% ± 5.4%.
In pairwise comparisons, all imaging
measures were significantly different (p <
0.05) in patients with steatosis grades 1 ver-
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sus 2 and in patients with steatosis grades 1
versus 3 (Figs. 1A–1D). However, only backscatter coefficient and MRI-estimated PDFF
were significantly different in patients with
steatosis grades 2 versus 3 (Figs. 1C and 1D).
Parametric color-coded maps of attenuation
and backscatter coefficient values reflected
these differences in patients with different
steatosis grades (Fig. 2).
Classification of Steatosis Grades
Table 3 summarizes the results of the
ROC analyses of the quantitative imaging
measures for differentiating between dichotomized steatosis grades. Depending on
the classification, AUCs were 0.779–0.804
for attenuation coefficient, 0.811–0.860 for
backscatter coefficient, and 0.929–0.962 for
MRI-estimated PDFF. Optimal thresholds
based on the Youden index are listed in Table 3, with the corresponding raw sensitivities and specificities. The two-analyst mean
QUS thresholds and MRI-estimated PDFF
thresholds for separating steatosis grades 1
versus 2 or higher and grades 2 or less versus 3 were 0.809 and 0.815 dB/cm-MHz for
attenuation coefficient, 0.0112 and 0.0166
1/sr-cm for backscatter coefficient, and
13.4% and 16.8% for MRI-estimated PDFF.
Using these thresholds, quantitative imaging
measures were converted into ordinal imaging-based steatosis scores to predict the ordinal steatosis grades.
Accuracy and Cross-Validation
Table 4 summarizes the raw steatosis
grading accuracies of CUS scores and of the
attenuation coefficient–derived, backscatter coefficient–derived, and MRI-estimated
PDFF–derived scores. Cross-validated grading accuracies are also provided for two-ana-

lyst mean attenuation coefficient– and backscatter coefficient–derived scores as well as
for MRI-estimated PDFF–derived scores.
Grading accuracies tended to be higher for
the attenuation coefficient– and backscatter
coefficient–derived scores than for the CUS
scores, although the highest accuracies were
provided by the MRI-estimated PDFF–derived scores. Imaging modalities varied with
regard to the number of correctly and incorrectly classified patients within each steatosis grade (Fig. 3). The QUS-based scores
showed fewer misclassifications than did
CUS-based scores when the histologic steatosis grade was 1 or 3, whereas CUS showed
fewer misclassifications when the histologic
steatosis grade was 2.
Interobserver Agreement
For attenuation coefficient, the mean difference in the values calculated between the
two analysts was −0.01 dB/cm-MHz, and
the Bland-Altman 95% adjusted limits of
agreement were ± 0.199 across a range of
mean values from 0.48 to 1.23 dB/cm-MHz
(Fig. 4A). For backscatter coefficient, the
mean difference in the values calculated between the two analysts was 0.025 1/sr-cm
and the Bland-Altman 95% adjusted limits
of agreement were ± 0.102 across a range
of mean values from 0.001 to 0.400 1/sr-cm
(Fig. 4B). There was one significant outlier
for backscatter coefficient (0.400 1/sr-cm;
not shown in Fig. 4B), in which the mean
difference was large between the two analysts. This difference was due to inclusion
of the liver capsule in the field of interest by
one of the analysts.
The interobserver percentage agreement
for predicting steatosis grade was 53.3%
(κ = 0.61) for CUS, 90.0% (κ = 0.87) for at-
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tenuation coefficient, and 71.7% (κ = 0.82)
for backscatter coefficient. All kappa values
were significant (p < 0.0001). These findings
are summarized in Table 5.

ter coefficient versus MRI-estimated PDFF
and versus histologic grade were nominally
higher than the corresponding correlations
for attenuation coefficient.

Correlation Analysis of Quantitative
Ultrasound Versus MRI-Estimated Proton
Density Fat Fraction and Versus Histologic
Steatosis Grade
As summarized in Table 6, the Spearman correlation coefficients between both
attenuation coefficient and backscatter coefficient versus MRI-estimated PDFF or
versus histologic steatosis grade were positive and statistically significant (p < 0.001)
for each analyst individually as well as for
the two-analyst means. However, for both
attenuation coefficient and backscatter coefficient, the correlations versus MRI-estimated PDFF were nominally higher than
those versus histologic steatosis grade. In
addition, the correlation between backscat-

Discussion
In this prospectively designed pilot study,
we found that the QUS-derived parameters
attenuation coefficient and backscatter coefficient increased progressively with greater
histology-determined steatosis grades. Using thresholds derived from dichotomized
steatosis grades, our preliminary results suggest that attenuation coefficient and backscatter coefficient values may be more accurate for classifying steatosis grade than CUS
scores, although they were less accurate than
MRI-estimated PDFF. QUS provided higher
interobserver agreement for predicting steatosis grade than did CUS. Moreover, as a
secondary analysis, we found that both attenuation coefficient and backscatter coefficient

correlate nominally more with MRI-estimated PDFF than with histologic steatosis grade.
These preliminary results warrant further
study of these investigational QUS parameters for the objective assessment of hepatic steatosis. The backscatter coefficient is a
measure of ultrasound energy returned from
tissue and provides a quantitative parameter
analogous to the echogenicity assessed qualitatively on the B-mode image. The attenuation coefficient is a measure of ultrasound
energy loss in tissue and provides a numeric parameter analogous to posterior beam attenuation. Both attenuation and backscatter
coefficients are dependent on tissue structure
and composition. Previous studies of CUS
have suggested that increased liver echogenicity is a more accurate qualitative marker of hepatic steatosis than is posterior beam
attenuation [9]. Our observation that backscatter coefficient is a more accurate quantitative marker of steatosis grade than is at-

TABLE 3: ROC Analysis for Attenuation Coefficient, Backscatter Coefficient, and MRI-Estimated Proton Density Fat
Fraction (PDFF)
Mean AUC Value

Thresholda

Sensitivity (%)

Specificity (%)

Grade 1 vs ≥ 2

0.779 (0.655–0.903)

0.790

0.848 (0.681–0.949)

0.704 (0.498–0.862)

Grade ≤ 2 vs 3

0.796 (0.655–0.903)

0.813

1.000 (0.805–1.000)

0.581 (0.421–0.730)

Grade 1 vs ≥ 2

0.799 (0.680–0.918)

0.766

0.879 (0.718–0.966)

0.741 (0.537–0.889)

Grade ≤ 2 vs 3

0.792 (0.681–0.903)

0.779

1.000 (0.805–1.000)

0.605 (0.444–0.750)

Grade 1 vs ≥ 2

0.793 (0.676–0.911)

0.809

0.818 (0.645–0.930)

0.704 (0.498–0.862)

Grade ≤ 2 vs 3

0.804 (0.696–0.913)

0.815

1.000 (0.805–1.000)

0.605 (0.444–0.750)

Grade 1 vs ≥ 2

0.838 (0.736–0.941)

0.0067

0.879 (0.718–0.966)

0.667 (0.460–0.835)

Grade ≤ 2 vs 3

0.855 (0.755–0.955)

0.0260

0.765 (0.501–0.932)

0.837 (0.693–0.932)

Grade 1 vs ≥ 2

0.860 (0.753–0.966)

0.0160

0.788 (0.611–0.910)

0.889 (0.708–0.976)

Grade ≤ 2 vs 3

0.811 (0.698–0.924)

0.0236

0.824 (0.566–0.962)

0.767 (0.614–0.882)

Coefficient, Analyst, and Steatosis Grade Dichotomization
Attenuation coefficient
Analyst 1

Analyst 2

Mean for both analysts

Backscatter coefficient
Analyst 1

Analyst 2

Mean for both analysts
Grade 1 vs ≥ 2

0.854 (0.748–0.961)

0.0112

0.848 (0.681–0.949)

0.815 (0.619–0.937)

Grade ≤ 2 vs 3

0.830 (0.719–0.942)

0.0166

0.882 (0.636–0.985)

0.744 (0.588–0.865)

Grade 1 vs ≥ 2

0.962 (0.922–1.000)

13.45

0.848 (0.681–0.949)

0.963 (0.810–0.999)

Grade ≤ 2 vs 3

0.929 (0.865–0.993)

16.83

1.000 (0.805–1.000)

0.814 (0.666–0.916)

MRI-estimated PDFF segments analyzed, segments 5–8

Note—Data in parentheses are 95% CIs.
aThreshold for attenuation coefficient is based on Youden index (units = dB/cm-MHz), threshold for backscatter coefficient is based on Youden index (units = 1/sr-cm), and
threshold for MRI-estimated PDFF segment analysis is based on Youden index (units = %).
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Use of Imaging to Predict Steatosis in Patients With NAFLD
TABLE 4: Accuracy of Imaging-Based Scores for Predicting Steatosis Grade in
60 Patients
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Imaging Modality

Accuracy

Cross-Validated
Accuracy

Conventional ultrasound score
Radiologist 1

36 (60.0)

Radiologist 2

23 (38.3)

Consensus

31 (51.7)

Attenuation coefficient–derived score
Analyst 1

37 (61.7)

Analyst 2

39 (65.0)

Mean for both analysts

37 (61.7)

33 (55.0)

Backscatter coefficient–derived score
Analyst 1

38 (63.3)

Analyst 2

42 (70.0)

Mean for both analysts
MRI-estimated proton density fat fraction–derived
score, right lobe (segments 5–8) mean

41 (68.3)

41 (68.3)

46 (76.7)

43 (71.3)

Note—Data are number (%) of patients accurately predicted.

tenuation coefficient is consistent with these
prior results. By comparison, prior studies
have found that posterior beam attenuation
is sensitive for diagnosing severe steatosis
[9], and we found that attenuation coefficient
showed 100% accuracy for predicting the
presence of grade 3 steatosis (Fig. 3).
Although only limited data exist on the
topic, our measurements of the accuracy of
CUS and MRI-estimated PDFF for predicting steatosis grade are in agreement with prior literature findings. Previous studies have
reported the accuracy of CUS for predicting
histology-determined steatosis grade as 53–
57% [10], which is in line with the consensus CUS accuracy of 51.7% in this study. Our
finding that MRI-estimated PDFF can classify steatosis grade with an accuracy of 76.7%
is also in agreement with previous studies [3]. Several studies have been published
on the interobserver agreement of CUS for
grading steatosis [7, 11, 12]. Our finding that
CUS observers were in agreement 53.3% of
the time is within range of previous studies
reporting 40–64% interobserver agreement
[11, 12]; however, our interobserver CUS
kappa value of 0.61 was higher than the kappa value range of 0.20–0.54 reported previously [7, 11, 12].
An alternative ultrasound-based parameter, the controlled attenuation parameter,
has also been developed to quantify steatosis in patients with NAFLD. The controlled
attenuation parameter quantifies the degree
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of ultrasound attenuation in a region of tissue examined by vibration control transient
elastography [22]. The controlled attenuation parameter can accurately diagnose hepatic steatosis [22] but has low accuracy for

grading hepatic steatosis because of the extensive overlap in controlled attenuation parameter values between steatosis grades [23–
25]. In comparison, we found backscatter
coefficient values to be significantly different
in pairwise comparisons of grades 1–3, and
the attenuation coefficient was significantly
different between all grades except 2 versus
3. Second, the accuracy of the controlled attenuation parameter decreases in obese subjects when compared with nonobese subjects
[23], and the technical failure rate associated
with obesity can be as high as 33% [26]. In
comparison, although most patients included
in our QUS study were obese, the technical
failure rate was only 1.6% (1/61), suggesting
that QUS may be more robust for obese subjects than the controlled attenuation parameter. Third, the controlled attenuation parameter does not provide anatomic images and the
location in the liver from which the measurements are made cannot be recorded, which
may complicate longitudinal monitoring. Finally, the controlled attenuation parameter is
available on only one instrument type, whereas QUS in principle could be available across
multiple instruments and manufacturers.
With over 1 billion patients diagnosed
with NAFLD worldwide, it is important for

TABLE 5: Interobserver Agreement of Conventional Ultrasound– and
Quantitative Ultrasound–Based Scores for Predicting Steatosis Grade
Agreement (%)

p

κ

p

Conventional ultrasound

53.3 (40.0–66.3)

0.6985

0.61 (0.46–0.76)

< 0.0001

Attenuation coefficient

90.0 (79.5–96.2)

< 0.0001

0.87 (0.75–0.99)

< 0.0001

Backscatter coefficient

71.7 (58.6–82.5)

0.0012

0.82 (0.74–0.91)

< 0.0001

Imaging Modality

Note—Data in parentheses are 95% CIs.

TABLE 6: Correlation of Attenuation Coefficient and Backscatter Coefficient
With MRI-Estimated Proton Density Fat Fraction (PDFF) and
Histology-Determined Steatosis Grade
Spearman Correlation Coefficient (ρ)a
Coefficient

MRI-Estimated PDFF Value Histology-Determined Steatosis Grade

Attenuation coefficient
Analyst 1

0.64 (0.45–0.77)

0.53 (0.31–0.70)

Analyst 2

0.69 (0.52–0.81)

0.55 (0.34–0.71)

Mean for both analysts

0.69 (0.53–0.81)

0.55 (0.34–0.71)

Analyst 1

0.70 (0.53–0.81)

0.64 (0.46–0.77)

Analyst 2

0.73 (0.58–0.83)

0.65 (0.47–0.78)

Mean for both analysts

0.72 (0.57–0.83)

0.67(0.49–0.79)

Backscatter coefficient

Note—Data in parentheses are 95% CIs.
ap < 0.001 for all values.
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health care providers to have an accurate, reproducible, and cost-effective technique to
assess the degree of hepatic steatosis. The
QUS technology described in this article
shows promise as a potentially more accurate and less observer-dependent alternative
to CUS for objective noninvasive assessment
of steatosis. To our knowledge, our study is
the first to identify QUS thresholds for predicting histology-determined steatosis grade
in patients with NAFLD. This is an important advance because QUS has the potential
to address many of the machine- and observer-related dependencies of CUS that limit the
accuracy and repeatability of sonography. It
is possible that with further optimization,
QUS may provide a safer more practical alternative to liver biopsy and MRI-estimated
PDFF for quantifying fat and monitoring response to interventions.
Although statistically significant differences were found for mean attenuation coefficient and backscatter coefficient values
among groups of patients with different steatosis grades, there was considerable overlap
among the groups for all imaging modalities
in this study (Fig. 1). As a result, the differences between threshold values used for predicting steatosis grade were small for each
QUS analyst and for the two-analyst mean.
Although the two-analyst mean values resulted in an ordinal score–based model that
could predict steatosis grade with reasonable accuracy, interobserver agreement was
modest and the mean interobserver bias for
measurements of attenuation coefficient and
backscatter coefficient were greater than the
difference between the individual threshold
values for attenuation coefficient and backscatter coefficient. Therefore, QUS may
eventually provide a safer more practical alternative to liver biopsy; however, before this
happens, applied precision will need to be
improved significantly to ensure that standardization across multiple clinical settings
is possible.
Our study had several additional limitations. Because this was a pilot proof-of-principle study of an investigational technology,
we included only a small cohort of patients
at a single center and focused on a single ultrasound scanner. Another limitation was the
absence of patients without steatosis (histology-confirmed steatosis grade 0). Our reference standard for this study was histologic
examination, and because patients with nonclinical steatosis do not regularly undergo biopsy, it would have been unethical to include
additional healthy volunteers. However, a recent study of a cohort of 204 patients showed
that backscatter coefficient accurately differ-
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ing MRI-estimated PDFF as a reference [13].
In summary, our preliminary results suggest that the QUS parameters attenuation coefficient and backscatter coefficient may be
more accurate and provide higher interobserver agreement than CUS for predicting the histology-confirmed steatosis grade
of adults with NAFLD. Larger prospective
studies with scanners of different manufacturers and different scanner operators are
needed to confirm our findings and to establish the accuracy, reproducibility, and repeatability of QUS for grading hepatic steatosis
in clinical practice.
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