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Purpose: To evaluate the diagnostic performance of previously proposed 
high-specificity magnetic resonance (MR) imaging–estimated 
proton density fat fraction (PDFF) thresholds for diagnosis of 
steatosis grade 1 or higher (PDFF threshold of 6.4%), grade 
2 or higher (PDFF threshold of 17.4%), and grade 3 (PDFF 
threshold of 22.1%) by using histologic findings as a refer-
ence in an independent cohort of adults known to have or 
suspected of having nonalcoholic fatty liver disease (NAFLD).

Materials and 
Methods:

This prospective, cross-sectional, institutional review board–
approved, HIPAA-compliant single-center study was conduct-
ed in an independent cohort of 89 adults known to have or 
suspected of having NAFLD who underwent contemporane-
ous liver biopsy. MR imaging PDFF was estimated at 3 T 
by using magnitude-based low–flip-angle multiecho gradient-
recalled-echo imaging with T2* correction and multipeak 
modeling. Steatosis was graded histologically (grades 0, 1, 2, 
and 3, according to the Nonalcoholic Steatohepatitis Clinical 
Research Network scoring system). Sensitivity, specificity, 
and binomial confidence intervals were calculated for the 
proposed MR imaging PDFF thresholds.

Results: The proposed MR imaging PDFF threshold of 6.4% to di-
agnose grade 1 or higher steatosis had 86% sensitivity (71 
of 83 patients; 95% confidence interval [CI]: 76, 92) and 
83% specificity (five of six patients; 95% CI: 36, 100). The 
threshold of 17.4% to diagnose grade 2 or higher steatosis 
had 64% sensitivity (28 of 44 patients; 95% CI: 48, 78) and 
96% specificity (43 of 45 patients; 95% CI: 85, 100). The 
threshold of 22.1% to diagnose grade 3 steatosis had 71% 
sensitivity (10 of 14 patients; 95% CI: 42, 92) and 92% spec-
ificity (69 of 75 patients; 95% CI: 83, 97).

Conclusion: In an independent cohort of adults known to have or suspected 
of having NAFLD, the previously proposed MR imaging PDFF 
thresholds provided moderate to high sensitivity and high 
specificity for diagnosis of grade 1 or higher, grade 2 or higher, 
and grade 3 steatosis. Prospective multicenter studies are now 
needed to further validate these high-specificity thresholds.
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Advances in Knowledge

 n This study helps to validate, in an 
independent cohort of adults 
known to have or suspected of 
having nonalcoholic fatty liver 
disease, MR imaging–estimated 
proton density fat fraction 
(PDFF) thresholds previously 
derived from a Nonalcoholic Ste-
atohepatitis Clinical Research 
Network (CRN) ancillary study 
for dichotomized steatosis grade 
classification.

 n A 6.4% MR imaging PDFF 
threshold had 86% sensitivity 
and 83% specificity to diagnose 
grade 1 or higher steatosis, a 
17.4% MR imaging PDFF thresh-
old had 64% sensitivity and 96% 
specificity to diagnose grade 2 or 
higher steatosis, and a 22.1% 
MR imaging PDFF threshold had 
71% sensitivity and 92% speci-
ficity to diagnose grade 3 
steatosis.

Implication for Patient Care

 n The Nonalcoholic Steatohepatitis 
CRN–derived MR imaging PDFF 
thresholds have moderate to high 
sensitivity and high specificity for 
diagnosis of grades 1 or higher, 
grade 2 or higher, and grade 3 
steatosis.

Nonalcoholic fatty liver disease 
(NAFLD) is an emerging epi-
demic in the Western world (1), 

affecting nearly 20%–30% of adults 
and 10% of children (2,3). As many as 
100 million Americans have NAFLD, 
including an estimated 18 million with 
nonalcoholic steatohepatitis (NASH) 
(4–8), a progressive form that may 
lead to cirrhosis (6,9,10) and hepato-
cellular carcinoma (6,11–15). NAFLD 
is associated with features of the 
metabolic syndrome, including insu-
lin resistance, hypertension, diabetes, 
and dyslipidemia (16–22), and it may 
contribute to the development of car-
diovascular disease (23). The histo-
logic hallmark of NAFLD is hepatic 
steatosis, the excess accumulation of 
triglycerides (fat) in hepatocytes. Liver 
biopsy is the current clinical reference 
standard for diagnosis of hepatic ste-
atosis and grading its severity (24). 
However, biopsy is invasive, semi-
quantitative, observer dependent, and 
prone to sampling variability (25–31). 
These limitations make biopsy a sub-
optimal first-line test for assessment 
of hepatic steatosis (32). Noninvasive 

imaging-based alternatives to biopsy 
are desirable for diagnosis and grading 
of hepatic steatosis (32).

To address this need, advanced 
magnetic resonance (MR) imaging–
based techniques have been developed 
to measure the hepatic proton density 
fat fraction (PDFF) (33–40); this is a 
standardized, objective measure of the 
proportion of the mobile proton den-
sity of the liver that is attributable to 
fat and is emerging as the leading MR-
based biomarker of liver fat content 
(41–45). In a recent ancillary study 
from the NASH Clinical Research Net-
work (CRN), Tang and colleagues eval-
uated the diagnostic performance of 
an MR imaging–PDFF estimation tech-
nique for grading hepatic steatosis in 
NAFLD by using histopathologic find-
ings as the reference standard (46). 
These investigators found that MR im-
aging–estimated PDFF correlated with 
histologic steatosis grade and that the 
correlation was unconfounded by de-
mographic and concomitant histologic 
features. They also found that MR 
imaging PDFF provided reasonable 
accuracy for noninvasive classification 
of dichotomized steatosis grades, with 
areas under the receiver operating 
characteristic (ROC) curves (AUCs) 
ranging from 0.825 to 0.989, depend-
ing on the dichotomization. For each 
set of dichotomized steatosis grades, 
the following MR imaging PDFF 
thresholds were identified to provide 
90% and higher raw specificity: 6.4% 
for distinguishing steatosis grade 0 
versus grade 1 or higher; 17.4% for 
distinguishing steatosis grade 1 or less 
versus grade 2 or higher; and 22.1% 
for distinguishing steatosis grade 2 
or less versus grade 3. The authors 
emphasized that these high-specific-
ity thresholds were derived from the 

cohort in which they were tested and 
recommended that the thresholds be 
validated in independent cohorts prior 
to their application in clinical care or 
as end points in clinical trials.

Therefore, the primary purpose of 
our study was to evaluate, in an in-
dependent cohort of adults known to 
have or suspected of having NAFLD, 
the diagnostic performance of the 
NASH CRN ancillary study–derived 
high-specificity MR imaging PDFF 
thresholds (6.4%, 17.4%, and 22.1%) 
for classification of dichotomized ste-
atosis grades. Secondary purposes 
were, in this independent cohort, to 
perform an ROC analysis of MR imag-
ing PDFF for classification of dichot-
omized steatosis grades, identify and 
evaluate the diagnostic performance 
of cohort-derived MR imaging PDFF 
thresholds, and assess the correlation 
between MR imaging PDFF and his-
tologic steatosis grade in the cohort.
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Table 1

Eligibility Criteria

Criteria Type Criteria

Inclusion criteria Age  18 years; standard-of-care clinical liver biopsy planned either when NAFLD was suspected or for reassessment of previously diagnosed  
 NAFLD; willingness to participate, including willingness to undergo MR imaging with a magnitude-data PDFF estimation sequence within  
 180 days before or after biopsy

Exclusion criteria Regular and excessive alcohol consumption within 2 years prior to recruitment, with 14 drinks (for men) or 7 drinks (for women) per week; use  
  of steatogenic or hepatotoxic drugs; clinical or laboratory evidence of secondary NAFLD due to major nutritional and iatrogenic gastrointestinal  

disorders or to human immunodeficiency virus infection; clinical or laboratory evidence of liver disease other than NAFLD, such as viral hepatitis,  
Wilson disease, hemochromatosis, glycogen storage disease, a1-antitrypsin deficiency, autoimmune hepatitis, cholestatic liver disease, and  
vascular liver disease; contraindication(s) to MR imaging; pregnancy or trying to become pregnant

Materials and Methods

Design and Subjects
The study was approved by an institu-
tional review board and was compliant 
with the Health Insurance Portability 
and Accountability Act. Subjects gave 
written informed consent.

This was a single-center, cross-sec-
tional, prospective, observational clinical 
study of adults known to have or sus-
pected of having NAFLD who underwent 
research MR examinations and stan-
dard-of-care clinical liver biopsy within 
a 180-day window between December 
2009 and July 2013. Subjects were re-
cruited and enrolled prospectively from 
the NAFLD clinic at our institution by 
a hepatologist (R.L., with 5 years of 
experience). No change in therapeutic 
management was initiated between MR 
examination and biopsy. Eligibility crite-
ria are summarized in Table 1.

Clinical Data
All subjects underwent a clinical re-
search visit in the NAFLD Translational 
Research Unit, as directed by the study 
hepatologist. Demographics, alcohol use, 
medication use, anthropometrics, and 
laboratory data were collected by re-
search coordinators working under the 
hepatologist’s supervision. Alcohol use, 
medication use, and laboratory data were 
used to verify eligibility but were not used 
in the analyses of these research data.

MR Imaging Examination
Subjects were asked to fast for a min-
imum of 4 hours and were examined 

in the supine position with a standard 
torso phased-array coil centered over 
the liver at 3.0 T (Signa Excite HDxt; 
GE Medical Systems, Milwaukee, Wis) 
with an eight-channel receive coil. A 
dielectric pad was placed between the 
coil and the body wall. To estimate MR 
imaging PDFF, unenhanced axial im-
ages were obtained by using a low–flip-
angle, six-echo two-dimensional spoiled 
gradient-recalled-echo sequence with 
all array coil elements as described 
previously (38,46,47) (Appendix E1 
[online]). The multiecho source images 
were sent offline for postprocessing.

MR Imaging Postprocessing
By using a customized plug-in algorithm 
that runs on Osirix software (Osirix 
v5.8; Pixmeo, Geneva, Switzerland), 
MR imaging PDFF maps were gen-
erated pixel by pixel from the source 
images. This algorithm simultaneously 
estimates T2* and PDFF by taking into 
account multifrequency interference of 
protons in fat, as described previously 
(38,46–48).

MR Imaging Analysis
Trained image analysts who were blind-
ed to clinical and histologic data (J.L. 
and J.H., undergraduate students with 
at least 6 months of experience) re-
viewed study MR images by using the 
Osirix software and manually placed 
circular regions of interest (ROIs) in 
each of the nine Couinaud liver seg-
ments on the MR imaging PDFF maps 
in each subject. Each ROI had a radius 
of 1 cm and was placed near the center 
of each segment, while avoiding major 

vessels, liver edges, and artifacts. The 
PDFF in each of the nine ROIs was re-
corded, and the PDFF value across the 
entire liver was reported as the mean 
of the PDFF values of all nine ROIs, as 
performed by Tang et al (46). Addition-
ally, the R2* value (calculated as 1/T2*) 
in each of the nine ROIs was recorded, 
and the mean R2* value across the nine 
ROIs was calculated.

Liver Biopsy
Hepatologists at our institution per-
formed nontargeted percutaneous bi-
opsies of the right liver lobe by using 
an intercostal approach in a peripheral 
location with a 16- or 18-gauge needle.

Histologic Analysis
A faculty hepatopathologist who was 
blinded to clinical and radiologic data 
(M.P., with 12 years of experience) 
scored steatosis at low to medium 
power by using a near-continuous scale 
(0%, 5%, 10%, 20%, 30%, …, 100%) 
according to the proportion of hepa-
tocytes with macrovesicular steatosis. 
Each slide was scored twice, in sepa-
rate sessions spaced at least 1 month 
apart. The mean of the two near-con-
tinuous steatosis scores was recorded 
and converted to a four-point ordinal 
score, as defined with the NASH CRN 
scoring system (38): 0 (,5% hepato-
cytes), 1 (5%–33% hepatocytes), 2 
(33%–66% hepatocytes), and 3 (.66% 
hepatocytes).

In the first session, the pathologist 
also scored other features of NAFLD by 
using the NASH CRN system (38): lob-
ular inflammation (four-point ordinal 
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score), ballooning injury (three-point 
ordinal score), and fibrosis (five-point 
ordinal score). Iron was not graded, as 
iron stains are not routinely obtained 
for clinical standard-of-care liver bi-
opsies in subjects known to have or 
suspected of having NAFLD at our 
institution.

Statistical Analysis
Statistical analysis was performed by 
a biostatistical analyst (T.W., with 20 
years of experience) working under 
the supervision of a faculty biostatisti-
cian (A.G., with more than 15 years of 
experience) with statistical computing 
software (R version 2.15.1; R Founda-
tion for Statistical Computing, Vienna, 
Austria).

Subjects’ demographic, anthropo-
metric, histologic, and imaging infor-
mation was summarized descriptively. 
Categorical variables were expressed as 
numbers and percentages. Continuous 
variables were expressed as means 6 
standard deviations.

Assessment of NASH CRN ancil-
lary study–derived thresholds.—The 
four-point ordinal histologic score was 
dichotomized as follows: grade 0 ver-
sus grade 1 or higher, grade 1 or less 
versus grade 2 or higher, and grade 
2 or less versus grade 3. The sensi-
tivity, specificity, positive predictive 
value (PPV), and negative predictive 
value (NPV) of the NASH CRN ancil-
lary study–derived MR imaging PDFF 
thresholds (46) (6.4% for grade 0 vs 
1, 17.4% for grade 1 vs 2, and 
22.1% for grade 2 vs 3) were cal-
culated for each dichotomization. Ex-
act binomial 95% confidence intervals 
(CIs) were computed around each pa-
rameter estimate.

ROC analysis.—ROC analysis was 
performed for the study cohort. For 
each set of dichotomized steatosis 
grades, the AUC was calculated. De-
Long 95% CIs were computed for each 
AUC. The lowest MR imaging PDFF 
threshold values that provided at least 
90% specificity for distinguishing be-
tween dichotomized steatosis grades 
were identified, and diagnostic perfor-
mance estimates were calculated for 
each threshold. Additionally, sixfold 

cross-validation was applied to all raw 
performance parameters to generate 
cross-validated parameters. Exact bi-
nomial CIs were constructed around 
raw and cross-validated performance 
parameters.

Classification according to NASH 
CRN ancillary study–derived and co-
hort-derived thresholds.—Agreement 
in classification according to NASH 
CRN ancillary study–derived and co-
hort-derived thresholds was summa-
rized descriptively and by using intra-
class correlation coefficients.

Correlation analyses.—The intra-
class correlation coefficients between 
the first and second near-continuous 
steatosis scores were calculated. The 
Pearson correlation coefficient between 
MR imaging PDFF and the mean near-
continuous steatosis score (mean of 
the two readings) was computed. To 
explore whether the time interval be-
tween MR imaging and biopsy affected 
the MR imaging PDFF and steatosis 
score correlation, both correlation co-
efficients were recomputed in subsets 
of the cohort with progressively nar-
rower MR imaging–biopsy time inter-
vals (126 days [18 weeks], 84 days 
[12 weeks], 42 days [6 weeks], 28 
days [4 weeks], 14 days [2 weeks], 
and 7 days [1 week]).

Multivariate modeling.—Potential 
confounders of the steatosis and MR 
imaging PDFF relationship (age, sex, 
body mass index, lobular inflamma-
tion, hepatocellular ballooning, fibrosis 
stage, and R2* as a surrogate for iron) 
were examined as additional covari-
ates in a multivariable linear regression 
model, with steatosis as the outcome 
and MR imaging PDFF as the main pre-
dictor of interest. Bayesian information 
criterion–based stepwise regression 
was used to develop the optimal model 
for steatosis prediction.

Results

Subjects
Subjects known to have or suspected of 
having NAFLD in whom other causes 
of liver disease were excluded clinically 
and by means of laboratory testing 

underwent MR imaging and standard-
of-care clinical right liver lobe biopsy 
within 180 days. The study included 89 
subjects, 51 female (57%) and 38 male 
(43%), with a mean age of 51.0 years 
(range, 22–80 years). The mean age for 
women was 54.0 years (range, 24–80 
years), and that for men was 46.7 years 
(range, 22–65 years). The time interval 
between MR imaging and biopsy ranged 
from 0 to 173 days (median, 35 days). 
Cohort characteristics are summarized 
in Table 2.

Assessment of NASH CRN Ancillary 
Study–derived Thresholds
Figure 1 plots the MR imaging PDFF 
and the near-continuous histologic 
score for each subject in our cohort, 
stratified by the four-point ordinal ste-
atosis grade; overlaid on the figure are 
the corresponding NASH CRN ancil-
lary study–derived MR imaging PDFF 
thresholds (46). Example MR imaging 
PDFF maps are shown in Figure 2.

As summarized in Table 3, the 
NASH CRN ancillary study–derived MR 
imaging PDFF threshold of 6.4% for 
differentiating grade 0 versus grade 1 
or higher steatosis had 86% sensitiv-
ity, 83% specificity, 99% PPV, and 29% 
NPV. Twelve subjects had false-negative 
MR imaging PDFF values: MR imag-
ing PDFF values ranged from 4.1% to 
6.3%, and all had a histologic steatosis 
grade of 1 and mean near-continuous 
steatosis scores ranging from 5% to 
15%. One subject had a false-positive 
MR imaging PDFF value: This subject 
had an MR imaging PDFF value of 
6.5%, a histologic steatosis grade of 0, 
and a mean near-continuous steatosis 
score of 0%.

The NASH CRN ancillary study–de-
rived MR imaging PDFF threshold of 
17.4% for differentiating steatosis of 
grade 1 or less versus grade 2 or high-
er steatosis had 64% sensitivity, 96% 
specificity, 93% PPV, and 73% NPV. 
Sixteen subjects had false-negative MR 
imaging PDFF values: They had MR im-
aging PDFF values ranging from 11.6% 
to 17.4%, histologic steatosis grades of 
2 (14 subjects) and 3 (two subjects), 
and mean near-continuous steatosis 
scores ranging from 35% to 75%. Two 
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Table 2

Characteristics in 89 Subjects

Characteristic Value

Patient sex
 Male 38/89 (43)
 Female 51/89 (57)
Mean age (y) 51.0 6 13.0  

 (22–80)*
Mean body mass index (kg/m2) 30.6 6 5.0  

 (20.0–41.2)*
Steatosis grade
 0 (,5% hepatocytes) 6 (7)
 1 (5%–33% hepatocytes) 39 (44)
 2 (33%–66% hepatocytes) 30 (34)
 3 (.66% hepatocytes) 14 (16)
Lobular inflammation
 0 (no foci) 7 (8)
 1 (,2 foci per 2003 field) 37 (42)
 2 (2–4 foci per 2003 field) 41 (46)
 3 (.4 foci per 2003 field) 4 (4)
Hepatocellular ballooning
 0 (no ballooned cells) 33 (37)
 1 (few ballooned cells) 43 (48)
 2 (many ballooned cells or  

  prominent ballooning)
13 (15)

Fibrosis stage
 0 (no fibrosis) 48 (54)
 1 (perisinusoidal or  

  periportal)
24 (27)

 2 (perisinusoidal and  
  periportal)

4 (4)

 3 (bridging fibrosis) 8 (9)
 4 (cirrhosis) 5 (6)
Mean MR imaging PDFF  

 value (%)
15.2 6 8.4  
 (1.2–37.5)*

Note.—Data are numbers of patients with percentages 
in parentheses, unless indicated otherwise.

* Data are means 6 standard deviations, with ranges in 
parentheses.

subjects had false-positive MR imag-
ing PDFF values: They had MR imag-
ing PDFF values of 18.0% and 19.3%, 
a histologic steatosis grade of 1, and a 
mean near-continuous steatosis score 
of 30%.

The NASH CRN ancillary study–
derived MR imaging PDFF threshold 
of 22.1% for differentiating grade 2 or 
less versus grade 3 steatosis had 71% 
sensitivity, 92% specificity, 63% PPV, 
and 95% NPV. Four subjects had false-
negative MR imaging PDFF values: 

They had MR imaging PDFF values of 
16.2%, 17.3%, 19.7%, and 20.0%; 
histologic steatosis grade of 3; and 
mean near-continuous steatosis scores 
of 75%, 70%, 80%, and 80%, respec-
tively. Six subjects had false-positive 
MR imaging PDFF values: They had 
MR imaging PDFF values ranging from 
22.6% to 29.2%, a histologic steatosis 
grade of 2, and mean near-continuous 
steatosis scores ranging from 40% to 
65%.

ROC Analysis
ROC analysis results are summarized in 
Tables 4 and 5.

For differentiating grade 0 from 
grade 1 or higher steatosis, MR imag-
ing PDFF had an AUC of 0.961 (95% 
CI: 0.905, 1.0). A diagnostic threshold 

of 6.9% provided 84% raw sensitivity 
(84% cross-validated), 100% raw spec-
ificity (83% cross-validated), 100% raw 
PPV (99% cross-validated), and 32% 
raw NPV (28% cross-validated).

For differentiating grade 1 or less 
from grade 2 or higher steatosis, MR 
imaging PDFF had an AUC of 0.947 
(95% CI: 0.908, 0.987). A diagnos-
tic threshold of 16.4% provided 77% 
raw sensitivity (73% cross-validated), 
91% raw specificity (91% cross-val-
idated), 90% raw PPV (89% cross-
validated), and 80% raw NPV (77% 
cross-validated).

For differentiating grade 2 or less 
from grade 3 steatosis, MR imaging 
PDFF had an AUC of 0.921 (95% CI: 
0.854, 0.988). A diagnostic threshold 
of 23.5% provided 71% raw sensitivity 

Figure 1

Figure 1: Scatterplot shows MR imaging–estimated PDFF (mean of nine segments) versus near-continuous 
steatosis score (mean of two readings) according to proportion of hepatocytes with macrovesicular steatosis. 
Points are colored according to steatosis grade. NASH CRN–derived thresholds are shown on the y-axis.
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Table 4

Diagnostic Accuracy of Cohort-derived MR Imaging PDFF Thresholds: Raw Performance Parameters

Steatosis Grade  
Classification

MR Imaging PDFF  
Threshold (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

0 vs 1 6.9 84 (70 of 83) [75, 91] 100 (6 of 6) [54, 100] 100 (70 of 70) [95, 100] 32 (6 of 19) [13, 57]
1 vs 2 16.4 77 (34 of 44) [62, 89] 91 (41 of 45) [79, 98] 90 (34 of 38) [75, 97] 80 (41 of 51) [67, 90]
2 vs 3 23.5 71 (10 of 14) [42, 92] 93 (70 of 75) [85, 98] 67 (10 of 15) [38, 88] 95 (70 of 74) [87, 99]

Note.—Numbers of patients in parentheses were used to calculate percentages. Numbers in brackets are 95% CIs. 

Table 3

Diagnostic Accuracy of NASH CRN–derived MR Imaging PDFF Thresholds

Steatosis Grade  
Classification

NASH CRN MR Imaging  
PDFF Threshold (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

0 vs 1 6.4 86 (71 of 83) [76, 92] 83 (5 of 6) [36, 100] 99 (71 of 72) [93, 100] 29 (5 of 17) [10, 56]
1 vs 2 17.4 64 (28 of 44) [48, 78] 96 (43 of 45) [85, 100] 93 (28 of 30) [78, 100] 73 (43 of 59) [60, 84]
2 vs 3 22.1 71 (10 of 14) [42, 92] 92 (69 of 75) [83, 97] 63 (10 of 16) [35, 85] 95 (69 of 73) [87, 99]

Note.—Numbers of patients in parentheses were used to calculate percentages. Numbers in brackets are 95% CIs.

Figure 2

Figure 2: MR imaging PDFF maps in, A, a 30-year-old man with grade 0 steatosis, B, a 48-year-old woman with grade 1 steatosis, C, a 42-year-old woman with 
grade 2 steatosis, and, D, a 54-year old woman with grade 3 steatosis. One representative section acquired in the liver is shown for each subject. All maps were gener-
ated by using the same PDFF dynamic range (see scale bar at right). Overlaid on each Figure part is the mean PDFF calculated from ROIs placed in each liver segment.

near-continuous steatosis score and MR 
imaging PDFF was 0.87 (Fig 3). The cor-
relation ranged between 0.88 and 0.91 
in subsets of the cohort, with progres-
sively smaller time intervals between 
biopsy and MR imaging (Fig 3). In the 
17 subjects with a time interval between 
MR imaging and biopsy of 7 days or less, 
the correlation coefficient was 0.91.

In multivariate analysis, additional 
covariates (sex, age, body mass index, 
lobular inflammation, hepatocellular 

(64% cross-validated), 93% raw spec-
ificity (93% cross-validated), 67% raw 
PPV (64% cross-validated), and 95% 
raw NPV (93% cross-validated).

Classification according to NASH CRN 
Ancillary Study–derived and Cohort-
derived Thresholds
As shown in Table 6, 88% of subjects 
(78 of 89) were classified the same by 
using NASH CRN ancillary study–de-
rived and cohort-derived thresholds. 

The intraclass correlation coefficient 
for the classification according to the 
NASH CRN ancillary study–derived and 
cohort-derived thresholds was 0.937 
(95% CI: 0.888, 0.971).

Correlation Analyses
The intraclass correlation coefficient for 
the pathologist’s two readings for the 
near-continuous score was 0.934 (95% 
CI: 0.889, 0.959). The Pearson cor-
relation coefficient between the mean 
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Table 5

Diagnostic Accuracy of Cohort-derived MR Imaging PDFF Thresholds: Cross-validated Performance Parameters

Steatosis Grade  
Classification

MR Imaging PDFF  
Threshold (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

0 vs 1 6.9 84 (70 of 83) [75, 91] 83 (5 of 6) [36, 100] 99 (70 of 71) [92, 100] 28 (5 of 18) [10, 54]
1 vs 2 16.4 73 (32 of 44) [57, 85] 91 (41 of 45) [79, 98] 90 (32 of 36) [74, 97] 77 (41 of 53) [64, 88]
2 vs 3 23.48 64 (9 of 14) [35, 87] 93 (70 of 75) [85, 98] 64 (9 of 14) [35, 87] 93 (70 of 75) [85, 98]

Note.—Numbers of patients in parentheses were used to calculate percentages. Numbers in brackets are 95% CIs. 

Table 6

Classification according to NASH CRN Ancillary Study and Cohort-derived Thresholds

NASH CRN Ancillary  
Study–derived Thresholds

Cohort-derived Thresholds

Steatosis Grade 0 Steatosis Grade 1 Steatosis Grade 2 Steatosis Grade 3

Steatosis grade 0 17 0 0 0
Steatosis grade 1 2 32 8 0
Steatosis grade 2 0 0 14 0
Steatosis grade 3 0 0 1 15

Note.—Data are numbers of patients.

ballooning, fibrosis stage, and R2*) did 
not significantly affect the relationship 
between MR imaging PDFF and near-
continuous steatosis score. The optimal 
model for predicting steatosis selected 
by using a Bayesian information crite-
rion–based stepwise selection proce-
dure contained MR imaging PDFF as 
the sole predictor.

Discussion

In an independent cohort of adults 
known to have or suspected of having 
NAFLD, we evaluated the diagnostic 
performance of NASH CRN ancillary 
study–derived high-specificity MR im-
aging PDFF thresholds to classify dicho-
momized hepatic steatosis grades. We 
also identified and evaluated cohort-
determined high-specificity thresholds 
and performed correlation analyses. 
Subjects were recruited prospectively, 
and therapeutic intervention was with-
held in the interim between MR imag-
ing and biopsy.

We found that NASH CRN ancil-
lary study–derived MR imaging PDFF 
thresholds had high sensitivity and 

specificity for the diagnosis of grade 
1 or higher steatosis (46). While the 
thresholds had high specificity for diag-
nosis of grade 2 or higher and grade 
3 steatosis, sensitivity was moderate. 
The cohort-determined thresholds pro-
vided moderate to high sensitivity while 
maintaining high specificity for distin-
guishing steatosis grade 0 versus grade 
1 or higher, grade 1 or less versus 
grade 2 or higher, and grade 2 or less 
versus grade 3. Additionally, we found 
high correlation between MR imaging 
PDFF and a near-continuous histologic 
steatosis score, and the correlation 
was not affected by numerous potential 
confounders.

These results help to further vali-
date MR imaging PDFF as a noninva-
sive biomarker of hepatic steatosis (43–
45). Taking together the results of the 
ancillary NASH CRN study (35) and the 
current study, MR imaging PDFF can 
be used to classify subjects on the basis 
of dichotomized steatosis grades with 
moderate to high sensitivity and, de-
pending on the dichotomization, at high 
specificity. Moreover, in the current 
study, false-negative and false-positive 

classifications tended to be in subjects 
that, on the basis of near-continuous 
scores, were histologically at the border 
zone between grades, suggesting that 
some of the misclassifications may have 
been due to the inherent limitations 
of histologic scoring, such as sampling 
variability and interpretation variabil-
ity, rather than inaccuracy of the MR 
imaging PDFF biomarker. A study on 
sampling variability between two liver 
biopsies performed in the right lobe 
in patients with NAFLD demonstrated 
slight agreement on steatosis grade, 
with a k coefficient of 0.18 (31). Fur-
thermore, a histologic validation study 
performed by the NASH CRN Pathol-
ogy Subcommittee on the same liver 
biopsy specimens demonstrated k coef-
ficients of 0.83 and 0.79 for intra- and 
interreader agreement on steatosis 
grade, respectively (49). Although sub-
stantial, this level of agreement is not 
perfect, which may explain the misclas-
sifications. Future validation studies be-
tween MR imaging and biopsy may in-
volve the use of histomorphometry for 
software-based quantitative assessment 
of liver fat vacuoles (50), as these au-
tomated image analysis methods have 
been shown to correlate with macrove-
sicular fat assessment by a pathologist 
(51), while being less affected by the in-
terreader variability in the assessment 
of microvesicular and macrovesicular 
steatosis by pathologists (28).

Importantly, the high-specificity 
MR imaging PDFF thresholds identi-
fied in the two studies were close to 
one another (for grade 0 vs 1, 6.4% 
vs 6.9%, respectively; for grade 1 vs 
2, 17.4% vs 16.4%; and for grade 2 
vs 3, 22.5% vs 23.5%), suggesting that 
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Figure 3

Figure 3: Scatterplot of MR imaging–estimated PDFF versus near-continuous steatosis score (mean of two 
readings) is shown, according to the time interval between MR imaging and liver biopsy. No significant effect 
of the time interval between MR imaging and biopsy was observed on the relationship between MR imaging–
estimated PDFF and steatosis.

optimal high-specificity threshold values 
are in the same ranges.

In three other studies, MR imaging 
PDFF thresholds for diagnosis of di-
chotomized steatosis grades were iden-
tified. Kühn et al (52) reported an MR 
imaging PDFF threshold of 4.5% for di-
agnosis of grade 1 or higher steatosis. 
This threshold provided 84% sensitiv-
ity and 100% specificity. The dichoto-
mization of other steatosis grades was 
defined differently (1 vs 2, 2 vs 3) from 
our study (1 vs 2, 2 vs 3) and 
hence cannot be compared directly 
with our results. Idilman et al (39) re-
ported an MR imaging PDFF thresh-
old of 15.0% for diagnosis of grade 2 
steatosis or higher. This threshold pro-
vided 93% sensitivity and 85% speci-
ficity; the minimum threshold that pro-
vided at least 90% specificity was not 

reported but likely would have been 
slightly higher than 15.0% and may 
have been in a range (16.4%–17.4%) 
similar to the thresholds identified in 
our cohort and the NASH CRN cohort. 
Kang et al (53) reported an MR imag-
ing PDFF threshold of 2.9% for diag-
nosis of grade 1 or higher steatosis. 
This threshold provided 94% sensitiv-
ity and 82% specificity; the minimum 
threshold that provided at least 90% 
specificity was not reported but likely 
would have been slightly higher than 
2.9% and may have been closer to the 
range (6.4%–6.9%) identified in our 
cohort and in the NASH CRN cohort.

In four other studies, a correla-
tion between MR imaging PDFF and 
a near-continuous histologic steatosis 
score was reported (34,39,52,53). In 
these other studies, correlations were 

reported to range from 0.82 to 0.93, 
in the same range as the 0.87 overall 
correlation observed in our cohort. In 
the study by Kang et al (53), iron de-
position, inflammation, and fibrosis had 
no significant confounding effects on 
estimation of PDFF. Unlike our study, 
Idilman et al (39) found that fibrosis 
confounded the relationship: The cor-
relation was lower when fibrosis was 
present (r = 0.60) than when fibrosis 
was absent (r = 0.86). It is not clear 
why fibrosis confounded the relation-
ship in their study but not in the pre-
sent study or the study by Kang et al.

In our study, the correlation be-
tween MR imaging PDFF and near-con-
tinuous steatosis score was not mean-
ingfully affected by the time interval 
between MR imaging and biopsy, possi-
bly because the overall correlation was 
high, and it would be difficult to achieve 
further improvement by narrowing the 
time interval.

One limitation of our study is that 
only six subjects had grade 0 steatosis. 
Therefore, the CIs around specificity 
are wide. For this reason, the thresh-
old to diagnose grade 1 or higher ste-
atosis should be evaluated in a cohort 
with a higher number of subjects with-
out steatosis. Another limitation was 
that exact co-localization between bi-
opsy site and MR imaging PDFF ROIs 
was not possible; hence, we averaged 
nine segmental ROIs. Unlike the NASH 
CRN ancillary study, in which biopsy 
samples were scored via consensus 
by a panel of hepatopathologists, the 
pathology specimens were scored by 
one pathologist in the present study. 
To improve the reliability of this as-
sessment, near-continuous steatosis 
was scored twice, and the mean value 
was used in the analyses. Finally, iron 
grade was not available as part of our 
histologic analysis. Instead, we used 
R2* as a surrogate for iron to address 
its potential confounding effect on the 
relationship between steatosis and MR 
imaging PDFF (52).

It should be emphasized that while 
MR imaging PDFF is emerging as a 
valid biomarker for hepatic steato-
sis, MR imaging PDFF estimation is 
in itself insufficient to evaluate many 
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critical histologic features of NAFLD, 
including presence of NASH, degree of 
necroinflammatory activity, and stage 
of fibrosis. The noninvasive assessment 
of these histologic end points will re-
quire development and validation of 
other noninvasive quantitative imaging 
biomarkers.

In conclusion, this prospective, 
cross-sectional study in an indepen-
dent cohort of subjects known to have 
or suspected of having NAFLD helps 
to validate the high-specificity NASH 
CRN–der ived MR imaging PDFF 
thresholds by using histologic steato-
sis grade as reference. In our cohort, 
these a priori thresholds provided 
moderate to high sensitivity while 
maintaining high specificity. More-
over, cohort-derived thresholds were 
similar, suggesting that the high-spec-
ificity threshold values are in an ap-
propriate range. We recognize that for 
some clinical or research indications, 
high sensitivity may be preferred over 
high specificity, and further research 
will be needed to identify and validate 
high-sensitivity thresholds. Prospec-
tive multicenter studies in populations 
with geographic, racial, and ethnic di-
versity by using imaging units from 
different manufacturers and with dif-
ferent field strengths are now needed 
to further validate MR imaging PDFF 
as a biomarker for steatosis and es-
tablish optimal MR imaging PDFF 
thresholds for use in clinical care or 
clinical trials.
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