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Purpose—MRI proton density fat fraction (PDFF) can be calculated using magnitude (MRI-M)
or complex (MRI-C) MRI data. The purpose of this study was to identify, assess and compare the
accuracy of common PDFF thresholds for MRI-M and MRI-C for assessing hepatic steatosis in
patients with obesity, using histology as reference.

Methods—This two-center prospective study included patients undergoing MRI-C- and MRI-M-
PDFF estimations within 3 days before weight-loss surgery. Liver biopsy was performed, and
histology-determined steatosis grades used as reference standard. Using receiver operating
characteristics (ROC) analysis on data pooled from both methods, single common thresholds for
diagnosing and for differentiating none or mild (0-1) from moderate to severe steatosis (2—3) were
selected as the ones achieving the highest sensitivity while providing at least 90% specificity.
Selection methods were cross-validated. Performances were compared using McNemar’s tests.

Results—Of 81 included patients, 54 (67%) had steatosis. The common PDFF threshold for
diagnosing steatosis was 5.4%, which provided cross-validated 0.88 (95% CI, 0.77-0.95)
sensitivity and 0.92 (0.75-0.99) specificity for MRI-M and 0.87 sensitivity (0.75-0.94) with 0.81
(0.61-0.93) specificity for MRI-C. The common PDFF threshold to differentiate steatosis grades
0-1 from 2-3 was 14.7%, which provided cross-validated 0.86 (95% CI, 0.59-0.98) sensitivity
and 0.95 (0.87-0.99) specificity for MRI-M and 0.93 sensitivity (0.68-0.99) with 0.97(0.89-0.99)
specificity for MRI-C.

Conclusion—If independently validated, diagnostic thresholds of 5.4% and 14.7% could be
adopted for both techniques for detecting and for differentiating none to mild from moderate to
severe steatosis, respectively, with high diagnostic accuracy.

Keywords
Liver; Magnetic resonance imaging; Non-alcoholic fat liver disease; Obesity

Introduction

The increasing prevalence of obesity has caused nonalcoholic fatty liver disease (NAFLD) to
become the most common cause of chronic liver disease worldwide [1]. MRI is an accurate,
reproducible and non-invasive tool to estimate liver fat in patients at risk for NAFLD [2].
Confounder-corrected chemical-shift-encoded (CSE)-MRI methods accurately quantify
proton density fat fraction (PDFF), an inherent tissue property and quantitative imaging
biomarker of liver fat concentration [2,3]. PDFF parametric maps showing the distribution of
fat in the liver can be generated using magnitude (MRI-M) or complex (MRI-C) MRI data.
Both methods minimize or correct for biases caused by T1, T2*, and the spectral complexity
of fat [4-7], while MRI-C also addresses noise-related bias and the effects of eddy currents
[5, 8-10]. Other differences include the range of measurable PDFF, which is up to 50% for
MRI-M but up to 100% for MRI-C. Early studies on CSE-MRI accuracy were performed
using MRI-M PDFF [2,11-14], while more recently, the predominant technique used in
research or provided as a commercial product in the newest MRI systems is MRI-C PDFF
[2, 15-18].

Due to its high accuracy, repeatability and reproducibility, MRI-PDFF is widely recognized
as the leading non-invasive biomarker for liver steatosis diagnosis and quantification, but
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challenges to its adoption remain [2,8,17,19,20]. For example, most studies on the accuracy
of MRI-PDFF for diagnosing steatosis have investigated a single method [2,11-
14,17,18,21], proposing their own diagnostic thresholds based on receiver operating
characteristics (ROC) analysis applied to their population cohorts [11, 12, 18, 21, 22]. This
has led to the publication of at least 8 different thresholds for diagnosing the presence of
steatosis, ranging from 2.51% to 6.90% for MRI-M [11, 12, 21, 23], and from 2.94 to 5.20%
for MRI-C using histology as the reference standard [18, 21, 24]. Similarly, at least 4
different thresholds ranging from 8.5% to 16.3% to distinguish none or mild from moderate
to severe steatosis have been described [17,18,22,24]. The existence of multiple thresholds
creates confusion and introduces inconsistency in the use of MRI-PDFF to diagnose
steatosis. To reduce the inconsistency in the use of this biomarker and to further advance its
standardization, a single diagnostic threshold is needed.

The purpose of this study was to identify, assess and compare the accuracy of common
PDFF thresholds for MRI-M and MRI-C to diagnose the presence of steatosis, and
secondarily, to differentiate none or mild (grades 0-1) from moderate to severe (grades 2-3)
hepatic steatosis in patients with obesity, using contemporaneous histology as reference.

Materials and Methods

Study Design and Patients

This Health Insurance Portability and Accountability Act (HIPAA)-compliant, two-center
prospective study was approved by each center’s institutional review board (IRB). Inclusion
criteria were adults (age =18 years) with obesity class Il [25] or higher (baseline BMI >
35kg/m?) undergoing clinical-care weight loss surgery (WLS), either laparoscopic sleeve
gastrectomy or laparoscopic Roux-en-Y gastric bypass, and willingness to participate in all
research procedures, including MR examinations and intraoperative biopsy. Exclusion
criteria included contraindications to MRI (e.g., claustrophobia, metallic implants),
excessive alcohol consumption (>1.5 drinks per day) [26], liver disease other than NAFLD,
and type 1 diabetes. Additionally, patients were excluded if one or both of the MRI methods
was not acquired, or if intraoperative biopsy was not obtained.

Patients provided written informed consent and underwent multiple MR examinations as
part of another study examining PDFF changes following WLS [3]. PDFF estimates for this
study were derived from MR examinations that took place within 3 days prior to WLS.
Patient demographics, time intervals from MRI to surgery, and reasons for exclusion were
recorded.

Liver biopsy and histology

As part of the research protocol, surgeons performed wedge and core biopsies during WLS
if they thought that both could be obtained safely. Otherwise, based on their judgment, they
chose the safest biopsy method in individual patients. Wedge biopsies were typically about
1-4 cm? at the surface and 1-2 cm in depth. Core biopsies weighed 20-30 mg and were
obtained using 18-gauge needles. Both types of biopsies were taken from the anterior
surface of the left lobe of the liver (segments 2, 3, or 4), avoiding major blood vessels and
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bile ducts. Histology slides were prepared with hematoxylin and eosin, Masson’s trichome,
and iron stains.

Blinded to the MRI results, two hepatopathologists (each with at least three years of
experience) independently scored each biopsy specimen (wedge, core, or both) in each
patient. Whenever both core and wedge biopsies were performed, the scores were averaged
to yield composite scores. Based on the estimated percentage of hepatocytes containing
microscopically visible fat vacuoles, hepatic steatosis was scored according to the NASH
CRN system [27] as follows: grade 0, <5%; grade 1, 5-33%, grade 2, 34-66%); grade 3,
>66%. Additional histology features of lobular and portal inflammation, hepatocellular
ballooning, fibrosis stage and iron overload were also scored. After the independent reviews,
the hepatopathologists re-reviewed all specimens of each patient in consensus, adjudicated
any disagreements, and assigned a final consensus score for each histology feature. The
hepatic steatosis grades for each patient were then binarized as steatosis present (grade = 1)
vs. absent (grade 0) and as none to mild steatosis (grades 0-1) vs. moderate to severe
steatosis (grades 2-3). A NAFLD activity score was determined as the unweighted sum of
the scores for steatosis (0-3), lobular inflammation (0-3), and ballooning (0-2), and
represented as thresholds of < 3 (low possibility of steatohepatitis), 3.5 — 4.5, and = 5 (high
possibility of steatohepatitis) [27]. Half grades or stages were due to averaging results from
wedge and core biopsies.

Patient preparation and positioning

Patients were instructed to fast for at least four hours prior to MR examinations. At one
center, patients underwent non-contrast MR examinations on a clinical 3.0T GE MRI system
with an 8-element torso phased-array coil (GE Signa, EXCITE HDxt, GE Healthcare,
Waukesha, WI); at this center, dielectric pads were placed over the abdomen to reduce B1
heterogeneity. At the other center, patients underwent non-contrast MR examinations on a
clinical 3.0T GE 750 MRI system with a 32-element torso phased-array coil, or if the patient
did not fit into the bore, on a 1.5T 450W GE wide bore system with an 8-element torso
phased-array coil; dielectric pads were not placed. Coils were centered over the liver at both
centers. Each MR examination lasted about 60 minutes comprising the two PDFF sequences
described below in addition to other research acquisitions unrelated to this study.

MRI-PDFF sequences and parametric map reconstruction

MR analysis

A 2D spoiled gradient-recalled echo (SGRE) sequence was used for MRI-M while a 3D
SGRE sequence was used for MRI-C. Axial images covering as much of the liver as possible
within one breath hold were acquired with the parameters listed in Table 1. These
parameters are similar to those used in prior MRI-M and MRI-C studies [8,11,13]. PDFF
maps were reconstructed in-line on the MRI system computer from the corresponding
source data as described elsewhere for MRI-M [8,28] and MRI-C [6,8]. Source images,
PDFF maps, and (for MRI-C) fat and water images were transferred for off-line analysis.

Trained image analysts (1-3 years experience), blinded to histologic results, performed the
MR analysis using the Osirix imaging software (Pixmeo, Geneva, Switzerland). Including
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only liver parenchyma while excluding vessels, bile ducts, lesions, and artifacts, the analysts
placed co-localized circular (1 cm radius) regions of interest (ROIs), one in each of the nine
Couinaud liver segments, on the fifth echo of the source images for MRI-M and on the water
images for MRI-C as these provide adequate visualization of hepatic anatomy to guide
proper ROI placement. This multiple ROIs approach was used to avoid bias in case of
nonuniform spatial distribution of liver fat. ROIs were placed on anatomic images rather
PDFF maps to avoid feedback bias. In some patients, one or more of the nine planned ROIs
could not be placed on one or both sequences, usually because the segment was not included
in the acquired volume or due to imaging artifacts.

Statistical analysis

Statistical analyses were performed by a staff biostatistician under the supervision of a
faculty statistician, both with more than 20 years of experience, using R software package
version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria, 2018). Cohort
anthropometric, laboratory, and histologic measures were summarized. Individual MRI-M
and MRI-C PDFF averages from segments 2, 3, 4a, and 4b (i.e., those in correspondence to
the biopsy location) were computed for each patient, using only the segmental ROIs
available in both sequences. Thus, if a segmental PDFF was missing for either sequence, the
unpaired segment was excluded, and averages were based only on the remaining paired
segments. PDFF values from the two MR sequences were summarized and compared using
a paired t-test. Bland-Altman analysis was used to evaluate agreement and differences
between MRI-M and MRI-C derived PDFF values. The data from the two MR methods was
pooled, and receiver operating characteristic (ROC) curves for classifying dichotomized
histology-determined steatosis grades using pooled data were generated. Areas under the
ROC curve (AUCSs) and their significances were calculated. The threshold for diagnosing
presence of hepatic steatosis (grade >1) and for differentiating none to mild from moderate
to severe steatosis (grades 0-1 vs 2—-3) were selected based on separate ROC analyses to
achieve the highest possible sensitivity while providing at least 90% specificity for pooled
data. Raw performance parameters (sensitivity, specificity, total accuracy, negative predictive
value [NPV], and positive predictive value [PPV]) with 95% confidence intervals [CI] were
calculated for each MR sequence using the common thresholds. The method of threshold
selection was cross-validated, and cross-validated performance parameters (same as above)
were computed for each MR sequence. Cross-validated sensitivity, specificity, and accuracy
were compared using McNemar’s test.

To examine the possible confounding impact of demographic and other liver histologic
features (listed in Table 2) on diagnostic accuracy, a Bayesian Information Criterion (BIC)-
based stepwise logistic regression was used for each MR sequence separately, for each of the
two outcomes (presence of any hepatic steatosis, and presence of moderate to severe hepatic
steatosis). For each analysis the outcome was presence vs. absence of classification error,
while the predictor pool included demographic and histologic features.

Abdom Radiol (NY). Author manuscript; available in PMC 2021 May 10.
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The number of patients who satisfied the inclusion criteria was 81. A summary of cohort
characteristics at the time of MRI is presented in Table 2. Ten patients lost weight between
enrollment and MRI; hence, although the inclusion criterion was BMI = 35 kg/m2, it ranged
below this threshold at the time of PDFF measurements. Fifty-four (67%) patients had
histology-determined steatosis, while the remaining 27 (33%) had no steatosis. Forty-four
had both core and wedge biopsies, twenty-eight had only wedge biopsies, and nine had only
core biopsies. Among the 44 patients with both biopsies, one patient with discordant scores,
the wedge biopsy had 5% steatotic hepatocytes (grade 1) and the core biopsy had 1%
steatotic hepatocytes (grade 0). Since the average of steatotic hepatocytes (3%) was <5%,
the final assigned steatosis grade was 0 and the outcome was binarized as steatosis absent.
66 (81%) patients had steatosis grades 0-1 and 15 (19%) patients had steatosis grades 2-3.
Relatively small proportions of patients had advanced histologic features on at least one
biopsy specimen as defined by bridging fibrosis or cirrhosis: 6/81 (7%); lobular
inflammation grade = 2: 7/81 (9%); portal inflammation grade = 2: 3/81 (4%); iron grade =
2:11/81 (8%), or any ballooning 16/81 (20%).

Figure 1 shows representative MRI-M and MRI-C-based PDFF images at 3.0T of a patient
with histology-determined hepatic steatosis. PDFF was estimated at 3.0T in 77 (95%) of the
81 patients, and at 1.5T in the remaining four (5%). Over the entire cohort, PDFF values
ranged from 1.1% to 33.5% for MRI-M and 1.2% to 32.4% for MRI-C. Figure 2 shows a
boxplot of PDFF values and steatosis grades for both techniques. PDFF values were slightly
but consistently lower for MRI-M than MRI-C (mean PDFF 8.9% + 6.5 vs 9.2% =+ 6.45,
paired t-test p=0.0018). A Bland-Altman plot of the two methods, with the standard
agreement/disagreement metrics, is presented in Figure 3.

ROC Analysis

Figure 4 shows the ROC curves for diagnosing hepatic steatosis and for differentiating
grades 0-1 from 2-3 for the pooled data. The AUC was 0.956 (bootstrap p < 0.0001) for
classifying presence of any steatosis and 0.965 (p<0.0001) for differentiating none to mild
from moderate to severe steatosis. The best diagnostic threshold for distinguishing absence
vs presence of steatosis which enforced specificity at least 90% for the pooled data was
5.4% (0.89 sensitivity, 0.92 specificity, PPV 0.96, NPV 0.82, 0.90 accuracy). The best
diagnostic threshold for distinguishing none to mild from moderate to severe steatosis which
enforced specificity at least 90% for the pooled data was 14.7% (0.93 sensitivity, 0.96
specificity, PPV 0.84, NPV 0.98, 0.98 accuracy).

Common PDFF Thresholds Diagnostic Performance and Comparison

Table 3 summarizes raw and cross-validated performance metrics of both sequences for
diagnosing steatosis (grades = 1). Cross-validated results are described below.
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For MRI-M cross-validation of the threshold selection method resulted in 0.88 sensitivity
(95% CI: 0.77 — 0.95), 0.92 specificity (95% CI: 0.75 — 0.99), 0.96 PPV (95% CI: 0.86 —
0.99), 0.80 NPV (95% CI: 0.62 — 0.92), and 0.90 total accuracy (95% ClI: 0.81 — 0.95).

For MRI-C cross-validation of the threshold selection method resulted in 0.87 sensitivity
(95% CI: 0.75 - 0.94), 0.81 specificity (95% CI: 0.61 - 0.93), 0.90 PPV 95% CI: 0.79 — 96),
0.75 NPV (95% ClI: 0.56 — 0.89), and 0.85 total accuracy (95% CI: 0.75 — 0.92).

There was no significant difference between sequences on cross-validated sensitivity,
specificity, or accuracy in differentiating presence vs. absence of steatosis (McNemar’s test
p-values: 0.999, 0.248 and 0.221, respectively).

Table 4 summarizes raw and cross-validated performance metrics of both sequences for
differentiating none to mild from moderate to severe (grades 0-1 vs 2-3) steatosis. Cross-
validated results are described below.

For MRI-M cross-validation of the threshold selection method resulted in 0.80 sensitivity
(95% CI: 0.51 - 0.95), 0.95 specificity (95% ClI: 0.87 - 0.99), 0.80 PPV (95% CI: 0.51 -
0.95), 0.95 NPV (95% CI: 0.87 — 0.99), and 0.92 total accuracy (95% CI: 0.84 — 0.97).

For MRI-C cross-validation of the threshold selection method resulted in 0.93 sensitivity
(95% CI: 0.68 — 0.99), 0.97 specificity (95% CI: 0.89 — 0.99), 0.87 PPV 95% CI: 0.61 — 98),
0.98 NPV (95% CI: 0.91 — 1.00), and 0.96 total accuracy (95% CI: 0.89 — 0.99).

There was no significant difference between methods on cross-validated sensitivity,
specificity, or accuracy in differentiating grades 0-1 from grades 2—-3 (McNemar’s test p-
values: 0.480, 0.999 and 0.248, respectively).

A BIC-based, stepwise logistic regression search for confounders to classification accuracy
using the common PDFF diagnostic threshold of 5.4% revealed BMI to be the sole
significant predictor of classification errors for both techniques (MRI-M: odds ratio = 0.71,
chi-square p-value = 0.029; MRI-C: odds ratio = 0.84, chi-square p-value = 0.045), with
lower BMI associated with more frequent classification errors. Age had an inverse
association with misclassification for differentiating none to mild from moderate to severe
steatosis based on the 14.7% threshold, however, the association was not strong and only for
MRI-M (odds ratio = 0.92, chi-square p-value = 0.054). No additional histology feature had
a significant confounding effect on the relationship between PDFF and steatosis grade.

Discussion

In this study we assessed and compared the diagnostic performance of MRI-M- and MRI-C-
derived PDFF using a common single threshold for detecting hepatic steatosis and for
distinguishing none to mild from moderate to severe steatosis in patients with obesity using
contemporaneous histology as reference standard. Our results support both MRI-M and
MRI-C as equally accurate to assess hepatic steatosis in adults with obesity with a high
agreement between each other. Using single common PDFF thresholds of 5.4% and 14.7%
for diagnosing and for differentiating none to mild from moderate to severe steatosis,
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respectively, MRI-M and MRI-C are not statistically different, achieving high cross-
validated sensitivity, specificity, and accuracy.

Our study comprised adults with obesity undergoing WLS without known hepatic steatosis a
priori, and the prevalence of steatosis found in our cohort was similar to the prevalence
described in the general population with obesity [29, 30]. More important, the distribution of
steatosis grades in our population may provide a more accurate PDFF threshold for
diagnosing steatosis than some prior studies performed in populations known to have
NAFLD and with a disproportionate predominance of high liver fat fractions [11, 12, 31].
For widespread adoption of PDFF as a non-invasive biomarker of liver steatosis, CSE-MRI
sequences should provide standardized and easy to interpret results despite the complexity of
each individual reconstruction algorithms. Furthermore, although the clinical relevance of
differentiating mild from moderate and severe steatosis is yet to be well established, some
authors have described relationships between these individual grades and clinical outcomes
[32, 33]. Hence, it is important to determine the MRI-derived PDFF threshold that
accurately correlate with these histological grades as they may be used in the research and
clinical settings. The different and specific diagnostic thresholds proposed for each method
may be burdensome for radiologists when reading cases from multiple sites and may
negatively impact the utilization of such quantification MRI techniques. A single diagnostic
and grading thresholds may further facilitate the application of CSE-MRI techniques in
different centers and may further support both methods as equally suitable for assessing
hepatic steatosis in the majority of patients at risk for NAFLD.

Previous authors have investigated the individual accuracies of both CSE-MRI techniques.
Tang et al. reported in two consecutive studies an MRI-M-based PDFF threshold for
diagnosing steatosis of 6.4% and 6.8%, with 84% and 86% sensitivity and 100% and 83%
specificity, respectively [11, 12]. However, in these studies cohorts comprised patients with
known or suspected NAFLD, which resulted in a population with a disproportionate
predominance of higher grades of liver steatosis. When investigating the accuracy of MRI-
C-based PDFF to diagnose hepatic steatosis, other studies have also recruited patients with
known or suspected NAFLD, enriching their populations with patients with high amounts of
liver fat, and potentially resulting in overly high diagnostic thresholds [22, 24]. In the later
studies, PDFF thresholds to differentiate moderate or severe steatosis from mild or no
hepatic steatosis were 15.03% (sensitivity of 93.0% and a specificity of 85.0%) [22] and
11.3% (sensitivity 78.9% and specificity 84.1%) [24]. When including patients with a wide
range of clinical indications for liver biopsy, Kiihn et al. found that an MRI-C-determined
PDFF threshold of 5.1% had 86% sensitivity and 100% specificity to differentiate between
no steatosis versus any steatosis [23]. Similarly, in a population composed of various
indications for liver biopsy, Franca et al. have reported a MRI-C PDFF thresholds for the
presence vs absence of steatosis of 4.8% (88.6% sensitivity and 85.1% specificity) and of
8.5% for distinguishing patients with none or mild from moderate to severe steatosis (81.3%
sensitivity and 96.8% specificity) [18]. These studies show that lower thresholds may be
found when accuracy assessment is performed on cohorts not overrepresented with high
liver fat. Hence, it’s important that studies investigating the accuracy of non-invasive
techniques for diagnosing liver steatosis are performed in cohorts that are representative of
the general population at risk for this condition. A previous large-scale study with 2349
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ethnically diverse participants, and a prevalence of overweight and obesity similar to the
western population, defined a threshold of 5.56% fat fraction to diagnose liver steatosis
using MR spectroscopy (MRS) based on population nomograms but without histologic
confirmation [34].

Until now, just a few studies on the accuracy of CSE-MRI for liver fat estimations have
focused on both methods in the same cohort. Hernando et al. described more accurate
estimates with lower bias and standard deviations for MRI-C reconstructions compared to
MRI-M models using water/fat phantoms [35]. Horng et al. compared both reconstruction
methods but using MR spectroscopy as reference standard [36]. To our knowledge, only one
prior study compared the diagnostic performance of both methods simultaneously, using
histology as reference standard. In this study, Kang et al. reported a Youden-index-based
PDFF threshold for diagnosing liver steatosis of 2.51% for MRI-M and 2.94% for MRI-C,
each providing 94% sensitivity and 81% specificity [21]. That study however, similarly to a
prior study by Nasr et al. [37] who found an MRS PDFF threshold of 3%, have enrolled
patients with liver diseases known to result in minimal liver fat, and did not focus on an
obese population in which diseases other than NAFLD were excluded. Only 32% of that
study’s cohort had steatosis, which is lower than commonly encountered in populations with
obesity, possibly explaining the lower threshold. In our study, a common threshold of 5.4%
for both methods achieved similar to higher specificity (0.81 MRI-C, 0.92 MRI-M) for
diagnosing the presence of hepatic steatosis. Additionally, when applying a common
threshold of 14.7% for MRI-M and MRI-C to differentiate patients with none or moderate
steatosis (grades 0-1) from patients with moderate to severe steatosis (grades 2-3), both
methods yield high sensitivity (80% and 93%), specificity (95% and 97%) and accuracy
(92% and 96%), respectively.

Using multivariable analysis, we examined the impact of several demographic,
anthropometric, and histologic variables on classification errors. Our analysis found BMI as
the sole significant predictor of misclassification of presence of steatosis for both methods,
with lower BMI associated with more frequent classification errors. This is an unexpected
finding since we would have expected that larger habitus, not smaller, might have reduced
accuracy by degrading image quality. Further research is needed to confirm and elucidate the
mechanism for this finding. Unlike other authors, we did not find that hepatic fibrosis or any
other histology feature confounded the performance of MRI for assessing hepatic steatosis
in our cohort [18, 22, 38]. One plausible explanation is our relatively mild degrees of fibrosis
and other histological abnormalities. Our findings therefore do not eliminate the possibility
that severe histological abnormalities might affect the accuracy of CSE-MRI methods.

There are a few distinct contributions of our work to the existing literature that merit
mentioning. In this prospective two-center study we assessed patients with obesity which
introduces technical challenges from the imaging perspective, were able to acquire both
sequences during the same examinations and to provide contemporaneous histology as
reference standard for MRI-PDFF findings. Additionally, analyses were performed using
PDFF values of ROIs placed with some degree of colocalization with the biopsy sites, which
may potentially reduce statistical noise related to sampling errors. Finally, we compared the
accuracy between the two CSE-MRI methods head-to-head and showed the feasibility of
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using common diagnostic thresholds to detect and to differentiate none to mild from
moderate to severe liver steatosis in patients with obesity.

Our study has limitations: First, we used only one MRI system manufacturer and it is
conceivable that the thresholds identified in our study may not be identical in different MRI
systems. Among our scanners, the choice of platforms was determined by scanner
availability and patient body habitus which may introduce variability in the results. Although
studies have suggested excellent reproducibility of PDFF estimation across different field
strengths and MRI systems [2, 20, 28] future studies are needed to validate our results across
different MRI vendors, platforms or in different study populations including children.
Another limitation is the relative limited number of patients with PDFF between 5% and 6%
based on one or both methods. Further studies with larger populations in that PDFF range,
both with and without steatosis, may further refine or validate the diagnostic threshold for
presence of steatosis (grade = 1).

Conclusion

In conclusion, this study further supports both MRI-M- and MRI-C-derived PDFF as equally
accurate for assessing hepatic steatosis in obese adults at risk of developing NAFLD. For
simplicity, common diagnostic thresholds of 5.4% and 14.7% could be adopted for both
techniques for detection and for differentiating none to mild from moderate to severe
steatosis, respectively, yielding high diagnostic accuracy.
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Figure 1.
(a, b) Representative MRI-C and MRI-M-based PDFF images with a one-centimeter ROIs

placed over segments Il and 1\VVa. Average left lobe PDFF estimates were 11.9% and 11.2%,
respectively. (c) Corresponding histology from core biopsy shows the presence of steatosis
(grade 1).
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Figure 2:
Boxplot shows MRI-based PDFF values and corresponding histology-determined statosis

grades for both CSE-MRI techniques.
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Figure 3.

Bland-Altman analysis was used to evaluate agreement and differences between MRI-M and

MRI-C.
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Steatosis 0 vs. Steatosis 1,2,3; Pooled MRI
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Figure 4a.

ROC curve for the diagnosis of hepatic steatosis (grades 0 vs =1) using pooled data. 5.4%
threshold location is shown with the red arrow.
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Steatosis 0,1 vs. Steatosis 2,3; Pooled MRI

ROC curve for differentiating none to mild (grades 0-1) from moderate to severe (grades 2—
3) hepatic steatosis using pooled data. 14.7% threshold location is shown with the red arrow.
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Key acquisition parameters for magnitude-based magnetic resonance imaging (MRI-M) and complex-based
magnetic resonance imaging (MRI-C) at 3.0T and 1.5T. TE = echo time; TR = repetition time.

Field TE (m) TR | PP Bandwidm | SHeR Matric | Number of Les?r?;TeOf
strength (ms) (9) (kHz) (mm) slices breath
hold (s)
115,23,
30T 345,46 | 2 10 +125 8 I 8-20 12-34
5.75, 6.9
MRI-M
2.3,4.6,6.9,
15T 9.2,115, 170 10 83 8 192-256 X 8-20 12-34
160-256
138
12,2.2,32,
30T 3535 | es 3 +125 8 256 X 128 32 20
MRI-C
12,32,52,
1T | 75e5 s | 134 5 +125 8 256 x 160 2 20
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Cohort (n=81) demographic and liver histology characteristics.

Table 2:

Characteristic Value
Sex
Female 67 (82.7%)
Male 14 (17.3%)
Race
Black 2 (2.5%)
Other 8 (9.9%)
White 71 (87.7%)
Ethnicity

Hispanic/Latino

12 (14.8%)

Non-Hispanic/Latino

69 (85.2%)

Age (years)

48.2+125(23.7-70.6) "

Mean body mass index (kg/m?)

41.7+55(32.5-56.8) "

Waist-to-Hip Ratio

0.89 +0.10 (0.74 - 1.19) "

Steatosis grade -

0; <5% hepatocytes 27 (33.3%)

1; 5%-33% hepatocytes 39 (48.1%)

2; 33%-66% hepatocytes 11 (13.6%)

3; >66% hepatocytes 4 (4.9%)
Lobular inflammation ***

0; no foci 48 (59.3%)
0.5 7 (8.6%)

1; <2 foci per 200x field 19 (23.5%)
15 3(3.7%)

2; 2—4 foci per 200x field 4 (4.9%)

3; >4 foci per 200x field 0 (0%)
Portal Inflammation ***

0; none 47 (58%)
0.5 13 (16%)

1; mild 18 (22.2%)
15 3(3.7%)

2; moderate 0 (0%)

3; marked 0 (0%)
Hepatocellular ballooning ™™

0; none 65 (80.2%)
0.5 1 (1.2%)
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Characteristic Value
1; few balloon cells 10 (12.3%)
15 1 (1.2%)
2; many cells/prominent ballooning | 4 (4.9%)
Iron grade o
0 44 (54%)
0.5 8 (10%)
1 13 (16%)
15 4 (5%)
2 5 (6%)
3 2 (3%)
N/AT 5 (6%)
Fibrosis stage o
0; no fibrosis 33 (41.2%)
0.5 7 (8.8%)

1; perisinusoidal or periportal 22 (27.5%)
15 10 (12.5%)
2; perisinusoidal and periporal 2 (2.5%)

2.5 1 (1.2%)
3; bridging fibrosis 4 (5.0%)
4; cirrhosis 1(1.2%)
NAT 1(1.2%)

NAS ™
<3 68 (84%)
35-45 9 (11%)
>5 4 (5%)

Mean MR-determined PDFF value (%)

MRI-M 8.9+65(1.1—335)"
MRI-C 9.2+65(1.1—32.4) "
Note—

*
Data are averages * standard deviations, with ranges in parentheses.

Aok

Page 22

A 4-point ordinal steatosis score was derived from the granular steatosis score or, for patients with both wedge and core biopsies, from the

average granular steatosis score.

*ok

fNo data available for these patients
7
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*
Half grades/stages are due to averaging results from wedge and core biopsies.

NAS stands for the NAFLD Activity Score, which is the unweighted sum of steatosis, lobular inflammation, and hepatocellular ballooning.
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Table 3:

Summary of raw and cross-validated performance metrics of the magnitude-based magnetic resonance
imaging (MRI-M-) and complex-based magnetic resonance imaging (MRI-C-) derived PDFF at the common
threshold for diagnosing hepatic steatosis (grades =1).

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Threhold = 5.4% MRI-M MRI-C p-value
(raw) (cross-validated) (raw) (cross-validated)
Sensitivity 0.90 (0.79-0.96) | 0.88(0.77-0.95) | 0.88 (0.77-0.95) | 0.87(0.75-0.94) | 0.99
Specificity 0.96 (0.81-0.99) | 0.92(0.75-0.99) | 0.85(0.66—0.95) | 0.81(0.61-0.93) | 0.24
PPV 0.98 (0.89 - 0.99) | 0.96 (0.86-0.99) | 0.92(0.81-0.97) | 0.90 (0.79 - 0.96) -
NPV 0.83 (0.66 —0.94) | 0.80(0.62-0.92) | 0.79 (0.60-0.92) | 0.75 (0.56 — 0.92) -
Accuracy 0.92 (0.84-0.97) | 0.90(0.81-0.95) | 0.87(0.78-0.93) | 0.85(0.75-0.92) | 0.22

Note: Numbers in parentheses are 95% confidence intervals. P-values relates to difference between performance parameters for classifying steatosis
0 vs steatosis = 1. PPV and NPV differences were not computed.
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Table 4:

Summary of raw and cross-validated performance metrics of the magnitude-based magnetic resonance
imaging (MRI-M-) and complex-based magnetic resonance imaging (MRI-C-) derived PDFF at the common
threshold for differentiating none to mild (grades 0-1) from moderate to severe (grade 2—3) steatosis.

Threshold = 14.7% MRI-M MRI-C p-value
(raw) (cross-validated) (raw) (cross-validated)
Sensitivity 0.86 (0.59-0.98) | 0.80 (0.51-0.95) | 0.93(0.68-0.99) | 0.93(0.68-0.99) | 0.48
Specificity 0.95 (0.87 - 0.99) | 0.95(0.87-0.99) | 0.97 (0.89-0.99) | 0.97 (0.89-0.99) [ 0.99
PPV 0.81 (0.54-0.96) | 0.80(0.51-0.95) | 0.87 (0.61-0.98) | 0.87 (0.61-0.98) -
NPV 0.93(0.86-0.98) | 0.95(0.87-0.99) | 0.98(0.91-1.00) | 0.98 (0.91 - 1.00) -
Accuracy 0.93 (0.86-0.98) | 0.92 (084-0.97) | 0.96 (0.89-0.99) | 0.96 (0.89-0.99) | 0.24

Note: Numbers in parentheses are 95% confidence intervals. P-values relates to difference between performance parameters for classifying steatosis

grades 0-1 vs steatosis grades 2-3. PPV and NPV differences were not computed.
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