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Study subjects or cohorts overlap Some study subjects or cohorts have been previously reported in:

We have previously published two papers (PDFs attached) based on data from the parent weight loss surgery (WLS) program, with
different aims from our current aims. Those papers were:

1. Fazeli Dehkordy S, Fowler KJ, Mamidipalli A, et al Hepatic steatosis and reduction in steatosis following bariatric weight loss
surgery differs between segments and lobes. Eur Radiol. 2018; 13. https://doi.org/10.1007/s00330-018-5894—-0 [PMID: 30547206]
[Epub ahead of print] [reference #24 in this paper; details redacted in the references section]

This paper looked at segmental PDFF (proton density fat fraction) values estimated by (only) MRI-M in 118 adults undergoing
bariatric surgery. The aims were to evaluate PDFF distribution estimated using MRI-M across liver segments at baseline and compare
longitudinal segmental PDFF changes across time points.

2. Pooler BD, Wiens CN, McMillan A, et al Monitoring fatty liver disease with MRI following bariatric surgery: a prospective, dual-
center study. Radiology. 2018; 290:682-69018 [Epub ahead of print] [PMID: 30561273] [reference #25 in this paper; details redacted
in the references section]

This paper looked at whole-liver PDFF values estimated using (only) MRI-C in 50 adults undergoing bariatric surgery. The aims were
to longitudinally monitor PDFF estimated using MRI-C, taking into account possible effects of changes in BMI, weight, and waist
circumference.

This current analysis included 54 adults from the parent WLS who had whole-liver PDFF 00 5% estimated by both MRI-M and MRI-
C, and compared the rate of change of PDFF with these two MRI techniques (MRI-M and MRI-C), which was not reported in the two
prior papers.

Methodology

Retrospective

Observational

Multi-center study


https://doi.org/10.1007/s00330-020-06858-x
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Abstract

Purpose—To compare longitudinal hepatic proton density fat fraction (PDFF) changes estimated
by magnitude- vs. complex-based chemical-shift-encoded MRI during a weight loss surgery
(WLS) program in severely obese adults with biopsy-proven nonalcoholic fatty liver disease
(NAFLD).

Methods—This was a secondary analysis of a prospective dual-center longitudinal study of 54
adults (44 women; mean age 52 years; range 27—70 years) with obesity, biopsy-proven NAFLD,
and baseline PDFF = 5%, enrolled in a WLS program. PDFF was estimated by confounder-
corrected chemical-shift-encoded MRI using magnitude (MRI-M)- and complex (MRI-C)-based
techniques at baseline (visit 1), after a 2- to 4-week very low—calorie diet (visit 2), and at 1, 3, and
6 months (visits 3 to 5) after surgery. At each visit, PDFF values estimated by MRI-M and MRI-C
were compared by a paired ftest. Rates of PDFF change estimated by MRI-M and MRI-C for
visits 1 to 3, and for visits 3 to 5 were assessed by Bland-Altman analysis and intraclass
correlation coefficients (ICCs).

Results—MRI-M PDFF estimates were lower by 0.5-0.7% compared with those of MRI-C at all
visits (p < 0.001). There was high agreement and no difference between PDFF change rates
estimated by MRI-M vs. MRI-C for visits 1 to 3 (ICC 0.983, 95% CI1 0.971, 0.99; bias = — 0.13%,
p=0.22), or visits 3to 5 (ICC 0.956, 95% CI 0.919-0.977%; bias = 0.03%, p = 0.36).

Conclusion—Although MRI-M underestimates PDFF compared with MRI-C cross-sectionally,
this bias is consistent and MRI-M and MRI-C agree in estimating the rate of hepatic PDFF change
longitudinally.

Keywords
Nonalcoholic fatty liver disease; Magnetic resonance imaging; Longitudinal study
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Introduction

Accurate MRI-based quantitative techniques for estimating liver fat have been developed.
Proton density fat fraction (PDFF), which is the proportion of mobile protons attributable to
tissue triglyceride, can be estimated using confounder-corrected chemical-shift-encoded
MRI (CSE-MRI) [1-3]. There are two general techniques for acquiring PDFF, broadly
classified as magnitude-based MRI (MRI-M) and complex-based MRI (MRI-C) [1-8]. MRI-
M uses only magnitude data and, if signal from water is dominant, can estimate PDFF from
~ 0-50%, whereas MRI-C uses both phase and magnitude data and can estimate PDFF from
~ 0-100%. While a dynamic range of 0-100% is important for imaging adipose tissue, it
may not be necessary of hepatic PDFF, which infrequently exceeds 50% [1]. Both
techniques use low flip angle to minimize T1 weighting effects, acquire multiple echoes to
allow for T2* correction and separate fat and water signals, and incorporate a multi-peak
spectral model to account for the spectral complexity of fat [1, 3]. Numerous studies have
shown that MRI-M and MRI-C accurately quantify hepatic PDFF despite the modeling and
technical parameter differences between them [1, 8-11].

As a noninvasive quantitative imaging biomarker of hepatic steatosis, PDFF has been
validated against histology and biochemically determined triglyceride concentration in
animal studies [12, 13], human liver tissue [14-18], and both pediatric and adult clinical
patients [18, 19]. Due to its high precision and accuracy, PDFF is being used increasingly by
radiology practices worldwide for clinical care of patients with nonalcoholic fatty liver
disease (NAFLD) [20-22], the most common chronic liver disease in children and adults
[23], and it has been applied as an endpoint in multiple clinical trials [20, 21, 24, 25].
Studies have shown that both MRI-M and MRIC accurately estimate hepatic PDFF in cross-
sectional analyses when compared with reference standards of magnetic resonance
spectroscopy (MRS) [4, 8-11] and histology [14-18]. However, MRI-M PDFF estimations
are on average ~ 0.6% lower than those from MRI-C [11, 26], which may introduce errors in
the assessment of longitudinal change if the techniques are used interchangeably in the same
patient.

Due to concerns about assessment of longitudinal change, most industry and federally
funded prospective multi-center NASH clinical trial sponsors currently mandate that either
MRI-M or MRI-C, but not both, be used study-wide. The mandate to use only one technique
may exclude some otherwise qualified centers to participate if they do not have access to the
mandated option. The decision to mandate a single technique in clinical trials may be
unnecessary. The bias between MRI-M and MRI-C is small and if consistent, it is likely that
the two techniques would agree in estimating PDFF change longitudinally. Demonstration
that the two techniques agree in estimating longitudinal PDFF change would allow sites to
select the technique that is available to them for participation in clinical trials, thus
increasing the flexibility for site qualification and participation. Additionally, as more and
more radiology practices are called upon to produce quantitative liver fat results, radiologists
will need to be aware of PDFF measurement options and their implications for measuring
longitudinal changes in patients.

Eur Radiol. Author manuscript; available in PMC 2020 September 17.
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The purpose of this study was to determine if the bias between these two techniques of
PDFF estimation would be constant across longitudinal changes, allowing for similar
estimations of PDFF change over time. If constant, this would imply that either technique
could be used for longitudinal assessment of change in clinical care and in clinical trials.

Research participants and study design

This was a secondary, longitudinal analysis of MRI-PDFF data collected as part of a
prospective bi-center study of dietary and surgical intervention for obesity class 11 [27] or
higher, performed at two academic weight loss surgery (WLS) centers. Both centers had
similar WLS programs consisting of 2—4 weeks of a very low—calorie diet (VLCD, 0.6-0.9
kcal/day) followed by bariatric surgery.

This secondary analysis and the parent study were approved by an Investigational Review
Board and are compliant with the Health Insurance Portability and Accountability Act and
participants provided written informed consent.

For the parent study, participants with severe obesity were recruited consecutively from the
two centers from June 2010 to December 2015. Inclusion criteria were BMI = 35 kg/m?,
being considered for bariatric surgery (laparoscopic Roux-en-Y gastric bypass, or sleeve
gastrectomy), and willingness to participate in all study procedures. Exclusion criteria were
contraindications to MR imaging, history of liver disease other than NAFLD, or inability to
fit in the magnet bore. Enrolled patients underwent up to five MRI exams [28, 29]. PDFF
was estimated at baseline (visit 1), and immediately after completion of their VLCD (visit
2). For patients already started on the VLCD prior to study recruitment, visit 1 was omitted
from the analysis and their first visit was labeled as visit 2, to be consistent with the overall
cohort. Left-lobe intraoperative biopsies were performed during bariatric surgery. Patients
with NAFLD confirmed by intraoperative biopsy (i.e., presence of at least grade 1 steatosis
or higher on biopsy) were offered follow-up MRI at 1, 3, and 6 months after WLS (visits 3,
4, and 5, respectively). Demographic and clinical data were collected at baseline, and
anthropometric information was collected at each visit for all participants.

For this secondary analysis, participants from the parent study were included if they had
both MRI-M and MRI-C at 3 T on at least two visits and if baseline whole-liver PDFF was =
5%.

Adults enrolled in a WLS program constitute an ideal cohort for comparing longitudinal
change measurements by MRI-M and MRI-C, as the patients have a wide range of baseline
PDFF values and reliable longitudinal reduction of PDFF. Importantly, PDFF reduction
tends to be biphasic, with a rapid decrease in PDFF in the preoperative/ perioperative
periods followed by a slower decrease in the postoperative period [28, 29]. This biphasic
behavior allows comparison of both MRI techniques during different phases of PDFF
reduction.

Eur Radiol. Author manuscript; available in PMC 2020 September 17.
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Participants were asked to fast for at least 4 h before each MRI exam to minimize potential
confounding physiological effects. At one center, MRI was acquired on a3 T MRI (GE
Signa Twin-Speed EXCITE HDxt, 8-element torso phased array coil with dielectric pads
placed over the abdomen to reduce B1 heterogeneity; GE Healthcare). At the other center,
MRI was acquired on a 3 T MRI (GE 750, 32-element torso phased array coil without
dielectric pads; GE Healthcare). For all examinations, phased array surface coils were
centered over the liver and each MR exam lasted approximately 60 min. PDFF was
estimated using MRIM and MRI-C at all visits. Both techniques used a flip angle that
minimized T1 weighting for the acquisition repetition time [9, 30-32]. A rectangular field of
view and coverage was adjusted to the patient’s body habitus and breath-hold capacity. The
MR parameters, summarized in Table 1, followed the guidelines set out by the Quantitative
Imaging Biomarkers Alliance PDFF committee [30].

MRI analysis

A separate fitting algorithm was applied to the source images pixel-by-pixel by the MRI
scanner system software to reconstruct parametric PDFF and R2* maps for each technique
[29-32]. The MRI-M technique used a magnitude data algorithm and the MRI-C technique
used a complex data algorithm. Both algorithms assumed exponential R2* signal decay [31-
36] and applied the same multi-peak fat-spectral model derived from human liver
triglyceride composition [37].

Source images and the PDFF and R2* parametric maps were transferred offline for analysis.
Using OsiriX software version 7.0.3 (OsiriX Foundation), source images and PDFF maps
were reviewed by trained image analysts (WH, JH = 5 years of experience) blinded to all
clinical and demographic data. A 1-cm radius circular region of interest (ROI) was manually
placed in each of the nine Couinaud liver segments on the fifth-echo MRI-M source images,
avoiding major vessels and bile ducts, liver edges, the gallbladder, any lesions, and artifact.
The fifth-echo images were used because they consistently provided adequate anatomic
delineation for ROI placement. ROIs were co-localized manually across time points to those
placed for the baseline visit. At each time point, the nine ROIs were copied onto the MRI-C
water images in a similar fashion to that described above, and manually adjusted as needed
for co-localization. The nine ROIs were subsequently copied to the corresponding locations
on the PDFF parametric maps for both techniques without additional adjustment. ROIs were
placed and adjusted on anatomic images rather than PDFF maps to eliminate information
bias. The mean PDFF value of each ROl was recorded at each time point for each technique.

Statistical analysis

All statistical analyses were performed by a staff statistician under the supervision of a
faculty statistician (TW and AG, respectively, both with over 20 years of experience), using
R version 3.5.1 (2018, GNU Public License, R Foundation for Statistical Computing).
Cohort characteristics were summarized descriptively. For each technique and time point,
the PDFF values from the nine ROIs were averaged to yield a single whole-liver PDFF
value. At each visit, PDFF values estimated by MRI-M and MRI-C were compared by a
paired ztest.

Eur Radiol. Author manuscript; available in PMC 2020 September 17.
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As previously reported, PDFF reduction during a VLCD-bariatric surgery program tends to
be biphasic, with rapid linear decline in the preoperative/perioperative periods (i.e., from
visits 1 to 3) and slow linear decline in the postoperative period (i.e., from visits 3 to 5) [28,
29]. Accordingly, we used linear regression to calculate rates of hepatic PDFF change for
each individual participant for separately for the preoperative/perioperative period (visits 1
to 3, n=54 patients) and for the postoperative period (visits 3 to 5, 7= 40 patients) (Fig. 1).
Rates of change were expressed as changes in PDFF per month. The reason for estimating
and analyzing rates of change (rather than analyzing first-last visit differences for each time
period) was to ensure the use of all available patient information, including the middle visits.
Additionally, rates of change are, by definition, standardized to the same time units for all
patients, which ensures comparability given the variable lengths of per-patient time periods.

Agreement and differences between rates of PDFF change estimated by MRI-M and MRI-C
were assessed by Bland-Altman analysis and intraclass correlation coefficients (ICCs) for
visits 1-3, and for visits 3-5, separately. Baseline and final BMI were summarized
descriptively. Relationships between baseline BMI, baseline PDFF, and rates of PDFF
change were informally explored.

Cohort characteristics are summarized in Table 2, and a flow chart of study cohort is shown
in Fig. 1. A total of 44 women and 10 men (mean age 52 years; range 27 to 70) from the two
study sites met inclusion criteria for this secondary analysis (i.e., patients with both MRI-M
and MRI-C imaged at 3 T on at least two visits and baseline whole-liver PDFF = 5%). All
participants had a baseline visit (visit 2 served as baseline for two participants), and at least
two visits in the visit 1 to 3 period. Forty participants had at least two visits during the visit 3
to 5 period. A total of 29 participants had all five visits.

Figure 2 presents PDFF over time for the two techniques, both as individual trajectories and
visit averages. At each visit, MRI-M PDFF was lower by 0.5-0.7% than MRI-C PDFF (p <
0.001 at each visit). Per-visit PDFF summaries by the two techniques are presented in Table
3.

As estimated by MRI-M, PDFF decreased on average by 5.3% per month for visits 1 to 3,
and 0.8% per month for visits 3 to 5 (Fig. 2). As estimated by MRIC, PDFF decreased by
5.2% per month for visits 1 to 3, and by 0.8% per month for visits 3 to 5. BMI decreased by
2.9 kg/m? per month for visits 1 to 3, and by 1.1 kg/m? per month for visits 3 to 5.

There was high agreement and no difference between PDFF change rates estimated by MRI-
M and MRI-C for visits 1 to 3 (ICC 0.98, 95% CI 0.971-0.99; BA bias 0.13%; p = 0.22), or
for visits 3to 5 (ICC 0.96, 95% CI1 0.92-0.98; BA bias 0.03%; p = 0.36) (Fig. 3; and
supplementary Fig. 1). Figure 3a (visits 1 to 3) and b (visits 3 to 5) are color coded by
baseline BMI; and supplementary Fig. 1a (visits 1 to 3) and 1b (visits 3 to 5) are color coded
by baseline PDFF to illustrate their distribution pattern over time. Agreement for rate of
PDFF change by both MRI techniques was unrelated to baseline BMI and PDFF for visits 1
to3and 3to 5.

Eur Radiol. Author manuscript; available in PMC 2020 September 17.
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Figure 4 illustrates PDFF changes estimated by MRI-M and MRI-C, from visits 1 to 5 with
both techniques in a 52-year-old woman.

Discussion

In this prospective two center study, we analyzed PDFF data from obese adults with biopsy-
proven NAFLD who were enrolled in WLS program. We aimed to compare the longitudinal
agreement of MRI-M and MRI-C for assessing PDFF change. Our study found that while
MRI-M underestimates PDFF values compared with MRI-C cross-sectionally, the bias is
constant and small and as a result, the two techniques agree closely in estimating rate of
PDFF change during both rapid (visits 1 to 3) and slow (visits 3 to 5) PDFF reduction
periods. We observed a bias of — 0.13% per month (MRI-M-MRI-C) in the rate of PDFF
change for visits 1 to 3, and a bias of 0.03% per month (MRI-M-MRI-C) in the rate of
PDFF change for visits 3 to 5 (o > 0.05). These biases were not statistically significant and
were so small that they are not likely to be of clinical importance. Our results suggest that
either technique of PDFF estimation (MRI-M or MRI-C) could be used by individual sites
for purposes of multi-center studies evaluating PDFF change as an endpoint. However, the
consistent difference in PDFF measured by both techniques over time reinforces the idea
that the same technique should be used for longitudinal follow-up. Thus, while either
technique may be suitable for use by a particular site for a clinical trial or by a particular
imaging center for clinical care, the two techniques should not be used interchangeably in
the same patient.

Previous studies have demonstrated the accuracy and precision of both MRI-M and MRI-C
techniques for PDFF estimation with respect to reference-standard MRS, cross-sectionally
and longitudinally [4, 8-10, 36, 38]. Similar to the results from prior studies [11, 23, 26], we
found that MRI-M PDFF estimations are ~ 0.6% lower than MRI-C PDFF estimations
across the full range of PDFF values seen clinically. The source of underestimation can be
ascribed to both acquisition and analysis. In acquisition, if T2* component is ignored (as it is
the same for both MRI-M and MRI-C), for the typical sequence parameters used by MRI-M
and MRI-C in this study, both techniques slightly overestimate PDFF with MRI-C
overestimating slightly more than MRI-M. For analysis, as discussed in Haufe et al [23, 26],
the magnitude fitting used by MRI-M has a Rician noise distribution, which adds an extra
signal to the liver at all echo times, reducing the relative signal oscillation and causing PDFF
underestimation. Our results add to the body of existing literature by demonstrating that this
small bias between techniques is relatively constant at each time point allowing for very
similar estimations of PDFF reduction. Moreover, in the authors’ experience, MRI-M and
MRI-C PDFF maps do not differ substantially in image quality, even in the low PDFF range,
suggesting that errors caused by Rician noise distribution for MRI-M reconstruction do not
meaningfully reduce the signal to noise ratio or impair the quality of the corresponding
PDFF maps.

Our study has several limitations. Our analysis was limited by the relatively small sample
size overall (7= 54), the even smaller sample size of patients completing all five visits (n
=29), the exclusive focus on adult NAFLD, and the use of MRI systems from one
manufacturer, primarily at one field strength. Validation studies are needed to further

Eur Radiol. Author manuscript; available in PMC 2020 September 17.
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compare these techniques across a wider range of participants, potentially including obese
children with NAFLD and/or adults with steatosis due to conditions other than NAFLD,
with different drug interventions and using scanners by different manufacturers and of
different field strengths. Additionally, almost all changes in PDFF in our analysis were
unidirectional, which was not unexpected given that WLS is efficacious for the reduction of
liver fat content [30, 39]. Nonetheless, future studies may focus on ensuring that the
techniques agree for PDFF increase as well as reduction over time. Finally, although we
confirmed a small bias in PDFF estimated by MRI-M and MRI-C, our study was not
designed to determine which technique is more accurate relative to a ground truth.

In conclusion, while there is a small difference between MRI-M and MRI-C techniques, the
rates of PDFF change estimated by MRI-M and MRI-C agree closely. These findings
support the use of either technique by individual sites for future multi-center studies that
include PDFF change as an endpoint, pending further validation in larger multi-center
studies. The option to use either technique will increase the flexibility of site selection for
such trials. However, our study results also emphasize that while either technique may be
suitable for use by a particular site for a clinical trial or by a particular imaging center for
clinical care, the two techniques should not be used interchangeably in the same patient.

Supplementary Material

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

CSE-MRI Chemical-shift-encoded MRI

ICC Intraclass correlation coefficient

MRI-C Magnetic resonance imaging—complex-based
MRI-M Magnetic resonance imaging—magnitude-based
MRS Magnetic resonance spectroscopy

NAFLD Nonalcoholic fatty liver disease

PDFF Proton density fat fraction

ROI Region of interest

VLCD Very low—calorie diet

WLS Weight loss surgery
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Key Points

. MRI-M demonstrates a significant but small and consistent bias (0.5-0.7%; p
< 0.001) towards underestimation of PDFF compared with MRI-C at 3 T.

. Rates of PDFF change estimated by MRI-M and MRI-C agree closely (ICC
0.96-0.98) in adults with severe obesity and biopsy-proven NAFLD enrolled
in a weight loss surgery program.

. Our findings support the use of either MRI technique (MRI-M or MRI-C) for
clinical care or by individual sites or for multi-center trials that include PDFF
change as an endpoint. However, since there is a bias in their measurements,
the same technique should be used in any given patient for longitudinal
follow-up.
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From Jun 2010 to Dec 2015
126 consecutive patients
evaluated for bariatric weight
loss surgery
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A 4

109 patients enrolled in this
study

A 4

7 patients did not meet criteria
of parent study; 10 patients did
not undergo weight loss surgery

14 patients had MRI at 1.5T; 10
patients did not undergo both

—-——-p
v MRI techniques; 12 had < 2
] ] visits
73 patients with both MRI-M
and MRI-C at 3T with at least 2
visits
--—-p| 19 patients had MRI-M and
v MRI-C PDFF average < 5%
54 patients were included in the
analysis of the
preoperative/perioperative
period (visits 1-3)
13 patients were lost to follow
-

A 4

40 patients were included in the
analysis of the postoperative
period (visits 3-5)

up; 1 patient lacked MRI-C data
(license for MRI-C had expired)
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Fig. 1.
Flow chart of study cohort. MRI-M, MRI-C magnitude-based, and complex-based MRI;
PDFF proton density fat fraction
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Fig. 2.

PDFF decline over time. Shown here are mean PDFF values over the course of the five study
visits showing that rates of PDFF change are similar for the MRI-C (blue) and the MRI-M
(red) techniques. The PDFF change pattern was biphasic for both techniques; more rapid
linear decline was seen from visits 1 to 3, and then slower linear decline was seen from visits
3to 5. The bars around the PDFF means and visit means are 95% confidence intervals (ClIs)
and standard deviations (SDs), respectively. The number of patients for each visit and the
mean differences in PDFF between MRI-C and MRIM are overlain. The overall p value for

the mean differences for all visits is < 0.001
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PDFF change with MRI-M and MRI-C for visits 1 to 3, and visits 3 to 5 color coded by
baseline BMI. Bland-Altman plot for visits 1 to 3 (a with /7= 54 patients), and visits 3to 5
(b with 7= 40 patients), illustrating the difference between rate of hepatic PDFF change
estimated by MRI-M and MRI-C as a function of average rate of PDFF change. Bias (the
middle blue line, which is the mean of MRI-M and MRI-C differences) and its p value,
standard deviation (SD) of the MRI-M and MRI-C differences, limits of agreement (LOA),
and range of baseline BMI values are overlain
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Visit 1 Visit 2 Visit 3 Visit 4 Visit 5
(Day 0) (60 days) (90 days) (150 days) (240 days)
o
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Fig. 4.
Change in PDFF from baseline with MRI-M and MRI-C. Both CSE-MRI techniques

(magnitude and complex) agree in estimating PDFF change in a 52-year-old woman. MRI-
M- and MRI-C-estimated PDFF values are overlain on PDFF maps. Changes in PDFF from
baseline are shown between the two rows of images. The dynamic scales for the parametric
PDFF maps are 0-50% for MRI-M and 0- 100% for MRI-C
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