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Abstract

Objectives The purpose of this study was to (1) evaluate proton density fat fraction (PDFF) distribution across liver segments at

baseline and (2) compare longitudinal segmental PDFF changes across time points in adult patients undergoing a very low-

calorie diet (VLCD) and subsequent bariatric weight loss surgery (WLS).

Methods We performed a secondary analysis of data from 118 morbidly obese adult patients enrolled in a VLCD-WLS program.

PDFF was estimated using magnitude-based confounder-corrected chemical-shift-encoded (CSE) MRI in each hepatic segment and

lobe at baseline (visit 1), after completion of VLCD (visit 2), and at 1, 3, and 6 months (visits 3—5) following WLS. Linear regressions

were used to estimate the rate of PDFF change across visits. Lobar and segmental rates of change were compared pairwise.

Results Bascline PDFF was significantly higher in the right lobe compared to the left lobe (» <0.0001). Lobar and segmental

PDFF declined by 3.9—4.5% per month between visits 1 and 2 (preoperative period) and by 4.3—4.8% per month between visits 1

and 3 (perioperative period), but no significant pairwise differences were found in slope between segments and lobes. For visits

3-5 (postoperative period), lobar and segmental PDFF reduction was much less overall (0.4—-0.8% PDFF per month) and several

pairwise differences were significant; in each case, a right-lobe segment had greater decline than a left-lobe segment.

Conclusions Baseline and longitudinal changes in fractional fat content in the 5-month postoperative period following WLS vary

across segments, with right-lobe segments having higher PDFF at baseline and more rapid reduction in liver fat content.

Key Points

* Baseline and longitudinal changes in liver fat following bariatric weight loss surgery vary across liver segments.

* Methods that do not provide whole liver fat assessment, such as liver biopsy, may be unreliable in monitoring longitudinal
changes in liver fat following weight loss interventions.
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PDFF Proton density fat fraction
SPGR Spoiled gradient-recalled echo
TE Echo time

TR Repetition time

VLCD  Very low-calorie diet (VLCD)
WLS Weight loss surgery
Introduction

Nonalcoholic fatty liver disease (NAFLD) is the hepatic man-
ifestation of metabolic syndrome and is quickly becoming a
global epidemic [1]. Increasing prevalence of NAFLD reflects
the increasing prevalence of obesity and type 2 diabetes [2].
NAFLD is the leading cause of chronic liver disease (CLD) in
developed countries [3, 4], accounting for nearly three quar-
ters of CLD cases in the USA [5]. A subset of patients with
NAFLD will progress to steatohepatitis and cirrhosis, with
concomitant risk of hepatocellular carcinoma and liver-
related mortality. Interventions aimed at weight loss, such as
restrictive diets and bariatric surgery, are recommended treat-
ments for NAFLD [6, 7]. NAFLD alone is not an indication
for bariatric surgery, in part because the natural history of
steatosis reduction and resolution of NAFLD following inter-
vention is not well known.

An accurate biomarker of hepatic steatosis is essential for
detecting and monitoring response of NAFLD in the course of
weight loss intervention. MRI-derived proton density fat frac-
tion (PDFF) is an established noninvasive quantitative bio-
marker of liver fat that depicts both the degree and distribution
of steatosis throughout the liver segments [8]. PDFF has been
validated as a biomarker against spectroscopy and pathology,
and across vendors/sites in both single and multi-center con-
trolled environments [9]. PDFF is particularly advantageous
for assessing treatment response in clinical and research studies
as its noninvasive nature allows frequent assessment.
Likewise, PDFF accurately depicts fat distribution in the whole
liver rather than a small tissue or voxel sample provided by
other methods, allowing robust comparison between liver seg-
ments and across time points [10]. This is of particular interest
as the distribution of liver fat in NAFLD may not be uniform
[11, 12]. In a cohort of 50 adults with biopsy-proven NAFLD,
Bonekamp et al [11] reported small but significant differences
in PDFF between liver lobes as well as between certain seg-
ments. Heterogeneous steatosis may result in quantification
sampling error by methods that do not provide whole liver
assessment of fat, potentially leading to inaccurate assessment
of disease progression or regression over time. However, the
implications and potential impact on monitoring treatment out-
comes and natural history have not previously been studied.

The purpose of this study was to (1) evaluate PDFF fat
distribution across segments at baseline and (2) compare lon-
gitudinal segmental PDFF changes across time points in adult

patients undergoing a very low-calorie diet and subsequent
bariatric surgery intervention, to better understand the natural
history of NAFLD response to intervention.

Materials and methods
Study design and subjects

This was a secondary cross-sectional and longitudinal analysis
of MRI-PDFF data collected as part of a prospective study of
dietary and surgical intervention for severe obesity performed
at two academic weight loss surgery (WLS) centers. Both cen-
ters had similar weight loss programs comprising 2—4 weeks of
very low-calorie diet (VLCD, 600-900 cal/day) followed by
WLS. Both this secondary analysis and the parent study were
approved by an Investigational Review Board and compliant
with the Health Insurance Portability and Accountability Act.

For the parent study, severely obese bariatric patients were
recruited consecutively from the two centers from October
2010-December 2015. Inclusion criteria were body mass in-
dex (BMI)>35 kg/m?, being considered for laparoscopic
WLS (gastric band, bypass, or sleeve), and willingness to par-
ticipate in all study procedures. Exclusion criteria were contra-
indications for MR imaging, history of liver disease other than
NAFLD, or inability to fit in the scanner. PDFF was measured
at five separate MRI visits: baseline (visit 1), immediately after
completion of VLCD (visit 2), and 1, 3, and 6 months (visits 3—
5) after WLS. If a patient was already started on the VLCD
prior to study recruitment, visit 1 was skipped. At the time of
WLS, liver biopsy was performed and only patients with intra-
operative biopsy-proven NAFLD were offered follow-up MRI
(visits 3-5). Patient demographic, clinical, and body metric
information was collected throughout the study.

For the secondary analysis, patients were further excluded
if magnitude-based chemical-shift-encoded MRI was not per-
formed on at least one visit.

MRI examinations

Patients were imaged using clinical 1.5 T and 3 T MRI sys-
tems (SIGNA HDxt, MR750, and MR450W, GE Healthcare).
MR examinations were performed with patients in supine po-
sition with a multi-channel torso phased-array coil centered
over the liver. PDFF was estimated using a magnitude-based
confounder-corrected chemical-shift-encoded MRI (CSE-
MRI) [13, 14] in each liver segment. Two-dimensional (2D)
multi-echo (ME) spoiled gradient-recalled echo (SPGR)
magnitude-based images were acquired through the entire liv-
er in one or two ~ 20s breath-holds. A low flip angle of 10°
with a repetition time of 150 ms or longer was used to mini-
mize T1 bias [13, 15]. Six echoes were obtained per repetition
time (TR) at nominally out-of-phase and in-phase echo times
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(TEs) in order to measure the fat fraction while simultaneously
correcting for R2* signal decay [15]. The rectangular field of
view was adjusted to the patient’s body habitus and breath-
hold capacity. MR parameters are summarized in Table 1.

Image processing and analysis

Using MATLAB (MathWorks), a fitting algorithm described
by Bydder et al [15], which incorporates an MRS-derived liver
fat spectral model [16] to account for the multi-peak nature of
fat, was applied pixel by pixel to the magnitude source images
to generate parametric PDFF maps. Using OsiriX software
version 7.0.3 (OsiriX Foundation), source images and PDFF
maps were reviewed by trained image analysts (with at least
1 year of experience) blinded to all clinical and demographic
data. For each subject, a 1-cm radius circular ROI was placed
manually in the center of each Couinaud liver segment on the
fifth-echo sequence (Supplemental Fig. 1), which provided
appropriate anatomic detail to avoid liver boundaries, artifacts,
major vessels, and bile ducts. The ROIs were then propagated
to the PDFF maps and the mean PDFF value and the standard
deviation were obtained for each segment. Lobar PDFF values
were then calculated by averaging the PDFFs in the segments
of that lobe (segments 1, 2, 3, 4a, and 4b for the left and
segments 5, 6, 7, and 8 for the right lobes). The same process
was performed for each patient and each time point.

Statistical analysis

All statistical analyses were performed by a staff statistician
under the supervision of a faculty statistician (both with over
20 years of experience), using R version 3.3.1 (2016, GNU
Public License, R Foundation for Statistical Computing).
Descriptive statistics were used to summarize demographic
and clinical information as well as segmental and lobar
PDFF values for each visit. A linear regression model with a
random (subject-specific) intercept was used to estimate the
slope of time-dependent PDFF decline separately for the

Table 1 MRI parameters

Parameter Values

Repetition time (ms) >150

Echo times (ms) 1.15,2.3,3.45,4.6,5.75, 6.9
Flip angle (degrees) 10

Receiver bandwidth (kHz) 142

Number of echoes 6

Matrix 224 x 128

Field of view (cm) 44 x 44

Slice thickness (mm) 8

Parallel imaging acceleration factor
Number of slices per breath-hold ~20

1.25 in phase encoding direction

@ Springer

preoperative period (by analyzing patients with MRI data at
visits 1 and 2), the perioperative period (by analyzing patients
with MRI data at visits 1 and 3,2 and 3, or 1, 2, and 3), and the
postoperative period by analyzing patients with MRI data at
visits 3 and 4, 3 and 5, or 3, 4, and 5). Separate modeling of the
different time periods was performed because of the nonlinear
overall change in PDFF: there was a sharp decline during the
pre- and perioperative periods and a more gradual decline in
the postoperative period. For each time period, the PDFF-
decline slopes for all segments and both lobes were compared
pairwise using bootstrap-based tests; Bonferroni adjustment
was applied for the 36 pairwise segmental comparisons:
p values less than 0.00139 (=0.05/36) were considered sig-
nificant at family-wise 0.05 error rate.

Results

Of the 126 patients evaluated for bariatric WLS at the two
centers during the study period, 118 patients met criteria and
were enrolled (55 from center 1; 102 females; mean age, 48.0
+13.0 years; mean BMI, 43.4 6.2 kg/m?). WLS was per-
formed in 108 patients, of whom 69 had intraoperative
biopsy-proven NAFLD and were offered follow-up postoper-
ative MRI. Flow diagram of the study cohort is shown in
Fig. 1. One hundred and nine patients had MRI at visit 1
and 112 at visit 2. Three patients were included in the study
after initiation of the very low-calorie diet and therefore did
not have visit 1 MRI. Based on intraoperative biopsy, 69 of the
112 patients had biopsy-proven NAFLD. Of the 69, 63 had

From July 2010 to Dec 2015
126 consecutive patients
evaluated for bariatric weight-
loss surgery

7 patients did not meet criteria;
1 patient withdrew from the study for
personal reasons

118 patients enrolled in this
study

109/119 had visit 1 MRI
112/119 had visit 2 MRI

11 patients did not undergo weight-
loss surgery

108 patients underwent weight-
loss surgery

29 patients had negative
intraoperative biopsy for NAFLD; 10
v patients did not have biopsy

69 patients with biopsy-proven
NAFLD

63/69 had visit 3 MRI
59/69 had visit 4 MRI
50/69 had visit 5§ MRI

Fig. 1 Flow diagram of study cohort. Missing patients for each visit were
due to missed or declined MRI, or inadequate MRI due to technical
failure or imaging artifact. NAFLD, nonalcoholic fatty liver disease
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Fig. 2 Mean PDFF by liver segment and by time for all available data.
The average time in months for each visit was as follows: visit 2 (V2) at
0.6+0.4,visit3 (V3)at 1.8+ 0.4, visit4 (V4) at 3.8 £0.6, and visit 5 (V5)
at6.8+0.5

MRI at visit 3, 59 at visit 4, and 50 at visit 5. All 50 patients
with a visit 5 MRI also had MRI at visits 1-4.

Figure 2 illustrates the mean PDFF by liver segment and
visit number for all patients that underwent MRI at each visit
(corresponding values are summarized in Supplemental
Table 1). At baseline, liver segments had mean PDFF values
ranging from 12.0-14.3%. The baseline mean PDFF was
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Fig. 3 Preoperative PDFF reduction slopes. The slopes are parallel. No
significant pairwise differences were found in slope between the
segments or lobes

Time (months)

Fig. 4 Perioperative PDFF reduction slopes. The slopes are parallel. No
significant pairwise differences were found in slope between the
segments or lobes

significantly higher in the right lobe than the left (13.6% +
9.3vs.12.6% £8.7,p<0.0001). Segment 7 nominally had the
highest fat content, and segment 2 the lowest. Mean PDFF
values declined in all segments and both liver lobes with nor-
malization of mean PDFF values (range 3.8-4.8%) following
VLCD and WLS. Although not statistically significant, the
PDFF within the right lobe (mean 4.2%) was lower than the
left lobe (mean 4.3%) by visit 5.

Postoperative PDFF reduction slopes
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Fig. 5 Postoperative PDFF reduction slopes. Slopes are not parallel with
right-lobe segments tending to have more rapid decline
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Table 2  Statistically significant pairwise segment comparisons

Difference in the rate of
PDFF decline (95% CI)

Pairwise comparisons

0.34 (0.11-0.58)
0.21 (0.03-0.44)
0.36 (0.12-0.57)
0.23 (0.04-0.48)
0.41 (0.06-0.68)
0.25 (0.04-0.48)
0.27 (0.02-0.51)
0.20 (0.04-0.39)
0.22 (0.11-0.34)

Segment 5—segment 2
Segment 5—-segment 4b
Segment 6—segment 2
Segment 6—segment 4b
Segment 7-segment 2
Segment 7-segment 3
Segment 7-segment 4b
Segment 8—segment 4b
Right lobe-left lobe

PDFF proton density fat fraction, C/ confidence interval

p values less than 0.00138 were considered significant at family-wise
0.05 error rate

Figures 3, 4, and 5 illustrate the longitudinal PDFF reduc-
tion rates in the preoperative, perioperative, and postoperative
periods, respectively (corresponding values are summarized
in Supplemental Table 2). Lobar and segmental PDFF rapidly
declined in the preoperative (by 4.2-4.4% and 3.9—4.5% per
month) and perioperative (by 4.5-4.6% and 4.3—4.8% per
month) periods. The slopes were parallel (Figs. 3 and 4) and
there were no significant pairwise differences in slope be-
tween the segments or lobes.

In the postoperative period, lobar and segmental PDFF
reduction slowed (0.5-0.7% PDFF per month and 0.4—
0.8% PDFF per month) for all segments. Unlike the pre-
operative and perioperative period, slopes were not parallel
with right-lobe segments tending to have more rapid de-
cline (Fig. 5). Eight of the 36 pairwise comparisons be-
tween segments were statistically significant; in each case,
a right-lobe segment had more rapid PDFF decline than a
left-lobe segment (all with p <0.00138) (Table 2).
Similarly, the right lobe overall had a more rapid decline
than the left lobe (p <0.0001).

Longitudinal changes in right and left lobes are illustrated
on PDFF parametric maps in a representative patient in Fig. 6.

Visit 1
11.7%

Visit 2
8.3%

Visit 3
41%

13.3%

10.8% 4.2%

Discussion

We performed a prospective cross-sectional and longitudinal
study in severely obese bariatric adult patients using PDFF as
a noninvasive, objective, and quantitative biomarker of liver
fat content. At baseline, the right lobe had significantly higher
fat content than the left lobe and individual right-lobe seg-
ments tended to have higher fat content than individual left-
lobe segments. Longitudinally, the right lobe had more rapid
fat reduction than the left lobe in the postoperative period.
Additionally, individual right-lobe segments tended to have
more rapid reductions in the postoperative period than indi-
vidual left-lobe segments. By comparison, rates of fat reduc-
tion were not significantly different between lobes or seg-
ments in the pre- or perioperative periods.

The baseline nonuniformity in fat distribution observed in
our study is similar to that in prior cross-sectional studies [11,
12]. In a study of adults with biopsy-proven NAFLD,
Bonekamp et al [11] found that the right lobe (mean
PDFF =16.5%) had 0.8% higher fat content than the left lobe
(mean PDFF =15.7%) and that segments 6, 7, and 8 (mean
PDFFs ranging from 16.6 to 16.7%) had 1.8 to 1.9% higher fat
contents than segment 2. The differences between lobes and
segments in our study help to validate these previously report-
ed observations. Although small, the differences between
lobes and segments are likely to be real, since differences in
PDFF values more than 1.7% have been shown to reflect
biological differences rather than measurement variability
[12]. While the MRI systems and magnetic field strengths
used in our study were variable among different exams and
patients, it has been shown that liver MR-PDFF can be mea-
sured with excellent linearity, negligible bias, and high preci-
sion by using different imager manufacturers and field
strengths [17].

In addition to baseline distribution, we assessed longitudi-
nal changes in PDFF for each liver segment and lobe over
time to further understand the relationship between distribu-
tion and PDFF reduction following intervention. A rapid rate
of reduction in lobar and segmental PDFF was observed dur-
ing the pre- and perioperative period (ranging 3.9—4.5% and

Visit 4
4.0%

Visit 5
2.6%

50%

Left Lobe

3.5% O Right Lobe

Fig. 6 Sample PDFF maps in a 61-year-old female patient. Estimated mean PDFF values for the left and right lobes are shown for each visit. A PDFF

scale bar is provided
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4.3-4.8% PDFF reduction per month, respectively). When
considering the regional distribution of PDFF change, despite
higher baseline PDFF in the right lobe, there was no signifi-
cant difference in rate of reduction between the right and left
lobes or segments during the pre- or perioperative periods.
Slower rates of reduction in segmental and lobar PDFF (rang-
ing 0.4-0.8 %PDFF reduction per month) were observed dur-
ing the postoperative period. Interestingly, during the postop-
erative period, the right lobe demonstrated significantly great-
er rate of PDFF decline than left-lobe, even dropping to lower
mean values at the final time point.

The regional differences in PDFF and reduction rates are of
unclear significance. Previous studies have suggested that dif-
ferences in regional portal venous perfusion may be responsi-
ble for the heterogeneous distribution of liver fat [11, 18].
Bonekamp et al [11] speculated that different contributions
of mesenteric vs. splenic blood to different liver segments
may explain this observation. Similarly, differences in region-
al perfusion may explain observed differences in the rate of
PDFF reduction over time between liver segments. However,
further studies are needed to explore and verify the underlying
physiology. Likewise, the explanation for the parallel reduc-
tion rates during the pre- and perioperative periods compared
with the significantly different rates of fat reduction in the
postoperative setting are not fully explained in the current
study.

Regardless of the underlying pathophysiology, our findings
suggest that baseline values and longitudinal changes in liver
fat can be nonuniform, and thus methods that do not provide
whole liver fat assessment, such as liver biopsy, may be unre-
liable in monitoring these changes. By estimating a composite
PDFF across the whole liver, MRI may be more accurate than
liver biopsy, which only samples fat content in a small part of
the liver.

There are a number of limitations to our study. First, most
patients in our study were women, which reflects the nation-
wide gender distribution among patients undergoing bariatric
surgery [19]. Additionally, only about 40% of patients com-
pleted all five MRI exams. Also, our results reflect patients
participating in a VLCD-WLS program and may not be gen-
eralizable to other weight loss interventions. While we detect-
ed interesting differences in distribution of and change in liver
fat, further work is needed to better elucidate the underlying
pathophysiology behind these observations.

Conclusion

We found small but statistically significant differences in lon-
gitudinal changes of fat content following WLS among liver
segments. Overall, segments in the right lobe had more liver
fat at baseline and in the postoperative period more rapid
decline than segments in the left lobe. This heterogeneity

highlights the importance of global liver assessment when
monitoring longitudinal changes in hepatic fat content follow-
ing interventions. Further research is needed to elucidate the
biological mechanisms behind the heterogeneity of baseline
and longitudinal fat loss in the liver.
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