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Abstract

Background Morbid obesity is a worldwide epidemic and is increasingly treated by bariatric surgery. Fatty liver is a common
finding; almost half of all patients with non-alcoholic steatohepatitis develop steatohepatitis. Bariatric surgery improves
steatohepatitis documented by liver biopsy and single voxel magnetic resonance imaging (MRI) techniques.

Objective To investigate changes before and after bariatric surgery using whole organ MRI quantification of liver, visceral, and
subcutaneous fat.

Setting University of Basel Hospital and St. Clara Research Ltd, Basel, Switzerland.

Methods Sixteen morbidly obese patients were evaluated by abdominal MRI-scanning before and 3, 6, 12, and 24 months after
bariatric surgery to measure percentage liver fat (%-LF), total liver volume (TLV) and visceral and subcutaneous adipose tissues
(VAT and SAT). Fasting plasma samples were taken for measurement of glucose, insulin, blood lipids, and liver biomarkers. In a
control group of 12 healthy lean volunteers, the liver biomarker was also measured.

Results The reproducibility of fat quantification by use of MRI was excellent. LF decreased significantly faster than VAT and
SAT (%-LF vs. VAT p <0.001 and %-LF vs. SAT p <0.001). At certain time points, %-LF, VAT, and SAT were associated with
changes in blood lipids and insulin.

Oliver Bieri and Bettina K. Wolnerhanssen contributed equally to this
work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11695-019-03897-2) contains supplementary
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Conclusions MRI quantification offers excellently reproducible results in measurement of liver fat and visceral and subcutaneous
adipose tissues. Liver fat decreased significantly faster than visceral or subcutaneous adipose tissue. Decrease in %-LF and VAT
is associated with decrease in total cholesterol, LDL, and plasma insulin.

Keywords Obesity - Fatty liver - Adipose tissue - Bariatric surgery - Magnetic resonance imaging

Introduction

Obesity has become one of the greatest public health chal-
lenges in the twenty-first century, with an epidemic prospect
that > 50% of the world’s adult population will be overweight
and obese by 2030 [1]. Of special interest in this context is
fatty liver disease, which is strongly related to BMI and—
when progressing to steatohepatitis (NASH) and cirrhosis—
is now the second leading etiology for terminal liver failure in
the USA [2—4]. Accumulation of fat in non-adipose tissue
such as the liver results in lipotoxicity leading to cellular dys-
function and death. The mechanism by which lipotoxicity
causes death and dysfunction is not well understood; the ex-
tent of cellular dysfunction is related to the type of cell affect-
ed, as well as the type and quantity of excess fats [5].
Intrahepatic fat accumulation is associated with increased in-
sulin resistance and promotes the development of type 2 dia-
betes mellitus (T2DM) [6, 7]. Bariatric surgery is the most
effective treatment in morbid obesity (BMI> 35 kg/m?) [8].
Weight loss reduces abdominal and intrahepatic fat, thereby
improving metabolic and cardiovascular risk [9]. Currently,
liver biopsy is still regarded as the gold standard in the assess-
ment of liver fat content, the diagnosis of NAFLD, and mon-
itoring of progression [ 10]—also because of the big advantage
that liver biopsy can differentiate between NAFLD, NASH,
cirrhosis, and other histologic changes [11]. However, accura-
cy of diagnosis is not perfect with a certain risk of sampling
error depending on biopsy quality and a more or less homo-
geneous distribution of liver tissue alterations [12, 13].
Complications are rare; however, the method is invasive and
carries a small risk of bleeding. Moreover, morbid obesity is
considered to be a relative contraindication for liver biopsy
and it cannot be used as a routine method during follow-up
period [14]. Therefore, non-invasive methods (such as imag-
ing techniques or biomarkers) are sought for accurate diagno-
sis and safe monitoring of disease progression.

In recent years, the development of fat—water magnetic
resonance imaging (MRI) has enabled non-invasive assess-
ment of fat and water content in tissues. In addition, mod-
ern MRI devices allow brief breath holding, which reduces
motion artifacts and provides us with excellent data and
therefore MRI has become an important tool for fat quan-
tification [15]. Possible biomarkers, which could be help-
ful in the diagnosis and monitoring of fatty liver diseases,
are the following: liver fatty acid-binding proteins (L-
FABP), Fetuin A, and M30.

@ Springer

The purpose of this study was to evaluate visceral, subcu-
taneous, and liver fat distributions in morbidly obese patients
before and after bariatric surgery as well as to investigate the
dynamic of fat decrease postoperatively. In addition, we aimed
to gain basic information on changes in liver biomarkers in
morbidly obese patients before and after surgery.

Materials and Methods
Subjects

Between April 2014 and November 2016, a total 16 morbidly
obese patients (4 scheduled for LSG and 12 for LRYGB; 2
male, 14 female, mean BMI before surgery 40.6 + 1.0 kg/mz,
range 35.6-48.9 kg/m?, age 34.4+2.9 years, range 19—
54 years) and 12 healthy lean controls (12 males; mean age
24.8 years, BMI 22.9 kg/mz, range: 21-24) were included in
this trial.

Study Protocol

The study was carried out in accordance with the Declaration
of Helsinki. The protocol was submitted and approved by the
Local Research and Ethics Committee in Basel. The trial is
registered in the Clinical trials registry of the National
Institutes of Health (NCT 02682173). Details about inclusion
and exclusion criteria are described in the Supplementary
Materials and Methods. Morbidly, obese patients took part
in a 30-min screening session and 9 trial sessions (3 preoper-
atively, 3 postoperatively after 3 and after 6, 12, and
24 months). In contrast, healthy lean controls took part in a
30-min screening session and one trial session. On each ses-
sion, subjects were admitted to the Phase 1 Research Unit,
Division of Gastroenterology and Hepatology University
Hospital of Basel, Switzerland at 08:00 AM. After an over-
night fast of at least 10 h, vital signs were recorded and an
antecubital catheter was inserted into a forearm vein for blood
collection. In morbidly obese patients, fasting blood samples
for measurement of insulin, glucose, and blood lipids were
taken and abdominal MR was performed. In addition, in nine
morbidly obese patients (0, 3, and 6 months postsurgery) and
12 healthy lean controls, liver biomarkers (L-FABP, Fetuin A,
M30) were measured from fasting blood samples.
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Fat Mass Quantification

A Siemens 3T MAGNETOM Prisma scanner at the
University Hospital of Basel was used to acquire the abdom-
inal data for evaluation of percentage liver fat (%-LF), total
liver volume (TLV), visceral adipose tissue (VAT), and sub-
cutaneous adipose tissue (SAT). In one preoperative session,
the abdominal scans were evaluated by a radiologist of the
University Hospital of Basel. For the abdominal VAT and
SAT quantification, a two-point Dixon (3D multi-echo flash
with two echoes) in coronal orientation and for the liver fat
measurement, a transversal T2*-IDEAL (3D multi-echo Flash
with six echoes) were used. The two-point Dixon multi-echo
flash sequence (TA 20 s, TR 4.07 ms, TE 1.23 ms, 2.46 ms,
flip angle 9°, FoV 500 x 500 mm, slice thickness 2 mm,
256 x 230 matrix [voxel size 2.0 x 2.0 x 2.0 mm], 192 slices)
reached from the diaphragm to the symphysis and acquisition
time was 20 s (a parallel acquisition technique with an accel-
eration factor of 3 and 24 reference lines was used). A T2*-
IDEAL six echoes Flash sequence (TA17 s, TR 9.11 ms, TE
1.23 ms, 2.46 ms, 3.69 ms, 4.92 ms, 6.15 ms, 7.32 ms, flip
angle 6°, FoV 450 x 337.5 mm, slice thickness 4 mm, 224 x
179 matrix [voxel size 2.0 x 2.0 x 4.0 mm], 56 slices) covered
the whole liver in transversal orientation and calculated fat
maps, which were used for the liver fat measurement. Both
sequences were performed in a single breath hold (in inspira-
tion) and applied in seven sessions (three times before surgery
and four times after surgery: at 3, 6, 12, and 24 months).

For the SAT and VAT volume estimations, an automatic
segmentation to the two-point Dixon data based on a statistical
shape model (SSM) was used [16]. The segmentation results
were then manually corrected and spatially confined to the
upper end of the femoral head as well as the lower end of
the ninth thoracic vertebra using the Medical Imaging
Interaction Toolkit (MITK) [17]. T2*-IDEAL images were
used to determine the volume of the liver, which was segment-
ed manually using ITK-SNAP [18]. Finally, SAT, VAT, and
liver volumes were derived using the voxel count of each
segmentation multiplied by the voxel volume of the corre-
sponding imaging sequence.

Blood Analysis, Data Analysis, Sample Size
Estimation, and Statistical Analysis

Details are described in the Supplementary Materials and
Methods.
Results
For BMI, ABMI from baseline, excess percentage weight

loss (WEWL), %-LF, and TLV, see Table 1. For blood
parameters (glucose, insulin, Homeostasis Model

Assessment (HOMA) index, total cholesterol, HDL cho-
lesterol, cholesterol/HDL ratio, LDL and triglycerides),
see Table 2. Biomarkers L-FABP, Fetuin A, and M30 are
presented in Supplementary Results and Supplementary
Figure 2.

Fat Mass Quantification
Reproducibility

The reproducibility of fat quantification (measured at the
first three presurgical visits) was estimated by intraclass
correlation (ICC) of baseline fat values. The ICC ranges
between 0 and 1, where 1 means perfect agreement, and a
value between 0.75 and 1.00 can be marked as excellent.
The ICC for %-LF was 0.88, TLV 0.83, VAT 0.94, and
SAT 0.90.

Time Courses and Comparison of Exponential Decay
Constants Between TLV, %-LF, SAT, and VAT

TLV, %-LF, SAT, and VAT decreased after surgery (Fig. 1;
Table 1). Time courses of all parameters followed the
proposed exponential model with good agreement.
Results are reported as A = log(initial value), B = decay,
and Al = slope of ascending process (Table 3). For all
parameters, the ascending slope at the end was statistical-
ly significant, indicating an increase of the respective pa-
rameters after a certain nadir has been reached. %-LF
decreased significantly faster than VAT and SAT (%-LF
vs. VAT p<0.001 and %-LF vs. SAT p<0.001), while
there was no difference when comparing the exponential
decay constants between VAT and SAT (SAT vs. VAT:
p=0.94; Table 4; Fig. 1).

Associations Between %-LF and Blood Parameters
%-LF vs. Plasma Insulin, Plasma Glucose, and HOMA

While %-LF was not associated with fasting glucose at any
time point, there was an association with fasting insulin (p =
0.002) and subsequently HOMA (p =0.003) before surgery.
Furthermore, A%-LF vs. Afasting insulin showed an associ-
ation at 12 months after surgery (p = 0.003) and so did HOMA
(p=0.004); Table 5.

%-LF vs. Blood Lipids

While %-LF showed an association with total cholesterol
before surgery (p=0.007), only a trend was seen after
6 months (p =0.059) and no association was found at 12
and 24 months after surgery. No association between %-
LF and HDL values was seen at any time point. The
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Table 1  Demographic data, percentage liver fat (%-LF), and total liver volume (TLV)

Before surgery 3 months 6 months 12 months 24 months
BMI (kg/m?) 40.6+1.0 33.6+09 29.1 £09 275+ 1.0 274 +1.5
ABMI from baseline (kg/m?) - -70+£05 -109+ 0.9 -134+12 135+ 15
%EWL - 46.4 £ 3.6 737 +55 88.6 £ 6.5 86.7+9.3
%-LF 13.0+24 6.0+1.7 39+1.7 1.5+03 23+0.6
Decline in LF vs. before surgery (%) - 642 +4.7 74.8 £52 803 +4.5 792 +£72
TLV (cm®) 1725.5+92.1 1348.6 + 71.2 1266.5 + 51.4 1426.1 + 65.4 1424.6 + 85.9

Data are reported as mean = SEM

BMI body mass index, %-LF percentage liver fat, 7LV total liver volume, %EWL weight loss defined by excess percentage weight loss

cholesterol/HDL ratio showed a trend before surgery
(p=0.057). %-LF showed an association with LDL before
surgery (p=0.002) and after 6 months (p =0.035) and with
triglycerides only at 24 months after surgery (p =0.04).
Taking the difference to the preoperative value in %-LF vs.
difference to the preoperative value in blood lipids into
account, A%-LF vs. ALDL showed an association at
24 months after surgery (p =0.036); Table 5.

Table 2 Blood parameters

Associations Between VAT and Blood Parameters
VAT vs. Plasma Insulin, Plasma Glucose, and HOMA

While VAT was not associated with fasting glucose at any time
point, there was an association with fasting insulin (p =0.014)
and subsequently HOMA (p=0.012) before surgery.
Furthermore, AVAT vs. Afasting insulin showed an

Before surgery 3 months

6 months 12 months 24 months p values

Total cholesterol (mmol/L) 4.6+0.2 -

HDL cholesterol (mmol/L) 1.3+£0.1 -

Cholesterol/HDL ratio (mmol/L) 37+03 -

LDL(mmol/L) 29+02 -

Triglycerides (mmol/L) 1.5+03 -

Fasting glucose (mmol/L) 53+£02 4.7+0.1

Fasting insulin (uU/mL) 73+1.0 29+0.3

HOMA index 1.7+0.2 0.6+0.1

39402 40+02 44+02 p=0.001°
p=0.023°

p=1.000¢
p=0.965"
p=0.097°
p<0.001¢
p=0.027*
p=0.001°
p<0.001¢
p=0.001*
p<0.001°
p=0.152¢
p=0.113
p=0.091°
p=0.850°
p=0.002"
p=0.001°
p=0.006°
p=0.001%
p=0.007"
p=0.003°
p<0.001*
p=0.004°
p=0.002°

14+0.1 1.5+0.1 2.0+£0.1

29+0.1 27+£02 24+0.1

22+02 21+02 23+0.2

09=+0.1 0.8=+0.1 1.1+0.1

46+0.1 47 +0.1 -
2.8+0.7 25+04 -

0.6+0.1 0.5=+0.1 -

Blood parameters are reported as mean + SEM. Statistics: ANOVA multiple comparisons with Bonferroni correction. Homeostasis Model Assessment
index—a measure for insulin resistance—was calculated based on the formula: HOMA IR = (fasting glucose (mmol/L) x fasting insulin (uU/mL))/22.5

 Before surgery vs. 3 months
®Before surgery vs. 6 months
¢ Before surgery vs. 12 months

9 Before surgery vs. 24 months
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Fig. 1 Time courses of percentage liver fat (%-LF), total liver volume
(TLV), visceral adipose tissue (VAT), and subcutaneous adipose tissue
(SAT). Time courses of %-LF, TLV, VAT, and SAT before and 3, 6, 12,

association at 3 and 6 months after surgery (p =0.005 and
p=0.021) and so did HOMA (p=0.006 and p=0.019);
Table 6.

VAT vs. Blood Lipids

While VAT showed no association with total cholesterol be-
fore surgery and 6 and 12 months after surgery, there was an
association at 24 at months after surgery (p =0.032). No as-
sociation between VAT and HDL and LDL and cholesterol/
HDL ratio was seen at any time point. VAT showed a trend
with triglycerides only at 24 months after surgery (p = 0.053).
Taking the difference to the preoperative value in AVAT vs.
difference to the preoperative value in blood lipids into ac-
count, AVAT vs. Atriglycerides showed an association at
12 months after surgery (p = 0.022); Table 6.
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Subcutanous Adipose Tissue (SAT)

months

and 24 months after surgery. N =16 morbidly obese patients. %-LF
percentage liver fat, TLV total liver volume, VAT visceral adipose
tissue, SAT subcutaneous adipose tissue

Associations Between SAT and Blood Parameters
SAT vs. Plasma Insulin, Plasma Glucose, and HOMA

SAT was not associated with fasting glucose, insulin, and
HOMA at any time point before surgery, but there was a trend
for fasting glucose at 12 months after surgery (p =0.055).
While ASAT vs. Afasting insulin and HOMA showed no
association at any time point, ASAT vs. Afasting glucose
showed an association at 12 months after surgery (p =
0.046); Table 7.

SAT vs. Blood Lipids

While SAT showed an association with HDL before surgery
(p=0.041), no association between SAT and total cholesterol,
cholesterol/HDL ratio, and LDL and triglycerides was seen at

@ Springer



2800 OBES SURG (2019) 29:2795-2805
Table 3  Time courses of HOMA and fat values
Non-linear regression coefficient + SE, (p value)
A = (log)initial value B = decay Al = slope of ascending process
HOMA 0.4470+0.1346 —0.3460+0.0596 0.0402 +0.0066
(0.0019) (<0.001) (<0.001)
%-LF 2.3328+0.2156 —0.2084 +£0.0336 0.0417+0.0182
(<0.001) (<0.001) (0.0238)
TLV 7.4392 +0.0505 —0.0839+0.0088 48.5448 +3.5344
(<0.001) (<0.001) (<0.001)
VAT volume 1.5025+£0.1050 —0.0989+0.0083 0.0492+£0.0106
(<0.001) (<0.001) (<0.001)
SAT volume 2.9518 +£0.0540 —0.0999 £ 0.0065 0.2787+0.0368
(<0.001) (<0.001) (<0.001)

Non-linear regression coefficient is reported as mean + SE. Statistic: nonlinear mixed-effects models

%-LF percentage liver fat, TLV total liver volume, VAT visceral adipose tissue, SAT subcutaneous adipose tissue

any time point. Taking the difference to the preoperative value
in SAT vs. difference to the preoperative value in blood lipids
into account, there was no association for any blood lipid
parameter at any time point; Table 7.

Conclusion

The main findings of this trial are the following: (i) the repro-
ducibility of fat quantification by use of MRI was excellent for
percentage liver fat (%-LF), total liver volume (TLV), visceral
adipose tissue (VAT), and subcutaneous adipose tissue (SAT);
(i) %-LF decreased significantly faster than VAT and SAT—
no difference was observed between VAT and SAT; (iii) before
surgery, %-LF was associated with plasma insulin, total cho-
lesterol, and LDL; VAT was associated with plasma insulin;
and SAT was associated with HDL; (iv) L-FABP was signif-
icantly higher in morbidly obese vs. lean controls, while
Fetuin A and M30 were not statistically different, and (v) L-
FABP decreased postoperatively (statistically significant),
M30 decreased (numerically only), while Fetuin A concentra-
tions did not change.

Since there is a strong relationship between obesity and
NAFLD, it is of clinical interest to assess the liver fat fraction

in obese individuals before and after bariatric surgery. Not all
obese patients have the same metabolic risk: Some obese pa-
tients develop obesity-related comorbidities even with a rela-
tively low BMI in contrast to others with a significantly higher
BMI; thus, it seems that apart from liver fat fraction, the dis-
tribution of body fat is essential [19, 20]. Visceral adipose
tissue (VAT) is associated with the highest risk to develop
comorbidities [21, 22]. However, the loss of body fat observed
after bariatric surgery does not automatically lead to a de-
crease in VAT [20]. Consequently, not only the quantification
but also the assessment of the individual distribution of body
fat prior to a bariatric surgery as well as during the postoper-
ative course is of high importance. In our trial, a clear decrease
in liver fat, VAT, and SAT after bariatric surgery was observed.
The postoperative decrease is in line with previous findings in
obese patients who underwent RYGB [20, 23]. Furthermore,
Luo et al. could demonstrate that 83.7% of the examined bar-
iatric patients with bio-optically tested NAFLD had resolution
of hepatosteatosis (under 5%-LF) 6 months after surgery [24].
The present study extents these findings by showing that the
decrease of body fat after bariatric surgery follows a distinct
time pattern: %-LF decreased significantly faster than VAT
and SAT. From these findings, we speculate that liver fat,
SAT, and VAT are differently regulated. The decrease in %-

Table 4 Comparison of
exponential decay constants

between fat values

A: %-LF B: TLV C: VAT volume D: SAT volume
Exponential decay constant (SD) 0.21+0.09 0.08+0.02 0.10+0.03 0.10 £ 0.02

B:0.0012

C:<0.001 C:0.231

D: <0.001 D: 0.058 D: 0.94

Exponential decay is reported as mean + SD. Statistic: paired Wilcoxon tests

%-LF percentage liver fat, 7LV total liver volume, VAT visceral adipose tissue, SAT subcutaneous adipose tissue
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LF is associated with decrease in blood lipids (total cholesterol
and LDL) and plasma insulin after surgery, and the decrease in
VAT is associated with changes in insulin, indicating a clear
improvement in obesity-associated metabolic risk factors. The
decrease in SAT, on the other hand, was not associated with
any clear improvements in blood lipids or glycemic control,
confirming the particular role of liver fat and visceral fat in
metabolic disease.

Besides liver biopsies, imaging techniques like ultrasound,
unidimensional transient elastography (TE; FibroScan®), com-
puted tomography (CT), and magnetic resonance imaging
(MRI) are also used in the evaluation of liver diseases [11].
Unidimensional transient elastography is a technique, which
can be a helpful tool: however, accuracy of diagnosis is depend-
ing on the stage of fibrosis and lower grades of fibrosis (stages 1
and 2) are difficult to assess [25]. Moreover, in obese patients,
this method cannot be applied [26, 27]. While MRI and CT
easily provide a complete coverage of the liver, abdominal ultra-
sound has some limitations in particular in morbidly obese pa-
tients [28]. MRI combines a good reproducibility with a valid
detection of disease progression [11, 29, 30]. Up to date, only a
few studies have focused on MR-fat quantification before and
after bariatric surgery: patients treated with laparoscopic gastric
banding (a purely restrictive procedure) and patients undergoing
bariatric surgery (such as laparoscopic sleeve gastrectomy and
laparoscopic gastric bypass) have been examined pre- and post-
operatively by means of MRI-fat quantification [20, 31, 32].
However, in these studies for liver fat quantification, single voxel
magnetic resonance spectroscopy was used, while we assessed
full organ volume, which provided us with more representative
data. In the present study, the reproducibility of fat quantification
by use of MRI was excellent for %-LF, TLV, VAT, and SAT,
supporting MRI as an important tool for fat quantification. Our
findings are in line with a recent prospective trial showing that
the MRI technique is clinically feasible for monitoring liver fat
over time [15].

Besides the described imaging techniques, liver biomarkers
are in discussion to be helpful in the diagnosis and monitoring
of fatty liver diseases. In this trial, Fetuin A concentrations did
not change 6 months postsurgery, which is in line with other
previous trials studying short-term effects of bariatric surgery
on Fetuin A [33]. In contrast, in the long-term (> 12 months),
Fetuin A seems to decrease as shown by other groups [34, 35].
In our trial, sample size for evaluation of plasma L-FABP and
M30 was probably too small, and although numerically, a
decrease after bariatric surgery could be shown, no statistical
significance was reached.

Some limitations of our study require consideration. First,
the fasting insulin levels (and therefore also HOMA-IR) was
surprisingly low in the morbidly obese patients, suggesting
that the patients examined were unusually insulin sensitive.
Second, in the MRI-fat quantification study, the majority of
patients were female (14 out of 16) as in most bariatric cohorts

@ Springer

and most of them had gastric bypass surgery (12 out of 16).
On the other hand, biomarker studies were carried out in a
control group of male, lean volunteers. Our results might
therefore not generalize to both sexes.

In conclusion, MRI quantification offers excellently repro-
ducible results in measurement of liver fat, visceral and sub-
cutaneous adipose tissue. Liver fat decreased significantly
faster than visceral or subcutaneous adipose tissue. Plasma
LDL and insulin concentration are associated with %-LF
and visceral fat at certain time points. The biomarkers Fetuin
A and M30 yielded no clear results, while L-FABP clearly
decreased.
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