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Introduction

ABBREVIATIONS

BMD = Bone Mineral Density

BMFF = Bone Marrow Fat Fraction

BMI = Body Mass Index

CT = Computed Tomography

HCC = Hepato Cellular Carcinoma

MHO = Metabolic Healthy Obese

OIR = Obese Insulin Resistant

MR = Magnetic Resonance

MRI = Magnetic Resonance Imaging

MRS = Magnetic Resonance Spectroscopy
NAFLD = Non-Alcoholic Fatty Liver Disease
NASH = Non-Alcoholic Steatohepatitis
NAT = Non-Adipose Tissue

OGTT = Oral Glucose Tolerance Test
PDFF = Proton Density Fat Fraction

PPM = Parts Per Million

PRESS = Point-Resolved Spectroscopy
ROI = Region Of Interest

SAT = Subcutaneous Adipose Tissue
STEAM = Stimulated Echo Acquisition Mode
T2DM = Type 2 Diabetes Mellitus

TE = Echo Time

TR = Repetition Time

VAT = Visceral Adipose Tissue
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1 Introduction

1.1 Obesity, metabolic syndrome, diabetes and fatty liver disease

According to the WHO (World Health Organization) “overweight and obesity are defined as
abnormal or excessive fat accumulation that may impair health” (World Health Organisation,
2016b). For the classification of obesity and overweight the body mass index (BMI) is a
common measure. It is defined by the ratio of the body weight [kg] to height squared [m?]. With
a BMI > 25 kg/m? people are categorized as overweight, with a BMI > 30 kg/m? as obese.
Within the European Union in 2014, 44.7% of the women and 59.1% of the men are considered
as obese or overweight (International Diabetes Federation). Inthe United States (US) in 2009-
2010 even 74% of the men and 64% of the women were obese or overweight (National Institute
of Diabetes and Digestive and Kidney Diseases).

The International Diabetes Federation defines the metabolic syndrome as “a cluster of the most
dangerous heart attack risk factors: diabetes and prediabetes, abdominal obesity, high
cholesterol and high blood pressure” (International Diabetes Federation). It is estimated that
25% of adults in the world suffer from the metabolic syndrome.

Diabetes is a chronic disease, which occurs when the pancreas does not produce enough insulin,
or when the body cannot effectively use the insulin it produces. This leads to an increased
concentration of glucose in the blood (hyperglycemia). Type 2 Diabetes Mellitus develops from
a loss of sensitivity to insulin. It is often caused by overweight or physical inactivity. In 2014,
8.5% of adults were affected by type 2 diabetes mellitus (World Health Organisation, 2016a).
Non-alcoholic fatty liver disease (NAFLD) is defined by a histological fat accumulation > 5%
in the liver and can lead to non-alcoholic steatohepatitis (NASH) (World Gastroenterology
Organisation, 2012). NASH is a chronic form of liver disease, which is defined by fat
accumulation in the liver, absence of alcohol consumption and relevant inflammation (Straub
et al, 2010). The main reasons for NASH appear to be insulin resistance, obesity and the
metabolic syndrome. NAFLD and NASH are diseases with a strong impact on societies —in the
US 27-34% of the general population are suffering from the two diseases (World
Gastroenterology Organisation, 2012).

All the above diseases mentioned above could cause further complications, including stroke
and cardiovascular diseases, resulting in an increased mortality. Therefore, the above metabolic

diseases need to be detected early to initiate adequate therapy and prevent complications.
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1.2 Abdominal Fat Compartments

Fat is central to the incidence and progression of obesity, diabetes and fatty liver disease. Fat is
primarily stored in adipose tissue. Adipose tissue contains about 80% fat; the remaining
components are water, proteins and minerals. It can be divided into different compartments
including subcutaneous adipose tissue (SAT), organ surrounding tissue (VAT = visceral
adipose tissue) and adipose tissue in bone marrow (Shen et al., 2003). SAT is the fat depot
between the dermis and the fascia of the muscles. VAT is fat which is within the inner fascia
of the abdominal muscles. Furthermore VAT can also be named after the organ to which it is
close (e.g. perirenal adipose tissue)(Shen et al., 2003) . Importantly, VAT is associated with a
greater risk for hypertension, impaired glucose tolerance/ insulin resistance and the metabolic
syndrome than SAT (Lebovitz et al, 2005; Nakamura et al., 1994; Taksali et al., 2008),
especially for women (Fox et al., 2007).

Given the different function and role of the different fat depots, there is a need to quantify the
regional body composition to discriminate between different metabolic disease phenotypes.
Obesity phenotype could be interpreted as the discrimination between obese subjects with a
relatively low cardiovascular risk profile (Metabolic healthy obese = MHO) and subjects with
insulin resistance and associated elevated risk profile (Obese-insulin resistant = OIR)
(Kantartzis et al., 2011; Taksali et al., 2008). Previous studies have outlined the necessity of
differentiating between these phenotypes to adjust (dietary) interventions. Kartanzis et
al.(Kantartzis etal., 2011) suggested that MHO individuals do not gain the same benefit from

lifestyle interventions (regarding the cardiovascular risk) compared to OIR individuals.

1.3 Bone Marrow Fat

An adipose tissue not yet frequently studied in the context of lifestyle interventions is bone
marrow fat. The connection between bone marrow fat fraction (BMFF) and obesity is not as
clear as for the other types of tissue. Previous studies have reported that dietary intervention
can lead to an increasing BMFF in mice (Baek et al., 2012a; Devlin et al., 2010) and NAFLD
correlated with a higher lumbar BMFF in children (Yu etal., 2017). A connection between high
BMFF and anorexia nervosa has been observed in humans (M. A. Bredella et al., 2014; M. A.
Bredella et al., 2009; Ecklund et al., 2017). A study examined the connection between BMFF
and insulin resistance aswell as blood fat parameters. They found a positive correlation between
BMFF and unsaturation index (independent from the obesity of participating women). In
addition, BMFF showed a negative correlation with insulin resistance and a positive correlation

with HDL serum levels (Ermetici et al., 2017). BMFF is an interesting field of investigation
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because a high BMFF is associated with a low bone mineral density (BMD) leading to
osteoporosis (Baum et al.,, 2012; Cohen et al., 2015; M. Hu et al., 2014). Osteoporosis is a well-
known disease with an increased risk of fractures, associated with a reduction of quality of life
as well as increased mortality, resulting in immense costs for the health systems (Barcenilla-
Wong et al.,, 2015; Bleibler et al., 2014). In the European Union alone, there are 22 million
women and 5.5 million men suffering from osteoporosis with 3.5 million new fragility fractures
and a cost of 37 billion Euros (including incident fractures, long-term fracture care and
pharmacological prevention) (Hernlund et al, 2013). This underlines the necessity of
understanding the association of bone health and obesity.

The present thesis focuses on a cross-sectional study investigating the association of different

fat depots and on a longitudinal study investigating the effect of diet on different fat depots.

1.4 Cross-sectional study investigating the association of different fat depots
The purpose of the cross-sectional study was to investigate the associations between the liver
fat, VAT, SAT, bone marrow fat and blood parameters (including cholesterol, triglycerides,

and blood sugar as well as insulin levels) in prediabetic subjects.

1.5 Longitudinal study investigating the effect of diet on different fat depots
The goals of the longitudinal study were to study changes of the composition and volumes of

fat during a high calorie restrictive diet for four weeks in obese women.
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2 Background

2.1 Fat Quantification using Magnet Resonance Imaging

In general, there are two main imaging techniques for the determination of VAT and SAT
volumes: Magnetic Resonance (MR) imaging and computed tomography (CT). CT is faster and
cheaper than MR, but is exposing patients to ionizing radiation. For this reason, MR was used
in the present studies.

Fig. 1 shows an example of Tl-weighted imaging. It was acquired for whole body fat
determination. On T1-weighted images, fat appears brighter than water based tissues. This
excellent contrast enables distinguishing between fat, muscles and organs (Donald W.
McRobbie, 2006; H. H. Hu et al., 2011).

Chemical shift encoding based water-fat MRI (e.g. Dixon method) is an emerging MR
technique to determine fat content and volume. Fig. 2 and Fig. 3 show representative Dixon
images of the abdomen. The principle of the used two-point Dixon imaging is to generate in-
phase and out-of-phase (“two-point”) gradient echo images. The basic assumption is to measure
a first in-phase image with asignal which is the sum of the water and fat signal (Sip = Sw + S¢).
By acquiring an additional second out-of-phase image, which is the difference of the signals
mentioned above (Soop=Sw— Sf) and solving these equations it is possible to calculate animage
separated in water and fat only (Donald W. McRobbie, 2006).

Imaging allows studying the spatial distribution of the fat in contrast to MRS (Magnetic
Resonance Spectroscopy).

The reproducibility of vertebral bone marrow fat quantifications from C3 (Cervical vertebral
body 3) to L5 (lumbar vertebral body 5) was determined with a deviation of 1.7% for water-fat
imaging based technologies (Baum et al., 2016).

Borga et al. (Borga et al., 2015) compared the analysis of VAT and SAT by using the traditional
T1-weighted imaging and the established sliceOmatic software with the Dixon method and the
AMRA software for image analysis of 23 volunteers (Borga et al., 2015). The AMRA software
proved to be much faster (3 vs. 40 minutes of manual intervention). Both methods did not show
any statistically significant differences (VAT: p = 0.077; SAT: p = 0.147); the VAT was 4.73
+1.99 | (AMRA, dixon) versus 4.73 = 1.75 | (sliceOmatic, T1) with a p-value of 0.97. SAT
analysis showed similar results for both methods: 10.39 £ 5.38 | (AMRA) and 9.78 £ 5.36 |
(sliceOmatic). The 95% limit of agreement was -1.06 to 1.07 for VAT and -0.36 to 1.60 for
SAT. They concluded that VAT and SAT can be acquired by the very fast multi-point Dixon
protocol.
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The liver PDFF determined by water-fat imaging technologies also showed a very good
reproducibility (SD < 0.66%) (Baum et al., 2016).

Fig. 1 T1-weightedimage which can be usedfor abdominal  Fig. 3 Water-only Dixon image
fat quantification, positionedsupine

Fig. 2 Fat-only Dixon image

2.2 Fat Quantification using Magnetic Resonance spectroscopy (MRS)

Single-voxel spectroscopy allows the determination of fat composition. The underlying
measured property in an MRS experiment the chemical shift, which leads to different resonance
sequences of fat and water spins as lipids have a lower resonance than water. The water-fat shift
is 210/ 420 MHz for 1.5/ 3.0 T. In addition an instant visualization is given, which enables a
quality check of the spectroscopy immediately (H. H. Hu et al., 2011).

There are two different main techniques for single-voxel MR spectroscopy: STEAM
(Stimulated Echo Acquisition Mode) and PRESS (Point-RESolved Spectroscopy). PRESS
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delivers a higher signal to noise ratio, whereas STEAM allows for shorted echo times. The
STEAM sequence is based on three selective 90-degree pulses, one in each axis, and generates
an echo series, which can be analyzed. The PRESS sequence is based on a spin echo sequence.
It generates a signal strength, which is twice as strong as the one from the STEAM sequence.
In earlier times PRESS was not able to be operated in as short echo times as STEAM, this
problem is now overcome (Donald W. McRobbie, 2006).

MR spectroscopy showed a good reproducibility. Pansini et al. performed a study with 33
healthy volunteers and measured the fat content in several anatomic locations of the hip
(femoral head, femoral neck, greater trochanter, proximal femoral diaphysis and acetabulum)
with a STEAM sequence twice. They were able to demonstrate a very good reproducibility with
correlation between the two measurements of r = 0.90 to 0.98 (Pansini etal., 2012).

Griffith et al. investigated the reproducibility of MRS in order to determine the fat content of
the bone marrow of the proximal femur and acetabulum. In 36 subjects, subdivided into groups
according to Dual-Energy X-ray Absorptiometry (DXA) results, they examined the fat content
with a PRESS sequence twice. They observed a good reproducibility; concordant spectroscopy
data were found for all paired measurements in the femoral head, for 92% in the femoral neck
and 94% in the femoral shaft. The interclass correlation was 0.85 for the femoral head, 0.78 for
the femoral neck and 0.83 for the femoral shaft (Griffith et al., 2009).

For vertebral bodies Li et al. (Li et al, 2011) performed a study in 51 women who were
examined from L1 to L4 using a PRESS sequence. Six of them were scanned twice on one day
with an average coefficient of variation of 1.7% (range: 1.2 to 2.0%).

The above results demonstrated that MR spectroscopy is a reliable technique.

MR spectroscopy is widely used to measure the PDFF in the liver. It showed a good
reproducibility over different field strengths (1.5 T versus 3.0 T). According to a review by
Baum etal. (Baum etal., 2016) it has an intra-examination standard deviation of 0.49, whereas
the inter-examination standard deviation was 0.46.

The degree of unsaturation is also detectable with MRS. Binggolbali et al. performed saturation
level examinations in oil phantoms and volunteers in the spinal bone. They found a good
correlation for the STEAM sequence with literature values, better than for the PRESS sequence
(Bingolbali etal., 2015).

Lastly, Ruschke et al. recommended PRESS instead of STEAM for unsaturation level
measurements in regions where the PDFF is low (Ruschke et al., 2016).
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2.3  T2* measurements

Magnetic fields inhomogeneities are present in MRI measurements because of susceptibility
effects. That means there is inhomogeneity caused by air pockets (e.g. in the guts), iron-rich
tissues such as in the liver or bone matrix in bone marrow. That affects the relaxation of protons
after a radio frequency pulse. The parameter which expresses the inhomogeneity is the T2*

relaxation time.

2.4 Postprocessing

2.4.1 Images

After generating the images, post-processing with suitable algorithms is required. Most
algorithms work semi-automatically. By using anatomical landmarks, VAT and SAT can be
segmented. T1-weighted imaging requires the definition of a binary threshold to classify avoxel
as water or fat. To extract fat volumes based on water-fat imaging, the fat-only images are used

with a threshold analogous to the T1-based procedure.

2.4.2 Spectra

Based on MRS spectra it is possible to derive fat fractions, e.g. in the liver or bone marrow. By
determining integrals belonging to the peaks and putting them in relation to each other, the fat
fraction can be computed.

The analysis of spectra can be challenging due to low signal-to-noise ratio or overlapping peaks.
Simple integration or simple line fitting are often not able to solve the problems. Another fitting
method calculates spectra based on the biochemical composition of the examined tissue

frequency using Gaussian-/ Voigt line shapes (Mierisova et al., 2001).
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3 Materials and Methods
3.1 Subjects

3.1.1 Cross-sectional study

Inclusion criteria were an age between 18 and 75 and a high risk for T2DM (Type 2 Diabetes
Mellitus) according to a screening questionnaire (“Deutscher Diabetes Risiko Test) (Deutsches
Institut fir Erndhrungsforschung Potsdam-Rehbriicke (DIfE), 2014). 35 female and 28 male
subjects participated in the study.

Potential subjects went to an initial screening appointment where an oral glucose tolerance test
(OGTT), an MR examination for liver fat determination, physical examination, anthropometric
measurements and blood samples were obtained. The recruitment was performed at the “Institut
fur Erndhrungsmedizin, Technische Universitdt Munchen”.

According to OGTT and liver fat, subjects were divided into a high and a low risk group.
Exclusion criteria were manifest diabetes, certain endocrinological diseases, chronicle
gastrointestinal diseases, psychic diseases, addiction, anti-inflammatory or immunosuppressive
therapy, acute or chronicle infectious diseases, cancer, certain liver or biliary disease, kidney
insufficiency, anemia, certain clotting disorders and pregnancy (Deutsches Zentrum flr
Diabetesforschung, 2017; Else Kroner-Fresenius Zentrum fir Erndhrungsmedizin der

Technischen Universitdat Munchen, 2017).

3.1.2 Longitudinal study

This study was conducted by the Else-Kroener-Fresenius-Center, Institut  fur
Erndhrungsmedizin, Technische Universitdit Muinchen and registered on the German Trial
Register (DRKS00006210). The patients were recruited by the Else-Kroener-Fresenius-Center.
20 women were included with an age range from 24-65 having a BMI of 34.9 + 3.8 kg/m?.
Study intervention consisted of four times 200 kcal Modifast meals per day (from Nutrition
Sante SAS, Revel, France) and in addition 200 g of vegetables per day for 28 days.

The subjects underwent anthropometric and blood fat value measurements (fasting) and MR
one day before and one day after the dietary intervention in a non-fasting state. The analysis of
the blood samples was done with an established method by Synlab (Munich, Germany) (Cordes
et al., 2015).
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3.2 MR examinations

3.2.1 Cross-sectional study

MR examinations were operated on a 3.0 T Philips scanner (Ingenia; Philips Healthcare, Best,
Netherlands) with an anterior and posterior coil. Two sets of axial two-point Dixon images were
acquired (3D spoiled gradient echo). Scanning parameters were: TR (repetition time) =4.0 sec.,
TE (echo time) 1/TE2 = 1.32/ 2.6 msec, flip angle = 10°, bandwidth = 1004 Hz/pixel, 332 x
220 acquisition matrix size, FOV =500 X 446 mn?, acquisition voxel =1.5 X 2.0 X 5.0 mm?,
44 slices, parallel imaging using SENSE with a reduction factor r = 2.5. Scan time amounted
to 10.6 s and was performed within a single hold of breath. By using the mDixon algorithm on
the scanner the water/ fat images were separated.

A six-echo gradient echo sequence (mDixon quant) was used to measure liver- and bone
marrow fat fraction and T2* values: TR = 7.8 ms, TEI/ATE= 1.3/1.1 ms, flip angle = 3°,
bandwidth =1523 Hz/pixel, 152x133 acquisition matrix size, FOV =300x403 mm , acquisition
voxel =2.0x3.0x6.0 mm , 25 slices, SENSE with R =2.2x1.2 (in L/R and F/H respectively).
MR spectroscopy (STEAM) was used for the fat quantification in the liver after acquiring a
coronal survey image (Fig. 4). The parameters of the STEAM were as following: TR/ TM =
3500/16 msec, four TE values (in order to perform T2 correction): 10/15/20/25 msec, one
dummy scan, one average per TE, 4096 data points, spectral bandwidth = 5 kHz, no water
suppression, and no regional saturation bands. This examination lasted 17.5 sec and was
performed in a single hold of breath.

For bone marrow fat quantification, a sagittal survey image was acquired from the vertebral
column to acquire anatomical information (Fig. 5). A 15x 15 x 15 mm?® voxel was placed in the
middle of the L5 vertebral body (avoiding degenerated vertebral bodies and the cortical bone)
and a STEAM sequence was performed. The parameters of the STEAM sequence were: TR/TM
= 6000 /16 msec, four TE values (in order to perform T2 correction) TE = 11/15/20/25 msec,
one dummy scan per TE, eight averages per TE (four phase cycles), 4096 data points, spectral
bandwidth =5 kHz, no water suppression and no regional saturation bands. The scan time
amounted to 216 sec (Cordes et al., 2015).

Furthermore, STEAM MRS was performed within the SAT and VAT at the level of L5 to
determine the level of unsaturation in the abdominal tissues. A 20 x 20 x 20 mm3 voxel was
placed in the according tissue. The scanning parameters were TR = 2.0s; TE = 11/15/20/25 ms;
4096 samples; spectral bandwidth = 3.5 kHz. 16 averages and the scan time accounted to 136

S.
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Fig. 4 Coronal T2 image of the liver, kidneys andspleen in order to Fig. 5 Sagittal image of the spine in advance
plan the liver spectroscopy of the L5 spectroscopy

3.2.2 Longitudinal study

The longitudinal study was performed using a 3.0 T MR scanner (Ingenia; Philips Healthcare,
Best, Netherlands) using anterior and posterior coil. Axial water-fat images of the abdomen and
pelvis were acquired using the same mDixon sequence as in the cross-sectional study.
Spectroscopy was performed in the liver, L5, SAT and VAT. Scan parameters were identical

to those mentioned above in the cross-sectional study part.

3.3 Data analysis
3.3.1 Cross-sectional study

3.3.1.1 SAT/VAT Segmentation

For the SAT- and VAT- analysis an in-house written semi-automatic algorithm was used. First
k-means clustering was used to find similar features (k = 3) in the whole image. The voxels
were than divided into three categories (Fig. 6): air/ bone (= no MR signal; light blue); adipose
tissue (red (SAT) or yellow (VAT)) and non-adipose tissue (NAT; high water signal; dark blue).
Second, isolated voxels were deleted from the mask, as were interior voxels, to leave only the
outer boundary as skin contour. After this process, the inner SAT (red) border needed to be
found. This was done by removing adipose tissue with a gradient vector flow. The outer SAT
border was defined as the border of the whole mask. The VAT compartment (yellow) was

defined as adipose tissue within the inner SAT border.



Materials and Methods 15

The algorithm required manual corrections. The average manual correction time was 11
minutes for a stack of 44 images. To have a standardized, comparable value, aregion from L3

(lumbar vertebral body 3) and twelve stacks above was defined. SAT and VAT ratios were
54T ; VAT ratio = L). Normalized SAT and VAT

calculated (SAT ratio = ——;
SAT +VAT +NAT VAT + SAT +NAT

ratios were defined by using anatomical landmarks: from the region directly under the heart up
to the top of the femoral heads.

‘Water only Fat only SAT & YAT

Fig. 6 Images for VAT and SAT segmentation, Water and fat images on the left; processed images on the right
(VAT=red, SAT=yellow, Water=dark blue, air=light blue)

3.3.1.2 Spectra analysis of the liver

For the spectra analysis an in-house built algorithm based on MatLab (MathWorks, Natick,
MA) was used. A typically measured spectrum is characterized by peaksat 0.9, 1.30, 1.59, 2.00,
2.25, 2.77, 4.2, 519 and 5.31 ppm.0.9 ppm:(-(CH2)a-CHz3); 2.77 ppm:(—CH=CH-CH:2-
CH=CHab-); 4.2 ppm:(-CH2-0O-CO-); 2.0 ppm: (-CH2-CH=CH-CH>-),5.19 ppm: (-CH-O-CO-
) and 5.31ppm: (-CH=CH-). It is exemplarily displayed in Fig. 7.

Joint fitting was necessary to further process the spectra based on the different TE acquired data
fitting into a signal model with T2 decay effects. The peak fitting was performed on all spectra
according to linewidth, peak localization and areas / T2 relaxation time. The result was a proton

density fat fraction based on all fat peaks.
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STEAM Spectrum TE Series 5620371

ppm

Fig. 7 Representative STEAM spectroscopy of the liver in a subject with a high liver fat content (10.97%) at four
differentechotimes. The rightsmaller peak represents the fat, the high peak at about 5 ppm the water peak.

3.3.1.3 Spectra Analysis of the Bone marrow

A broad water peak is present in the bone marrow, overlapping with fat peaks. To solve this
problem a peak fitting was performed by constraining peaks at 4.2 ppm and 5.19 ppm at a
certain peak ratio at 0.9 ppm and 1.30 ppm, based on previously known triglyceride structure.

An example of a spectrum measured is shown in Fig. 8.

&5 STEAM Spectrum TE Series 417410
' 11
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0.01
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ppm

Fig. 8 Representative spectra of the bone marrow at four differentecho times with the fat peak (left) and the water
peak (right); spectra analysis from MATLAB.
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3.3.1.4 SAT/VAT unsaturation
Spectra of the first TE were processed using a frequency based fitting routine. Olefinic fatty

acids were represented in peak A, the methylene fatty acids in peak F (Fig. 9). To determine

the unsaturation of the VAT or SAT the ratio of Ewas used.

The MR spectra at the first TE were processed offline using custom-built frequency-based peak
fitting routines. The area of the olefinic peak (peak A in Fig. 9) and the methylene peak (peak
F in Fig. 14) were computed and the ratio of the olefinic peak to the methylene peak (ratio F to

A) was determined as a measure of fat unsaturation in SAT and VAT.

VAT; F to A = 0.50; A peak normalized to 1 VAT; F to A = 0.37; A peak normalized to 1

1.2- | 1.2- : “ |
0.8+ \ ‘l 0.8+ \ “ 1
o6l | f\/\ ||| 06} F | ‘
° | KPR (O TRl
4 / I \\ 04 /|\ ‘W | \/J | \/|
2 A e )Y U

Fig. 9 MR spectra of two subjects with different ratios of unsaturatedto saturatedfatty acids in the VAT
3.3.1.5 Liver fat fraction/ T2* values

Based on the mDixon images the fat content in the liver and T2* values were computed. The
proton density fat fraction map (PDFF) in the liver was calculated online on the scanner using
the mDixon quant algorithm.

The liver fat fraction and T2* values were measured in segment VII (Rummeny et al., 2006),
its size was 3 cm?. The acquired image series was opened in Osirix (Pixmeo SARL, Geneva,
Switzerland), which consisted of fat images, a fat fraction map, water images, BO images and
T2* images. Afterwards mean fat fraction and T2* values from the exact same position were
exported (Fig. 10, Fig. 11).



Materials and Methods 18

T2s liver

Fig. 10 Representative T2* map of the liver [ms]

PDFF liver
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Fig. 11 Representative Fat fraction map of the liver [%]
3.3.1.6 Bone marrow fat fraction/ T2* values
The procedure from the liver fat analysis was applied in a similar way to the bone marrow, as

reported in 3.3.1.5. The online reconstruction algorithm (mDixon quant) on the scanner was
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used. The post processing was done using Osirix. First the most central slice (greatest diameter
of the spinal canal / processi spinosi completely visible) was determined. Then ROIs were
placed on the anterior part of the vertebral bodies avoiding the cortex in the vertebral body from
L1 (lumbar vertebral body 1) to L5. Lastly, mean fat fraction values and T2* values were

determined in each lumbar vertebral body (Fig. 12, Fig. 13).

T2s spine

o

Fig. 12 Representative T2* map of the spine [ms]

PDFF spine

100

80

60

40

20

Fig. 13 Representative Fat fraction map of the spine [%0]
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3.3.1.7 Blood values and anthropometric measurements

Parameters for the body composition weight, height and BMI, the waist- and hip circumference,
the percentage body fat content, the fat- and lean mass were measured. Oral glucose tolerance
test was performed measuring the glucose concentration and insulin levels fasting and 30, 60,
90 and 120 minutes after consuming 759 of glucose. HbAlc cholesterol and triglycerides values
were measured. Blood value and anthropometric measurements were performed by an external

laboratory and the “Institut flir Erndhrungsmedizin”, respectively.

3.3.2 Longitudinal study

The SAT- / VAT- segmentation from the data of the longitudinal study was similar to the
method for the cross-sectional study mentioned in 3.3.1.1. However, only the slices from the
level of L3 and 12 slices above were analyzed.

Spectra were analyzed as reported in the cross-sectional study section.

3.4 Statistical analysis

3.4.1 Cross-sectional study

The statistical analyses were performed using SPSS (Chicago, IL). A Shapiro-Wilk Test was
performed to check normal distribution of the measured parameters. Differences between male
and female subjects were analyzed using the Mann-Whitney-U test because parameters were
not normally distributed. A two-sided 0.05 level of significance was used. Correlations were

computed using Spearman correlation coefficient.

3.4.2 Longitudinal study

For the statistical analysis SPSS (Chicago, IL) was used. A two-sided 0.05 level of significance
was used. Most parameters were normally distributed, according to Shapiro-Wilk test. Due to
normal distribution the two points of time were compared with paired student’s t-tests. The
results are shown with mean and standard deviation. BMFF and serum lipids at baseline, BMFF
and serum lipids at follow-up and follow-up BMFF and baseline serum lipids were correlated.
To examine the relationship between SAT, VAT, NAT volumes und ratios at baseline and bone

marrow fat changes, linear regression was performed.



Results 21

4  Results

4.1 Cross-sectional study

The data analysis of the pre-diabetic study included 63 baseline subjects.

4.1.1 Explorative data analyses

Tab. 1 summarizes the metabolic parameters (35 female, 28 male). The average BMI was 30.91
kg/m?; 31 subjects were obese (BMI > 30kg/m?), 21 overweight (BMI > 25kg/n? < 30 kg/m?)
and four subjects had normal weight (BMI < 25 kg/n®).

The average level of fasting glucose was 104.45 mg/dl. At baseline, nine of the subjects were
non-diabetic (fasting glucose <100mg/dl), 41 in the impaired fasting glucose tolerance range
(BG 100-125 mg/dl) and one diabetic with a fasting glucose of 133 mg/dl (which must be
confirmed ata second point of time to have diabetic status).

The mean TG concentration was 137.29 mg/dl, and the mean cholesterol was within the normal
range (219.54 mg/dl).

A liver fat fraction higher than 5% is classified as steatohepatitis. Twelve of the eighteen cross-
sectional study patients who underwent the liver fat analysis had steatohepatitis (11.64% +
10.62%).

4.1.2 Differences between male and female subjects
SAT volume, BMI and bone marrow-fat and liver fat were not significantly different, VAT

volume (p =0.0032) was greater in males than females (Table 2).
4.1.3 Correlations

4.1.3.1 Dixon-based Liver fat fraction

Correlations with the liver fat are shown in Tab. 3. A strong positive correlation was found
between the Dixon-based liver fat fraction and the Insulin levels (0: r =0.664, p = 0.002; 30:r
=0.612, p = 0.005) as well as the insulinogenic index (r= 0.691, p = 0.001).

Moderate correlations with the liver fat fraction were calculated for SAT (r =0.505, p = 0.009)
and VAT wvolumes (r = 0.395, p = 0.046), the weight (r = 0.390, p = 0.049) and the hip
circumference (r=0.427, p = 0.042). The Matsuda index correlated strongly negative with the
liver fat (r = -0.696, p = 0.001) and the SAT unsaturation moderately negative (r = 0.530,
p <0.05). The correlation between the unsaturation of SAT and liver fat is exemplarily
displayed in Fig. 14 (r =-0.53, p = 0.02, Tab. 3).
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4.1.3.2 VAT volumes

VAT volumes showed correlations with several parameters as displayed in Tab. 4. It correlated
positively with the SAT volume in the same range (r=0.414, p = 0.001), the height (r = 0.533,
p < 0.001), the weight (r = 0.702, p < 0.001), the waist (r = 0.747, p < 0.001) and the hip
circumference (r = 0.387, p = 0.002). Serum cholesterol (r = -0.284, p = 0.041), HDL (r = -
0.469, p <0.001) and the Matsuda (r =-0.303, p = 0.045) index showed a negative association
with the VAT.

4.1.3.3 SAT volumes

The SAT volume in the same range as the VAT volume showed strong positive correlations on
a high significant level with the fat mass (r =0.861, p < 0.001), the BMI (r =0.827; p < 0.001),
the hip circumference (r = 0.806; p <0.001), the waist circumference (r=0.707; p <0.001)and
the weight (r =0.650; p <0.001) (Tab. 5). Whereas the insulin levels from the OGTT correlated
moderately positive (0 min: r = 0.486, p = 0.001; 30 min: r = 0.479, p = 0.001; 60 min: r =
0.465, p = 0.001). Triglyceride blood levels showed a weak correlation with the SAT volume
(r=0.319, p = 0.021).

Moderate negative correlations were found for SAT volume and the Matsuda index (r =-0.516,
p <0.001), F to A fat level in SAT (r =-0.396, p = 0.006) and F to A fat level in VAT (r = -
0.368, p = 0.001) (Tab. 5).

4.1.3.4 Bone marrow fat fraction

MRS-based bone marrow fat fractions showed a positive correlation with the Dixon-based bone
marrow fat fraction from L1 to L5 (based on the Dixon images; r=0.560to 0.767; p < 0.004).
Body weight (r =-0.338, p =0.007), BMI (r =-0.360, p = 0.004) and hip circumference (r =-

0.308, p = 0.018) showed a negative correlation with MRS-based bone marrow fat fraction.
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BMI
L 5 ff| Unsat | Unsat Mean ff | Mean | Mean ff | Mean ff | Mean ff [kg/m2

Liver ff | spectro | SAT | VAT L5 * ff L4* | L3* L2* L1* Height [cm] | Weight [kg] | ]
Mea
n 11.64 |0.48 0.47 0.52 38.31 38.55 |41.10 42.90 43.23 170.87 90.55 30.91
SD  |10.62 0.10 0.16 0.12 10.43 10.83 | 11.89 12.06 12.37 11.01 17.87 4.93
N 34 80 40 40 33 32 33 33 33 80 81 80

Fat Lean

Waist | Hip mass mass BZ0 BZ30 BZ60 BZ90 BZ120

[cm] [cm] Fat % | [kq] [ka] [mg/dl] | [mg/dl] [mg/dI] [mg/dI] [mg/dI] Ins 0 Ins 30
M
n * 105.36 | 110.88 | 35.36 | 32.06 58.21 104.45 | 187.72 184.42 143.64 114.77 110.39 759.60
b 112.25 11.31 8.94 11.21 13.71 12.29 | 29.10 46.27 33.88 33.45 58.22 497.12
N 78 78 78 78 78 76 76 76 76 76 72 72

HBA1 |[CHOM |TGM |HDLM |LDLM
Ins C [%] G G G G Matsud | Insulinogeni | Disposition

Ins60 |[Ins90 | 120 [mg/dlI] [mg/dl] | [mg/dl] [mo/dl] |a ¢ Index s Index
Mea 11089.4 |1019.0 |710.4
n 7 3 6 5.88 219.54 137.29 | 54.44 142.05 7.36 144.81 820.38
SD 666.8

638.04 | 77893 |0 0.39 36.27 68.27 12.67 31.09 4,73 126.94 519.81
N 72 72 72 80 80 80 80 80 72 72 72

Tab. 1 Mean values and standard deviation of parameters measuredin the cross-sectional study part;

*=pased on mDixon images
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Results
BMI VAT SAT volume Liver fat L5 fat
fraction fraction
[Kg/n¥] volume [mm?]
[mm?] [%] [%]
31+4.3 | 5970692 + 9048572 + 11.85 + 47.30 £ 9.05
M + SD Mal
ean+ SD Male 2587941 3589932 11.19

Mean + SD female 31+ 3913365 + 10953031 + | 10.86 +£9.78 48.21 +

5.30 1680187.915 3768097 10.48
p 0.8154 0.0032 0.1015 0.7659 0.4614

Tab. 2 Differences in males and females of the cross-sectional study part
Liver fat | Total Total Weight | BMI Hip Ins 0 Ins 30 Ins 60 Ins 90 Ins 120 | Matsud | Insul. F to A
fraction | VAT SAT a Index SAT
VS.
19
n 26 26 26 25 23 19 19 19 19 19 19 23
0.691 -0.530

r 0.395 0.505 0.390 0.411 0.427 0.664 0.793 0.612 0.500 0.446 -0.696
p 0.046 0.009 0.049 0.041 0.042 0.002 0.000 0.005 0.029 0.056 0.001 0.001 0.02

Tab. 3 Correlation of the Dixon-based liver fat fraction in the cross-sectional study part




Results
VAT SAT | Height |Weight | Waist | Hip Ins0 | Cho HDL | Matsuda
VS.
n

63 62 63 60 60 44 52 52 44
-

0.414 | 0.533 0.702 0.747 10.387 |0.390 |-0.284 | -0.469 | -0.303
P 0.001 | 0.000 0.000 0.000 | 0.002 | 0.009 |0.041 |0.000 |0.045
Tab. 4 Correlations of the VAT wolume in the cross-sectional study part
SAT |[L5ff |Weig | BMI | Waist | Hip Fat InsO [Ins30 | Ins 60 | Ins 90 | Ins TG Mats | Insuli
VS. ht mass 120 uda nog.

Index

n

62 63 62 60 60 60 44 44 44 44 44 52 44 44
r

-0.306 | 0.650 | 0.827 | 0.707 [ 0.806 | 0.861 |0.486 |0.479 | 0.465 | 0.342 | ns. 0.319 | -0.516 | 0.345
P 0.015 | 0.000 | 0.000 | 0.000 | 0.000 |0.000 [0.001 [0.001 |0.001 |0.023 |ns. 0.021 | 0.000 |0.022

Tab. 5 Correlations of the SAT volume with other parameter in the cross-sectional study part

25
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Results
BMFF vs. L5 ff* L4 ff* L3 ff* L2 ff* L1 ff* Weight BMI Hip
" 27 26 27 27 27 62 61 59
' 0.697 0.560 0.767 0.698 0.736 -0.338 -0.360 -0.308
P 0.000 0.003 0.000 0.000 0.000 0.007 0.004 0.018

Tab. 6 Correlations of the MRS -based BMFF in the cross sectional study part, *=based on the Dixon images
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Comparison of liver fat fraction and unsaturation of SAT

Liver fat fraction subject 1 Liver fat fraction subject 2
100
80
60
140
20
0
SAT; F to A =0.78; A peak normalized to 1 SAT; F to A = 0.56; A peak normalized to 1
1.2 . 1.2 y
1t 1t A
0.8} 0.8}
F
0.6t 0.6}
0.4r 0.4+
0.2} 0.2+
0 : : 0 : :
6 4 2 0 6 4 2 0

Fig. 14 A Subject with a high liver fat fraction shows a low unsaturation level in the subcutaneous fat

4.2 Longitudinal study part

4.2.1 MR-assessed Fat depots changes

According to Tab. 7 mean weight loss was 7.2 £ 1.6 % (p <0.001) and absolute weight loss 6.9
+ 1.8 kg. BMI decreased by 7.0 £ 1.8 % (p < 0.001), and 2.5 + 0.7 kg/m? in absolute values,
respectively. Similarly, liver fat fraction showed a decrease of 40 + 23.5 % (p < 0.001). After
the intervention, the SAT and VAT wvolumes decreased significantly by 8.5 + 4.4 % (SAT) and
15.1 £8.7 % (VAT), respectively. Changes in the NAT were not significant (p = 0.20), as were
no significant changes in the BMFF detected (-1.1 + 8.2%, p = 0.39).

4.2.2 Blood samples

Blood fat values changed significantly after the intervention (Tab. 7). The total cholesterol level
showed a significant reduction by 14.2 + 9.7 % (p < 0.0001), the triglycerides by 12.6 £ 23.5
% (p = 0.035), the LDL by 14.3 £ 12.9 % (p < 0.001), while the HDL level increased by 14.5
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+10.7 %.

4.2.3 Connections between BMFF and Serum lipids

A positive association for the blood cholesterol level and the BMFF before the intervention (r
= 0.489; p = 0.029) was detected, as well as for the baseline cholesterol and follow up BMFF
(r = 0.547; p = 0.013). Subsequent analyses of the cholesterol level showed a correlation for
LDL (r=0.473, p=0.035) and HDL/LDL ratio (r = 0.510; p = 0.021) with the baseline BMFF
(Tab. 8).

Neither statistically significant changes between follow-up BMFF and follow-up serum lipid

values nor for HDL and triglycerides with the BMFF at baseline or follow-up were observed.

4.2.4 Connections between BMFF changes and abdominal tissue distribution

BMFF changes varied among the scanned subjects — reductions in 13 subjects and increases in
seven participants. However, the changes in the BMFF were not correlated statistically
significant with the weight reduction, blood fat values or the above mentioned fat depot
changes. Baseline abdominal tissue distribution and absolute BMFF changes were significant
for SAT (r = 0.489; p = 0.029) and NAT (r =-0.493; p = 0.027) (Tab. 9).

Furthermore, relative changes of the BMFF were associated with baseline abdominal tissue

distribution, SAT ratio (———4

and NAT ratio, r =-0.530; p = 0.016.

), r=0.579; p =0.008, VAT ratio ,r =-0.453; p = 0.045,
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before diet | after diet Relative p-value
change (%)
age (y) 47.0+11.4
weight (kg) 95.1+134 | 882+123 | -72+16 <0.001
BMI (kg/m?) | 349+38 | 325+35 -7.0+£1.8 <0.001
BMFF (%) | 43.1+12.1 | 425+ 12.2 -1.1+£8.2 0.39
Liver fat 10.3 £8.3 55+51 | -40.3+235 <0.001
fraction (%)
SAT! volume
2459+ 800 | 2248+739 | -85+44 <0.001
(cm?)
VAT volume
918+ 261 | 780+ 238 -15.1+8.7 <0.001
(cn¥)
NAT volume
1651 +240 | 1619+237 | -1.7+6.8 0.20
(cn¥)
SAT ratio
48.1+10.3 | 47.6+9.9 -09+£35 0.20
(%)
VAT ratio
184+52 | 16.9+49 -82+75 <0.001
(%)
NAT ratio
335+6.8 | 35.6+7.1 6.4+6.3 <0.001
(%)
cholesterol
191 + 39 162 + 29 -14.2+9.7 <0.001
(mg/dl)
triglycerides
121 + 64 98 + 48 -12.6 £ 235 0.035
(mg/dl)
LDL (mg/dI) 118 + 37 100+£26 | -14.3+129 <0.001
HDL (mg/dl) 52+9 44 +9 -145+10.7 <0.001
LDL/HDL (-) | 2.36+£0.78 | 233+£0.69 | 0.6+16.5 0.68

Tab. 7 Overview over the mostimportant changes of anthropometric, MR detected fat depots and blood value
changes in the longitudinal study part
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BMFF before diet vs

BMFF after diet vs

cholesterol (mg/dl) before
diet

0.489 (p = 0.029)

0.547 (p = 0.013)

LDL (mg/dl) before diet

0.473 (p = 0.035)

0.543 (p = 0.013)

LDL/HDL (-) before diet

0.511 (p = 0.021)

0.510 (p = 0.021)

Tab. 8 BMFF correlations before and after the dietary intervention with serum lipidvalues

BMFF absolute difference
(%)

BMFF relative difference
(%)

SAT volume (cm?) before
diet

0.489 (p = 0.029)

0.489 (p = 0.029)

VAT volume (cm?) before
diet

n.s.

n.s.

NAT volume (cm?®) before
diet

-0.493 (p = 0.027)

-0.532 (p = 0.016)

SAT ratio (%) before diet

0.536 (p = 0.015)

0.579 (p = 0.008)

VAT ratio (%) before diet

n.s.

-0.453 (p = 0.045)

NAT ratio (%) before diet

-0.539 (p = 0.014)

-0.530 (p = 0.016)

Tab. 9 BMFF difference correlation with adipose tissue volumes andratios before and after the intervention
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5 Discussion

5.1 Cross-sectional study part

The cross-sectional study investigated the association of different adipose tissues and possible
gender-related differences.

A positive correlation of the liver fat with VAT (r = 0.395, p = 0.046), SAT (r = 0.505, p =
0.009), BMI (r =0.411, p = 0.041) and hip circumference (r =0.427, p =0.041) was observed,
consistent with the literature. Kotronen et al. performed a study on 70 diabetic and 70 non-
diabetic subjects (Kotronen et al., 2008) and observed a positive correlation of the liver fat with
BMI. A stronger correlation between liver fat and BMI was found in diabetic subjects (r = 0.45,
p < 0.0001) than in non-diabetic (r = 0.26, p = 0.029). In their study, waist circumference
correlated with liver fat stronger for diabetic (r=0.45, p=0.0001) than for non-diabetic subjects
(r=0.29, p = 0.017). VAT correlated with liver fat in diabetic and non-diabetic subjects (r =
0.45, p < 0.0001), whereas they did not find any correlations of liver fat with SAT.

Significant associations of the liver fat fraction with insulin levels (fasting insulin: r = 0.663, p
= 0.002) from the oral glucose tolerance test, the insulinogenic index (r =0.691, r = 0.001) and
negative with the Matsuda index (r =-0.696, p = 0.001) were observed.

The study from Kotronen et al., mentioned above, reported a positive connection with fasting
insulin- (r =0.55, p <0.0001) and fasting glucose blood level (r =0.29, p = 0.0006), which was
not observed in our study.

In a study with 22 healthy patients and 207 suffering from NAFLD, designed and operated by
Lomonaco et al. (Lomonaco et al., 2012), they detected a higher hepatic and muscular insulin
resistance in patients with NAFLD compared to healthy subjects (fasting plasma insulin in
obese without NAFLD 3.8 £ 0.5 pU/l vs 14.3 £ 0.7 pU/l in patients with NAFLD).

The association of the liver fat fraction with the unsaturation profile of the SAT is noteworthy.
These results suggest that abdominal tissue dysfunction is associated with the clinically relevant
liver fat, which could be a future point of risk stratification. Machann et al. (Machann et al.,
2013) reported a negative association for VAT volume and unsaturation, whereas Lundbom et
al. (Lundbom et al., 2011) found a good correlation between unsaturation of the liver fat and
unsaturation of the SAT (r = 0.837) and VAT (r = 0.879) in 16 subjects with a high liver fat
fraction (> 5%). They did not find connections between quantified liver fat and unsaturation in
SAT or VAT. They also reported a correlation between SAT volume and unsaturation (r = -
0.662) and VAT volume and SAT unsaturation (r=0.611). This could be interpreted as a higher
VAT volume, which is generally regarded as unhealthy and is associated with a lower



Discussion 32

unsaturation level. As those studies and our work were performed in a relatively small sample
size, it should be studied more thoroughly in the future.

When comparing VAT, SAT volume, liver and bone marrow fat between males and females a
statistically significant difference was demonstrated only for the VAT volume, whereas
previous studies reported also a higher SAT in men than in women (Lemieux et al., 1993;
Schreiner et al., 1996).

Similarly, Westerbacka et al. (Westerbacka et al., 2004) reported that in a group of 132
participants (male and female equally numbered, female with a higher BMI) liver fat values
were not statistically significant different between men and women in that study.

MRS-based BMFF of L5 was associated with the water/fat imaging based bone marrow fat
fractions of the spine (L1 to L5). This finding demonstrated the validity of water-fat imaging
as reported previously (Ojanen et al., 2014; Shen et al., 2013). Shen et al. (Shen et al., 2013)
found a similar correlation (r = 0.78) for the fat fraction in the L3 vertebral body measured by
MRS and mDixon based techniques.

The fat fraction in L5 was not different between men and women. This may be due to the
relatively small sample size as a previous study with 154 participants (Kugel et al., 2001)

observed a higher fat fraction in men compared to women.

5.2 Longitudinal study

The results from the longitudinal study allowed further insights into interventional changes of
abdominal fat depots, liver and bone marrow fat. With the applied diet, it was possible to
improve the blood fat profile significantly, aswell as the liver fat content. However, the BMFF
did not decrease significantly: seven subjects showed an increase and thirteen a decrease, which
was correlated to the abdominal tissue distribution at baseline. In general the detected changes
in the BMFF (range: 6.1-6.6%) were much smaller than in the other fat depots.

The liver fat could be reduced by the amount as reported in similar studies performed in men
(Cowin et al., 2008; Vitola et al., 2009). In consistency with a previous study, a higher VAT
loss than SAT was observed here (Chaston et al., 2008). The finding that serum lipids and bone
marrow fat are associated is in line with previous studies (Miriam A Bredella etal., 2013; Sadie-
Van Gijsen et al., 2013).

A positive correlation of BMFF at baseline with the total cholesterol level, LDL and LDL/HDL
ratio at the follow-up measurements was observed. In consistency, previous studies observed a
positive correlation between BMFF and serum lipids (Miriam A Bredella et al., 2013; Sadie-
Van Gijsen et al., 2013).

A previous study demonstrated a positive correlation between BMFF and HDL cholesterol level
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(Ermetici et al., 2017). However, obese and non-obese women participated and were not
discriminated in this study.

Changes in BMFF have been previously investigated. In an animal studies an increase of the
BMFF was found during starvation (Baek et al., 2012b; Deviin et al., 2010), as well as for
patients with anorexia nervosa (M. A. Bredella et al., 2014; M. A. Bredella et al, 2009).
However, further studies reported converse results: Westphal et al. found a decrease in the bone
marrow fat by 3.5% induced by a weight loss of 9.2 kg (Bosy - Westphal etal., 2011). Shen et
al. did not observe any significant changes in the BMFF after weight loss (Shen W, 2007).
Schafer et al. examined the bone marrow fat content before and after surgery in patients who
underwent bariatric surgery. They found a mean BMFF decrease by 7.5% (p= 0.05) for diabetic
subjects and an increase by 0.9% (p= 0.84) for non-diabetic subjects.

Due to these conflicting results, subsequent analyses were performed. The BMFF decrease did
not correlate significantly with the changes of SAT, VAT or liver fat and serum lipids.
However, the distribution of fat before the intervention was associated with bone marrow fat
changes: a high SAT volume at baseline led to a rise of the BMFF, whereas a high NAT and
VAT ratio were connected with a loss of bone marrow fat. Several studies (Baum et al., 2012;
M. A. Bredella et al., 2011; Cohen et al,, 2015; Griffith et al., 2005; Griffith et al., 2006;
Karampinos et al., 2015; Kim et al., 2017; Paccou et al., 2015; Schafer et al., 2015; Shen W,
2007; Wren et al., 2011; Yeung et al., 2005) showed that bone mineral density is negatively
associated with bone marrow fat. Therefore, the authors hypothesized that high intensive calorie
restriction in a short period could be harmful for bone health.

Dietary interventions have been shown to have a dramatic effect on liver fat. A review from
Thoma et al. (Thoma et al., 2012) evaluated the influence of dietary interventions on the
NAFLD. The type of intervention was either diet only, exercise-only or a combination of both.
A dietary intervention for the duration of one to six months led to an absolute reduction of the
liver fat by 4-10% (relative reduction 42-81%). Two exercise-only interventions measured after
a four-week duration, an absolute reduction of 1.8 % in the liver fat (relative reduction 21%); a
further study focused on the liver enzymes ALT and AST and found a reduction by 47/48%.
Seven studies combined exercise and diet over 3 to 12 months and reported an absolute
reduction of 2-4.6% of the liver fat (relative 13-51%).

5.3.Limitations
The cross-sectional and longitudinal study had a relatively small sample size. Furthermore, the
longitudinal study was limited by an intervention with very low calorie intake of 800 kcal per

day.
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6 Conclusion

6.1 Cross-sectional Study

The cross-sectional study allowed further insights into the association of different adipose tissue
compartments. The liver as the central metabolic organ showed connections not only with the
SAT and VAT volumes, but also with the unsaturation profile of the SAT. Thus, adipose tissue
dysfunction, which is reflected in the unsaturation profile, may have a close connection with
the liver fat content. Patient care can potentially benefit from this knowledge with regard to

individual lifestyle interventions and appropriate treatments.

6.2 Longitudinal Study

Bone marrow showed a distinct change after the intervention in obese women. Changes in bone
marrow were much smaller than in liver fat, SAT, VAT, and serum lipids. This was connected
to fat distribution before the intervention, especially a higher SAT volume led to an increase in
bone marrow fat. This specifically means that bone health could be affected in a negative way
by such an intervention (Cordes et al., 2015).
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7 Summary/ Abstract/ Zusammenfassung

7.1 Summary

Title: Cross-sectional and longitudinal MR-based evaluation of fat depots in subjects with
obesity and risk factors for type 2 diabetes mellitus

Purpose: The purpose of the cross-sectional study was to investigate the metabolic associations
between the liver fat, VAT (Visceral Adipose Tissue), SAT (Subcutaneous Adipose Tissue),
bone marrow fat fraction (BMFF) and blood parameters in prediabetic subjects. The
longitudinal study examined changes of composition and volumes of fat depots during a strict
calorie reduced diet for a four-week period.

Materials and Methods: Inthe cross-sectional study 63 subjects were included (35 female and
28 male), who were classified as prediabetic. For the longitudinal study twenty obese women
(BMI 34.9 = 3.8 kg/m?) were recruited. Both studies included the measurement of blood fat
values and anthropometric values. MR-examinations were performed in order to determine
SAT and VAT volume as well as liver and bone marrow fat content.

Results: In the cross-sectional study, gender differences were only found for the VAT volume,
which was greater in male subjects (p = 0.032). A strong correlation was found for the liver fat
with the fasting insulin levels (r =0.664), whereas it correlated moderately with SAT (r = 0.505)
and VAT volumes (r = 0.395), weight (r = 0.390) and hip circumference (r = 0.427). The
unsaturation of SAT correlated negatively with liver fat (r =-0.53, p = 0.02).

The longitudinal study demonstrated the greatest reduction of fat in the liver (-40.3%), followed
by VAT (-15.1%), serum lipids (-12.6 - 14.5 %) and SAT volume (-8.5 %) after the calorie
restriction. The BMFF did not change significantly, but showed a positive connection with the
SAT volume (r=0.489)and a negative connection with the NAT (r = -0.493) before the dietary
intervention.

Conclusions: Results from the cross-sectional study showed the liver as a central metabolic
organ which is not only connected with adipose tissue dysfunction, but also with unsaturation
of the SAT. The longitudinal study demonstrated that BMFF behaves distinct from SAT and

VAT volume, liver fat fraction or serum lipids.
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7.2 Zusammenfassung

Titel: Querschnitts- und L&ngsschnittstudien zur MR-basierten Analyse von Fettdepots bei
Patienten mit Adipositas und Risikofaktoren fir Typ 2 Diabetes

Zielsetzung: Ziel der Querschnittsstudie war es die metabolische Verbindung zwischen der
Leber, viszeralem Fettgewebe, subkutanem Fettgewebe, Knochenmarksfett und Blutwerten zu
untersuchen. Die Léngsschnittstudie konzentrierte sich auf die Auswirkung auf Fettvolumen-
und Zusammensetzung wahrend einer vier-wochigen Kalorienrestriktion (800kcal/d).
Material und Methoden: In der Querschnittsstudie nahmen 63 als pradiabetisch Klassifizierte
Teilnehmer teil (35 Frauen und 28 Manner). Fir die Langsschnittstudie wurden 20
Ubergewichtige Frauen rekrutiert (BMI 34.9 + 3.8 kg/m?). Zu beiden Studien gehorten sowohl
Blutwertmessungen als auch anthropometrische Messungen. MR-Untersuchungen wurden
durchgefiihrt, um subkutanes und viszerales Fettgewebe zu messen sowie Leber- und
Knochenmarksfett zu bestimmen.

Ergebnisse: Die Querschnittsstudie konnte signifikante Unterschiede zwischen Mannern und
Frauen nur fur das viszerale Fettgewebe zeigen, welches bei Mannern groRRer war (p = 0.032).
Eine starke Korrelation wurde fur das Leberfett mit dem Nichtern-Insulinspiegel gefunden (r
= 0.664). Es korrelierte hingegen moderat mit dem subkutanen Fettgewebe (r = 0.505), dem
viszeralen Fettgewebe (r = 0.395), dem Gewicht (r = 0.390) und dem Hiftumfang (r = 0.427).
Der Anteil ungesattigter Fettsduren im subkutanen Fettgewebe und das Leberfett korrelierten
negativ miteinander (r = -0.530).

Die Langsschnittstudie zeigte, dass wahrend der Diatintervention viel Fett abgebaut werden
konnte. Am meisten in der Leber (-40.3%), danach im viszeralen Fett (-15.1%), den Blutfetten
(-12.6 bis 14.5%) und dem subkutanen Fett (-8.5%). Das Knochenmarksfett hingegen &nderte
sich nicht statistisch signifikant, zeigte aber eine Abhangigkeit von der Fettverteilung zu
Beginn der Studie. Hohes subkutanes Fettgewebe zu Beginn der Studie fiihrte zu einem Anstieg
des Knochenmarksfettes (r = 0.489). Ein hoher Anteil an Nicht-Fettgewebe (Muskeln, Wasser,
Organe) hingegen filhrte zu einer Reduktion im Knochenmarksfett (r = -0.493).
Schlussfolgerungen: Aus der Querschnittsstudie lasst sich schlieRen, dass die Leber mit ihrer
Rolle als zentrales metabolisches Organ nicht nur mit Fehlfunktionen und VergrofRerungen der
Fettgewebe verknipft ist, sondern auch mit dem Anteil von ungeséttigten Fettsauren im
subkutanen Fett.

Die Léangsschnittstudie zeigte, dass Knochenmarksfett sich anders als die abdominellen
Fettgewebe und Blutfettwerte verhal.
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