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Abstract

Lipids are physiologically distributed in various adipose tissue depots across the body,
such as visceral adipose tissue, subcutaneous adipose tissue or bone marrow adipose tis-
sue. They can also be displaced in other compartments of the body as a pathological
change in the form of ectopic lipids like liver fat. Changes in adipose tissue or ec-
topic lipids can be caused by physiological and pathological reasons, which already play
an important role in clinical routines or are part of current research in studying disease
pathophysiology. Alternations in adipose tissue volume, except bone marrow adipose tis-
sue, is mostly related to the nutritional status and a well established biomarker. Other
changes of adipose tissue like the heterogeneous distribution of fat in the liver are not
yet sufficiently understood. Technical progress in research offers new technologies to in-
vestigate adipose tissue even further and help to understand the composition of adipose
tissue better. These technologies will, once established, help to screen patients for risk
factors or enable earlier diagnosis of diseases such as the metabolic syndrome and help
with more individual therapies. Magnetic resonance (MR) can measure specific fat prop-
erties, such as proton density fat fraction or triglyceride unsaturation, to understand the
mechanism of fat distribution or the influence of adipose tissue composition on tissue
properties. MR has the advantage of non-invasively measuring these quantities and can
therefore be applied in healthy subjects to compare normative parameters with those of
diseased patients.

Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) are
both powerful tools to non-invasively assess the structure of soft tissue without ionising
radiation. Both methods can differentiate between hydrogen protons bound in water
molecules or triglycerides. MRI is focused on high spatial resolution and differentiating
between water and fat. Single-voxel MRS has a much lower spatial resolution but offers
the opportunity to investigate more distinct the composition of triglycerides by resolving
their spectral properties as function of chemical shift.

This cumulative thesis is about two journal publications in the field of human fat
imaging with quantitative MR. It offers a) a deeper investigation of the heterogeneous
fat distribution in the liver and b) a new metric to help investigators in the reliable
measurement of unsaturation rate in bone marrow adipose tissue.

The first journal publication describes the investigation of liver fat changes during a
lifestyle intervention study. The purpose of the study was to show differences of liver fat
changes between the two liver lobes by in- and decreasing total liver fat. It was shown
that liver fat is not equally distributed between the right and the left liver lobe. In
addition, liver fat changes independent of increase or decrease of liver fat, are stronger
in the right lobe. Changes in liver fat were also found in each Couinaud segment of the
liver.
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The second journal publication describes the development of a metric which will help
investigators to decide whether the measurement of unsaturation rate of bone marrow
adipose tissue is feasible or not. Due to broad linewidths and high amount of water
within bone marrow the olefinic peak representing the unsaturation of triglycerides in
MRS can be overlapped strongly by the water peak. In the publication a metric was
developed and established to show whether the measured unsaturation is feasible.

The developed methods and findings in the two publications are being used in clinical
studies and ongoing research in the field of adipose tissue imaging and metabolic studies.
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1 Introduction

Lipids can be found in various forms across the human body. They can be differentiated
into adipose tissue and ectopic fat. Adipose tissue is a large accumulation of lipids, like
subcutaneous adipose tissue, brown adipose tissue or bone marrow adipose tissue and can
be found in human beings in a physiological state. Ectopic fat is often a displacement
of fat in tissues that normally do not contain fat in healthy people, such as the liver
or muscles. As fat has a high plasticity, changes in the amount and composition of fat
can be used as markers in metabolic dysfunction, such as obesity, diabetes or cachexia.
Measurement of fat can be used as a diagnostic tool, for risk stratification or as therapy
monitoring.

This thesis focuses on new developments for non-invasively characterizing of fat in the
liver and bone marrow.

Liver fat is an ectopic fat depot which is highly correlated with obesity [1]. It was
shown that with reduction of weight, liver fat is also reduced |2, 3]. The first aim of this
thesis is to characterize spatial distribution of liver fat during a lifestyle intervention.

Bone marrow adipose tissue is not correlated with obesity. On the contrary, bone
marrow adipose tissue is increasing in anorectic patients [4]. Bone marrow adipose tissue
seems to be good biomarker for the overall health of bone marrow and be related to the
bone matrix health. The second aim of this thesis is to characterize bone marrow fatty
acid composition.

Magnetic Resonance offers a powerful tool to measure and characterize fat across the
human body. As a relatively new diagnostic modality in medicine there is still a lot of
potential for further development. Nuclear magnetic resonance (NMR) was first applied
in chemistry in the 1950s|5, 6], while imaging techniques were developed later in the 1970s
by Paul C. Lauterbur|7] and Peter Mansfield[8]. The first scan of the human body was
performed on the 3"¢ July 1977|9]. With the invention of the first MRI product line in
1980 from GE the NMR technique became available for a more routine usage in medical
applications. Since then, research in NMR techniques developed multiple applications
in clinical routines and research is still continuing. Early imaging technologies mainly
used the T relaxation time and the Ty relaxation time|10, (11} |12} 13|, which produce
qualitative images. Modern techniques focus on quantitative imaging allow a better
comparison between subjects like spectroscopy or chemical-shift encoding imaging.

Spectroscopy and chemical-shift encoding imaging uses different resonance frequencies
of the 'H-protons within the molecules to generate contrast. Based on this, water and
fat can be separated using MR. With these techniques, it is possible to measure specific
quantities such as proton density fat fraction (PDFF), which became a robust and reliable
biomarker. Therefore, it is used in clinical applications and better characterization of
metabolic disorders. With improving the techniques based on chemical shift, the fat
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unsaturation can be measured. Current research focuses on establishing unsaturation
rate for metabolic disorders.

As fat is distributed all over the body, water-fat separating imaging can be used in
multiple locations. This dissertation focuses on fat in the liver and bone marrow. Healthy
subjects have close to no fat in the liver|14]. For early diagnosis of fat displacement in
the liver even small amounts need to be detected. A main influence of the pathological
displacement of fat in the liver is obesity and can be decreased by reducing body weight.
Bone marrow fat is a special fat depot which behaves differently from other fat depots
such as subcutaneous or liver fat. It seems that bone marrow fat is independent of
nutritional state and seems more depending on bone marrow density|15} (16, 17| and
other bone marrow diseases|18, 4, |16| 19] and therefore overall bone marrow health.

Continuous research in the field of quantitative imaging, development and establish-
ment of biomarkers will improve the characterisation of diseases and will therefore help
in early diagnosing diseases, planning individual therapies and monitoring those.

1.1 Technical Challenges and Clinical Relevance

As the MR is detecting mainly hydrogen ('H-) protons and nearly all parts of the human
body contain molecules partially persisting of 'H-protons most parts can be assessed.
Depending on the tissue and the respective amount of 'H-protons, the strength of the
signal varies. Therefore, in the early days of MR, imaging was mainly focused on soft
tissues like organs and fat, as they have a high concentration of 'H-protons due to high
water and fat content. Other tissues such as bone marrow have very low concentration
of 'H-protons and therefore, imaging in those tissues is more complex.

Body MRI has the advantage of being a noninvasive method with high spatial reso-
lution. As it is noninvasive, it can also be used for disease monitoring and longitudinal
progression of diseases or treatments. These characteristics are also important for MR
research as it can be performed on healthy subjects to establish metabolic biomarkers and
understand physiological changes, e.g. with age or weight. These biomarkers can then
be used to get a better understanding of pathologies and their respective treatment. The
development of quantitative sequences in the last decades helped to develop biomarkers
depending on the tissue and clinical question. The complexity of biomarkers also in-
creased. Many biomarkers are based on water-fat-separation, such as determination of
fat fraction to evaluate e.g. steatosis hepatis in obese subject and to monitor diets or
other interventions|20, 21]. By improving the treatment of steatosis hepatis the risk of
subjects to sicken of liver cirrhosis can be decreased. Modern MRI techniques are also
used to classify hepatocellular carcinoma (HCC)|22] and help to decide the treatment of
the disease. With very specific treatment depending on small differences in the carci-
noma a better classification is needed to find the best treatment for individual subjects.
Quantitative MR provides a method with high sensitivity and specificity to discriminate
between small differences in the tumours.

Fat fraction was also established as biomarker in bone marrow|23, [24, 25]. A high
correlation is known between a high fat fraction and low bone marrow density and os-
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teoporosis|26, 27, |19} 28, [29]. MR Spectroscopy offers the ability to measure even more
quantities and therefore biomarkers, which help to characterize different tissues and their
compositions even further. In bone marrow fat unsaturation was shown|30, |16, |15] to
be a predictive factor for osteoporosis. Up to this point, there is no gold standard for
in vivo measurement of bone marrow unsaturation. Therefore, these techniques are still
part of current investigations as different sequences exists to measure fat unsaturation
with various advantages and disadvantages. Biomarkers like bone marrow fat fraction
or bone marrow fat unsaturation rate could be used for an early detection of malignant
changes in bone marrow such as bone metastasis and also for better description of these
changes. With a better description of the lesions in bone marrow, a better classifica-
tion can be applied and therefore a more adapted treatment can be performed for each
individual subject. In clinical applications MR imaging is already used to differentiate
between recent and active vertebral fractures compared to old non-active fractures|31].
Another important point in the clinical classification of fractures is the discrimination be-
tween malignant and benign fractures. Malignant fractures are caused by an underlying
disease such as osteoporosis or metastasis. The treatment of malignant fractures differ-
entiates from benign fractures. Quantitative MR offers the possibility of highly sensitive
and specific biomarkers to differentiate between these fracture types and to optimize the
treatment of patients. Bone marrow fat is especially interesting as it reacts differently
from other fat depots. While in anorectic subjects the fat volume in e.g. subcutaneous
adipose tissue or liver fat is decreasing it was shown by Bredella et al|4] that the fat
fraction increases in bone marrow in these patients. MR offers a noninvasive method to
get further understanding of the physiological reaction of bone marrow that seems not be
influenced by the nutritional status of the subject like other fat depots|20]. Quantitative
MR provides a noninvasive method of investigating fat depots in the whole body from
simple depots like liver fat to more complex fat depots including bone marrow.

1.2 Thesis Purpose

The main purpose of the present thesis is the further development of MRI and MRS-based
biomarkers of adipose tissue regarding imaging techniques and further understanding of
adipose tissue composition. More specifically, the first purpose was to describe heteroge-
nous changes of liver fat in subjects with in- and decreasing overall liver fat. This was
achieved by creating a longitudinal study with measurement of liver fat with high spa-
tial resolution. The second purpose was to find a method to make measurements of
bone marrow unsaturation rate more feasible. This was achieved by defining and estab-
lishing a metric which separates bone marrow spectroscopies in two groups, where the
unsaturation rate of the bone marrow is measured feasible in one group and not in the
other.

1.2.1 Thesis Structure

The present cumulative thesis aims to describe the technical and clinical background of
the two embedded journal publications and discusses the results in the context of existing
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literature and current research.

Chapter [2] gives a brief overview of the main aspects of malnutrition and the conse-
quences. Chapter [3] focuses on the different kinds of adipose tissue and the different fat
depots across the body. In chapter [4] fundamentals of the MR physics are explained and a
short description of the used sequences is given. Chapter [5is a declaration of compliance
with ethical standards. Chapter [6] summarizes the two embedded journal publications.
The last chapter [7] gives a review of existing literature and current research, including
the novelty, impact, limitations and perspective of the two journal publications.



2 Metabolic Dysfunction

Metabolic dysfunction is an umbrella term for disorders affecting the metabolism. The
term covers a large range from undernutrition to overnutrition and internal and external
reasons for the disorder.

Underweight is defined by the World Health Organization (WHO) as BMI < 18.5 [32]
and is a result of a lower metabolic intake or a higher metabolism. Lower metabolic
intake is often an external reason caused by malnutrition, for example in subjects with
anorexia nervosa or due to internal reasons for example with a low resorption of nutrient
in the gastrointestinal tract. A higher metabolism is often caused by internal reasons
like consuming diseases leading to cachexia or other diseases, for example thyroid hyper-
function.

Overweight is defined as BMI > 25[32| and is often caused by a high metabolic intake
due to a sedentary lifestyle or to a lower metabolism due to internal diseases,for example
thyroid hypofunction. Obesity is the enhancement of overweight and is defined by a BMI
> 30.

Both, over- and underweight, can lead to various diseases and a reduction of quality of
life. The next paragraphs discuss the complications of obesity and cachexia as a special
case of underweight.

2.1 Obesity and diabetes

A sedentary lifestyle is leading to an increasing rate of obesity, especially in countries of
the Western Hemisphere. Obesity is a risk factor for a lot of diseases such as diabetes
mellitus type 2 (DM-II), hypertension and other cardiac diseases|33]. The WHO charac-
terizes subjects with a BMI > 25 as overweight and a BMI > 30 as obese[32]. In 2016
over 1.9 billion adults were overweight and over 650 million obese|32]. As one of the main
characteristics of the metabolic syndrome, obesity has a high risk for multiple diseases.

DM-II is highly associated with obesity[34] and its prevalence is increasing. DM-II itself
is also a risk factor for various diseases, mainly focused on the cardiovascular disease such
as hypertension, myocardial infarcts but also leads to diseases like diabetic neuropathy,
retinopathy and nephropathy. Early detection and lifestyle changes can have a high
impact on the course of the disease and can prevent long term complications if treated
early and effectively. Next to the detriments of each individual subjects suffering from
DM-II, the treatment of DM-II and its complications has a very high financial impact on
the health care system. Better treatment in the early stages of the disease could reduce
costs.

Obesity can also lead to fatty liver disease and in the progress to hepatis steatosis.
Fatty liver disease can be differentiated in alcoholic liver disease and non-alcoholic fatty
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liver disease (NAFLD). One of the highest risk factors for (NAFLD) is obesity and the
metabolic syndrome|l} |35]. Early stages of fatty liver diseases are reversible without any
residuals. Therapy includes a lifestyle changes with dieting, abstaining from alcohol and
a more active lifestyle with increasing movements. Multiple studies have shown, that
lifestyle interventions can lead to a decrease of liver fat [20, |36, 37]. Otherwise, later
stages can turn into liver cirrhosis leading to liver insufficiency and a high risk for HCC.
Therefore, early detection of fatty liver disease is important.

Cardiovascular diseases are the most frequent cause of death in the western world.
They are strongly associated with a sedentary lifestyle with less movement and obesity.
In therapy for these diseases next to medication, a reduction of weight is important to
improve the outcome of the therapy. In hypertension for example, the blood pressure
can be lowered even by small reduction of the body weight|38§].

Obesity is a risk factor for many diseases in the western world caused by a sedentary
lifestyle. Preventing obesity with lifestyle changes could lead to reduction of multiple
diseases and could increase the life expectancy and quality of life.

2.2 Cachexia and anorexia

Cachexia is a form of a malignant underweight caused by consuming diseases like cancer,
tuberculosis, autoimmune diseases or AIDS. The exact pathomechanism for the weight
loss is very complex and multifactorial and not entire understood until today. Current
research assumes that a chronic inflammation caused by the main disease leads to a
change in the metabolism in the muscle and fat cells and also to a loss of appetite. These
changes lead to a higher metabolic rate and simultaneously decreasing metabolic intake
and, therefore, to a decreased volume of muscle and fat cells. Cachexia is defined as

e a weight loss of > 5 %
e a weight loss of > 2 % and a BMI < 20 kg/m?

e a weight loss of > 2 % and sacropenia. [39]

A reduced nutritional status often leads to higher mortality rate in affected patients,
for example due to higher risks in the operation room or changed therapy regimes. Path-
omechanism, risk factors, early detection and optimized treatment are part of current
research. Anorexia nervosa is another reason of serious underweight and is better re-
searched. It was shown that fat depots like VAT, SAT are reduced in anorectic patients.
In contrary, it was shown that the bone marrow fat fraction is increased in such patients|4,
40|. Furthermore, many anorectic patients develop a osteoporosis|41} 42].



3 Physiological Background of Human
Fat

3.1 Different types of human fat

Fat in the human body can be classified in different ways. It is important to subdivide
fat into adipose tissue (AT) and ectopic lipids. AT is a larger accumulation of fat in
connective tissue containing mainly lipids. Ectopic lipids are smaller amounts of lipids
in other tissues like the liver or muscles. These ectopic lipids are often displaced and
show a pathological state like in fatty liver diseases or fat displacement in muscles. The
adipose tissue in the human body can be distinguished into three different kinds of AT:
white, brown and beige AT[43|. Mere brown AT is very rare in the human body, and the
combination of white and brown AT is called beige adipose tissue. In mice mere brown
adipose tissue (BAT) can be found[44]. MR can detect even small amounts of AT and
can distinguish between those types of AT by measuring the composition of the adipose
tissue, perfusion and other parameters.

White adipose tissue (WAT) is the main energy storage of humans. The cells persist
of one droplet of triglycerides and very few other components such as water[45]. MRS of
tissues mainly consisting of WAT show mainly fat peaks and very low amounts of water.
Most of the fat depots in the body consist of WAT. As it is the main energy storage
of the human body, WAT is reduced in metabolic disorders with reduced weight and is
strongly increased in metabolic disorders with increased weight like obesity. Therefore,
tracking the volume of WAT can be very important in the early detection of such diseases.
WAT displacement in organs with no fat in healthy subjects may be an early marker of
the long-term effects of malnutrition such as fatty liver disease. Efforts are also being
made to establish newer biomarkers such as unsaturation rate to provide a better way
to characterise WAT in different individuals. For example, a lower unsaturation rate in
WAT is associated with lower insulin sensitivity [46] and therefore a higher risk for DM-II
[47].

In comparison, BAT is a metabolic active tissue with the specialized function of gen-
erating thermal energy from chemical energy in the form of glucose and fatty acids. The
cells of BAT have a higher blood perfusion compared to WAT and express a high amount
of mitochondria. These mitochondria express a specialized enzyme called UCP-1 uncou-
pling the respiratory chain and generating heat instead of adenosine triphosphate|48].
Mere BAT can only be found in mice. In humans the brown fat is enclosed in WAT
and is then called beige fat. Most BAT is found in the supraclavicular and paravertebral
regions of the human body, but also in other regions[49]. BAT is mainly active in young
children and the activity is decreasing with age[50]. However, active BAT is also found
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in adults. As the volume of BAT is inversely correlated with BMI|51} |52 a big influence
on metabolism is assumed. The activation of BAT is a widely discussed topic in the
therapy of obesity and its secondary diseases|53| 54, 55|. The current gold standard of
detecting BAT is the ®F-fluorodeoxyglu-cose positron emission tomography (PET) with
computed tomography (CT). However, this method lacks the reproducibility in subjects
as the BAT can be activated by multiple factors like high calorie intake or cold[56]. Also,
the radiation of PET and the CT causes issues with multiple scans. MR, offers a non-
invasive method to distinguish between BAT and WAT via multiple biomarkers. While
WAT consists of nearly no water, BAT shows higher contents. This lower fat fraction can
be used as a biomarker via chemical shift-encoding (CSE) based quantification methods
to detect brown fat |57, 58, 59]. It was shown that MRS can detect differences between
BAT and WAT. In comparison to WAT, BAT had a lower fat content and a lower unsat-
uration rate. Modern MRI techniques try to show the activation level of BAT. Several
approaches in mice were applied, including blood perfusion of the BAT [60]. Accurate
quantification of BAT with MRI is still limited due to motion artefacts, breathing and
vessels in the region of interest.

3.2 Fat Accumulations in different Regions in the Human
Body

3.2.1 Subcutaneous Adipose Tissue

Subcutaneous adipose tissue (SAT) is defined as the fat between the dermis and the
aponeuroses and muscles including the mammary adipose tissue|61]. It consists mainly
of WAT with low amounts of water. SAT is primarily an energy storage for the human
body and can be easily accessed by the body if lower calorie intake occurs. A short dietary
intervention of 4 weeks in obese women showed a reduction of SAT|20|. There is less of a
consensus regarding the influence of SAT on risk for diseases like DM-II or cardiovascular
diseases. Recent studies separate the SAT in superficial and deep SAT separated by
the fascia superficialis|62]. Golan et al showed in subjects with DM-II that women
have a higher superficial SAT compared to men with similar waist circumference|63].
They also showed that a higher amount of superficial SAT was correlated with lower
blood pressure, higher heart rate variability, indicating a better cardiovascular health and
improved HbA1¢c and fasting glucose, indicating a better control of the insulin sensitivity.
In contrast, a higher amount of deep SAT correlated with increased cardiovascular risk.
This study is in line with other studies suggesting a correlation between the volume
of deep SAT and higher insulin resistance|64, 65]. SAT also showed a high rate of
polyunsaturated fatty acids compared to other fat depots of the body|46]. In particular,
superficial SAT contains a higher amount of unsaturated fatty acids|66, [67].

3.2.2 Visceral Adipose Tissue

Visceral adipose tissue (VAT) is defined as the AT within the chest, abdomen and
pelvis[61]. VAT mainly consists of WAT and surrounds the intraabdominal organs. Like
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SAT, it is a main energy storage of the human body. Males tend to have higher ab-
dominal VAT compared to females|68, 69]. In the study by Cordes et al the reduction
of VAT volume during a four-week intervention was even stronger than the reduction of
SAT|20|. However, VAT is also a hormonally active tissue releasing bioactive molecules
and hormones such as adiponectin, leptin, tumour necrosis factor, interleukin 6[70| con-
tributing to systemic inflammation|71]. Therefore, high amounts of VAT are associated
with numerous pathological conditions like insulin resistance, cardiovascular diseases|72,
73| and increased predisposition for cancer of the colon|74], breast|75] and prostate|76].
VAT also contributes to the level of free fatty acids in the blood|77| interacting with
the insulin balance and may explain the association between higher VAT volumes and
insulin resistance|78| resulting in a higher risk for DM-II. Several studies showed high
correlations between high VAT volumes and cardiovascular risk factors independent of
the BMI|69, [79]. In addition to the volumetric quantification of VAT, the unsaturation
rate of fatty acids is also becoming a focus of current research for a better characterization
and probably better risk assessment for individual subjects|66, 80]. Here, MR offers a
noninvasive method to investigate the unsaturation rate of different subjects. The unsat-
uration rate of the VAT is strongly effected by a high total amount of VAT. Machan et al
showed that the fraction of unsaturated fatty acids in VAT was reduced in subjects with
high total VAT volume[81]. VAT is remaining an interesting topic in research as it has
high influence on the metabolism of the whole body and with an increasing prevalence
of obesity a better understanding will be important for effective treatment.

3.2.3 Liver fat

Liver fat consists of ectopic lipids and results from a disposition of lipids in the liver.
In healthy and lean subjects, fat is not accumulated in the liver. With the increased
rate of overweight and the metabolic syndrome, the rate of NAFLD is also increasing|1].
NAFLD is a main cause of chronic liver disease|35|. Patient suffering from NAFLD have
a high risk of development liver fibrosis leading to irreversible liver cirrhosis with liver
dysfunction and a high risk for the developmnt of liver carcinoma, such as the HCC, or
other lethal complications|82]. Different studies showed that early stages of NAFLD are
reversible|2, 3]. Therefore, keeping track of liver fat changes in subjects suffering from
NAFLD is important for measurement of the treatment and risk assessment. MRI offers
the possibility to measure liver fat noninvasively using PDFF mapping based on CSE
sequences. PDFF mapping also shows a very good spatial resolution and coverage of
the entire organ. In multiple cross-sectional studies a heterogenous liver fat distribution
was shown|83, [84 85| 86]. This effect was also demonstrated in different longitudinal
studies, including subjects within diets [21] and bariatric surgery|87]. Up to this point in
time, a sufficient explanation of this phenomenon remains unclear. Some studies suggest
a difference in perfusion of the liver segments, but the studies showed mixed results and
missing a clear explanation for this phenomenon|88 (89} [90]. However, since liver fat is a
good biomarker for diagnosing NASH and corresponding complications, PDFF mapping
provides a powerful tool to measure the heterogeneity of liver fat in a noninvasive way.
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3.2.4 Bone Marrow Adipose Tissue

Bone marrow mainly consists of trabecular, hematopoietic cells and white adipocytes.
Hematopoietic cells mainly consisting of water and the white adipocytes tissue of triglyc-
erides and both can be measured with the MR. Bone marrow can further be subclassified
in red and yellow bone marrow. Yellow bone marrow is not involved in hematopoiesis and
consists mainly of trabecular and adipocytes. In contrast, red bone marrow is heavily in-
volved in hematopoiesis and therefore consists of a large water margin next to adipocytes.
In adults, red bone marrow is mainly found in central skeleton like the pelvis, vertebrae
and sternum|91]. These regions are also clinically relevant, as they are frequently affected
by osteoporotic fractures. Multiple studies have shown a strong correlation between the
amount of adipocytes in the bone marrow and osteoporosis|[92, 93, 94]. Therefore, un-
derstanding the physiology of bone marrow adipose tissue is receiving more attention to
understand the pathophysiology of osteoporosis. Bone marrow adipose tissue is indepen-
dent of other fat resources of the body and is not correlated with the BMI. In infants,
very low amounts of bone marrow adipose tissue is present and is increases with age. In
subjects below the age of 50 men show higher bone marrow adipose tissue in the verte-
bral bones compared to age matched women. After the age of 50 women show higher
amounts of bone marrow AT|23, [95] |96]. This might be explained by the menopause. It
was also shown by Baum et al that bone marrow AT in vertebrae is increasing from the
cervical spine to the lumbar spine|23|. Not only in osteoporotic patients the composition
of bone marrow fat is changing. Patients suffering from anorexia nervosa show higher
bone marrow fat content|4]. This also correlates with lower bone marrow mineral density
(BMD) in these patients|97]. Fazeli et al also demonstrated a decreasing bone marrow
AT in vertebrae of patients recovered from anorexia nervosa|98|. Therefore, it may be
used as a biomarker for the success of treatment. As the correlation between anorexia
nervosa and higher adipose tissue volume shows is bone marrow adipose tissue indepen-
dent of BMI. It is also not affected by diets[98, |20]. PDFF mapping is mainly used to
assess bone marrow adipose tissue with good spatial resolution. Due to the structure of
bone marrow, the signal-to-noise ratio (SNR) is lower, and therefore the results are more
inconsistent. Another method to access bone marrow AT is MRS. Here, bone marrow
shows a much broader linewidth compared to other tissues with a higher SNR. With MRS
the composition of bone marrow fat can be investigated. Multiple studies have shown
a correlation between bone marrow matrix loss and bone marrow unsaturation rate[15,
99|. Especially in osteoporotic subjects show a decrease of bone marrow unsaturation
rate compared to healthy subjects|15, |30} 19, [16]. However, as the olefinic peak is often
overlapped by a strong water peak with broad linewidth in vertebrae the measurement
of the unsaturation rate can be difficult. The publication “Estimating vertebral bone
marrow fat unsaturation based on short-TE STEAM MRS” [100] included in this thesis
proposes a method to separate subjects with a reliable extraction of the unsaturation
rate compared to subjects in which the unsaturation can not be extracted reliable due
to high amount of water and broad linewidth.
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The magnetic resonance technique excels in giving contrast in soft tissue. For generating
a contrast between different tissues or physiological and pathological changes, multiple
physical properties of 'H-protons are used. These are dependent on surrounding tissues,
but also on the location of the 'H-protons within a specific molecule. In MR, signal
is generated from magnetic spins. The spins are aligned with the main magnetic field
and the spins lie along the longitudinal axis. After the excitation of the spins, they
switch to the transversal axis. After this short impulse, they start to slowly return to the
longitudinal axis - they relax. This longitudinal relaxation time is called 77 relaxation
time or spin-lattice-time as it is depended on the surrounding tissue, the lattice. The T5
relaxation time is the transversal relaxation time and is mainly depending on spin-spin
interaction and is also called the spin-spin-relaxation time. T5 relaxation time is always
faster or equal to the 77 relaxation time. These two parameters mainly influence the
measured signal measured with the MR. Another crucial phenomenon for understanding
the next paragraphs is the concept of chemical shift encoding (CSE). As mentioned above,
the chemical bindings of the 'H-protons and the properties of their respective bonding
partners also affect the 'H-protons. The surrounding electron clouds of these bounds are
shielding the nucleus of the hydrogen protons and therefore have a small influence on the
resonant frequencies. This effect is called chemical shift. At first, it was used to generate
a water and a fat image by measuring one image with water and fat in-phase and one
image with water and fat out-of-phase. With these two images you can calculate a water
and a fat image. In addition, it is possible to calculate the fat fraction by dividing the fat
signal by the sum of the water and fat signal. Over time, multiple physical effects like 7%
decay or By inhomogeneities were discovered and can be measured via CSE imaging. The
chemical shift is stated as part per millions (ppm) as a fraction of the normal resonance
frequency. Water is located at 4.70 ppm. Triglycerides have multiple different 'H-protons
and they all have small different resonant frequencies and with modern sequences these
differences can be measured. Fig. shows the model of triglyceride molecule. The
letters represent 'H-protons with different resonant frequencies. A stands for the methyl
protons located at 0.90 ppm, B for methylene protons located at 1.30 ppm, C for beta-
carboxyl protons located at 1.60 ppm, D for alpha-olefinic protons located at 2.02 ppm,
E for alpha-carboxyl protons located at 2.24 ppm, F for diallylic protons located at 2.75
ppm, G, H and I represent glycerol protons located at 4.10 ppm, 4.30 ppm and 5.19
ppm, respectively and J stands for olefinic protons located at 5.29 pm. By differentiating
individual protons within triglycerides, it is possible to extract further information about
the respective fat tissue, e.g. the unsaturation rate.

11
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Figure 4.1: Example of a triglyceride composed of glycerol (left part), palmitic acid (top
part), oleic acid (middle part) and alpha-linolenic acid (bottom part). The
letters correspond to the respecting peaks in the spectroscopy.

4.1 Qualitative Imaging

Qualitative imaging is often used in clinical applications and provides good contrast be-
tween tissues and shows differences between physiological and pathological tissues. The
generated images are called weighted-images and the contrast is only given by the signal
difference within the voxels of the specific image and can not be compared between dif-
ferent time points or different subjects. The values behind the voxels do not represent
a defined quantity and can only be assessed by the reader. The most commonly used
sequences are Tj-weighted and Th-weighted images. Tj-weighted images using different
longitudinal relaxation times to get a contrast between different tissues. Fat has a short
T time and is therefore brighter on Tj-weighted images compared to water, which has
a slower 17 time. These sequences can be used to show fatty infiltration, e.g. in mus-
cles[101] or in the liver|102]|. It can also be used to specify bone marrow lesions in the
spine [103]. Red bone marrow contains a lot of fatty acids and is therefore bright in
T1-weighted images. Malignant lesions like metastasis contains a much higher amount
of water and will have lower signal. Another important use of T;-weighted images is
the use with contrast agent. Gadolinium has a very quick 77 time and is therefore very
bright in these images. It can indicate hypervascularization in e.g. areas of inflammation.
Th-weighted images rely on the vertical relaxation, the spin-spin-relaxation, to generate
contrast. Tissues with longer T5 relaxation time appear brighter in 75-weighted images
compared to tissues with a shorter 75 time. Water and fat both have longer T5-relaxation
times, and therefore they appear brighter in these images. With Ts-weighted images fat
suppression sequences are often used to get higher contrast in tissues with larger amounts
of water, e.g. in oedema.

12
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4.2 Quantitative Imaging

Quantitative imaging has become increasingly more popular in recent years and there
is a large focus in research on the development of quantitative sequences. It offers the
advantage of robust and objective parameters. While in qualitative imaging the value of a
voxel is not specific and only shows a contrast to surrounding tissue, quantitative imaging
shows absolute quantities of a tissue representing a physical property of the tissue. These
values are comparable between multiple time points of the same subject or even between
different subjects. This makes it easier to define scores and cut-off values within the
framework of evidence-based medicine. This leads to a more personalized treatment
of each individual subject. It also provides the opportunity to monitor the treatment
process in a very objective way. Two commonly used sequences are the chemical-shift
encoding water-fat imaging sequences which are described in section [£.2.1] and single-
voxel MR spectroscopy which are described in section These sequences were also
used in this thesis.

4.2.1 Quantitative chemical-shift encoding water-fat Imaging

The water-fat imaging technique was developed by Thomas Dixon and described a se-
quence acquiring two echoes generating two images[104]. In one image the water and
the fat signals were in-phase and in the other image the water and the fat signals were
out-of-phase. The fat signal was assumed as only one peak, the methylene peak at 1.30
ppm. With these two images a water and a fat image could be generated, and also the
fat fraction as a ratio of fat signal to the sum of water and fat signal could be calculated.
With increasing knowledge about the MRI, e.g. Byp-inhomogeneity, T5-decay or complex
fat models as described in section [4] this technique was developed even further. Distinct
measurement of 75 and the usage of more complex fat spectrums are confounding effects
for PDFF quantification. Multiple echoes at different water-fat angles were acquired,
which also opened the possibility to generate more different images. Modern quanti-
tative multi-echo-based chemical-shift encoding sequences generate a fat image, a water
image, a proton density fat-fraction image - which will be further discussed in more detail
in section [£.3.1]-, a T5-map and a By-map as it is shown in Fig. [£.2]

13
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Figure 4.2: Example of a quantitative chemical-shift encoding based water-fat image with
a) the water image, b) the fat image, ¢) the PDFF-map, d) the T5-map and
e) the Bp-map.

4.2.2 Single-voxel Magnetic Resonance Spectroscopy

LH-MRS is a method to differentiate between the signal of different 'H-protons depending
on chemical-shift, as described in section [l It helps to analyse the composition of a
tissue in a homogenous well-defined volume of interest (VOI). In this thesis it was used
to analyse the composition of fatty acids in bone marrow, but it can also be used to
quantify various metabolites, such as neurotransmitters in the brain and choline in the
liver. The major disadvantage of single-voxel MRS is that it has a very low spatial
resolution. An example of a signal extracted from such a sequence is shown in Fig. [4.3]
Each peak represents a different type of hydrogen proton. For example, the broad peak
labelled A represents the signal of the methylene peak, the peak labelled B represents the
water peak, and the peak labelled C represents the olefinic peak. Multiple peaks can be
fitted into the MR spectrum and can be used for a detailed analysis of the corresponding
volume of interest.

14
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Figure 4.3: Example of a spectroscopie of a Stimulated Echo Acquisition Model sequence
of the vertebra L5 with the black line representing the measured signal, the
blue line the fitted signal and the red line the residuals. The letter A shows
the main fat peak representing the methylene hydrogen protons, B the water
peak and C the olefinic peak.

The most commonly used sequences are the point-resolved spectroscopy (PRESS) and
the Stimulated echo acquisition mode (STEAM). While PRESS has the advantage of
higher SNR and the possibility to acquire larger volume of interests, STEAM can be
used with shorter echo times. In this thesis STEAM-MRS was performed.

4.3 Developing of Imaging Biomarkers

Based on quantitative sequences, imaging biomarkers can be developed. Biomarkers rep-
resent specific quantities in tissues. A biomarker is useful for clinical application if it
measures a clinically relevant quantity. There are several conditions that a biomarker
must meet. First, the biomarker must match the gold standard and therefore measure the
correct quantity. That means the biomarker must be accurate. Second, the biomarker
has to be robust to small changes in the setup. Third, the biomarker has to be precise,
meaning it has to be repeatable between multiple time points and between multiple sub-
jects. Fourth, the measurement has to be reproducible independent of scanner, operator
or reader. A biomarker matching these conditions can be used in clinical application.
Initially, average values for these quantities can then be developed in healthy subjects
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to provide a baseline and to show changes in healthy subjects, for example with age.
In a next step, patients with diseases that have an impact on the tissues then can be
compared with the healthy subjects and therefore diagnostic tools and sequences for
specific diseases can be defined. Early changes can be seen with the MR and earlier
diagnoses might be possible. If the changes are reversible, therapy monitoring is also
possible.

The developing of biomarkers and their respective boundary values is a main focus of
ongoing research. The quantitative imaging approach has the great advantage that the
images of subjects can be evaluated objectively. Also, the amount of difference between
subjects can be determined. Especially patients with changes in tissue affecting the
suitable biomarkers benefit from the quantitative imaging as the degree of the changes
can be determined. Depending on this information from studies, the degree of tissue
alternations can be used to develop scores and classifications and then lead to a more
personalized treatment. The research of automated build analysis using artificial intel-
ligence also benefits from the use of quantitative imaging. In the following two sections
the biomarkers proton density fat fraction (PDFF) and fat unsaturation range as these
were used in this thesis.

4.3.1 Proton Density Fat Fraction

PDFF is a very reliable biomarker for measuring the fat concentration in a tissue. It
is broadly used in the clinical environment as a diagnostic tool. It defined as density
of the 'H-protons in triglycerides divided by the sum of the density from triglycerides
and water. The density is measured by CSE as described in section [d PDFF can be
measured with MRI as well as with MRS. The determination of PDFF can be very useful
for monitoring different diseases. For example, it is used in the liver as a biomarker for
early detection and therapy monitoring of NAFLD or other diseases with increase liver
fat. As a healthy subject has close to no fat in the liver, even very small changes can be
tracked using this method. An example of a liver with high and one with low PDFF are

shown in Fig.
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Figure 4.4: Example of two subjects with a) low liver PDFF and b) high liver PDFF.

Another example is the measurement of PDFF in the spine as a biomarker for the risk
of osteoporosis. Here it is well established as a biomarker and shows strong correlation
with Dual-Energy X-Ray Absorptiometry measurements. PDFF is known to increase
with age and in the lower vertebrae.

4.3.2 Fat unsaturation rate

Fat unsaturation is measured with MRS by extracting the olefinic peak. With MR it is
measured via MRS. It is defined as the signal of the olefinic peak at 5.30 ppm divided
by the sum of the signal of all fat peaks. The accuracy is very much depending on the
tissue. The main problem is the broad linewidth due to the low signal. As the water
peak at 4.70 ppm is close to the olefinic peak, the water peak can overlay the olefinic
peak. An example is shown in Fig. In tissues without water the unsaturation rate is
very well extractable, but in tissues with high amount of water, like the bone marrow in
the spine it is more difficult. Overall, unsaturation rate is a more challenging biomarker
compared to PDFF.
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Figure 4.5: Example of a spectroscopy of a Stimulated echo acquisition model sequence
of the vertebra L5 with the black line representing the measured signal, the
blue line the fitted signal and the red line the residuals. The olefinic peak is
mainly overlapped by the water peak and fitting results can vary depending
on the fitting method.
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5 Compliance with Ethical Standards

All investigations performed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research committee as
well as the 1964 Helsinki declaration and its later amendments or comparable ethical
standards. The included studies also were approved by the ethics comitee of the Technical
University Munich (Ethik Votum 5802/13 S-AS). Informed consent was obtained from
all individual participants included in the studies.
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6 Journal Publications

6.1 Longitudinal changes on liver proton density fat fraction
differ between liver segments

The publication entitled Longitudinal changes on liver proton density fat fraction differ
between liver segments was published in Quantitative Imaging in Medicine and Surgery
(Volume 11(5):1701-1709). The manuscript was authored by Jan Syvéri, Daniela Junker,
Lisa Patzelt, Katharina Kappo, Loubna Al Sadat, Sonia Erfanian, Marcus R. Makowski,
Hans H. Hauner, Dimitrios C. Karampinos

6.1.1 Abstract

Background To study the spatial heterogeneity of liver fat fraction changes during a
long-term lifestyle intervention study using magnetic resonance imaging (MRI).

Methods Thirty-two subjects underwent two MRI-scans in a span of one year. A
chemical shift encoding-based water-fat separation method was applied to measure liver
proton density fat fraction (PDFF) maps. The PDFF changes in the two liver lobes and
the Couinaud segments were compared with the mean liver PDFF change.

Results The slope of the relationship between mean liver PDFF changes and PDFF
liver lobe changes was higher in the right compared to the left lobe

(SZOpemeanPDFFw;wleliverNmeanPDFFM-ghtlobe - 108;

510pemeanPDFthozelmrNmeanPDFFZEftzobe =0.93, P <0.001). The highest slope of agree-
ment between PDFF changes in each specific liver segment and mean liver PDFF changes
was observed in segment VII (slope = 1.12). The lowest slope of agreement between
PDFF changes in each specific liver segment and mean liver PDFF changes was observed
in segment I (slope = 0.77).

Conclusion Larger PDFF changes in the right liver lobe were observed compared to
PDFF changes in the left liver lobe (LLL) in subjects with both increasing and decreas-
ing mean liver PDFF after one year. The results are in line with the existing literature
reporting a heterogeneous spatial distribution of liver fat and highlight the need to spa-
tially resolve liver fat fraction changes in longitudinal studies.
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6.1.2 Author contributions

I performed the recruitment and MRI scans of the study participants, manual segmen-
tation of ROIs within each Couinaud segment of the liver as well as the post-processing,
quantification and statistical analysis of MRI data using Python and R. In collabora-
tion with the co-authors I designed the analyzed and interpreted the data and wrote the
manuscript of the publication.
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Figure 6.1: Changes of the liver PDFF in the LLL (A) and the RLL (B) as a function of
mean liver PDFF change. The right lobe shows larger liver PDFF changes
compared to the left lobe, visualized by the slopes of the regression line.
PDFF, proton density fat fraction; LLL, left liver lobe; RLL, right liver lobe.

6.1.3 Copyright
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Background: To study the spatial heterogeneity of liver fat fraction changes during a long-term lifestyle
intervention study using magnetic resonance imaging (MRI).

Methods: Thirty-two subjects underwent two MRI-scans in a span of one year. A chemical shift encoding-
based water-fat separation method was applied to measure liver proton density fat fraction (PDFF) maps.
The PDFF changes in the two liver lobes and the Couinaud segments were compared with the mean liver
PDFF change.

Results: The slope of the relationship between mean liver PDFF changes and PDFF liver lobe changes
was higher in the right compared to the left lobe (lope e ppEF whole fiver - mean PDEF right lobe =1-08, SI0P€,can PDFE whole
Jiver - mean PDFF Ieft lobe =0-93, P<0.001). The highest slope of agreement between PDFF changes in each specific
liver segment and mean liver PDFF changes was observed in segment VII (slope =1.12). The lowest slope
of agreement between PDFF changes in each specific liver segment and mean liver PDFF changes was
observed in segment I (slope =0.77).

Conclusions: Larger PDFF changes in the right liver lobe were observed compared to PDFF changes in
the left liver lobe (LLL) in subjects with both increasing and decreasing mean liver PDFF after one year.
The results are in line with the existing literature reporting a heterogeneous spatial distribution of liver fat

and highlight the need to spatially resolve liver fat fraction changes in longitudinal studies.

Keywords: Lifestyle intervention study; liver fat fraction spatial heterogeneity; quantitative MRI; Dixon MRI;
proton density fat fraction (PDFF)
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Introduction risk of developing liver fibrosis and liver cirrhosis leading

. . . to irreversible liver dysfunction and eventually are at high
A sedentary lifestyle and chronic over-nutrition are the Y v &

. . . . risk for liver carcinoma or other fatal complications (6). It
leading causes for the increasing rates of overweight,

metabolic syndrome and subsequently type 2 diabetes in
many countries around the globe (1-3). The metabolic
syndrome is associated with fat deposition in the liver, and
eventually with the occurrence of nonalcoholic fatty liver
disease (NAFLD) (4), which is a main cause of chronic liver
disease (5). Specifically, patients with NAFLD are at high

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

is well known that early fat deposition in the liver caused
by over-nutrition and the lack of exercise is reversible
(7,8). Therefore, tracking liver fat changes in patients
with NAFLD is important for both risk assessment and
treatment.

Measuring liver fat is feasible using either invasive or

Quant Imaging Med Surg 2021;11(5):1701-1709 | http://dx.doi.org/10.21037/qims-20-873
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non-invasive methods. Liver biopsy is considered the gold
standard for measuring liver fat in single locations (9).
However, since liver biopsy is highly invasive, its use
in longitudinal studies can be associated with strong
discomfort for the patient and other complications. Single-
voxel magnetic resonance spectroscopy (MRS) has been
shown to be a very reliable way of non-invasively measuring
the liver proton density fat fraction (PDFF) (10). However,
single-voxel MRS has limited spatial coverage as it typically
reports the result on one specific area of the liver per
measurement. Therefore, neither biopsy nor single-voxel
MRS can cover the whole liver and therefore cannot detect
any heterogeneity in liver fat deposition. In addition,
repetitive measurements could become difficult to perform
using techniques with limited spatial coverage, since the
selection of the exact same region during the measurement
at different timepoints is more difficult to execute.

Magnetic resonance imaging (MRI)-based PDFF
mapping has been alternatively emerging as a reliable
and accurate technique for spatially resolving liver fat
fraction non-invasively. MRI-based PDFF has been
validated as a biomarker in comparison with MRS and
biopsies (11,12). MRI-based liver PDFF mapping adds
the advantage of spatially covering the whole organ with
adequate resolution and therefore enables the investigation
of liver fat distribution throughout the whole organ taking
into consideration any differences between the individual
Couinaud liver segments. In addition, as the whole liver
is covered during the scan, placing of regions of interests
(ROI) after the scan can be easily compared to previous
measurements of the same subject, which is important for
longitudinal measurements.

Multiple cross-sectional studies have reported
heterogeneous liver fat distribution across different lobes
and segments (13-16). Recently, Fazeli Dehkordy er al. (17)
showed, based on PDFF mapping, a heterogeneity in liver
fat distribution both at baseline and after bariatric weight-
loss surgery and reported right lobe segments having higher
PDFF at baseline and a more rapid reduction in liver
PDFF than left lobe segments. In this study, all subjects lost
weight after surgery and showed a decreasing PDFF across
all liver segments and lobes. However, it is not known
how the spatial distribution of the PDFF is changing in a
longitudinal setting, where subjects participating in a long-
term lifestyle intervention study might either gain or lose
weight during the intervention.

The purpose of our study was to study the spatial
heterogeneity of PDFF changes in subjects participating in
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a long-term lifestyle intervention study and show variable
changes in body weight.

Methods
Subjects

Thirty-two subjects (18 women and 14 men) participating
in a German wide prospective, randomized, multicenter
lifestyle intervention study at the Else Kroner-Fresenius-
Center for Nutritional Medicine, Technical University of
Munich, with MRI scans at two different time points within
a time interval of one year were included in the present
analysis. Inclusion criteria were age between 18 and 75 years
and a high risk of developing diabetes mellitus type 2 by
scoring more than 50 points in the screening questionnaire
“German Diabetes Risk Test” (18). The subjects received
nutritional counseling for one year covering multiple
appointments. It included discussing nutritional protocols,
information and recommendations on healthy eating
and moderate energy restriction for losing weight, and
individual guidance for more exercise. Further inclusion and
exclusion criteria and more details about the intervention
can be found at (19). The present dataset includes 17
subjects scanned before the beginning of the intervention
and after 1 year and 15 subjects scanned after the end of the
intervention at two time points with an interval of 1 year
when weight regain was frequently occurring.

MRI measurements

The study was approved by an ethics committee and all
subjects gave written informed consent before participation
in the study including repeated MRI scanning. MRI was
performed on a whole-body-MRI-scanner (Ingenia, 3.0,
Philips Healthcare, Best, The Netherlands) using the built
in 12-channel posterior and 16-channel anterior coil.

"The MRI acquisition consisted of an axial six-echo multi-
echo 3D spoiled gradient echo sequence for chemical
shift-encoding based water-fat separation of the abdomen
using bipolar gradient readouts. The acquisition time was
14.1 s and was performed with a single breath hold and
covered the liver, with the following parameters: TR/TE1/
ATE =7.8/1.3/1.1 ms, echoes =6, FOV =300x402.6x150 mm’,
acquisition voxel size =1.97x3.01x6.00 mm’, acquisition
matrix =152x133, SENSE reduction factor =2.2 (RL) x1.2
(FH), frequency direction = A/P, bandwidth =1,522.8 Hz,
NSA =1, flip angle =3°.
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Complex multi-echo gradient-echo images were
generated and provided as input to the fat quantification
algorithm provided by the vendor (mDixon Quant,
Philips Healthcare), including the following steps: a
phase correction step was performed first to address eddy
current-induced phase errors. Field inhomogeneity-
induced misregistration effects and chemical shift-induced
mis-registration effects were minimized by using the
maximum receiver bandwidth. A complex-based water-
fat decomposition was performed next using a single T,*
correction and a pre-calibrated fat spectrum accounting
for the multi-peak nature of the fat spectrum. A seven-
peak fat spectrum model was used (20). The PDFF map
was computed as the ratio of the fat signal over the sum
of fat and water signals and the magnitude discrimination
approach was used to reduce noise bias effects (21).

Segmentation of liver PDFF

In each Couinaud segment (22) of the liver, a circular ROI
with a diameter of 20 mm (volume of ~1,885 mm’) was
placed by a researcher (JS) with 2 years of experience in
liver segmentation with 3D Slicer as described by Tang (23).
Liver PDFF was calculated per ROl in each segment. Mean
liver PDFF was calculated as the mean of all ROIs from
each segment. For mean PDFF of left liver lobe (LLL), the
mean PDFF of the ROIs of segments I, IL, III, IVa and IVb,
and for the right liver lobe (RLL) of the segments V, VI,
VII and VIII, respectively, were calculated.

For inter-observer analysis, 7 subjects (21.9%) were
segmented by a second observer (LP, 1 year of experience
in liver segmentation) and the inter-observer correlations
for mean PDFF of whole liver, liver lobes and liver
segments were calculated to study the reproducibility of the
segmentation.

Statistical analysis

Statistical analyses were performed with RStudio [RStudio
Team (2016). RStudio: Integrated Development for R.
RStudio, Inc., Boston, MA, URL http://www.rstudio.com/].
Linear regression was calculated with Pearson correlation
coefficient analysis with 0.05 level of significance. Two-
sided paired #-test was used to calculate differences in fat
content between liver lobes with 0.05 level of significance. A
statistical test was performed to compare the slope between
PDFF changes in the LLL and mean PDFF changes and
the slope between PDFF changes in the RLL and mean
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PDFF changes, using a z statistic defined by the difference
between the slopes of the regression lines divided by the
standard error of the differences between the slopes (24).
The intraclass correlation coefficient (ICC) was used to
calculate inter-observer agreement.

Results
Subjects’ characteristics

The age range of the scanned subjects was from 24 to 76
(mean: 54.3) years at the timepoint of the first MRI scan.
Subjects showed weight changes ranging from +11.1 kg
(+11.4%) to -11.4 kg (-10.1%) with a mean absolute change
of 3.8 kg; 17 subjects showed weight gain (mean weight
increase: +3.8+2.9 kg) and 15 subjects showed weight loss
over the period of 1 year (inean weight decrease: -4.0+3.5 kg).
The subjects did not show different changes in weight
depending on the starting point (starting point before
intervention: -1.2+4.9 kg, starting point after intervention:
+1.425.0 kg).

Inter-observer analysis

The ICC for PDFF values between the two observers per
liver segment was 0.998 for segment I, 0.994 for segment
1L, 0.994 for segment III, 0.989 for segment IVa, 0.998 for
segment Vb, 0.986 for segment V, 0.997 for segment VI,
0.998 for segment VII and 0.999 for segment VIII. The
ICC for the total mean liver PDFF change was 0.998, for
the PDFF change of the RLL was 0.998 and for the PDFF
change of the LLL was 0.998.

PDFF spatial variation at baseline and follow-up

At baseline, the median PDFF was 7.5% in the RLL (range,
0.6-43.8%) and 5.5% in the LLL (range, 0.8-39.9%)
(paired #-test: P<0.001). At 1-year follow-up, the median
PDFF was 9.2% in the RLL (range, 2.8-42.4%) and 6.7%
in the LLL (range, 1.6-41.6%) (paired z-test: P<0.001). All
results of the individual segments are shown in Table 1.

Correlation between mean liver PDFF and PDFF of
specific lobes and segments at baseline

Strong correlations were observed between the mean liver
PDFF and the PDFFs for the different lobes and segments
(P<0.001 for both lobes and all segments). The liver PDFF
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Table 1 Values of mean, standard deviation (SD), median and range of PDFF in % of total liver mass, left liver lobe, right liver lobe and specific

liver segments at baseline and follow-up scans

Region Baseline (I)/follow-up (I1) Mean (%) SD (%) Median (%) Min (%) Max (%)
Total liver | 9.8 9.7 6.4 0.7 41.7
I 10.2 9.5 7.7 21 41.4
Right lobe | 10.9 10.1 7.6 0.6 43.8
I 11.1 9.5 9.2 2.8 42.4
Left love I 8.8 9.4 5.5 0.8 39.9
I 9.5 9.5 6.7 1.6 41.6
Seg | | 7.7 9.2 51 -1.2 37.7
I 8.3 9.2 5.8 1.0 39.7
Seg Il | 9.4 9.7 6.2 -0.3 421
I 10.1 9.9 7.9 1.6 45.5
Seg Il I 8.9 10.1 5.4 0.1 43.2
I 10.0 10.2 7.2 0.9 45.2
Seg IVa I 9.0 8.9 5.6 1.4 36.4
I 9.4 8.7 6.6 0.7 37.9
Seg IVb | 9.2 9.8 5.7 0.7 40.1
I 9.5 10.0 6.3 1.3 43.2
Seg V I 10.1 10.4 6.3 0.3 42.2
1] 10.2 9.0 7.4 1.6 39.7
Seg VI | 10.9 9.7 8.2 -0.1 43.0
I 10.7 8.4 9.5 3.0 38.7
Seg VI | 10.9 10.2 71 0.5 44.9
I 1.7 10.3 9.2 2.6 46.6
Seg VI I 11.6 10.6 8.3 1.9 453
I 11.7 10.7 8.8 2.2 44.7

PDFF, proton density fat fraction.

of both lobes showed a close correlation with mean liver
PDFF (R’ o1 =0.99, R’
R’ values of agreement with the mean PDFF were observed
in segments IVa (R’ =0.99), IVb (R* =0.99) and VI (R’ =0.98).
The lowest R’ values were observed in the segments |

(R? =0.96), II (R? =0.96) and IX (R* =0.96).

=0.98, respectively). Highest

right lobe

Comparison of individual lobe PDFF changes

Figure 1 shows two examples of liver PDFF maps at baseline
and follow-up for a subject with increasing liver PDFF

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(Figure 14,B) and for a subject with decreasing liver PDFF
(Figure 1C,D). In both subjects, the absolute PDFF changes in
the RLL (white circle) were larger, compared to the absolute
PDFF changes in LLL (green circle).

Figure 2 shows the correlation of the changes of PDFF
in the left and the right lobe with mean liver PDFF change.
The regression line of the LLL PDFF change with the
mean liver PDFF change (Figure 2A4) had a slope m of
0.93 and an intercept of -0.23%. The regression line of
the RLL PDFF change with the mean liver PDFF change
(Figure 2B) had a slope m of 1.08 and an intercept of -0.29.

Quant Imaging Med Surg 2021;11(5):1701-1709 | http://dx.doi.org/10.21037/qims-20-873



Quantitative Imaging in Medicine and Surgery, Vol 11, No 5 May 2021 1705

Mean liver PDFF: 15.2%
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Figure 1 Liver PDFF maps at two time points (A, C at baseline and B, D after one year) for (A,B) one subject with increasing liver PDFF
(weight gain of 5.9 kg) and (C,D) one subject with decreasing liver PDFF (weight loss of 7.1 kg). (A) shows higher PDFF in the right lobe
compared to the left lobe. (B) shows the same subject after one year with strongly increasing mean liver PDFF and a larger PDFF change in
the right lobe compared to the left lobe (APDFF ., iy, =7.4%, APDFF ;3 jope
right lobe compared to the left lobe can also be detected in the subject with decreasing mean liver PDFF (APDFF, . =-2.7%, APDFF
=-4.0%) (C,D). PDFF, proton density fat fraction.

=8.2%). The same effect of larger changes of liver PDFF in the
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Figure 2 Changes of the liver PDFF in the LLL (A) and the RLL (B) as a function of mean liver PDFF change. The right lobe shows larger
liver PDFF changes compared to the left lobe, visualized by the slopes of the regression line. PDFE, proton density fat fraction; LLL, left
liver lobe; RLL, right liver lobe.
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Figure 3 Changes of the liver PDFF for each by Couinaud segment (A,B,C,D,E,F,G,H,I) as a function of mean liver PDFF change. PDFF
changes in segments V and VII show the strongest influence on the mean liver PDFF change (highest slope). PDFF changes in segment I

show the weakest influence on the mean liver PDFF change (lowest slope). PDFF, proton density fat fraction.

The slope of the regression line for the correlation of RLL
PDFF change versus the mean liver PDFF change was
significantly higher (P<0.01) when compared to the slope of
the agreement for the LLL PDFF change versus the mean
liver PDFF change.

Comparison of specific segment PDFF changes

Figure 3 shows the correlation of PDFF changes in each
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Couinaud segment compared with the mean liver PDFF
changes. The highest slope of agreement between PDFF
changes in each specific liver segment and mean liver PDFF
changes was observed in segment VII (mg,,. =1.12). The
lowest slope of agreement between PDFF changes in each
specific liver segment and mean liver PDFF changes was
observed in segment I (my,,. =0.77). The segments with
higher agreement slopes were in the RLL and the segments
with lower agreement were in the LLL.
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Discussion

The present work performed a longitudinal analysis of
PDFF changes in subjects participating in a long-term
lifestyle intervention study for weight loss to investigate
regional changes in liver PDFF over a period of one year.
The main finding was a larger change of PDFF in the
RLL compared to the LLL for a given mean liver PDFF
change. In addition, the RLL had a stronger influence on
mean liver PDFF than the LLL. For a given mean liver
PDEFF change (including both subjects with increasing and
subjects with decreasing mean liver PDFF), differences in
regional changes of liver PDFF per liver segment were also
observed, with highest absolute changes in segments V and
VII—both in the RLL—and lowest absolute changes in
segments I and III—both in the LLL.

Liver fat deposition assessed by biopsy is known to be
spatially heterogeneous (15,16) and liver PDFF has been
reported as being spatially heterogeneous in previous
studies (13,14). To address the above spatial heterogeneity
of liver PDFE, different ROI sampling methods have been
reported in the literature (25,26). The present method
adopted the ROI sampling method introduced in (23).
Inter-observer analysis in the present work showed high
agreement between the two observers.

Despite some evidence for spatial heterogeneity of
liver PDFF in a cross-sectional setting (15,16), only a
few studies have characterized how heterogeneous PDFF
changes may behave in longitudinal studies. In a previous
study by Fazeli Dehkordy ez /. (17), it was shown that
subjects with decreasing liver PDFF following bariatric
surgery have a larger liver PDFF decrease in the right
lobe compared to the left lobe. The results of the present
study are in agreement with the study by Fazeli Dehkordy
et al. Additionally, the present study shows that liver
PDFF changes in the RLL contribute stronger to mean
liver PDFF changes in subjects with both increasing and
decreasing liver PDFF.

The exact reasons for the observed heterogeneous
changes in liver PDFF remain unclear. A common
explanation suggested by other studies reporting on
heterogeneous liver PDFF distribution is the difference
in perfusion of the respective liver segments (13,17).
Specifically, different studies have tried to explain the
heterogeneous liver fat distribution by differences in venous
blood flow in the portal vein depending if the blood’s origin
was mesenteric or splenic. However, the above studies
show mixed results and do not offer a clear explanation for
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the heterogeneous PDFF distribution in the liver (27-29).
Despite the lack of a definite explanation for the observed
spatial heterogeneity in liver PDFF changes, the present
study is in line with previous studies reporting an
inhomogeneous segmental and lobar liver fat distribution
in subjects with NAFLD (13,14) and advocates for a high
spatial resolution PDFF measurement with whole liver
coverage to more accurately assess liver fat changes.

The present study has several limitations. First, the
present study included participants with different levels
of compliance during and after the lifestyle intervention,
resulting in subjects with both increasing and decreasing
mean liver PDFF over the one-year observation period.
However, the key intention of the present study was to
investigate regional liver PDFF changes in subjects with
longitudinal mean liver PDFF changes. An additional
analysis of the weight changes between the group scanned
before the beginning of the intervention and after 1 year
and the group scanned after the end of the intervention
at two time points with an interval of one year showed
no statistical differences in the extent of weight change
between the two groups. Second, regional liver analysis
was based on ROI drawing as suggested in previous studies
(25,26) and no whole liver segmentation was performed.
Third, the sample size of the present study was small and
turther studies are required to verify the results in larger
cohorts.

Conclusions

Heterogeneous long-term liver PDFF changes in the
left and right lobe and the liver Couinaud segments were
observed in subjects scanned longitudinally during and after
a long-term lifestyle intervention study with significant
weight fluctuations. Given a mean liver PDFF change,
the RLL, and segments in this area, showed larger PDFF
changes compared to the LLL and the respective segments.
Therefore, liver PDFF measurement methods with high
spatial resolution and whole liver coverage should be
used to track liver fat fraction heterogeneity changes in
longitudinal studies.
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6.2 Estimating vertebral bone marrow fat unsaturation
based on short-TE STEAM MRS

The publication entitled Estimating vertebral bone marrow fat unsaturation based on
short-TE STEAM MRS was published in Magnetic Resonance in Medicine (Volume
85, Issue 2, p 615-626). The manuscript was authored by Jan Syvéri, Stefan Ruschke,
Michael Dieckmeyer, Hans H. Hauner, Daniela Junker, Marcus R. Makowski, Thomas
Baum, Dimitrios C. Karampinos.

6.2.1 Abstract

Purpose To define a metric for the separability between water and olefinic fat peaks that
defines a threshold beyond which the extraction of the olefinic fat peak from vertebral
bone marrow short-echo time-stimulated echo acquisition mode MRS at 3T is feasible
when using a constrained peak fitting based on the triglyceride fat model.

Methods The water and olefinic peak height difference was defined as a metric for quan-
tifying the separability of water and olefinic fat peaks. Fat unsaturation was determined
using an unconstrained olefinic peak fitting and a constrained fitting of all fat peaks to
the triglyceride model. The agreement between the two peak-fitting methods was used
to define a threshold on water and olefinic peak height difference separating two groups
(A and B), based on L5 short-echo time-stimulated echo acquisition mode (TE = 11 ms)
spectra from 252 subjects measured at 3T.

Results A threshold on water and olefinic peak height difference was defined. Group
A with a good agreement of the olefinic fat peak between the two peak-fitting methods
showed a mean number of double bounds = 2.95 + 0.21, a mean number of methylene-
interrupted double bounds = 0.94 + 0.16 and also a significantly lower coefficient of
variation for all fatty acid composition parameters compared to group B (p < .001). The
water and olefinic peak height difference value showed an inverse association with fat
fraction.

Conclusion A threshold of a metric quantifying the separability of the water peak and
the olefinic fat peaks was defined for the estimation of the vertebral bone marrow fat
unsaturation from short-echo time-stimulated echo acquisition mode MRS. The proposed
methodology shows that the assessment of vertebral bone marrow unsaturation is feasible
with a short-echo time-stimulated echo acquisition mode MRS in subjects with a higher
fat fraction.

6.2.2 Author contributions

I performed the postprocessing, quantification and statistical analysis of the magnetic res-
onance spectroscopy data using MATLAB (Mathworks, Natick, MA) and R and helped
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to develop the Monte Carlo Simulation. In collaboration with the co-authors I per-
formed the recruitment and MRI examinations of the study participants, analyzed and
interpreted the data and wrote the manuscript of the publication.
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Figure 6.2: Model to define the metric WOPHD which helps the investigator to decide
if the extraction of an unsaturation rate is feasible. WOPHD, water olefinic
peak height difference

6.2.3 Copyright
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Purpose: To define a metric for the separability between water and olefinic fat peaks
that defines a threshold beyond which the extraction of the olefinic fat peak from
vertebral bone marrow short-echo time-stimulated echo acquisition mode MRS at 3T
is feasible when using a constrained peak fitting based on the triglyceride fat model.
Methods: The water and olefinic peak height difference was defined as a metric for
quantifying the separability of water and olefinic fat peaks. Fat unsaturation was
determined using an unconstrained olefinic peak fitting and a constrained fitting of
all fat peaks to the triglyceride model. The agreement between the two peak-fitting
methods was used to define a threshold on water and olefinic peak height difference
separating two groups (A and B), based on L5 short-echo time-stimulated echo ac-
quisition mode (TE = 11 ms) spectra from 252 subjects measured at 3T.

Results: A threshold on water and olefinic peak height difference was defined.
Group A with a good agreement of the olefinic fat peak between the two peak-fitting
methods showed a mean number of double bounds = 2.95 + 0.21, a mean number of
methylene-interrupted double bounds = 0.94 + 0.16 and also a significantly lower
coefficient of variation for all fatty acid composition parameters compared to group
B (p < .001). The water and olefinic peak height difference value showed an inverse
association with fat fraction.

Conclusion: A threshold of a metric quantifying the separability of the water peak
and the olefinic fat peaks was defined for the estimation of the vertebral bone marrow
fat unsaturation from short-echo time-stimulated echo acquisition mode MRS. The
proposed methodology shows that the assessment of vertebral bone marrow unsatu-
ration is feasible with a short-echo time-stimulated echo acquisition mode MRS in

subjects with a higher fat fraction.
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1 | INTRODUCTION

The study of bone marrow adipose tissue is gaining signifi-
cant attention in understanding the pathophysiology of bone
matrix loss in osteoporosis.'> MRI and MRS techniques
have been emerging for noninvasively measuring properties
of bone marrow adipose tissue.*> Most of the recent MRI
and MRS work has focused on measuring the bone marrow
fat fraction (FF) with a wide range of applications in different
diseases.®” Another property of bone marrow fat, which has
been shown to be relevant in relating bone marrow adipose
tissue to matrix bone loss has been bone marrow fat unsatu-
ration.'*!! Specifically, previous studies have shown a reduc-
tion in bone marrow fat unsaturation in osteoporosislo’12 and
diabetes.'*"*

Bone marrow fat unsaturation measurements are typi-
cally performed using single-voxel MRS experiments by
resolving the olefinic fat peak in the spectral proximity
of the water peak.15 The visual appearance of MR spectra
from yellow bone marrow is similar to MR spectra from
subcutaneous fat,16 with the exception that in trabecular-
ized bone regions the spectral linewidths are significantly
broader because of magnetic susceptibility effects induced
by the bone matrix.* The measurement of bone marrow fat
unsaturation in red marrow regions is, however, signifi-
cantly more challenging than in yellow marrow regions.11
In addition to the presence of broad linewidths, red marrow
typically encloses a large water peak that might partially
overlap with the olefinic fat peak.'” A highly clinically
relevant red marrow region is the vertebral bone marrow
based on the clinical significance and prevalence of verte-
bral fractures in osteoporotic subjects. Vertebral bone mar-
row (VBM) contains a large amount of water (with a FF of
the order of 50%) and is characterized by broad linewidths
with both effects complicating the extraction of the olefinic
fat peak.”’18

Many of the existing in vivo MRS studies measuring VBM
fat unsaturation metrics have been based on point resolved
spectroscopy (PRESS) acquisitions with longer echo times
(TEs) in the range between 30 ms and 40 ms at 3T.10.12.18
However, J-coupling effects are expected to affect the quanti-
fication of olefinic fat peak area in PRESS acquisitions with
such long TEs. 1 Stimulated echo acquisition mode (STEAM)
MRS acquisitions with short TEs have been shown to be less
sensitive to J-coupling effects compared with PRESS MRS
acquisitions.lg’20 Alternative methods to reduce the effect of
J-coupling on olefinic fat peak area determination include
long-TE PRESS acquisitions,zl’22 long-TE STEAM acquisi-
tions,23 24 and diffusion-weighted STEAM acquisitions,20 but
with all three methods being associated with reduced signal-
to-noise ratio (SNR). MRS processing of short-TE STEAM
MRS employing constrained peak fitting based on the tri-
glyceride fat model has been recently applied in regions of

subcutaneous and visceral adipose tissue.”>%® However, it is
not known for which measured spectra the extraction of the
olefinic fat peak is feasible when using short-TE STEAM
MRS combined with constrained peak fitting based on the
triglyceride fat model in VBM.

The purpose of the present study was to define a metric
for the separability between water and olefinic fat peaks that
defines a threshold beyond which the extraction of the ole-
finic fat peak from vertebral bone marrow short-TE STEAM
MRS at 3T is feasible when using a constrained peak fitting
based on the triglyceride fat model.

2 | METHODS

2.1 | Subjects

The lumbar spine region of 252 healthy volunteers with an
age range between 18 and 77 years (154 women and 98 men;
mean age 43.7 + 15.8 years) was scanned on a 3T whole-
body scanner (Ingenia 3.0T, Philips Healthcare, Best, The
Netherlands) using the built-in 12-channel posterior coil
array. Inclusion criteria were no history of fracture and no
pathological bone changes, such as bone metastases or he-
matological or metabolic bone disorders. The study was
approved by the local institutional committee for human
research. All subjects gave written informed consent before
participation in the study.

2.2 | MRS acquisition

MRS was applied to the L5 vertebral body based on appropri-
ate localizing sequences. The L5 vertebral body was selected
because it usually has the largest volume of all vertebral bod-
ies. In a small number of subjects, the L5 vertebra was subject
to degenerative changes; therefore, L4 was measured. The
default MRS voxel size was 15 x 15 x 15 mm®. If necessary,
the MRS voxel size was reduced to fit within the vertebral
body. Moreover, chemical-shift-displacement effects were
considered during the positioning of the volume of interest by
visualizing both the water voxel (center frequency selected
at the water peak) and the fat voxel (based on the chemical
shift of the main fat peak and the STEAM MRS RF pulses
bandwidth). A STEAM single-voxel MRS sequence with the
following parameters was used: pulse repetition time = 6 sec-
onds (to minimize any T;-weighting effects); Mixing Time =
16 ms (set to shortest Mixing Time to minimize J-coupling
effects); TE = 11 ms (STEAM with shortest TE to minimize
J-coupling effects'?); eight repetitions with four phase cy-
cles; 4096 sampling points; spectral acquisition bandwidth
of 5 kHz; no water suppression; no regional saturation bands.
The very asymmetric “spredrex” RF pulses (duration of 7 ms,
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bandwidth of 2277 Hz) provided by the vendor were used to
achieve a STEAM MRS voxel localization with TE = 11 ms.

2.3 | MRS processing

Frequency-based spectral fitting was performed using in-
house written routines in MATLAB (Mathworks, Natick,
Massachusetts). Pseudo-Voigt lineshapes27 with a 0.8 X
Gauss + 0.2 X Lorentzian lineshape for the fat peaks and a
0.2 X Gauss + 0.8 x Lorentzian lineshape for the water peak
were employed. Figure 1A,C show measured VBM fat spec-
tra with fat peaks observed at spectral locations 0.90, 1.30,
1.6,2.02,2.24,2.75, 4.15, 4.30, 5.19, and 5.29 ppm. The let-
ters A and D were assigned to peaks at 0.90 ppm [methyl:
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(=CH,),—CH,), 2.77 ppm (diallylic methylene: —CH=CH-
CH,—CH=CH-], respectively. The letter B was assigned
to the superposition of peaks at 1.30 ppm ([methylene:
(—CH,),—1] and 1.59 ppm [p-carboxyl: -CO—CH,—CH,—],
the letter C to the superposition of peaks at 2.00 ppm (o-olefinic:
—CH,-CH=CH-CH,—) and 225 ppm (a-carboxyl:
—CO—-CH,—CH,~), the letter E to the superposition of peaks
at 4.15 ppm and 4.30 ppm (glycerol: —CH,—O—-CO-), and
the letter F to the superposition of peaks at 5.19 ppm (glycerol:
—CH,0-CHO-CH,0-) and 5.31 ppm (olefinic: -CH=CH-).
Three different peak-fitting methods were employed. First,
the method previously described by Dieckmeyer et al.'” was
used to estimate the FF. The FF determination method relied
on the fitting of the olefinic and glycerol fat peaks constrained
to the methylene and methyl peaks based on an a priori

(A)
= measured
== = fitted peaks
= fitted total
m— residual
water
f

Olefinic peak location
(ole)

Olefinic peak location
(ole)

swater(OIe) - solefinic(OIe)

WOPHD =

Stotal(°|e)

WOPHD < WOPHD*

‘ Group A

WOPHD 2 WOPHD*

—)

Group B

FIGURE 1

Full (A,C) and zoomed (B,D) vertebral bone marrow MR spectra with different degree of separability between the olefinic fat

peak and water fat peak. A,C, MR spectrum with high fat fraction where the olefinic peak is visually separated from the water peak. B,D, MR
spectrum with low fat fraction where the olefinic peak is not visually separated from the water peak. At the spectral location of the olefinic fat

peak, S, is the fitted signal of the water peak, S

olefinic the fitted signal of the olefinic peak, and S, is the fitted signal of all peaks combined. The

height difference between the water and olefinic peak is defined based on the above signals. A cut-off value for the WOPHD* is searched to define
the range of parameters for which the extraction of the olefinic fat peak is feasible (group A). Groups A and B are defined based on WOPHD*

(Figure 2). WOPHD, water olefinic peak height difference
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known average triglyceride model, as previously determined
in Dieckmeyer et al.'’ Second, two methods were used to as-
sess the ability to extract unsaturation parameters with differ-
ent peak constraints. The unconstrained fitting method used
an unconstrained fitting of the olefinic and glycerol fat peaks,
independent of the main fat peak. The constrained fitting
method constrained all fat peaks to a parameterized triglycer-
ide model. The parameterized triglyceride model consisted of
the three main parameters: the mean chain length, the mean
number of double bonds (ndb) per triglyceride, and the mean
number of methylene-interrupted double bonds (nmidb) per
triglyceride.25 In both the unconstrained fitting method and
the constrained fitting method, a common fat peak linewidth
and an independent water peak linewidth were constrained
to be below 0.50 ppm and 1.50 ppm, respectively. The
spectral locations of the fat peaks were allowed to vary by
+0.03 ppm, and the water peak location was allowed to vary
by +0.10 ppm.

Indicative SNR levels in the in vivo data were calculated
in frequency domain, by dividing the highest signal by the
standard deviation (SD) of the noise in a spectral region with-
out peaks.

2.4 | Fatfraction estimation

The previous method proposed by Dieckmeyer et al.'” was
adopted. After fitting for the peaks A, B, C, and D, as well
as for the water peak, the peaks E and F were calculated
based on a triglyceride model,? with an assumed value for
ndb = 3.13 and nmidb = 0.70."” For the two glycerol-peaks
at 4.15 ppm and 4.30 ppm, the total area was calculated as
5.62% of the area of peaks A + B, respectively. Area of
the glycerol peak at 5.19 ppm was calculated at 1.41% of
the area of peaks A + B and the area of the olefinic peak at
8.79% of the area of peaks A + B. In total, 11 parameters
were fitted (fat peak areas of six peaks at A, B, C, and
D as described above; water peak area; spectral location
of water peak; common spectral location of all fat peaks;
linewidth of water peak; and common linewidth of all fat
peaks).

2.5 | Unconstrained fitting for olefinic fat
peak estimation

In the unconstrained fitting method, the spectra were fitted
the same way as in the fitting for the fat fraction estimation,
but the olefinic peak at 5.29 ppm was not constrained to the
area of peak A + B. The glycerol peak at 5.19 ppm was con-
strained as 1.41% to the area of peaks A + B. The glycerol
peaks at 4.15 ppm and 4.30 ppm were calculated as 5.62 % of
the area of peaks A + B, respectively. In total, 12 parameters

were fitted (fat peak areas of six peaks at A, B, C, and D
as described above; olefinic fat peak area; water peak area;
spectral location of water peak; common spectral location of
all fat peaks; linewidth of water peak; and common linewidth
of all fat peaks).

2.6 | Constrained fitting for olefinic fat
peak estimation

The constrained fitting method was based on a constrained
fitting of all peaks to the triglyceride model by Hamilton
et al.® A fixed chain length of 17.33% was assumed. The
peaks were fitted for free ndb and nmidb. In total, eight pa-
rameters were fitted (ndb; nmidb; triglyceride scaling factor;
water peak area; spectral location of water peak; common
spectral location of all fat peaks; linewidth of water peak; and
common linewidth of all fat peaks).

2.7 | Metrics definition

In general, the ability to resolve the olefinic fat peak in the
spectral proximity of the overlapping water peak depends
on both the FF and the water/fat peaks linewidth. A metric
of the water and olefinic peak height difference (WOPHD)
was thus defined aiming to quantify the ability to resolve the
olefinic fat peak in the spectral proximity of the overlapping
water peak:

WOPHD = Swaler (Ole) B Soleﬁnic (Ole) (1)
Stotal (Ole)

where S(ole) is the signal strength of the fitted signal at the
spectral location of the olefinic fat peak (Figure 1). S, ,(0l€)
is the fitted signal of the water peak at the olefinic fat peak
spectral location, S, fqic(0le) the fitted signal of the olefinic
peak at the olefinic fat peak spectral location, and S, (ole) is
the fitted signal of all peaks combined at the olefinic fat peak
spectral location.

To measure the WOPHD metric, the fitting method for
FF estimation was used. By definition, WOPHD depends on
both the FF and the water/fat peaks linewidth: High WOPHD
values are associated with a strong water peak, broader line-
width, and an olefinic fat peak that cannot be separated from
the overlapping water peak. Low WOPHD values are associ-
ated with a small water peak, narrow linewidth, and an ole-
finic fat peak that can be separated from the overlapping water
peak. The results of the peak-fitting methods were then used
to determine the following fat composition metrics, assuming
that Ag,peais stands for the area under all fat peaks, A
stands for the area under the water peak and A finicpea
for the area under the olefinic peak at 5.29 ppm.

waterpeak
« stands
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The FF was defined as:

FF Afatpeaks

(@)

Afalpeaks +Awaterpeak

based on the peak areas determined by the method proposed
by Dieckmeyer et al.'’ (fat fraction estimation method). The
olefinic fraction (OF) was then defined as:

Aoleﬁnicpeak

OF = (3)
A fatpeaks

and determined based on the peak areas by the two fitting
methods (unconstrained/constrained fitting for olefinic fat
peak estimation).

A WOPHD cut-off value, labeled as WOPHD#*, was
defined as the WOPHD value below which the extraction of
the olefinic fat peak is feasible. WOPHD* splits the exper-
imentally measured spectra into two groups: Group A was
defined as the group of spectra with WOPHD < WOPHD*
that allows the separation of water from the olefinic fat peak
(Figure 1). Group B was defined as the group of spectra with
WOPHD > WOPHD* that does not allow a reliable separa-
tion of water from the olefinic fat peak (Figure 1).

To determine WOPHD#*, the agreement between the ole-
finic fraction results between the unconstrained olefinic fat
peak-fitting method and the constrained olefinic fat peak-fitting
method in the experimentally measured spectra was em-
ployed. The slope of the agreement of the OF values between
the unconstrained peak-fitting method and the constrained
peak-fitting method in group A was plotted as a function of
WOPHD#* (Figure 2). In addition, the normalized norm of
residuals (normalized R2) of the agreement for the OF val-
ues between the unconstrained peak-fitting method and the
constrained peak-fitting method in group A was plotted as a
function of WOPHD#* (Figure 2). WOPHD* was defined as
the value for which the slope of the agreement of the OF val-
ues between the unconstrained peak-fitting method and the
constrained peak-fitting method in group A equals one.

2.8 | Numerical simulations

Monte Carlo simulations were performed to verify the
WOPHD* extraction based on the experimentally measured
spectra. Synthetic MR spectra were generated using the tri-
glyceride model and a fixed chain length of 17.33.%% Pseudo-
Voigt lineshapes27 with a 0.8 X Gauss + 0.2 X Lorentzian
lineshape for the fat peaks and a 0.2 X Gauss + 0.8 X
Lorentzian lineshape for the water peak were employed and
the fat peak locations were defined as for the experimental
spectra. Additional parameters were selected in a physiologi-
cal range: 10% < FF < 100%, 0.6 <ndb < 4,0 <nmidb < 1.6

with ndb/nmidb > 2, 0.3 ppm < water peak linewidth
< 0.8 ppm, and 0.3 ppm < fat peak linewidth < 0.8 ppm.
Complex Gaussian noise was added in time domain and the
simulations were repeated at different SNR levels: SNR =
60 (low SNR case) and SNR = 170 (average SNR case). At
each SNR level and set of parameters, the simulations were
repeated 50 times resulting in 841 500 number of simulated
spectra per SNR level. The slope of the agreement and the
normalized norm of residuals for the OF values between the
unconstrained peak-fitting method and the constrained peak-
fitting method in group A, now defined based on the simu-
lated spectra, were plotted as function of WOPHD*.

2.9 | Bootstrapping and statistical analysis
To investigate the reproducibility of peak-fitting results,
bootstrapping of the experimentally measured spectra was
performed. Based on the acquired eight repetitions, employ-
ing four phase cycles, 16 different combinations of four rep-
etition were subsampled for bootstrapping. The coefficient of
variation (CV) was calculated for ndb, nmidb, and OF for the
constrained peak-fitting method.

All statistical analyses were performed with RStudio
(Version 1.1.423; RStudio, Inc., Boston, Massachusetts;
http://www.rstudio.com/). Tests were performed at a signif-
icance level of *P < .05, **P < .01, and ***P < .001. Two-
sided ¢ tests were performed to test differences in extracted
parameters between subject groups A and B. The relationship
between FF and WOPHD in the measured spectra was finally
investigated to gain additional insights on the main parame-
ters affecting WOPHD.

3 | RESULTS
The spectra from five subjects were excluded because of poor
spectral quality. The determination of WOPHD*, which de-
fines the separation between groups A and B, was based on
the maximization of the agreement of the OF peak estimation
between the unconstrained and the constrained peak-fitting
methods (Figure 2A). Figure 2B plots the normalized norm
of residuals and Figure 2C plots the slope of the linear agree-
ment between the unconstrained and the constrained peak-
fitting methods estimating the OF in group A. The values of
WOPHD* that minimize the normalized norm of residuals
(blue dot point in Figure 2C) and that result in a slope equal
to one (green dot point in Figure 2D) are close and around
the WOPHD* value of —0.1. Therefore, WOPHD* was set to
—0.077, as for this value WOPHD* results in the slope of the
linear agreement between the constrained and unconstrained
peak-fitting method in group A equal to 0.997 (and closest
to one). Groups A and B were thus defined by spectra with



620 . . o e
—l—Magnetlc Resonance in Medicine

SYVARI ET AL.

(A) group A

10/

OFunconstrained fitting method
s

10

OFconstrained fitting method

(B) 1.75 .
: : chosen WOPHD* : -0.077
| —_—
! - R
1 »*
1
f 5
1.50 : -
! <
1 -
1 -
! .
] - -~
5 :
. 1.25 4 ‘ _‘?_.
1 “ s
L8t
! ¥
o v
1.00 s 4
' - ¢ : _;:
. U > ’:
* 1
- 1
: T T
0.0 0.5
WOPHD

© .
: chosen WOPHD* : -0.077
|
8e-04 :
|
|
|
l
7e-044 & :
N . 1
o . I
ks 3 |
N ogeoa] - ;
(] oo 1
A E.
c -. : ‘_N.\'"‘-‘_‘_
5e-04 - : -
e ' -
BN Y
. !
i S \
4e-04 1 w N
W
I
L T T
0.0 0.5
WOPHD

FIGURE 2 A, Agreement of the OF between unconstrained fitting method and constrained fitting method for groups A and B. B,C, The
determination of WOPHD* is based on maximizing agreement of the OF between the two fitting methods. Low WOPHD#* values are associated

with a limited number of samples in group A. High WOPHD#* values are associated with spectra where the olefinic fat peak and water peaks cannot

be separated. WOPHD* was set to —0.077, resulting in (B) a slope of the correlation line of the OF between the constrained and unconstrained

fitting method close to one, and (C) close to the minimum of the normalized norm of residuals in group A. WOPHD, water olefinic peak height

difference; OF, olefinic fraction

WOPHD < —0.077 in group A (n = 92) and spectra with a
WOPHD > —0.077 in group B (n = 155).

The following values were extracted based on the con-
strained peak-fitting method: mean ndb was 2.95 + 0.21
in group A and 2.62 + 0.50 in group B. Mean nmidb was
0.94 + 0.16 in group A and 0.60 + 0.38 in group B. The
mean linewidth of fat was 0.46 + 0.05 ppm in group A and
0.52 + 0.07 ppm in group B. The mean linewidth of water
was 0.51 + 0.06 ppm in group A and 0.51 + 0.07 in group B.

Supporting Information Figures S1-S3 present the depen-
dence of the OF results for both the constrained and uncon-
strained peak-fitting methods and the dependence of WOPHD
on FF, linewidth, and SNR based on the numerical simulations.

Figure 3 shows the numerical simulation results at dif-
ferent SNR levels for the dependence of the normalized
norm of residuals and the slope agreement between the two
peak-fitting methods on WOPHD* (Figure 3A at SNR = 60
and Figure 3B at SNR = 170). The points of the minimum
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FIGURE 3 Numerical simulation results, A,B, Show the results of the numerical simulation at an SNR = 60; C,D, at an SNR = 170. Obtained
slope of the correlation line of constrained and unconstrained fitting model (A,C) and the normalized norm of residuals (B,D). A WOPHD* cutoff
of —0.077 yields a slope of 1.021 and a normalized norm of residuals of 8.8.0 X 1075 (SNR = 60) and a slope of 1.023 and a normalized norm of
residuals of 3.2 X 107 (SNR = 170). WOPHD, water olefinic peak height difference

normalized norm of residuals and slope equal to one (blue
and green points, respectively), have been determined based
on the experimentally measured spectra. The slope of the OF
agreement between the two peak-fitting methods in group A
based on the simulated spectra was equal to 0.9925 at SNR =
60 and equal to 0.9924 at SNR = 170 (Figure 3A,C).
The minimum normalized norm of residuals for the OF
agreement between the two peak-fitting methods in group
A based on the simulated spectra also shifted to higher
WOPHD#* values with increasing SNR (Figure 3B,D).

Figure 4 shows the CV resulting from the bootstrapping
analysis. There was a significant difference (P < .001) be-
tween group A and group B in the CV results of the measured
parameters (OF, ndb, and nmidb). The CV of all parameters
was significantly higher in group B compared to group A
(P < .001). The mean + SD of the CV per parameter for
each group was: OF group A: 2.47% + 1.22%, OF group B:
5.24% + 3.21%; ndb group A: 2.34% + 1.15%, ndb group B:
5.00% + 3.10%; and nmidb group A: 7.93% + 4.39%, nmidb
group B: 40.68 + 64.58, with some values above 100%.
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FIGURE 4 Box plot comparison between results from constrained fittings for the coefficient of variation of (A) OF, (B) ndb, and (C,D) nmidb
values between group A and group B. D, A zoomed version of (C). *** indicates p < .001. CV, coefficient of variation; ndb, number of double
bounds; nmidb, number of methylene interrupted double bounds; OF, olefinic fraction

Figure 5 shows a high correlation between the FF and
WOPHD in the experimentally measured spectra, including
both groups A and B (R* = 0.90, slope = —49.19, intercept =
50.4).

4 | DISCUSSION

Despite the fact that VBM fat unsaturation has been shown
to be linked to bone health,10 there is currently no consensus

on which type of MRS acquisition and peak-fitting method
should be employed for extracting the olefinic fat peak in the
spectral proximity of the overlapping water peak. The present
work employed short-TE STEAM MRS with a constrained
peak fitting based on the triglyceride fat model. The short-TE
STEAM MRS acquisition was selected because of its known
property of reducing J-coupling effects,'® and its already
wide application in studies measuring VBM FE* The con-
strained peak fitting based on the triglyceride fat model® was
adopted to reduce the confounding effect of the overlapping
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FIGURE 5 Correlation plot between
fat fraction (FF) and WOPHD. Correlation 100
between FF and WOPHD yielded R>=0.90
and a slope = —49.25 and intercept =

50.47. Dashed line corresponds to
WOPHD* and splits the measured spectra
in group A (green points) and group B (red
points). WOPHD, water olefinic peak height
difference
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water—fat peaks. A threshold on the separability of water and
olefinic fat peaks was determined by comparing the self-
consistency of the OF estimation using two different peak-
fitting methods. Two groups were defined based on the
threshold on the separability of water and olefinic fat peaks
in a large pool of experimentally measured spectra. It was
demonstrated that there are significant differences between
the two groups concerning the mean of OF, ndb, and nmidb.
Group A showed higher values for all three parameters com-
pared to group B. The mean ndb and nmidb of group B were
distinctly lower than the literature values.'"® Specifically,
some results for nmidb with values below 0.2 in group B ap-
peared to be out of the physiological range compared with the
literature.'®'” In group A, the mean values were close to the
values mentioned in the literature,'®!” and the within-group
SD was smaller compared to group B.

In the employed numerical simulations, the OF results for
both the constrained and unconstrained peak-fitting methods
showed an increased precision for higher FF (Supporting
Information Figure S1), narrower linewidths (Supporting
Information Figure S2), and higher SNR (Supporting Infor-
mation Figure S3). For higher FF and narrowed linewidths,
WOPHD decreased, suggesting a better separability of
the water and olefinic fat peaks (Supporting Information
Figures S1 and S2). The constrained fitting method resulted
overall in more precise estimation of OF compared to the
unconstrained fitting method (Supporting Information
Figures S1-S3).
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As no gold-standard measurement for the VBM fat un-
saturation was available, the simulation framework was also
used to verify that a threshold on the separability of water
and olefinic fat peaks can be determined by comparing the
self-consistency of the OF estimation using two different
peak-fitting methods. The employed simulation framework
could simulate noise effects, but no signal model mis-
matches, in contrast to the experimentally measured data
where both noise effects and model mismatches affect the
measurements. Similar to the experimentally measured
data, the simulation showed that the normalized norm of
residuals, a function of WOPHD?*, has a local minimum.
For lower WOPHD*, fewer spectra are included in group A,
and for higher WOPHD#*, there is a big overlap of the water
and the olefinic peak leading to an increase of the normal-
ized norm of residuals. The shift of the minimum of nor-
malized norm of residuals to higher WOPHD#* for higher
SNR values can be explained by the fact that at higher SNR
and in the absence of model mismatches, the separation of
the olefinic and water fat peak can be achieved for higher
values of WOPHD. The presented SNR levels of 60 and 170
in the simulations were chosen based on the range of the in-
dicative SNR levels from the experimental data. The simu-
lation verified the definition of WOPHD*, as the WOPHD*
value minimizing the normalized norm of residuals based
on the simulated data, was close to the WOPHD* value
minimizing the normalized norm of residuals based on the
experimental data. In addition, the agreement slope for the
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simulated data at the WOPHD* value determined from the
experimental data was close to one.

By performing bootstrapping and calculating the CV for
each in vivo spectrum, the reproducibility of the results was
studied for groups A and B. For the parameters OF, ndb, and
nmidb, group A showed significantly lower CVs than group B,
suggesting that the spectra of group A can be measured with a
higher reproducibility than the spectra of group B. The CV of
nmdib was relatively high in both groups A and B compared
with the other parameters, but the CV of nmidb in group A
was still significantly lower than the CV of nmdib in group B.

In Figure 5, it is can be seen that WOPHD is mainly depen-
dent on the FF, in accordance with the previous work by Xu
et al.'® Therefore, the proposed methodology shows that with
a short-TE MRS acquisition, the VBM unsaturation is feasible
for WOPHD < —0.077 (primarily spectra with high FF) using
either the presently employed unconstrained or constrained
peak-fitting methods for the estimation of OF. Attention should
be paid when using short-TE MRS for determining VBM un-
saturation in subjects with WOPHD > —0.077 (primarily spec-
tra with low FF). However, the present work does not provide a
conclusive answer to which acquisition method should be used
for short-TE MRS spectra with WOPHD > —0.077.

Instead of short-TE STEAM MRS acquisitions, long-TE
PRESS acquisitions,ZI’22 long-TE STEAM acquisitions,23 24
and diffusion-weighted STEAM acquisitions20 have been
previously proposed to reduce the effect of J-coupling on the
olefinic fat peak area determination. Long-TE PRESS and
long-TE STEAM acquisitions have been also applied for bone
marrow fat applications. A major limitation of these methods
is the SNR loss caused by increased T,-weighting, which is
particularly relevant when measuring VBM fat unsaturation.
In addition, multi-TE STEAM MRS with short TEs has been
emerging as the method of choice to measure the VBM pro-
ton density FF* and typically includes the shortest-TE scan
included in the present study.

Here the work has been based on the agreement of the
OF values between two frequency-domain—fitting methods.
Both frequency-domain and time-domain peak-fitting meth-
ods have been previously employed in the analysis of ver-
tebral bone marrow spectra. Frequency-domain methods are
typically limited to fitting the real part of a well-phased spec-
trum. Instead, time-domain methods fit the complex time-
domain data and can more easily incorporate line-shape mod-
els and phase parameters, as has been also recently shown in
vertebral bone marrow applications.18 The proposed meth-
odology used the frequency representation of the spectra
to define WOPHD* based on the agreement of two fitting
methods, given that a definition of the metric for the sepa-
rability of the water and olefinic fat peaks is more intuitive
in the frequency domain. However, metrics for assessing the
separability of the water and olefinic fat peaks could be also
constructed when using time-domain fitting methods.

The present study has several limitations. First, the defi-
nition of the threshold based on WOPHD and the determi-
nation of the two groups was based on the agreement of the
results between two fitting methods, and there was no gold-
standard experimental measurement available. In general, it
is expected that when the olefinic peak is clearly separable
from the water peak, both the constrained and unconstrained
peak-fitting methods would give equivalent results for the OF.
The application of the above observation on a rich data set of
252 spectra was the basis of the analysis in the determination
of the two groups. Despite the lack of gold-standard reference
measurements assessing the accuracy of the reported fatty
acid composition metrics, the proposed methodology should
provide a good estimation for which the VBM unsaturation is
feasible and not confounded by overlapping water—fat peaks.
Second, to address the lack of a reference experimental mea-
surement, a Monte Carlo simulation was performed, which
has some limitations of its own. The simulation considered
only noise effects, which could explain the decrease in the
slope for the two fitting methods agreement by increasing
WOPHD, whereas the experimental data show an increasing
slope with increasing WOPHD. However, including param-
eters to also simulate a model mismatch would require too
many additional degrees of freedom. Third, a measurement
of reproducibility would formally require repeated measure-
ments with patient-repositioning. The computation of the CV
based on a bootstrapping analysis should in part explain why
the OF CV range reported here is significantly lower from
the OF CV range reported in previous studies.!! However, the
bootstrap analysis was able to characterize the difference be-
tween the two groups, given the overall low SNR of the MR
spectra in VBM. Fourth, J-coupling effects were minimized,
but cannot be totally excluded when using short-TE STEAM
MRS acquisition. Fifth, the Voigt lineshape factors in the
presently employed frequency domain-based peak-fitting
routines were determined empirically and were maintained
constant across spectra.

5 | CONCLUSION

A threshold on the separability of the water peak and the
olefinic fat peaks was defined for the estimation of the VBM
fat unsaturation from short-TE STEAM MRS using a con-
strained peak fitting based on the triglyceride fat model. The
proposed methodology shows that the assessment of VBM
unsaturation is feasible with a short-TE STEAM MRS in
subjects with a higher FF.
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FIGURE S1 Dependence of A, OF of the constrained fit-
ting method, B, OF of the unconstrained fitting method, C,
WOPHD on the fat fraction based on simulated spectra (ndb =
3.0, nmidb = 1.0, linewidth = 0.45 ppm and SNR = 60). The
red line indicates the reference OF value

FIGURE S2 Dependence of A, OF of the constrained fit-
ting method, B, OF of the unconstrained fitting method,
C, WOPHD on the linewidth based on simulated spectra
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(FF = 50%, ndb = 3.0, nmidb = 1.0 and SNR = 60). The red
line indicates the reference OF value

FIGURE S3 Dependence of A, OF of the constrained
fitting method, B, OF of the unconstrained fitting method,
C, WOPHD on SNR based on simulated spectra (FF = 50%,
ndb = 3.0, nmidb = 1.0 and linewidth = 0.45 ppm). The red
line indicates the reference OF value
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7 Discussion

7.1 Review of Existing Literature

Fat accumulation as a biomarker is a very good biomarker for characterizing and moni-
toring diseases. Next to the pure amount of fat, MRI also offers the possibility to look
at different parameters like fat fraction or unsaturation rate. Change of fat volume and
composition in most fat depots of the body depend on the nutritional state of the subject.
Therefore, it can be used to monitor metabolic disorders. There is normally almost no fat
in the liver of a healthy person|14]. However, with a sedentary lifestyle and an increasing
prevalence of obesity, the prevalence of liver fat is also increasing. As liver fat does not
occur in early stages of obesity, it is rather used for monitoring the risk of complication
like liver cirrhosis|82]. Bone marrow fat content behaves differently compared to other fat
depots. The content of adipose tissue in bone marrow is independent of the nutritional
status of the individual. Instead, it seems to be more related to bone marrow health.
Therefore, accessing adipose tissue in bone marrow with the MR could result in early
detection of bone marrow diseases like osteoporosis|92, 93, 94, [23, 95, (96]. Additional
to the different behaviour regarding the nutritional state, bone marrow is more difficult
to access with the MR steaming from low SNR. The next sections will be a literature
summary about the biomarker fat in the liver and bone marrow using the
MR.

7.1.1 Liver Fat Fraction Biomarker

With an increasing prevalence of the metabolic syndrome the prevalence of fat deposition
across organs is also increasing|l]|, and therefore a good biomarker tracking liver fat is
needed to monitoring therapy and prevent complications to appear like liver cirrhosis,
liver insufficiency or carcinomal35, |82]. It is especially important as these complications
are irreversible, in contrast to early stages of liver fat deposition|2, [3]. There are multiple
ways of measuring liver fat. The gold standard is taking a biopsy. A biopsy has the
disadvantage of very low spatial resolution as only on small part of the liver is covered.
Additionally, a biopsy is highly invasive and therefore very uncomfortable for the patient
and has a risk for complications such as infections. Especially for longitudinal setups as
therapy monitoring it is not feasible. It is also possible to use ultrasound for detecting
liver fat. Ultrasound is ubiquitous available in the Western world and is a very fast and
cheap method. Disadvantages are that it is very depending on the examiner and it is a
qualitative method and can not be quantified. However, the ultrasound is a very good
method for screening for liver fat|105]. The MR offers a method to quantify liver fat
non-invasively and reproducible. PDFF as a biomarker offers these advantages. MRS is

50
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often used to quantify liver fat[106, |107} [108]|. It shows very accurate results which are
very reproducible. It also offers the advantage of extracting unsaturation rate. The main
disadvantage is that MRS offers low spatial resolution. MRI-based PDFF-mapping offers
the advantage of high spatial resolution. The results are also very robust and accurate.
It is also well validated in comparison with biopsies and MRS|[109, [110]. It also offers
the advantage of covering the whole organ with one single sequence in one breath-hold
with adequate resolution. Multiple cross-sectional studies have shown a heterogeneous
distribution of fat in the liver|[83, 84, |85]. The right lobe has higher fat fraction compared
to the left lobe. Recently it was shown, that after bariatric weight-loss surgery the fat
fraction in the right liver lobe (RLL) was reduced faster compared to left lobe (LLL)|[87,
21].

7.1.2 Bone Marrow Fat Fraction and Unsaturation Rate Biomarkers

Bone marrow can be subdivided in two different kinds of bone marrow: in red and yellow
bone marrow. Red bone marrow is hematopoietically active and has high amount of
water next to the bone matrix. Yellow bone marrow has higher amount of lipids. With
increasing age a lot of red bone marrow is converted to yellow bone marrow. This is also
represented in bone marrow fat. With increasing age the fat fraction is increasing. Fat
fraction in bone marrow is also sex dependent. Young male subjects have higher amounts
of fat fraction in the vertebrae compared to young female subjects. With increasing age
the difference is reduced and around the age of 50 the fat fraction is even between male
and female subjects[23, 95]. Griffith et al even showed a higher fat fraction in female
subjects in the group older than 50 years compared to the male subjects|96]. An expla-
nation offered by the authors is a redistribution of the fat during the menopause. Baum
et al showed lower fat fraction in more cranial vertebrae and higher fat fraction in the
more caudal vertebrae|23|. Vertebral bone marrow can be assessed with chemical-shift
encoding-based water-fat imaging or 'H-MRS|100, 20, |16]. Chemical-shift encoding-
based water-fat imaging has the advantage of covering the whole spine in one single
sequence. 'H-MRS only covers one single vertebrae, but it offers further information
about the vertebrae like the unsaturation rate. Unsaturation rate becomes of higher
interest for research. A decrease in unsaturation rate in vertebral bone marrow is asso-
ciated with osteoporosis|15, 30, [19]. It was also shown that people suffering from DM-II
also have lower unsaturation rate|16).

7.2 Present Work

The dissertation offers several contributions in the field of MR measurements for measur-
ing fat in different fat depots across the body. The journal publications (JP) emphasize
on optimizing measuring of fat properties depending on difficulties in each respective
tissue. JP-I focuses on spatial distribution of fat in the liver and the differences in the
changes during an intervention. JP-II describes and establishes a method to separate
MR spectra in bone marrow, where the unsaturation rate of fat can be measured reliable
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from spectroscopies where the unsaturation rate of fat can not be measured reliable due
to broad linewidth and overlaying water peak.

7.2.1 Novelty

Both JPs contribute to the field in MR of measuring properties of fat across the body.
JP-I describes a longitudinal study showing the heterogeneous liver distribution in the
liver during a long-term intervention. It was shown that after bariatric surgery the fat
in the RLL decreases faster compared to the LLL[87]. The novelty of the JP-I in this
dissertation is that subjects with in- and decreasing liver fat were included and showing
stronger changes in the RLL. This emphasizes the importance of high spatial resolution
when measuring liver fat. JP-II focuses on bone marrow adipose tissue, which behaves
differently than other types of adipose tissue and is more complicated to measure with the
MR. Spatial resolution is less important, but therefore it is more important to focus on
the fat composition. Bone marrow MRS faces technical challenges and the measurement
of the unsaturation is not always reliable due to broad linewidth and an overlaying water
peak. This publication proposes a new metric to quickly separate spectra in two groups,
where the unsaturation rate can be measured reliably in one group compared to the other
group where the measurement of unsaturation rate is not reliable.

7.2.2 Impact

This dissertation improves the noninvasive assessment of different fat depots across the
body with MR.

In JP-I, PDFF was determined in all 9 Couinaud liver segments as well as in the
LLL and RLL. The findings show that changes in the RLL are much stronger compared
to the LLL which is very interesting for monitoring subjects with NAFLD. Even the
differences between individual segments could be shown. Single-voxel ' H-MRS and even
liver biopsies which are the gold standard for measuring liver fat miss the heterogeneity of
liver fat. Using these techniques with low spatial resolution could over- or underestimate
the changes of liver fat. JP-I emphasis this aspect of liver fat imaging and highlights the
importance of using techniques which access liver fat with high spatial resolution.

In JP-II single-voxel-' H-MRS was performed in the vertebral bone marrow and a metric
was developed and established for a fast estimation whether the measurement of the fat
unsaturation rate is feasible. If all measured bone marrow spectra are treated equally
the reproducibility of the measurement of the unsaturation in some spectra is very low.
However, up to this point the investigator had no objective metric to determine the
feasibility of the measurement of unsaturation rate. So far, the examiner needed to
decide this based on the visibility of the olefinic peak. This leads to big differences
between observers. JP-II shows big differences in the feasibility of measuring the fat
unsaturation rate in bone marrow and also large differences in the reproducibility between
different subjects. In the future this metric should be applied to see if the measured
unsaturation rate is feasible and, therefore, improves future research regarding bone
marrow fat unsaturation rate.
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7.2.3 Limitations

The publications included in this dissertation are not free of limitations, which are dis-
cussed in this paragraph. JP-I was a long term lifestyle intervention study with very
small control over the compliance of the included participants, leading to increasing and
decreasing weight and resulting increasing and decreasing liver fat during the one year
observation period. Some subjects were also included after the one-year intervention.
However, further analysis showed no significant difference in weight change between these
two groups. Another limitation is that not the whole liver was covered by the applied
sequence. Therefore, the total liver fat could not be measured, but was calculated as
the average between the ROIs of each segment|111]. Also, a larger cohort would have
strengthened the conclusion of the study. Further studies should replicate the results.

In JP-II the biggest limitation is that there is no gold standard for measuring the in-
vivo bone marrow fat unsaturation rate. To address this issue, a Monte Carlo simulation
was performed with limitations of its own. In the simulation only noise effects were
considered. Model mismatches were not considered as it would need a lot of included
parameters and therefore require multiple degrees of freedom. Also, due to no gold
standard measurement, the proposed metric was defined by the agreement of two different
models of fitting bone marrow spectroscopy. Another limitation is the way reproducibility
was measured. Usually, repeated measurements with repositioning of the subject should
be performed. However, the bootstrap analysis performed in this study was able to show
higher reproducibility of measuring the fat unsaturation rate in the group with better
measurement of the unsaturation rate determined by the metric.

7.3 Perspective

This dissertation focuses on the improved non-invasive characterization of fat. Overall,
imaging of fat and its properties with MR will increase in significance in identifying risk
factors, early diagnosis of diseases and therapy monitoring. Concretely, the JPs included
in this dissertation have multiple applications and also different further developments
can be thought of.

JP-I included only a small number of subjects. Further studies should include more
subjects and confirming the results from this study. As PDFF mapping is a very ro-
bust biomarker, a clinical application could also be a potential next step. This would
improve the possibility of monitoring NASH and could also identify complications like
liver cirrhosis or carcinoma earlier. The main problem could be high cost and not long
scan times of the MR making it difficult to implement it in the clinical routines. Espe-
cially, as ultrasound also can detect liver fat and other changes in the liver and is much
cheaper and universal available. Another direction ongoing research should continue is
understanding the reason of the heterogeneous fat distribution in the liver. Some stud-
ies suggest difference in perfusion of the liver as an explanation for the heterogeneous
changes in liver PDFF. However, the results of studies investigating liver perfusion are
not consistent|88, (89, |90] so a clear explanation is still missing.

The new method of JP-II should find usage especially in research. So far, most studies
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do not differentiate between spectra with reliable measurement of the bone marrow fat
unsaturation rate from other spectra. Therefore, the measured results might differentiate
from the true unsaturation rate and wrong assumption could be made. From now on,
studies measuring fat unsaturation rate in bone marrow should use the metric suggested
in JP-II.

7.4 Conclusion

In conclusion, this thesis focuses on the assessment of different fat parameters with
MR across the body. It shows that fat in different areas of the human body must
be treated differently, regarding technical approach and the interpretation of the data.
The ectopic liver fat is an early indicator of an unhealthy lifestyle, while bone marrow
adipose tissue is not influenced by the nutritional state but by the general bone health. In
this dissertation it was shown that high spatial resolution is important when measuring
liver fat as it is very heterogenous distributed. It was also shown that changes in liver
fat content are very heterogeneous. Regarding bone marrow this dissertation provides
a method to differentiate between olefinic peaks that can be measured reliable with
Magnetic Resonance Spectroscopy and ones that are not reliably measured.

Further research must take these differences into account to develop more specific fat
related biomarkers to create a clinical impact.
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