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Abstract 
The interest of in vivo measurements of fat has increased over the years due to the 
increasing prevalence of obesity and obesity-related conditions such as diabetes, 
cardiovascular disease, and fatty liver. The relationship between the accumulation 
of adipose tissue within the different depots and organs of the body, and the risk of 
developing numerous diseases, has been investigated and established. However, the 
role of the fatty acid composition (FAC) of the adipose tissue in various diseases is 
yet to be settled and understood. In this thesis, MR-based methods for in vivo 
quantification of fat content and fatty acid composition have been investigated. 
Possible applications have been explored as well. 

Today, the most widely used methods for assessing fat are based on magnetic 
resonance imaging (MRI). In some cases, MRI is even considered gold standard and 
one of the most common MRI-methods is water/fat imaging. Water/fat imaging has 
the possibility of measuring both the adipose tissue volume in depots designated for 
fat storage and the fat and adipose tissue within organs or body parts such as the 
liver or skeletal muscle. For example, the fat accumulation in skeletal muscle of 
patients with lymphedema was estimated using water/fat imaging in Paper II. 
Excess fat was found in both the intermuscular and intramuscular compartments of 
the edematous limbs. The excess accumulation of fat within the intermuscular and 
intramuscular compartments has not been demonstrated in any previous study of 
lymphedema. 

Although widely used, water/fat imaging may be limited in some applications if a 
very high spatial resolution is desirable. In Paper I, an alternative T2-based MRI 
method for estimating fat content using high spatial resolution MR images of the 
calf was explored. Different fitting algorithms were investigated and compared to 
low resolution water/fat imaging (reference method). While all approaches resulted 
in qualitatively adequate fat fraction images, only a non-linear least squares based 
fitting approach showed good agreement and correlation to the reference method. 

Recently, MR-based methods for estimating the chemical composition of fat, i.e. 
the FAC, have been introduced. In contrast to the gold standard technique for 
measuring FAC (gas chromatography), MR-based approaches are non-invasive and 
offer spatial information without the need for multiple measurements. In this thesis, 
MR-based methods for in vivo FAC measurements were compared and validated 
against FAC quantification gas chromatography analysis of subcutaneous adipose 
tissue (Paper III). Especially the MRI-based approach resulted in promising results 
as high correlations to gas chromatography were found. 

Several studies have suggested an association between FAC and the development 
of e.g. cardiovascular disease. In a previous study, a higher prevalence of 
hypertension (one of the strongest risk factors for cardiovascular disease) was found 
among Iraqi-born men resident in Sweden compared to Swedish-born men. In this 
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thesis, the FAC of the subcutaneous and visceral adipose tissue of Iraqi- and 
Swedish-born men was measured and compared using the MRI-based method 
(Paper IV). Significantly different FAC was found between the studied groups. In 
general, higher proportions of polyunsaturated fat and lower proportions of 
saturated and monounsaturated fat were found among the Iraqi-born men.  
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Populärvetenskaplig sammanfattning 
Enligt Världshälsoorganisationen (WHO) är det idag fler i världen som dör på grund 
av fetma och fetmarelaterade sjukdomar än som dör på grund av undernäring. På 40 
år har antalet människor med fetma ökat trefaldigt  och det uppskattas att 39% av 
världens vuxna är överviktiga (BMI ≥ 25 kg/m2), varav 13% är feta (BMI ≥ 30 
kg/m2). Fetma är associerad med ökad risk för att utveckla flertalet sjukdomar, 
exempelvis diabetes typ 2, hjärt- och kärlsjukdomar, fettlever och cancer. Med den 
ökande frekvensen av fetma och fetmarelaterade sjukdomar har även intresset för 
att mäta och studera kroppsfett ökat. Detta eftersom de exakta sambanden mellan 
kroppsfett och utvecklingen av dessa sjukdomar inte är fullt förstådda.  

Det finns flera metoder för att lokalisera och mäta mängden kroppsfett. Den 
vanligaste metoden, som också anses vara ”gold standard” (d.v.s. den metod som är 
närmast sanningen), är mätningar med magnetresonanstomografi (MR). Med hjälp 
av MR-kameror kan man alltså avbilda och mäta kroppsfett utan invasiva ingrepp 
eller joniserande strålning. En av de vanligaste MR-metoderna för att mäta fett är 
”water/fat imaging”, som är en kvantitativ metod. I den här avhandligen har metoder 
för att mäta fett med hjälp av magnetresonanstomografi (MR) undersökts och 
använts för att studera kroppens fett. 

När det kommer till mycket högupplösta, kvantitativa fettbilder kan water/fat 
imaging vara begränsad. Högupplösta bilder kan vara av intresse vid studier av 
fettinlagrig i muskler om man t. ex. vill kunna skilja på de olika muskelgrupperna. 
En alternativ MR-metod för att få högupplösta fetthaltsbilder utreddes därför i 
delarbete 1. Generellt sett fanns det god överrensstämmelse mellan de högupplösta 
fettkvantifikationsbilderna och referensmetoden (lågupplöst water/fat imaging). 

Lymfödem är en sjukdom som kännetecknas av ett defekt lymfsysten som resulterar 
i otillräcklig bortförsel av lymfvätska från det drabbade området (ofta ett ben eller 
en arm). Detta leder till en ansamling av lymfvätska och underhudsfett. Nyligen 
visade en studie att det även ansamlas fett i musklerna och inte bara under huden 
hos det sjuka benet eller armen. I delarbete 2 har water/fat imaging använts för att 
mäta det intramuskulära fettet (fettet inuti musklerna) och det intermuskulära fettet 
(fettet mellan musklerna) hos lymfödempatienter för att studera exakt var fettet 
ansamlas. Studien visade att ett överskott av fett ansamlas i både det intramuskulära 
och det intermuskulära området i det sjuka benet. Dessutom hittades inga samband 
mellan andra mått, t. e.x. mängd underhudsfett, och mängden fett i det 
intermuskulära och intramuskulära området. Detta tyder på att undersökningar med 
water/fat imaging kan vara nödvändiga för att kunna uppskatta mängden 
intermuskulärt och intramuskulärt fett. 

Utöver mängd och var på kroppen som fettet ansamlas kan även fettets kemiska 
sammansättning, d.v.s. hur mättat, enkelomättat eller fleromättat fettet är, påverka 
för sjukdomsrisken. Gold standard för att mäta fettsammansättning är med hjälp av 
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gaskromatografi. Dock så kräver gaskromatografi minst ett vävnadsprov, d.v.s. 
gaskromatografi är en invasiv metod. 

Som ett alternativ har en MR-baserad metod för att mäta fettets kemiska 
sammansättning utvecklats. Metoden, som är baserad på water/fat imaging-
tekniken, är relativt ny och för att säkert veta att metoden fungerar måste den först 
testas mot en oberoende och etablerad metod (gaskromatografi). Detta har tidigare 
huvudsakligen gjorts med hjälp av vegetabiliska oljor. I delarbete 3 jämfördes därför 
den MR-baserade metoden med vävnadsprover av underhudsfett som analyserats 
med gaskromatografi (gold standard för att mäta fettsammansättning). Studien 
visade på starka korrelationer mellan metoderna vilket indikerar att den MR-
baserade metoden kan mäta kroppfettets sammansättning korrekt.  

Den MR-baserade metoden för att mäta fettsammansättning användes sedan i 
delarbete 4 för att mäta och jämföra den kemiska sammansättningen i underhuds- 
och bukfett hos irakiskfödda och svenskfödda män bosatta i Sverige. Detta då 
tidigare studier har visat att irakiskfödda bosatta i Sverige har en lägre frekvens av 
högt blodtryck trots att de har en högre risk för diabetes typ 2 jämfört av gruppen 
med svenskfödda män. Då högt blodtryck annars är associerat med diabetes typ 2 är 
det av intresse att utreda andra eventuella skillnader som kan förklara den lägre 
frekvensen av högt blodtryck hos de irakiskfödda männen, såsom den kemiska 
sammansättningen av fett. En signifikant högre andel fleromättat fett och signifikant 
lägre andelar mättat och enkelomättat fett uppmättes hos de irakiskfödda jämfört 
med de svenskfödda. Detta skulle kunna bero på skillnader i kost eller 
fettmetabolism, men då studiegrupperna var små så är det svårt att dra några 
generella och definitiva slutsatser i nuläget.  

Sammanfattningsvis så visar det här arbetet att water/fat imaging kan vara ett bra 
verktyg för att studera fettansamlingen i muskler hos lymfödempatienter och att den 
MR-baserade metoden för att mäta fettets kemiska sammansättning kan fungera 
som en alternativ metod till gaskromatografi. 
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1 Introduction 

According to the World Health Organization (WHO), approximately 39% of the 
world’s adult population was overweight (BMI ≥ 25 kg/m2) in 2016, of which about 
13 % was obese (BMI ≥ 30 kg/m2) (1). Between 1975 and 2016, the prevalence of 
obesity almost tripled. Obesity increases the risk of developing diabetes, 
cardiovascular disease, musculoskeletal disorders, fatty liver, and cancer (2–8). 
Globally, overweight and obesity are associated with a larger number of deaths than 
underweight (1).  

There are many factors which can cause excess accumulation of fat and adipose 
tissue. Some are associated with lifestyle and cultural factors, such as diet, physical 
activity, and socioeconomic status (9), while others are linked to genetics (10,11) or 
various diseases (12). The exact relationship between accumulated adipose tissue 
and the development of certain diseases is not yet fully understood, but studies 
suggests that the location in which the fat accumulates and the amount of stored fat 
are of importance (9,13).  

Thus, with the increased prevalence of obesity and obesity-related diseases, the 
interest of assessing body fat and adipose tissue has increased. As a consequence, 
several methods for estimating fat have emerged over the years, including biopsy, 
dual-energy x-ray absorptiometry (DXA), and computed tomography (CT) (14,15). 
However, the currently most common method for fat measurements is magnetic 
resonance imaging (MRI) (16), a technique with several advantages compared to 
the alternatives. First, it does not involve ionizing radiation, making it superior in 
cases or studies that include children or repeated measurements (e.g. longitudinal 
studies). Secondly, the accessibility is relatively high as most modern clinics have 
access to MRI scanners.  

Further, MRI-based methods offer the possibility to quantitatively estimate the fat 
accumulation in various body parts and organs such as the liver and skeletal muscle, 
without the need for invasive procedures such as biopsies. Although there are 
numerous ways to assess fat using MRI (17–19), the most common method, often 
referred to as water/fat imaging or chemical shift-encoded imaging, is based on the 
different resonance frequencies of water and fat in the presence of an external 
magnetic field (20–23). Although water/fat imaging is an established method and 
has been used for fat quantification of various locations in vivo (17), other 
approaches have been suggested (24–26). 
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In addition to the amount and location of adipose tissue, it has also been suggested 
that the fatty acid composition (FAC) might be linked to disease conditions such as 
cardiovascular disease (27), inflammation (28), non-alcoholic steatohepatitis 
(NASH) (29–31), and cancer (32,33). The gold standard technique for measuring 
FAC is gas chromatography (GC), an invasive method which requires a biopsy of 
the tissue of interest.  

Recently, however, methods for quantifying the FAC of adipose tissue using 
magnetic resonance spectroscopy (MRS) and MRI have been introduced (34–37). 
While both the MR-based methods are non-invasive alternatives to GC, the MRI-
based approach offers the additional advantage of spatial information without the 
need of multiple measurements. This can be of great importance when studying 
large adipose tissue depots or adipose tissue with heterogeneous FAC distribution 
(38–40). Since the MRI-based FAC quantification method is relatively new, some 
optimization work is still needed, as well as validation against an independent 
technique. Also, the method’s feasibility in both research and clinical questions 
needs to be explored further. 

In the first part of this thesis, a brief overview of adipose tissue and its relevance to 
health and various diseases will be given, followed by the theoretical background 
of the MR-based fat and FAC quantification methods. Further, some possible 
applications will be investigated. In the second part, the papers and manuscripts 
included in this thesis work can be found. 

1.1 Aims 
This thesis has the following aims: 

1. To evaluate a T2-based fat quantification method using different algorithms 
to enable fat content mapping with very high spatial resolution (Paper I). 

2. To investigate the intermuscular and intramuscular fat accumulation in 
lymphedema using water/fat imaging (Paper II). 

3. To compare and validate MR-based FAC quantification methods in vivo 
against an independent gold standard technique (Papers III). 

4. To assess the FAC of visceral and subcutaneous adipose tissue using MRI 
and compare them in two groups with different cardiovascular disease risk 
profiles (Paper IV).  
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2 Human adipose tissue 

In the human body, there are two types of adipose tissue: white and brown. Briefly, 
brown adipose tissue, while still present in adults, is primarily found in infants. In 
contrast to white adipose tissue with the main task of lipid storage, brown adipose 
tissue utilizes stored lipids to produce heat so that the body can maintain body 
temperature by non-shivering thermogenesis (41). Recently, a third type of adipose 
tissue has been introduced as beige (or brite) adipose tissue  which can be described 
as something in between, or a mix of, brown and white adipose tissue (11,41). In 
this thesis, only white adipose tissue has been considered and studied. Thus, this 
chapter will briefly overview the anatomic, metabolic, and chemical properties of 
white adipose tissue only, as well as its impact on health and diseases. Through the 
rest of the thesis, adipose tissue will always refer to white adipose tissue. 

2.1 Adipose tissue and fat depots  
Adipose tissue consists of compactly organized adipocytes, supported by connective 
tissue. A large proportion of the adipocyte volume is occupied by a lipid droplet, 
and the size of the adipocyte can vary greatly depending on the lipid amount. Energy 
storage is not the only purpose of adipose tissue; it is also an endocrine organ where 
adipocytes produce hormones, peptides and molecules that impact metabolism and 
cardiovascular regulation. Studies have even suggested that adipose tissue itself is 
the source of many metabolic and cardiovascular risks associated with obesity (42).  

Depending on where in the body fat accumulates, it can be categorized as either 
subcutaneous, visceral, or ectopic, which differs functionally and metabolically 
from each other (11,43). The location, in which fat can accumulate, is called a fat 
depot and affects the risk of developing various metabolic and cardiovascular 
diseases (44–46). For example, visceral adipose tissue and ectopic fat seem to have 
a greater clinical relevance than subcutaneous adipose tissue (47–49). There are 
many factors which might affect the distribution of the accumulated fat, such as 
aging, genetic basis, physical activity, and ethnicity (49–51). Ageing, for example, 
seems to reallocate fat from subcutaneous to ectopic and visceral depots (49,52). 

Ectopic fat accumulation refers to the accumulation of fat within organs or body 
parts with a limited fat storage capacity and where, in normal conditions, a very 
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small amount of fat is present. Common organs and body parts which can 
accumulate fat include liver, skeletal muscle, and pancreas (51,53–56). In addition 
to the factors linked to in vivo fat distribution mentioned previously, there are 
several diseases which are associated with ectopic fat accumulation including fatty 
liver disease (57,58), insulin resistance (59–61), diabetes (46,61,62), cardiovascular 
disease (63), muscle disease (64), and cancer (6). Considering the large amount of 
people affected with these diseases, simple and practical methods for measuring 
ectopic fat accumulation is therefore of great interest.  

While the ectopic fat is characterized by deposition in locations normally not 
intended for fat accumulation, the visceral and the subcutaneous depots (Figure 2.1) 
are designed for fat storage. However, there are numerous anatomic and metabolic 
differences between the two depots (42). For example, even though the 
subcutaneous depot holds approximately 80 % of the total body adipose tissue and 
the visceral depot only 5-20 %, depending on sex and age (52,65), visceral adipose 
tissue deposition has been associated to disease conditions (similar to ectopic fat 
accumulation) in a larger extent (65).  

Moreover, even within subcutaneous adipose tissue, studies have shown that deep 
and superficial subcutaneous abdominal adipose tissue (Figure 2.1) have different 
properties (38,40,62,66) and that deep subcutaneous adipose tissue is more 
associated with disease development (62,67). 

 

Figure 2.1 Visceral and abdominal subcutaneous adipose tissue of an axial MRI image. The deep and superficial 
subcutaneous adipose tissue, separated by Scarpa’s fascia, are also indicated. 
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2.2 The triglyceride molecule and fatty acid 
composition 

The main component of the lipid droplet stored in adipocytes is triglycerides (68). 
Triglycerides are esters which consist of three fatty acid chains connected to one 
glycerol back bone (Figure 2.2). There are different types of fatty acids and they can 
be characterized by the number of hydrocarbons and the type of bonds between 
them. Depending on the number of double bonds, the fatty acids can be described 
as saturated, unsaturated, monounsaturated, or polyunsaturated. Saturated fatty 
acids (SFA) have no double bonds, whereas unsaturated fatty acids (UFA) have at 
least one double bond. Further, unsaturated fatty acids can be either 
monounsaturated (one double bond, MUFA) or polyunsaturated (more than one 
double bond, PUFA). In addition to accumulation location and amount, adipose 
tissue can thus also be characterized by the proportions of SFA, UFA, MUFA, and 
PUFA.  

 

Figure 2.2 An example of a triglyceride molecule. On the glycerol back bone, three fatty acids are connected and 
depending on the number of double bonds (=), the fatty acid can be either saturated or unsaturated. Here, three types 
of fatty acids are presented: monounsaturated (top), saturated (middle), and polyunsaturated (bottom). 

It has been reported that various adipose tissue compartments can have different 
fatty acid profiles (68). For example, visceral adipose tissue seems to have a larger 
proportion of SFA compared to subcutaneous adipose tissue (38), and a higher 
proportion of SFA in the deep subcutaneous adipose tissue compared to the 
superficial has been described (38,40,62). Differences in FAC of epicardial, 
pericardial, subcutaneous, and atrial adipose tissue have also been reported (27). 
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2.3 Fat accumulation and FAC in diseases 
Excess fat deposition in skeletal muscle (3,69), liver (58,61), and pancreas (54) have 
been suggested to be associated with metabolic and cardiovascular diseases by 
previous studies (60,70). Fat deposition in skeletal muscle has shown to be 
important for estimating type 2 diabetes risk (3) but is also associated with several 
other diseases and syndromes (56,71,72). In skeletal muscle, fat can accumulate 
either in the intermuscular or the intramuscular compartment. Higher amounts of 
intermuscular adipose tissue can be found among patients with obesity and diabetes 
(69), and are associated with poor physical performance (73) and insulin resistance 
(69). Further, in the intramuscular compartment, fat can either be located in the 
intracellular or extracellular depot (74). High amounts of intracellular lipids have 
been related to both physical inactivity and high physical activity (74,75). 

In Paper II, intra- and intermuscular far accumulation associated with lymphedema 
will be investigated further. Therefore, a short overview of fat accumulation in 
lymphedema patients will be given in 3.3 Water/fat imaging in lymphedema.  

Compared to fat and adipose tissue accumulation, the relationship between the FAC 
of adipose tissues and the risk of disease development has been less investigated. 
There has, however, been studies showing a significantly higher relative amount of 
liver SFA in patients with NASH than in those with simple steatosis (29,76,77). 
Similarly, higher levels of SFA has been found in the liver of patients with NAFLD 
(78) and of obese subjects (79), compared to controls. It has also been found that 
the FAC of bone marrow is associated with risk of fracture in diabetes patients (80), 
osteoporosis (81), and diabetes (82). Further, studies of breast cancer have 
suggested that lower amounts of UFA are associated with cancer compared to 
benign tumors (32,33,83). 

In Paper III and IV, the FAC of adipose tissue were measured regarding the study 
of lymphedema (inflammation) and cardiovascular disease, respectively. Thus, 
short overviews of the role of FAC in lymphedema and inflammation, and 
cardiovascular disease will be given later (4.8.1 Lymphedema and 4.8.2 
Hypertension and cardiovascular disease, respectively). 

2.4 The effect of dietary FAC on adipose tissue  
The saturation and unsaturation degree of fat is commonly discussed when referring 
to dietary fat and oils such as butter, coconut oil (high on SFAs), olive oil (high on 
MUFAs), and fish oil (high on PUFAs), and their possible effects on the risk of 
developing obesity (84) as well as metabolic and cardiovascular disease (85–87) 
and inflammation (28). While some fatty acids are used directly after consumption, 
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others are stored in dedicated adipose tissue depots, such as subcutaneous adipose 
tissue, or transported by plasma and stored in organs, such as the liver. Adipose 
tissue has a half-life of 1-2 years and can therefore be used as a biomarker of dietary 
fat, reflecting the fatty acid intake over 2-3 years (68). 

Correlation between the relative proportion of dietary and adipose tissue PUFA has 
been shown by several studies. In contrast, mixed results have been presented 
regarding the association between SFA and MUFA intake and adipose tissue FAC 
(68,88). 

2.5 Measurement methods 

2.5.1 Fat content 
There are several methods for in vivo assessment of adipose tissue, from simple 
anthropometric measurements of body proportions, including waist circumference, 
and BMI, to more complex methods using various modalities. While some 
modalities are limited to assessing the adipose tissue volume in the subcutaneous 
and visceral depots only, for example DXA, ultrasound, and bioimpedance analysis, 
other approaches, such as CT and MRI, have the possibility to also estimate ectopic 
fat (14) and are considered to be the most accurate methods for in vivo fat estimation.  

Though both CT and MRI are image-based methods, CT is less sensitive to 
breathing artefacts and might result in an easier segmentation of adipose and muscle 
tissue in skeletal muscle due to the use of Hounsfield unit values (15). However, 
MRI has a superior soft tissue contrast and does not expose the subjects to ionizing 
radiation. Over the years, MRI has become the most commonly used method for fat 
content quantification and can even be considered to be gold standard (19).  

MRI offers a variety of different methods for assessing fat volume and content (17). 
One of those is water/fat imaging, a quantitative method which can be used to 
estimate fat content within an organ (e.g. liver or skeletal muscle) (53,89,90) as well 
as estimate subcutaneous and visceral adipose tissue volume (91). While this thesis 
will mainly focus on water/fat imaging (Papers I and II), an alternative MRI 
approach based on the different T2-relaxation times of fat and water will be 
investigated as well (Paper I). 

2.5.2 Fatty acid composition 
In contrast to fat content measurements where there are many alternative methods, 
available methods for assessing FAC are limited. The gold standard technique for 
measuring FAC is GC.  Briefly, GC allows for the analysis of mixtures by separating 
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them into their components. In the case of FAC analysis using GC, the triglycerides 
are first separated into fatty acids and glycerol, for example by hydrolysis and 
methylation. After that, the various fatty acids are separated from each other based 
on their different chemical properties. The relative abundance of each specific fatty 
acid can be then be measured using a detector. There are several different types of 
detectors which can be combined with GC, one of the most common ones for 
organic compounds are the flame ionizing detector (GC-FID) (92), which is 
sensitive to mass. After the biopsy samples have been through the process of GC, 
the separated fatty acids continue to the detector where the hydrocarbons are burnt 
by a flame, producing ions. The ions are then measured by electrodes and the 
amount of each fatty acid relative to the total amount of fatty acids, can then be 
obtained. 

Although the method is useful in FAC quantification of e.g. dietary fats or oils, the 
invasive nature of retrieving human biopsy samples makes GC a less suitable 
method for studies requiring repeated measurements, such as longitudinal studies or 
studies of large heterogeneous tissues, studies of organs deep within the body, or 
large scale in vivo studies. As a consequence, studies of FAC of adipose tissue in 
vivo have been limited and non-invasive FAC quantification methods has been 
sought after.  

As a non-invasive alternative to GC, MRS has been used for FAC quantification 
(34,40,93–95), and recently, also an MRI-based method has been introduced (35–
37,96), based on an MRS approach suggested by Hamilton et al. (34). In addition to 
offering a non-invasive method for assessing adipose tissue FAC, MRI has the 
added possibility of obtaining spatial information without the need of excessive 
measurements.  

In this work, FAC quantification methods using MRI (Papers III and IV) and MRS 
(Paper III), based on the approach suggested by Hamilton et al. (34), have been 
investigated and used. Detailed descriptions of the methods will therefore be given 
in the following chapters. The GC-FID was used as the reference method for FAC 
quantification in Paper III. 
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3 Fat quantification using MRI 

There are numerous MRI-based techniques for separating fat and water (17). In this 
thesis, two different methods have been used: water/fat imaging (Papers I and II) 
and separation based on differences in T2-relaxation time (Paper I). A theoretical 
outline of the two techniques will be given in this chapter. Water/fat imaging was 
used to study intermuscular and intramuscular fat accumulation (Paper II). 

3.1 Water/fat imaging 
Today, using MRI to quantify the fat content of various organs are considered the 
gold standard technique (19). One of the most commonly used methods, first 
introduced by Dixon (23), is based on the fact that water and fat precesses at 
different frequencies in a magnetic field. Thus, at given echo times, 𝑡ூ௉ and 𝑡ை௉, the 
water and fat signals, W and F, respectively, are either in-phase or opposed phase, 
respectively: 𝑆ሺ𝑡ூ௉ሻ = 𝑊 + 𝐹 (3.1) 𝑆ሺ𝑡ை௉ሻ = 𝑊 − 𝐹. (3.2) 

By measuring the signal S at 𝑡ூ௉ and 𝑡ை௉, W and F can easily be solved for. However, 
Eqs. 3.1-3.2 do not consider the presence of B0 field inhomogeneity 𝜓 or T2

*-
relaxation time, both affecting the complex signal evolution over time. Moreover, 
this approach relies on a simplified expression of the fat signal since it only 
considers one fat resonance while, in reality, the MR fat signal consists of several 
resonances due to the more complicated molecule structure of triglyceride (Figure 
2.2) compared to water. The use of several resonances is often referred to as a multi-
peak model, opposed to using one single peak (the dominant fat peak, methylene) 
as a fat model.  

To avoid bias from the above mentioned factors, an iterative method was suggested 
by Yu et al. (21) which estimates W, F, 𝜓, and 𝑇ଶ∗ simultaneously, using multi-peak 
spectral modeling. The suggested approach, based on the Iterative Decomposition 
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of water and fat with Echo Asymmetry and Least-squares estimation (IDEAL) 
algorithm (20), uses the following complex signal model: 

𝑆ሺ𝑡ሻ = ൭𝑊 + 𝐹 ෍ 𝛼௠𝑒௜ఠ೘௧ெ
௠ ൱ 𝑒ஏ௧ (3.3) 

where 𝛼௠ is the relative amplitude of fat resonance m, 𝜔௠ = 2𝜋Δ𝑓௠ and Δ𝑓௠ is the 
chemical shift of fat resonance m relative to water, and Ψ = 𝑖2𝜋𝜓 − 𝑅ଶ∗ is the 
complex field map (97). Converting the expressions to matrix form for N echoes, 
the signal model is then described by 𝑺ே×ଵ = 𝚿𝑨𝝆 (3.4) 

where  𝚿 = diag൫eஏ௧భ, ⋯ , eஏ௧ಿ൯, (3.5) 

𝑨 =
⎣⎢⎢
⎢⎢⎢
⎡1 ෍ 𝛼௠𝑒௜ఠ೘௧భெ

௠⋮ ⋮1 ෍ 𝛼௠𝑒௜ఠ೘௧ಿெ
௠ ⎦⎥⎥

⎥⎥⎥
⎤, (3.6) 

and 𝝆 = ቂ𝑊𝐹 ቃ. (3.7) 

To solve for ρ, 𝛼௠ and Δ𝑓௠ are assumed to be known a priori. A detailed description 
of the algorithm steps is provided by Yu et al. (21).  

Once the water and fat signal has been separated, the fat fraction FF can be 
calculated by 

𝐹𝐹 = 𝐹𝑊 + 𝐹 (3.8) 

voxel-by-voxel, creating FF maps (Figure 3.1). 
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Figure 3.1 An MRI image of the liver (top) and the corresponding estimated FF map (bottom)  

A limitation to the complex method described above is that the method is sensitive 
to phase errors caused by e.g. eddy currents. However, a complex approach is 
necessary to avoid the fat-water ambiguity at FF higher than 50 % associated with 
a magnitude-based method. Thus, a combination of the complex and the magnitude-
based approaches has been suggested (98). Compared to the complex method, the 
hybrid method shows an improved robustness and better agreement to MRS results, 
especially at low fat fractions. In Paper I, the hybrid approach was used as low FFs 
were expected in a study of skeletal muscles of healthy volunteers and to minimize 
phase errors occurring due to inadequate combination of the acquired phase images 
from individual coil elements. 

3.1.1 Acquisition strategies 
Since the simple 2-point method was first suggested by Dixon, a few different 
Dixon-based methods have been introduced (99–102). Thus, there are several 
suggested ways to acquire MRI data for fat and water separation. Here, only the 
acquisition approach for the water/fat imaging method used in this thesis will be 
considered. 

Usually, water/fat imaging is performed using multi-echo gradient echo images. 
Although the IDEAL-based methods are not restricted to certain echo-times, 
equidistant echoes with short inter-echo spacing are recommended. Usually, six 
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echoes are collected and used for quantitative imaging  while fewer echoes are 
common for qualitative imaging (97,101).  

Since the T1-relaxation time of fat is shorter than that of water, the estimated FFs 
will be overestimated if the acquired images are T1-weighted. To minimize the T1-
bias, it is recommended to use a small flip angle or a long repetition time (103). 

3.2 T2-based fat quantification 
Although water/fat imaging is commonly used in both research and clinical 
applications, it is also limited in terms of spatial resolution. An increase of image 
resolution also increases the minimum possible inter-echo spacing, which in turn 
may impair the quantification accuracy of the method (104). A comparison of FF 
estimations using MR images with low (matrix size 128x128) and high (matrix size 
512x512) spatial resolution is shown in Figure 3.2. High spatial resolution is 
valuable in heterogeneous tissues, such as skeletal muscle where studies of the 
different muscle groups or inter- and intramuscular adipose tissues are of interest 
(56,59,71,105–107).  

 

Figure 3.2 (a) An axial MRI image of a calf and the corresponding estimated FF maps using water/fat imaging with 
matrix size (b) 128x128 and (c) 512x512. While the resolution is too low in (b), the noise level in (c) is too high, 
concealing the anatomy of the muscles.  

An alternative fat quantification method has been suggested previously (24,108), 
which instead of taking advantage of the different resonance frequencies of the fat 
and water signals uses the differences in T2-relaxation times to separate fat and 
water. Therefore, a spin-echo sequence was used with a corresponding signal model 
described by 

𝑆ሺ𝑡ሻ = 𝑊𝑒ି ௧்ଶೈ + 𝐹𝑒ି ௧்ଶಷ (3.9) 

where T2,W and T2,F are the T2-relaxation times of water and fat, respectively. 
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In Paper 1, a T2 method for quantification using high-resolution images was 
investigated and compared to water/fat imaging. Three different fitting algorithms 
were used for the T2-based method and low resolution water/fat imaging was used 
as reference.  

A 2-parameter and a 3-parameter fitting method were used and both approaches 
were based on Eq. 3.9. However, while the 2-parameter fit estimated W and F with 
fixed values of T2,W and T2,F known a priori, the 3-parameter fit estimated W,  F, 
and T2,W, and used a fixed value of T2,F. The bi-exponential fits for estimation of W, 
F (and T2,W) were carried out using simple linear regression and trust-region based 
NLLS algorithms in the 2-parameter and 3-parameter case, respectively.  

Although NLLS is a commonly used fitting algorithm, it may have problems when 
the abundance of one component is far greater than the other (109,110). In the case 
of skeletal muscle, it can be expected that the fat signal is relatively low compared 
to the water signal. Therefore, also an alternative fitting method was considered. 
The third T2-based method was based on Bayesian probability theory, similar to an 
approach previously suggested for intra-voxel incoherent motion imaging (111). 
The method will be briefly overviewed here. 

For the Bayesian approach, a slightly different signal model was used: 

𝑆 = 𝑆଴ ൭ሺ1 − 𝑓ሻ𝑒ି ௧்మ,ೈ + 𝑓𝑒ି ௧்మ,ಷ൱, (3.10) 

where 𝑆଴ is the signal at 𝑡 = 0 and 𝑓 is the fat fraction. For a given 𝑆 and prior 
information 𝐼, the joint posterior probability for T2,W, T2,F, and f can then be written 
as 

𝑃൫𝑇ଶ,ௐ𝑇ଶ,ி𝑓|𝑆𝐼൯ = 𝑃൫𝑆|𝑇ଶ,ௐ𝑇ଶ,ி𝑓൯ ∙ 𝑃൫𝑇ଶ,ௐ𝑇ଶ,ி𝑓|𝐼൯𝑃ሺ𝑆|𝐼ሻ  (3.11) 

where 𝑃ሺ𝑆|𝐼ሻ = 1 is the normalization factor, 𝑃൫𝑇ଶ,ௐ𝑇ଶ,ி𝑓|𝐼൯ is the joint prior 
probability of T2,W, T2,F, and f, given by the uniform distributions 𝑈ሺ0,0.06ሻ, 𝑈ሺ0.06,1ሻ, and 𝑈ሺ0,1ሻ, respectively. For the number of echoes N, the direct 
probability can then be described as 

𝑃൫𝑆|𝑇ଶ,ௐ𝑇ଶ,ி𝑓൯ ∝ ൥12 ෍ ቆ𝑆 − 𝑆଴ ቈሺ1 − 𝑓ሻ𝑒ି ௧்మ,ೈ + 𝑓𝑒ି ௧்మ,ಷ቉ቇଶ൩ିேଶ . (3.12) 
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Using MATLAB’s built-in function slicesample (Copyright 2005-2011 The 
MathWorks, Inc.)(112), T2,W, T2,F, and f, were estimated by slice sampling 𝑃൫𝑇ଶ,ௐ𝑇ଶ,ி𝑓|𝑆𝐼൯. From 𝑓, 𝑊 = 𝑆଴ሺ1 − 𝑓ሻ and 𝐹 = 𝑆଴𝑓 could then be calculated.  

Before the FF could be calculated using Eq. 3.8, possible T1-relaxation bias needed 
to be considered. Due to the long T1-relaxation time of muscle tissue (1420 ms at 
3T (113)), the repetition time (TR) required to avoid T1 bias was not clinically 
practical. Thus, T1 corrections were carried out in the post-processing step using a 
priori T1-relaxation times (113) rather than in the acquisition step.  

 

Figure 3.3 The estimated high resolution FF maps using a T2-based method with three different fitting approaches (2-
parameter, 3-parameter, and Bayesian fits). All three methods showed a superior anatomic depiction compared to 
high resolution water/fat imaging. However, the estimated FFs clearly differs between the T2-based methods, 
suggesting that at least one of the methods will show poor agreement to the reference method (low resolution 
water/fat imaging). 

All of the three fitting algorithms resulted in high resolution FF maps where 
anatomic information was clearly available (Figure 3.3). For example, the different 
muscle groups were clearly distinguishable and larger fat streaks visible. Of the 
fitting algorithms, the 2-parameter approach showed the best agreement to the 
reference method with high correlation within this range of FFs (Figure 3.4). 

Although the T2-based methods generated FF maps with superior anatomic 
information compared to high-resolution water/fat imaging (Figure 3.2), there are 
several drawbacks of the approach. One limitation arises if a tissue with a long T1-
relaxation time is present making a very long TR or a T1-correction necessary. A 
T1-correction might introduce bias due to uncertainties of the T1 relaxation times, 
but using a long TR might not be practically realistic. Similar to the risk of bias due 
to incorrect T1 relaxation times, another possible source of bias is the assumed T2,F- 
and T2,W-relaxation times used in the 2-parameter and 3-parameter approach. Other 
possible biases include the methods sensitivity to B1 field inhomogeneity and the 
presence of other compounds. No correction for B1 inhomogeneity was carried out 
in this work but a few different correction approaches have been suggested 
previously (25,26,114). Lastly, multi-echo spin echo sequences are associated with 
long acquisition times which may limit the method’s applicability in larger study 
volumes. 
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Figure 3.4 The linear regression and Bland-Altman plots for the (a) 2-parameter, (b) 3-parameter, and (c) Bayesian 
fitting methods compared to low resolution water/fat imaging (reference method). A good agreement between the 2-
parameter fit was found while the FFs were overestimated using 3-parameter NLLS.  

  



32 

3.3 Water/fat imaging in lymphedema 
Lymphedema is characterized by an insufficient lymph fluid drainage resulting in 
an accumulation of excess fluid and fat (115). It is a chronic disease and can either 
be caused by abnormalities in the development of the lymphatic system (primary 
lymphedema) or as a consequence of cancer treatment (such as radiation therapy 
and removal of lymph nodes), cancer, parasitic infections, or obesity (secondary 
lymphedema) (115–118). Lymphedema patients suffer from pain, swelling, 
restricted limb function, and a general decrease of life quality, and are prone to 
recurrent infections (115,119). Common treatment methods include the use of 
compression garments and liposuction (115,120,121). 

The lymphatic system of the body can be separated into two systems: the superficial 
lymphatic system and the deep lymphatic system (122). The superficial lymph 
vessels run along the superficial venous system, collecting lymph from mainly the 
epifascial compartment. Similarly, the deep lymph vessels follow the deep venous 
system collecting lymph largely from the subfascial compartment. Thus, a disrupted 
lymphatic system might affect both the epifascial and the subfascial compartment 
of the limbs. Recently, it was shown that fat was accumulated in the subfascial as 
well as the epifascial compartment in lymphedema patients (91). While the excess 
accumulation of fat in the epifascial compartment has been investigated by several 
previous studies in lymphedema patients, the potential effects of lymphedema on 
the subfascial compartment is less investigated. Therefore, in Paper II, the fat 
accumulation of the subfascial compartment was investigated further using water/fat 
imaging. 

The subfascial compartment was separated into an intermuscular and an 
intramuscular compartment (Figure 3.5). Both arm and leg lymphedema patients 
were included and the excess intermuscular and intramuscular fat volumes were 
studied at six time points: before liposuction (baseline), 4 days, 4 weeks, 3 months, 
6 months, and 1 year after liposuction. A higher accumulation of fat was found in 
the intramuscular as well as the intermuscular compartment at almost all time points 
(Figure 3.6).  

In addition, no correlations were found between the relative excess fat within either 
compartment and the relative excess epifascial adipose tissue or total limb volume 
(Figure 3.7). Further, no correlation between the relative excess intermuscular and 
intramuscular fat volumes was found (Figure 3.8). These results suggest that the 
intermuscular and intramuscular compartment needs to be studied separately and 
cannot be assessed through anthropometric measurements. Thus, water/fat imaging 
are able to contribute with unique knowledge in studies of subfascial fat 
accumulation. 
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Figure 3.5 Examples of gradient echo images, estimated FF maps, and ROIs (intermuscular in gray and 
intramuscular in white) of a patient with arm lymphedema and a patient with leg lymphedema. 

 

Figure 3.6 The median and first and third quartile of the relative excess volume of intramuscular and intermuscular fat 
at six time points. The relative excess fat volume was calculated as (fat edematous limb – fat healthy limb) / fat 
healthy limb. Higher amounts of fat were found in the edematous limb in both the intramuscular and intermuscular 
compartment, at all time-points. */**/*** denotes significant differences (p < 0.05/0.01/0.001) between the edematous 
and healthy limbs while †/††/††† represents the significant differences between baseline and the other time points. 
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Figure 3.7 Comparisons between the relative excess of intramuscular fat and the (a) relative excess volume of 
epifascial fat and (c) relative excess of total limb volume. The corresponding comparisons with the relative excess of 
intermuscular fat are presented as well (b and d). No correlations were found (Spearman correlation coefficient ρ), 
indicating that independent measurements of intramuscular and intermuscular fat are needed. 

 

Figure 3.8 The relative excess of intermuscular compared to the relative excess intramuscular fat volume (%). No 
correlation was found (Spearman correlation coefficient ρ) between the two compartments, indicating that they need 
to be studied individually.  
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4 In vivo quantification of FAC 
using MR 

Today, the gold standard technique for FAC measurements is GC of biopsy samples. 
However, the usefulness of the method for in vivo studies is limited due to its 
invasiveness. Since there are several studies suggesting that the FAC of adipose 
tissue might be associated with the risk of developing various diseases, as discussed 
previously (2.3 Fat accumulation and FAC in diseases), a less invasive approach is 
sought after.  

In this thesis, different approaches of an MRS- and MRI-based method for fatty acid 
quantification have been investigated and compared to GC (Paper III). The 
methods will, therefore, be described in detail in this chapter. Furthermore, possible 
in vivo applications will be explored (Papers III and IV). 

4.1 Definition of variables 
To understand how the FAC can be estimated using MR, one must start with the 
triglyceride molecule and the MR signal associated with it. Due to the complex 
structure of the triglyceride molecule (Figure 2.2), it generates an MR signal which 
consists of several frequencies (Figure 4.1). Each frequency corresponds to a 
specific carbon-hydrogen constellation of the triglyceride molecule. Thus, by 
measuring the amplitude of each frequency, the abundance of the various carbon-
hydrogen constellations can be assessed and the chemical composition of the fat 
estimated. This approach has previously been used to estimate adipose tissue FAC 
using MRS (93–95). However, a high enough spectral resolution is required to 
distinguish each peak of the spectrum. Using the field strengths commonly found in 
the clinic, this may not always be the case due to spectral overlap. Further, the 
approach is limited in the presence of a water signal as the water signal might 
conceal the fat peaks in close proximity.  

Another way of describing the triglyceride molecule was introduced by Hamilton et 
al. (34). Instead of describing the triglyceride molecule by specific carbon-hydrogen 
constellations, it was described by the number of double bonds (ndb), the number 
of methylene-interrupted double bonds (nmidb), and chain length (cl). The MRS 
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peak amplitudes were then estimated through theoretical expressions based on ndb, 
nmidb, and cl, as shown in Table 4.1. Using this approach, the number of free 
parameters is reduced to three and spectra where each individual fat peak is 
distinguishable is no longer required. 

While the estimation of ndb, nmidb, and cl, as described by Hamilton et al. (Table 
4.1), was suggested for MRS applications, the approach was later adapted for MRI-
methods (35–37) based on the same reconstruction algorithm as that for water/fat 
imaging. The theoretical details of both the MRS and MRI methods will be outlined 
in the following sections. 

 

Figure 4.1 An MR spectrum of subcutaneous adipose tissue at 7 T. The amplitudes of peaks A-I are the signals 
corresponding to the triglyceride molecule.  

Table 4.1 The fat peaks and their corresponding chemical shift and theoretical amplitudes suggested by Hamilton et al. 
(34). The peak denotations correspond to those in shown in Figure 4.1. 

Peak (MRS) Chemical shift 
(ppm) Type Assignment Theoretical 

amplitudes 

A 5.3 Olefin -CH=CH- 2ndb 

B 5.2 Glycerol -CH-O-CO- 1 

C 4.2 Glycerol -CH2-O-CO- 4 

D 2.8 Diacyl -CH=CH-CH2-CH=CH- 2nmidb 

E 2.2 a-Carboxyl -CO-CH2-CH2- 6 

F 2.0 a-Olefin -CH2-CH=CH-CH2- 4(ndb-nmidb) 

G 1.6 b-Carboxyl -CO-CH2-CH2- 6 

H 1.3 Methylene -(CH2)n- 6(cl-4)-8ndb+2nmidb 

I 0.9 Methyl -(CH2)n-CH3 9 
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4.2 Calculation of SFA, UFA, MUFA, and PUFA 
fraction 

The chemical composition of fat is usually described by the relative amount of SFA, 
UFA, MUFA, and PUFA. Since ndb and nmidb are associated to the occurrence of 
double bonds and of multiple adjacent double bonds, respectively, they are clearly 
related to SFA, UFA, MUFA, and PUFA. However, it should be noted that the MR-
estimated parameters ndb, nmidb, and cl refers to mean values per triglyceride and 
not per fatty acid. Hence, from the MR-estimated parameters ndb and nmidb, the 
fraction of UFA and SFA (fUFA and fSFA, respectively) can be calculated using the 
following expressions (36): 

𝑓௎ி஺ = 𝑛𝑑𝑏 − 𝑛𝑚𝑖𝑑𝑏3  (4.1) 

and 𝑓ௌி஺ = 1 − 𝑓௎ி஺. (4.2) 

The fraction of MUFA and PUFA (fMUFA and fPUFA, respectively) can then be 
calculated as follows: 

𝑓ெ௎ி஺ = 𝑛𝑑𝑏 − 2𝑛𝑚𝑖𝑑𝑏3  (4.3) 

and 

𝑓௉௎ி஺ = 𝑛𝑚𝑖𝑑𝑏3 . (4.4) 

For these expressions, it is assumed that the UFA is at most di-unsaturated, i.e. a 
fatty acid can only have a maximum of two double bonds. However, in reality, 
approximately 2-3% of adipose tissue fatty acids have more than two double bonds 
(93).  

4.3 Models of nmidb and cl 
To increase the robustness of the FAC quantification, it has been suggested to 
express cl and nmidb as functions of ndb to reduce the number of unknown 
parameters. Based on the empirical relationships between ndb and cl, and ndb and 
nmidb, found in a large range of mainly vegetable oils and fats, Bydder et al. (37) 
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suggested a quadratic expression for nmidb. Although the MRI-based approach for 
FAC quantification used in thesis is limited to linear expressions, a much wider 
range of possible ndb and nmidb values can be found among vegetable oils and fats 
compared to in vivo. Thus, within the range of values found in vivo, a linear 
expression is likely a good approximation.  

Another expression of nmidb, based on reported GC analysis of the subcutaneous 
fat of ten healthy volunteers (94), has been suggested (123). Although an increased 
precision of the estimated ndb was found using the expression of nmidb, the GC 
data used to create the expression and the MRI-estimated values were obtained from 
different subjects. Thus, no comparison between GC and MRI or additional 
evaluation of the possible effects of using a constrained nmidb could be conducted. 
Further, due to low interpersonal variation, it has been suggested to use a fixed value 
of cl (123). 

In Paper III, GC data from the subcutaneous adipose tissue of 18 lymphedema 
patients were acquired and used to create in vivo expressions for nmidb and cl as 
functions of ndb. By linear regression, the following relationships were obtained 
(Figure 4.2):  𝑛𝑚𝑖𝑑𝑏 = 0.45𝑛𝑑𝑏 − 0.71 (4.5) 

and  𝑐𝑙 = 0.38𝑛𝑑𝑏 + 16.32. (4.6) 

 

Figure 4.2 The expressions of nmidb and cl as functions of ndb, based on GC analysis of subcutaneous adipose 
tissue samples from the thighs. 
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Two different approaches have been evaluated in this thesis: a free and a constrained 
model. In the free model, ndb and nmidb were estimated as free parameters while cl 
was estimated using Eq. 4.6. Using the constrained model, only ndb was estimated 
as a free parameter while both nmidb and cl were estimated using Eq. 4.5 and Eq. 
4.6, respectively. By combining Eq. 4.5 and Eq. 4.6, with the theoretical amplitudes 
presented in Table 4.1, new theoretical amplitudes can be obtained for the free and 
the constrained model, respectively (Table 4.2).  

In Paper III, both the free and constrained models were investigated further, using 
both MRS and MRI. In Paper IV, the MRI-based method with the free model was 
used for FAC quantification subcutaneous and visceral adipose tissue. 

Table 4.2 The fat peaks and their corresponding theoretical amplitudes depending on signal model. The amplitudes are 
modified versions of the ones introduced by Hamilton et al. (34) (the modified amplitudes are in bold) to include the 
expressions of nmidb and cl presented in Figure 4.2. 

Peak group 
(MRS) 

Theoretical amplitudes – 
free model 

Theoretical amplitudes – 
constrained model 

A 2ndb 2ndb 

B 1 1 

C 4 4 

D 2nmidb 0.896ndb-1.43 

E 6 6 

F 4(ndb-nmidb) 2.21ndb+2.87 

G 6 6 

H 73.9-5.73ndb+2nmidb 72.5-4.84ndb 

I 9 9 

4.4 Quantification of FAC using MRS 

4.4.1 Theory 
The basic theory of MRS-based FAC quantification has already been outlined (see 
4.1 Definition of the variables). Using MRS, the free induction decay (FID) signal 
from a limited sample volume is acquired and Fourier transformed to enable a 
sorting of the MR signal per frequency (for an example, see Figure 4.1). Based on 
either the FID signal or the spectrum, the amplitude or area of each peak or 
resolvable peak cluster may then be estimated.   

Using a NLLS fitting method, for example Levenberg-Marquardt, ndb, nmidb, and 
cl can be estimated from the theoretical expressions given in Table 4.1 or Table 4.2. 
However, before the parameters can be obtained, the peak amplitudes might need to 
be corrected for differences in T2-relaxation between the various fat peaks, 
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depending on the used acquisition parameters. Although the different fat peaks have 
different T2-relaxation times (44 - 80 ms at 3 T, measured in adipose tissue) (124), 
joint T2-relaxation times for neighboring peaks might be necessary due to spectral 
overlap. 

4.4.2 Acquisition strategies 
Both stimulated echo acquisition mode (STEAM) (34,36,93,125,126) and point 
resolved spectroscopy (PRESS) (40,94,95) have been used for MRS-based FAC 
quantification. For T2-correction, several spectra need to be acquired, each at a 
different echo time, from which separate T2-relaxation times can be estimated or 
each peak or peak cluster. 

Compared to STEAM, PRESS is more sensitive to J-coupling effects which can 
result in underestimations of T2-relaxation times (127). Thus, STEAM might be 
considered the preferable alternative for FAC quantification (128,129), although it 
is important to note that J-coupling effects are present also using this sequence 
(130). To minimize the effect of J-coupling, short mixing time and echo times are 
desirable and long TR should be used to minimize T1-weightning which may bias 
the estimations.  

In Paper III, FAC quantification using MRS was conducted using T2-corrected 
STEAM spectra. 

4.5 Quantification of FAC using MRI 

4.5.1 Theory 
In contrast to MRS, MRI has the advantage of high resolution spatial information 
without the need of multiple measurements. Consequently, using MRI, it is possible 
to simultaneously estimate the FAC of different, large, or heterogeneous adipose 
tissue depots. 

Recently, an MRI-based approach for FAC quantification was introduced (35,36), 
based on the theoretical amplitudes of the different fat peaks suggested by Hamilton 
et al. (34). The basic theory of this MRI-based FAC quantification method will be 
outlined in the following paragraphs. The assumed signal model can be described 
by 
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𝑆ሺ𝑡ሻ = ൭𝑊 + 𝐹𝑓 ෍ 𝛼௠𝐸௠ሺ𝑡ሻெ
௠ ൱ 𝑒ஏ௧ (4.7) 

where 𝑓 = 1 ∑ 𝛼௠⁄  is a normalization factor, αm is the amplitude of the m:th fat 
peak as shown in Table 4.1, 𝐸௠ሺ𝑡ሻ = 𝑒௜ఠ೘௧, and Ψ = 𝑖2𝜋𝜓 − 𝑅ଶ∗ is the complex 
field map (97).  

By combining Eq. 4.7 with the theoretical peak amplitudes given by Table 4.1, the 
signal model can be rearranged and expressed as  𝑆ሺ𝑡ሻ = ൫𝑊 + 𝐹𝑓ሺ𝑃଴ + 𝑃ଵ𝑛𝑑𝑏 + 𝑃ଶ𝑛𝑚𝑖𝑑𝑏 + 𝑃ଷ𝑐𝑙ሻ൯eஏ௧ (4.8) 

where 𝑃଴ሺ𝑡ሻ = 𝐸ଵሺ𝑡ሻ + 4𝐸ଶሺ𝑡ሻ + 6𝐸ସሺ𝑡ሻ + 6𝐸଺ሺ𝑡ሻ − 24𝐸଻ሺ𝑡ሻ + 9𝐸଼ሺ𝑡ሻ 𝑃ଵሺ𝑡ሻ = 2𝐸ଵሺ𝑡ሻ + 4𝐸ହሺ𝑡ሻ − 8𝐸଻ሺ𝑡ሻ 𝑃ଶሺ𝑡ሻ = 2𝐸ଷሺ𝑡ሻ − 4𝐸ହሺ𝑡ሻ + 2𝐸଻ሺ𝑡ሻ 𝑃ଷሺ𝑡ሻ = 6𝐸଻ሺ𝑡ሻ. 

(4.9) 

The signal equation in matrix form for N echoes will then be 𝑺ே×ଵ = 𝚿𝑨𝝆 (4.10) 

where  𝚿 = diag൫eஏ௧భ, ⋯ , eஏ௧ಿ൯, (4.11) 

𝑨 = ൥1 𝑃଴ሺ𝑡ଵሻ 𝑃ଵሺ𝑡ଵሻ 𝑃ଶሺ𝑡ଵሻ⋮ ⋮ ⋮ ⋮1 𝑃଴ሺ𝑡ேሻ 𝑃ଵሺ𝑡ேሻ 𝑃ଶሺ𝑡ேሻ    𝑃ଷሺ𝑡ଵሻ⋮𝑃ଷሺ𝑡ேሻ൩, (4.12) 

and 

𝝆 = ⎣⎢⎢
⎢⎡ 𝑊𝐹𝑓𝐹𝑓 ∙ 𝑛𝑑𝑏𝐹𝑓 ∙ 𝑛𝑚𝑖𝑑𝑏𝐹𝑓 ∙ 𝑐𝑙 ⎦⎥⎥

⎥⎤. (4.13) 
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Since A is known a priori, Ψ and ρ can be estimated iteratively as described 
previously (21,36), and maps of FF, ndb, nmidb, and cl may be reconstructed 
enabling simultaneous quantification of fat content and FAC (Figure 4.3). 

 

Figure 4.3 Examples of estimated FF, ndb, nmidb, and cl of subcutaneous adipose tissue and bone marrow of a calf, 
using the MRI-based FAC quantification method. 

4.5.2 Adjusted signal expression  
In this thesis, slightly modified versions of the approach described by Eq. 4.7-4.13 
were implemented. Instead of estimating all of the FAC parameters based on the 
theoretical amplitudes given in Table 4.1, the theoretical amplitudes given in Table 
4.2 have been used to reduce the number of estimates in an attempt to increase the 
robustness of the algorithm. Thus, Eq. 4.9 can be rewritten to  𝑃଴ሺ𝑡ሻ = 𝐸ଵሺ𝑡ሻ + 4𝐸ଶሺ𝑡ሻ + 6𝐸ସሺ𝑡ሻ + 6𝐸଺ + 73.9𝐸଻ሺ𝑡ሻ + 9𝐸଼ሺ𝑡ሻ 𝑃ଵሺ𝑡ሻ = 2𝐸ଵሺ𝑡ሻ + 4𝐸ହሺ𝑡ሻ − 5.7𝐸଻ሺ𝑡ሻ 𝑃ଶሺ𝑡ሻ = 2𝐸ଷሺ𝑡ሻ − 4𝐸ହሺ𝑡ሻ + 2𝐸଻ሺ𝑡ሻ 

(4.14) 

for the free model and  
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𝑃଴ሺ𝑡ሻ = 𝐸ଵሺ𝑡ሻ + 4𝐸ଶሺ𝑡ሻ − 1.8𝐸ଷ + 6𝐸ସሺ𝑡ሻ + 3.6𝐸ହ + 6𝐸଺ + 73.9𝐸଻ሺ𝑡ሻ+ 9𝐸଼ሺ𝑡ሻ 𝑃ଵሺ𝑡ሻ = 2𝐸ଵሺ𝑡ሻ + 𝐸ଷ + 4𝐸ହሺ𝑡ሻ − 5.2𝐸଻ሺ𝑡ሻ 

(4.15) 

for the constrained model. 

4.5.3 Acquisition strategies 
Similar to water/fat imaging, FAC quantification using MRI is based on multi-echo 
gradient echo images with short inter-echo times. However, since there are a larger 
number of unknown parameters in the FAC estimation, additional echoes are 
required compared to water/fat imaging. A few studies have investigated the optimal 
acquisition settings and what effects various acquisition parameters might have on 
the estimated parameters. Only acquisition at 3 T will be considered here. 

While the time of the first echo seems less important, it has been recommended to 
keep the inter-echo spacing shorter than 1.8 ms and the total read-out time longer 
than 15 ms (35). Using an inter-echo spacing smaller than 1.8 ms corresponds well 
with the results of Peterson et al. (36), where a noise analysis showed an unfavorable 
echo spacing at 2.2 ms. Another study found that for bipolar acquisition, the optimal 
total read-out time is around 14-18 ms for inter-echo times between 0.84 ms and 
1.23 ms (131). Interleaved (37) or bipolar (131) acquisition might be alternatives to 
shorten the inter-echo spacing further. However, the majority of the published 
studies have used unipolar (flyback) acquisitions (35,36,39,77,96,126). In Papers 
III and IV, unipolar flyback gradients were used. 

In contrast to water/fat imaging, T1 weighting does not seem to affect the estimation 
of FAC (132). Therefore, a larger flip angle compared to water/fat imaging can be 
used to increase SNR. It should be noted, however, that if simultaneous estimation 
of fat content and FAC is of interest, T1 relaxation effects must again be considered. 
In Paper III, the FAC of adipose tissue was estimated, therefore, the FF was not of 
interest and a relatively large flip angle (30 degrees) was used.  

4.6 Comparison to GC analysis 
The MR-based methods described in this thesis have been investigated previously 
with promising results (34–36,96,126,131). However, as the methods mainly have 
been validated in vegetable fats and oils (using GC or values obtained from the 
Swedish National Food Administration or manufacturer) or in vivo against MRS in 
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the MRI-case (34–37,96,125,126,131), further in vivo validation against 
independent methods is needed.  

In Paper III, an in vivo comparison of the MRS and MRI-based methods against 
GC-FID was made. Biopsy samples of the medial subcutaneous adipose tissue and 
MR spectra and images were acquired 20 cm above the femoral condyles from 18 
subjects (36 biopsies in total, one sample from each thigh). Both the free and the 
constrained model were investigated using both the MRS and the MRI approach.  

4.6.1 MRS vs GC 
For the free model, the MRS-estimated ndb and nmidb were both overestimated 
compared to GC-FID (Figure 4.4). A higher correlation was found between ndbMRS 
and ndbGC than between nmidbMRS and nmidbGC. Comparing instead the MRS-
estimated fSFA, fMUFA, and fPUFA to GC (Figure 4.5), the highest correlation was found 
for fSFA although it was underestimated. While the methods showed the best 
agreement for fMUFA, the correlation was lower.  

 

Figure 4.4 The estimated ndb (left) and nmidb (right) using MRS, compared to GC. The black lines are the identity 
lines and the blue lines represent the linear fits. A higher correlation (r) was found between the MRS-based method 
and GC in the estimation of ndb compared to the nmidb case. However, both ndb and nmidb are overestimated by 
MRS. 

 

Figure 4.5 The estimated (a) fSFA, (b) fMUFA, and (c) fPUFA using MRS, compared to GC. The black lines are the identity 
lines and the blue lines represent the linear fits. A higher correlation (r) between the MRS-based method and GC in 
the estimation of fSFA compared to fMUFA and fPUFA. In contrast to the other estimated parameters, including ndb and 
nmidb, fSFA was underestimated.  



45 

Using instead the constrained model for estimation of ndb and nmidb, similar 
agreements but higher correlations between the methods were found compared to 
using the free model (Figure 4.6). However, the effect of using a constrained model 
on the estimation of fSFA, fMUFA, and fPUFA varied between the parameters (Figure 4.7). 
While the estimation of fPUFA seemed to be improved by the use of the constrained 
model, the estimations of both fSFA and fMUFA resulted in lower correlations. 
Especially the estimation of fMUFA was effected as no clear association to GC could 
be found. Instead, a nearly constant value of fMUFA was obtained. 

 

Figure 4.6 The estimated ndb (left) and nmidb (right) using MRS, compared to GC. The black lines are the identity 
lines and the blue lines represent the linear fits. Compared to using the free model, higher correlations between MRS 
and GC were found for both ndb and nmidb. However, ndb and nmidb are still overestimated by MRS. 

 

Figure 4.7 The estimated (a) fSFA, (b) fMUFA, and (c) fPUFA using MRS, compared to GC. The black lines are the identity 
lines and the blue lines represents the linear fits. A higher correlation (r) between the MRS-based method and GC in 
the estimation of fSFA compared to fMUFA and fPUFA. In contrast to the other estimated parameters, including ndb and 
nmidb, fSFA was underestimated. Using the constrained model, an almost constant value of fMUFA was estimated 
suggesting that the model is limited in terms of correctly separating MUFA and PUFA. 
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4.6.2 MRI vs GC 
Using the free model, high correlations were found between MRI and GC for both 
ndb and nmidb (Figure 4.8), although both parameters were underestimated. 
Especially the MRI-assessed nmidb which was underestimated by almost 50% 
compared to GC. 

In the case of fSFA, fMUFA, and fPUFA (Figure 4.9), better agreements were found in 
general between the two methods. It seems as the systematic bias found in the 
estimations of ndb and nmidb are partly cancelled out in the calculation of fSFA and 
fMUFA. Although, a slight overestimation of fSFA and fMUFA and an underestimation of 
fPUFA were still found. High correlations were found for all the parameters, albeit not 
as high as for ndb and nmidb. 

 

Figure 4.8 The estimated ndb (left) and nmidb (right) using MRI (free model), compared to GC. The black lines are 
the identity lines and the blue lines represent the linear fits. High correlations (r) can be found between the MRI-
estimated parameters and GC. However, both ndb and nmidb are underestimated by the MRI-based approach. 

 

Figure 4.9 The estimated (a) fSFA, (b) fMUFA, and (c) fPUFA using MRI (free model), compared to GC. The black lines are 
the identity lines and the blue lines represent the linear fits. High correlations (r) can be found between the MRI-
estimated parameters and GC, albeit lower compared to the ndb and nmidb cases. While fSFA and fMUFA are slightly 
overestimated, fPUFA is underestimated.  
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Compared to the free model, a slightly better agreement and a similar correlation 
were found between the constrained model and GC in the estimation of ndb (Figure 
4.10). In the case of nmidb, a better agreement but worse correlation was found. 
Correspondingly, similar agreement and correlation were found for fSFA while a 
better agreement but a worse correlation was found in the estimation of fPUFA. A 
much worse correlation and an almost constant value of fMUFA was found using the 
constrained model. This effect on fMUFA was seen in the MRS-based method as well, 
suggesting that the constrained model limits the methods’ ability to correctly 
separate MUFA and PUFA. 

 

Figure 4.10 The estimated ndb (left) and nmidb (right) using MRI (constrained model), compared to GC. The black 
lines are the identity lines and the blue lines represent the linear fits. High correlations (r) can be found between the 
MRI-estimated parameters and GC. Compared to the free model MRI, similar estimation of ndb was obtained, 
although a slightly better agreement was found. While a better agreement was found for the nmidb case, a worse 
correlation was obtained here. 

 

Figure 4.11 The estimated (a) fSFA, (b) fMUFA, and (c) fPUFA using MRI (constrained model), compared to GC. The black 
lines are the identity lines and the blue lines represent the linear fits. High correlations (r) can be found between the 
MRI-estimated parameters and GC, albeit lower compared to the ndb and nmidb cases. While similar results for fSFA 
was obtained here as in the free model case, the estimation of fMUFA showed very low correlation to GC using the 
constrained model. 

Examples of the estimated fSFA, fMUFA, and fPUFA maps using the free and constrained 
models are depicted in Figure 4.12. The estimated fMUFA map using the constrained 
model resulted in a very homogeneous map compared to the free model, reflecting 
the results in Figure 4.11. 
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Figure 4.12 Examples of estimated fSFA, fMUFA, and fPUFA maps using the (a) free and (b) constrained model. 

4.6.3 Sources of bias 
Some of the discrepancy between the MR-based methods and GC can be explained 
by the assumption that the triglycerides are at most diunsaturated in the MR cases. 
However, the bias is expected to be small as the relative amount of PUFA with 
higher unsaturation degree than two was low (1.8 % in average (Paper III), 2-3 % 
reported previously (93)). Further, fatty acids from phospholipids are included in 
the estimation of FAC using GC but not in the estimation using MRS or MRI since 
phospholipids are MR invisible. However, in adipose tissue, this particular bias is 
expected to be small.  

By using the model for nmidb obtained from the GC data, the method’s ability to 
correctly estimate fMUFA and fPUFA was negatively affected. The model assumes that 
a simple linear relationship exists between ndb and nmidb. However, this may not 
be the case. For example, when nmidb = 0, ndb can either be 0 or 1, i.e. saturated or 
monounsaturated.  

In addition, in the MRS-case, the effect of J-coupling on the estimated T2-relaxation 
times, and consequently the estimated T2-corrected peak amplitudes and FAC 
parameters, cannot be disregarded. 

4.7 Comparing MRS and MRI 
Several studies have compared the MRS- and MRI-based FAC quantification 
methods with good agreement both in oil phantoms and in vivo (36,39,126). In 
contrast, low correlation and poor agreement were found between the MRS- and 
MRI-based methods described in this work (Figure 4.13). While there are several 
methodological differences between the two approaches which could explain the 
poor association, one plausible difference is due to the impact of J-coupling on the 
MRS estimation mentioned in the previous section (4.6.3 Sources of bias). 
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Figure 4.13 Comparison of the estimated ndb (left) and nmidb (right) using the MRI and the MRS-based method (free 
model). Low correlations and poor agreement were found between the methods in the estimation of both ndb and 
nmidb, 

Further, there are numerous factors which may explain the different results in terms 
of the agreement and correlation between MRS and MRI presented here and in 
previous studies. Firstly, the used signal models and algorithms varies between the 
studies (especially for MRS). Also, in the in vivo cases, the investigated adipose 
tissue depots and body parts are different. Lastly, the MRS-based approach can be 
operator dependent in the analysis and post-processing steps.  

4.8 Applications of MR-based FAC quantification 

4.8.1 Lymphedema 
In addition to excess accumulation of fat and fluid (see 3.3 Water/fat imaging in 
Lymphedema), lymphedema has also been linked to chronic inflammation (133) and 
studies have suggested that inflammation and fat accumulation might be closely 
associated (134). Further, chronic inflammation may be associated to adipose tissue 
FAC (70,135). For example, an animal study has found that chronic inflammation 
alters the chemical composition of the adipose tissue intermediate to the lymph 
nodes (136,137). However, the association between the development of 
lymphedema and the adipose tissue FAC of the affected limb has not yet been 
investigated 

In Paper III, the FAC of the subcutaneous adipose tissue of edematous thighs were 
assessed and compared to the corresponding parameters in healthy thighs using GC-
FID, MRI, and MRS. In total, 19 lymphedema patients were included of which all 
underwent MR scans and 18 underwent biopsy sampling for GC-FID. The fSFA, 



50 

fMUFA, and fPUFA were assessed using the MRI and MRS approaches with a free model 
described previously.  

 

Figure 4.14 The mean differences (edematous - healthy) and standard deviation of the relative amount of SFA, 
MUFA, and PUFA, estimated using GC, MRI, and MRS. Significantly higher relative amount of SFA and PUFA were 
found in the edematous thigh with GC analysis, Similar results were found using the MRI-based method, although 
with greater differences and higher proportion PUFA in the healthy thigh. No significant differences were found with 
the MRS. */**/*** denotes p-values < 0.05/0.01/0.001. 

Significant differences (p < 0.05) were found between the edematous and healthy 
thighs (edematous - healthy) using GC and MRI (Figure 4.14). Using GC, higher 
relative amounts of SFA and PUFA were found the edematous thigh. Although 
further investigation of the underlying reason for the FAC differences were out of 
the scope of Paper III, the results suggest that the FAC of adipose tissue might be 
on interest in the quest of fully understanding the development and consequences of 
lymphedema. 

Here, the differences estimated with GC-FID analysis are considered to reflect the 
true differences in FAC between the edematous and healthy thigh. While large 
standard deviations and no significant differences were found using MRS, the MRI-
based approach found similar results as GC but the differences were larger between 
the thighs. One possible explanation for this is the, probably artefactual, spatial 
variation over the estimated maps (see Figure 4.12) (37). To minimize the effect on 
the results, the MRI values were calculated using smaller ROIs which were placed 
in the medial area of the subcutaneous adipose tissue. However, bias due to the 
spatial variation cannot be entirely discarded. 
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4.8.2 Hypertension and cardiovascular disease  
In a previous study, higher prevalence of hyperlipidemia, insulin resistance, and 
diabetes type 2, but a lower prevalence of hypertension was found among a Iraqi-
born population in Sweden compared to a Swedish-born population (138). As both 
diabetes type 2 and hypertension normally are highly associated with cardiovascular 
disease (139), it was suggested that the risk profile for cardiovascular disease of the 
Iraqi-born subjects might differ from that of Swedish-born (138).  

Although the underlying reason for the difference in hypertension prevalence 
between the Iraqi-born and Swedish-born group is unknown, it has been 
hypothesized that it might be related to differences in diet (140). In general, the 
association between cardiovascular disease and hypertension and dietary FAC has 
been ambiguous (87,141,142). However, studies have suggested that excessive 
consumption of SFA is linked to elevated risk for cardiovascular disease (87) and 
that replacing SFA with MUFA can have a positive effect on blood pressure (143). 
It has also been suggested that high MUFA diet improves the cardiovascular disease 
risk factors compared to low MUFA diets (144) as well as decreases plasma 
triglycerides and blood pressure (142,145). In the case of PUFA, studies suggest a 
positive effect on cardiovascular health, however, similarly to SFA and MUFA, the 
reported effects have varied (87,146). 

To study the possible relationships between dietary FAC and cardiovascular health, 
food questionnaires can be used. However, self-reported dietary intake methods are 
prone to errors due to recall bias and misreporting (147,148). Another approach is 
measuring the fatty acids of plasma or adipose tissue as biomarkers of dietary intake. 
While plasma fatty acids mainly reflect the dietary intake over a few hours-days, 
the FAC of adipose tissue reflects the dietary intake the over weeks-months (147), 
or even years (68). However, there are some limitations with using biomarker of 
dietary intake. For example, in addition to diet, factors such as genetics, physical 
activity, smoking, and alcohol consumption may also have an impact on adipose 
tissue FAC (88). Thus, the FAC of adipose tissue reflects a far more complex 
measure than solely fatty acid consumption. While correlation between dietary and 
adipose tissue PUFA has been found, mixed results have been presented regarding 
the association between SFA and MUFA intake and adipose tissue FAC (68). 

In Paper IV, the FAC in adipose tissue of 14 Swedish-born and 23 Iraqi-born 
healthy men in Sweden were estimated and compared using the MRI-based FAC 
quantification method (Figure 4.15). Due to the different metabolic roles of 
subcutaneous and visceral adipose tissue, the two depots were studied separately. 
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Figure 4.15 Example SFA, MUFA, and PUFA maps of two subjects representing the a) Iraqi-born and b) Swedish-
born men.  

The mean estimated fSFA, fMUFA, and fPUFA are shown in Figure 4.16. Significantly 
lower fSFA and fMUFA, and significantly higher fPUFA were found in the subcutaneous 
adipose tissue of the Iraqi-born men compared to the Swedish-born men (Table 4.3). 
Similar differences were found in the visceral depot, except that the difference in 
fMUFA was not significant. Comparing instead the FAC of the subcutaneous and 
visceral adipose tissues (subcutaneous - visceral), significant differences in both 
fMUFA and fPUFA were found among the Iraqi-born while a significant difference in 
fMUFA was found Swedish-born men (Figure 4.17).  

 

Figure 4.16 The mean and standard deviations of the estimated SFA, MUFA, and PUFA in the subcutaneous (o) and 
visceral (♦) adipose tissue of Iraqi-born and Swedish-born men.  
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Table 4.3 The mean and confidence intervals of estimated fSFA, fMUFA, and fPUFA in visceral and subcutaneous adipose 
tissue of Iraqi- and Swedish-born men. The mean differences and confidence intervals between two groups (Iraqi-born 
– Swedish-born) and the corresponding p-values are also shown. 

  Iraqi-born (n = 23) Swedish-born (n = 14) Difference p-values 

Subcutaneous 
adipose tissue 

fSFA 0.30 (CI 0.29−0.31) 0.35 (CI 0.33−0.36) -0.05 < 0.001 

fMUFA 0.53 (CI 0.51−0.55) 0.57 (CI 0.55−0.59) -0.04 0.006 

fPUFA 0.17 (CI 0.15−0.18) 0.09 (CI 0.07−0.10) 0.08 < 0.001 

Visceral 
adipose tissue 

fSFA 0.30 (CI 0.29−0.31) 0.35 (CI 0.33−0.37) -0.05 < 0.001 

fMUFA 0.56 (CI 0.54−0.58) 0.58 (CI 0.56−0.61) -0.02 0.1 

fPUFA 0.14 (CI 0.13−0.15) 0.07 (CI 0.05−0.09) 0.07 < 0.001 

 

 

Figure 4.17 The mean difference of fSFA, fMUFA, and fPUFA between subcutaneous and visceral adipose tissue 
(subcutaneous – visceral). */*** denotes significance value p < 0.05/0.001. A difference in fMUFA was found among the 
Iraqi-born as well as the Swedish-born men. In contrast, no difference was found in fSFA and a difference in fPUFA was 
only found in the Iraqi-born men. 

These result shows, for the first time, a difference in the FAC of subcutaneous and 
visceral adipose tissue between Iraqi- and Swedish-born men. The results of this 
study are consistent with the results from a previous study where lower levels of the 
fatty acids 12:0, 14:0, 16:0, and 18:1 (SFA and MUFA) and higher level fatty acid 
18:2 (PUFA) were found in the plasma of Iraqi-born men compared to Swedish-
born men (140). Although further studies are needed before the exact cause of the 
difference, or a possible association with dietary FAC or cardiovascular risk, may 
be concluded, the results presented here may help the understanding of the different 
cardiovascular risk profiles of the two groups. 

Similar to other studies, differences in FAC between subcutaneous and visceral 
adipose tissue were found (38,68). Although the reason is not fully understood, it 
has been proposed that visceral and subcutaneous adipose tissue have different 
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metabolic functions (65). Furthermore, the estimated values of fSFA, fMUFA, and fMUFA 
corresponds well with previous reported values using GC, MRI and MRS (0.24-
0.38, 0.44-0.63, and 0.12-0.19, respectively (68,94,126)). Although the values may 
not be completely comparable due to differences in method used, investigated 
adipose tissue depot, and potential underlying disease, the results suggest that in 
vivo quantification of adipose tissue FAC using MRI is feasible. Thus, in this study, 
the unique possibility of high resolution, simultaneous multi-compartment, and non-
invasive in vivo FAC quantification offered by the MRI method has been 
demonstrated. 
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5 Summary and outlook 

In Paper I, a T2-based fat quantification method using high resolution MR images 
was investigated. A 2-parameter fitting approach resulted in the best agreement and 
correlation to the reference method,low resolution water/fat imaging. Although long 
acquisition times may be a practical limitation, a T2-based method offers the 
possibility of simultaneous estimation of FF and T2-relaxation. 

Using water/fat imaging, the intermuscular and intramuscular fat accumulation of 
lymphedema patients was assessed in Paper II. Excess fat volume was found in 
both compartments of the edematous limb. Further, the FAC of the subcutaneous 
adipose tissue of lymphedema patients were assessed using GC and MR-based 
methods (Paper III). Significantly different adipose tissue FAC was found between 
the edematous and healthy legs using both GC and MRI.  

Methods for FAC quantification using MRS and MRI were compared to the gold 
standard, GC (Paper III). Generally strong correlations were found, especially for 
the MRI-based method. In addition, it was found that estimating FAC using a 
constrained nmidb had a negative impact on the estimated parameters in general, 
but the effect varied between MRS and MRI as well as between the various 
parameters. 

In Paper IV, significantly lower fSFA and higher fPUFA were found in adipose tissue 
of Iraqi- compared to Swedish-born men in Sweden, using MRI. Additionally, a 
significant difference in FAC between visceral and subcutaneous adipose tissue was 
found, further demonstrating the feasibility of an MRI-based FAC quantification 
method where multiple adipose tissue depots can be assessed simultaneously. 

5.1 Future work 
Although this thesis reported a high correlation between the MRI-based method and 
GC, and showed that the MRI-based approach is a feasible method for in vivo 
estimation of adipose tissue FAC, there is still more work to be done in terms of 
optimizing and further improving the method. This includes the issue of the spatial 
variation seen in the frequency direction of the estimated FAC maps (see Figure 
4.12 and Figure 4.15). Previous studies of FAC have reported a similar spatial 
variation using MRI (37,131) and MRS (125). While it has been suggested that the 
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artefact might be related to anti-aliasing filters (37) or asymmetric frequency 
response of the coil (131), definitive explanations and solutions are yet to be 
outlined and presented.  

In the case of expressing nmidb and cl as functions of ndb, the results suggested a 
generally negative impact on the estimations, especially of fMUFA, as discussed in 
section 4.6.3 Sources of bias. Moreover, other expressions for nmidb and cl have 
been suggested (37,123), and further studies on which models should be used and if 
using constrained models affects the estimation of FAC in adipose tissue differently 
in various locations, are needed. 

The excess fat accumulation found in the intermuscular and intramuscular 
compartments of lymphedema patients’ limbs has not been shown previously. Thus, 
further investigations of the underlying mechanisms and potential effects of this are 
still needed. Similarly, the found difference between the FAC of adipose tissue in 
edematous and healthy legs of patients with lymphedema needs to be further 
investigated. While it has been suggested that the FAC is associated with chronic 
inflammation, the exact relationship was not explored further in this work. 

Using MRI, a difference in FAC of subcutaneous and visceral adipose tissue 
between Iraqi-born and Swedish-born men has been demonstrated for the first time. 
This might be associated with the suggested difference in cardiovascular risk 
profiles between the groups (138). However, further studies are needed before any 
definite conclusions can be made.  

5.2 Conclusions 
In this thesis, the possibilities and limitations of MRI-based methods for fat content 
and FAC quantification have been explored with the following conclusions: 

1. The T2-based fat quantification approach showed good agreement with 
water/fat imaging, especially using a 2-parameter fit, and may thus be an 
alternative method for FF estimation using very high resolution MRI. 

2. Excess fat was found in both the intramuscular and intermuscular 
compartment of edematous limb of lymphedema patients.  

3. High correlations between the MR-based methods and the gold standard 
method, GC, were found. Especially the MRI-based method showed great 
potential for in vivo measurements of adipose tissue FAC. 

4. Using the MRI-based method, significantly different FAC of Iraqi- and 
Swedish-born men was found in both visceral and subcutaneous adipose 
tissue. Also, significantly different FAC were found between the visceral 
and subcutaneous depots. 
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