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ABSTRACT 

Lipids and sodium (23Na) are two essential components of the human body. They play a 

role in almost all biological systems. However, an increase in their levels is associated with 

metabolic diseases. The elevation of their contents can cause similar health disorders. Examples 

of prevalent disorders that share an increase of musculoskeletal lipids and 23Na are hypertension 

and diabetes. However, the relationship between in vivo lipid and sodium levels in 

pathophysiology has not been studied enough and therefore is still unclear. Additionally, the 

available quantification methods to facilitate such a study may not be practical. They are either 

invasive, not sensitive enough, or require an impractical measurement time. 

Therefore, in this work, our aims were to develop practical in vivo methods to quantify the 

absolute sodium concentration as well as the concentration of each lipid component individually, 

and to study the correlation between them within the skeletal muscles. 

Since lipids and 23Na have different nuclear magnetic resonance properties, their 

quantification by magnetic resonance (MR) techniques face different challenges. Thus, we 

optimized different MR spectroscopic imaging (MRSI) techniques for lipids and 23Na.  

Our proposed proton MRSI was able to provide eight lipid fat fraction (FF) maps 

representing each musculoskeletal lipid component (fatty acid) detected by our MRSI technique, 

and demonstrated a superior sensitivity compared to the conventional MR imaging methods. (Aim 

1; Chapter 2) 

For 23Na, our developed 23Na-MRSI was able to measure and map the absolute 23Na 

concentration with values agreeing with those reported previously in biopsy studies, and with a 

high repeatability (CV < 6 %) within significantly shorter acquisition time compared to other 

available techniques. (Aim 2; Chapter 3) 

 Finally, the 23Na concentration and the fat fractions of each lipid component within healthy 

skeletal muscles were measured and correlated using our developed MRSI methods. Our findings 

suggest a positive regional relationship between 23Na and lipids and negative correlation between 

23Na and BMI under healthy conditions. (Aim 3; Chapter 4) 
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CHAPTER 1 : INTRODUCTION 

1.1    MRSI 

1.1.1    MRSI Principle 

Magnetic resonance spectroscopic imaging (MRSI) is basically multi-voxel MR-spectroscopy 

(MRS) that can be post-processed and represented as a spatial distribution (image) of the collected 

data. MRS is a nuclear magnetic resonance technique to collect in vivo information about certain 

metabolites within a specific volume of interest noninvasively and represent them within a 

frequency spectrum. Unlike magnetic resonance imaging (MRI), MRS measures the signal at 

different time points while it is decaying. This measurement is called a free induction decay (FID). 

If a Fourier transform is performed, the FID data in the time domain can be transformed to the 

frequency domain and represented as a frequency spectrum. The spectrum will show the detected 

metabolites sorted as signal peaks at their characteristic resonance frequency shift in Hz or ppm. 

Each nucleus (with nonzero magnetic moment) has a unique gyromagnetic ratio (γ). Thus, 

within a given magnetic field (B0), a nucleus precesses with a Larmor frequency (ω = γB0). 

However, when a nucleus is bound to another molecule (like oxygen or carbon), the surrounding 

electrons induce a small opposing magnetic field to the main applied B0 with a shielding constant 

(𝜎) that results in shifting their frequency as follows: 

Δω = γB0 (1- 𝜎) 

These small chemical shifts in frequency help to differentiate the metabolite signal. However, 

further spectral optimization may be required for a better differentiation. For 1H, since the human 

body is basically made of water, the H2O signal peak overwhelms the other metabolite peaks. 

Hence, this large water signal needs to be suppressed in order to see the smaller metabolite peaks.  

With conventional MRSI methods, long acquisition times are required to collect enough 

and high-resolution voxels (for producing images) and to suppress the water peak. Therefore, an 

acceleration of these processes is needed. 
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1.1.2    MRSI Acceleration 

Similar to MRI, an MRSI acquisition is usually accelerated by trying to sample k-space more 

efficiently. To speed up filling the Cartesian lines, methods like echo-planar spectroscopic imaging 

(EPSI) can be implemented.1,2 Alternatively, center-out (non-Cartesian) k-space-filling trajectory 

methods such as concentric rings,3 or spirals4 can be used to acquire enough imaging data within 

a shorter duration. Additionally, parallel imaging techniques can be applied to accelerate MRSI 

with multi-channel coils.5–7 While each method has its advantages and limitations, a density-

weighted concentric ring trajectory (DW-CRT) acquisition method has been chosen to perform 

this work.8 The main reason to pick this method is that it has been found that DW-CRT provides 

a higher signal-to-noise ratio (SNR) compared to the EPSI and the spiral methods even for x-

nuclei.9 This advantage is very important for 23Na-MR since it suffers from a low SNR due its low 

NMR sensitivity and natural concentration as will be described below. For 1H, techniques that can 

boost the SNR are also preferred to enhance the detection of some fatty acids of relatively low 

signal. Moreover, this SNR advantage also allows good data quality with a smaller number of 

averages (shorter scan duration). The main factor leading to this advantage is that k-space is filled 

more densely at its center (see Figure 1.1), where data of low spatial frequency exist and contain 

the general signal distribution information. Additionally, it is Hanning filter density-weighted by 

design, which boosts the SNR further.8 

 

 

Figure 1.1 Density weighted concentric ring trajectory scheme used to fill the MRSI k-space. This 

Figure adapted from Chiew et al. 8 
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1.2    Lipids 

1.2.1    Biological Importance 

In the context of this work, the term lipid will be equivalent to triglyceride, which is a group of 

lipids that can be detected by proton (1H) MR techniques. Triglycerides are built from three fatty 

acids that are linked by a glycerol backbone.10 Triglycerides form 60 - 85% of adipose tissue.11 

This lipid serves as an essential source of energy. However, the elevation of its content has been 

linked to several common diseases, such as type 2 diabetes and cardiovascular disease.12 More in-

depth investigations have related the accumulation of saturated fatty acids to insulin sensitivity.13 

Additionally, recent studies suggest an influence of lipids on the immune system and 

inflammation.14 Lipid accumulation was also used as a sign of cancer.15 

In the musculoskeletal system, lipids exist within the bone marrow, as strands between the 

muscle fibers (extra-myocellular lipids; EMCL), as droplets inside the of muscle cells (intra-

myocellular lipids; IMCL) with a lower concentration, or stored as subcutaneous fat.16 The 

elevation in musculoskeletal fat content has been related to Duchenne muscular dystrophy,17 type 

2 diabetes mellitus,18 tendon tear severity,19 Charcot-Marie-Tooth type 2 F disease,20 

osteoporosis,21 and knee osteoarthritis.22 Additionally, the increase of IMCL has been found to be 

contributing to insulin sensitivity.23,24 Moreover, IMCL in contact with mitochondria has been 

found to be proportional in size with exercise intensities 25 and provides useful information about 

the energy supply,26 and mitochondrial disorders.27 In addition, it may indicate physiological 

details as it has been shown that muscle exercise results in altering the levels of bulk methylene 

IMCL.28 Similarly, the increase of saturated lipids and decline of unsaturated olefinic lipid signal 

in bone marrow has been used as a sign of osteoporosis.29 

1.2.2    Lipid Quantification Methods 

Currently, there are several methods available to investigate the body fat content level. A biopsy 

specimen can be extracted from the region of interest (ROI) and quantified in vitro by electron 

microscopy,30 histochemistry (Oil red O staining),31 or biochemical analysis.32 However, this 

method is invasive and does not provide the spatial distribution of lipids. Alternatively, computed 

tomography (CT)33 and MRI can noninvasively image a larger area for fat content assessment. 

MRI is preferred over CT to use for fat quantification, especially in children, because MRI is used 
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without ionizing radiation. An alternative to CT, dual-energy X-ray absorptiometry (DXA) that 

utilizes a very low radiation dose can be used to assess total fat mass, but it is prone to errors due 

to the variation in soft tissue hydration.34,35 

The Dixon technique36 is the standard MRI method for measuring in vivo fat fraction (FF) 

quantification and mapping. As demonstrated in Figure 1.2, the conventional Dixon technique 

generates fat-only (F) and water-only (W) images that are usually used to calculate their FF maps 

(= F/W+F). In order to generate these W and F images, the sequence needs to acquire at least two 

signal echoes, one echo when fat and water spins are in-phase (IP) and another echo when they are 

out-of-phase (OP). Since the 1H signal is coming mainly from water signal and the lipid component 

resonating at ~3.5 ppm lower than water, the time when their spins are IP or OP can be estimated 

based on this resonance frequency difference. The signal sum of the IP and OP acquisitions will 

eliminate the fat signal contribution and render double the water signal, and their difference will 

result in double the fat signal without the water signal. By dividing the results by two, images of 

water-only and fat-only signals are produced. 

 

 

Figure 1.2 Dixon fat- and water-only image reconstruction steps. The fat (F) signal (orange), and 

water (W) signal (blue) are measured at two echo times. Once when they are in-phase (IP), and once 

when they are out-of-phase (OP). The water-only signal can be separated by summing the IP and OP 

signals. The fat-only signal can also be generated by subtracting the IP and OP signals 
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Although conventional imaging techniques can map and quantify the total fat content, they 

cannot differentiate their fatty acids components. To differentiate these lipid components, 1H-MRS 

is usually used. The differences in chemical saturation, chain length, and location of lipid 

components relative to the cells result in a differentiated frequency of their protons that allows 1H-

MRS to detect their distinct signals noninvasively (see Figure 1.3 for a spectrum example). 

However, single voxel MRS cannot map the lipid's FF distribution, which was found to vary with 

muscle fiber types.37 Alternatively, MRSI can cover a larger area with multiple voxels, but 

conventional MRSI requires a long acquisition time. Thus, an accelerated MRSI technique will be 

proposed in this work. 

1.2.3    Musculoskeletal Lipid MRSI Challenges 

To provide FF data, separated water and fat information are needed. Hence, two MRSI acquisitions 

are conventionally performed: one acquisition containing the water information, and another with 

a water-suppression for lipid information. However, to reduce the scan duration, using only one of 

these measurements is sometimes used. Each of these options comes with its drawbacks. With the 

non-water suppressed spectra, the water signal overwhelms the surrounding lipid peaks close to it, 

and only a few of the strong lipid peaks resonating away from the water frequency can be 

distinguished (see Figure 1.3). On the other hand, the use of water suppressed spectra alone pushes 

users to redefine the FF and calculate it without referencing it to the water signal. Additionally, 

the large water signal is important to determine the local magnetic field shifts and to correct the 

spectral phase and eddy current effects.38,39 In this work, the use of a metabolite-cycled (MC) non-

water-suppressed technique combined with the DW-CRT acquisition method is proposed to 

provide separated water and lipids information from one fast measurement, as will be shown in 

the following chapter. 
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Figure 1.3 An example of a typical 1H-MR spectrum of skeletal muscle without water suppression 

(top), and after water suppression (bottom). The numbers next to each metabolite represents the 

chemical frequency shift in ppm 

 Another challenge facing musculoskeletal MRSI is the heterogeneity of the muscle fiber 

orientation. Due to the local bulk magnetic susceptibility (BMS), EMCL and IMCL are usually 

separated by ~ 0.2 ppm.16,40 However, the EMCLs that follow the fiber orientation will have 

different angles relative to the main B0 direction resulting in shifting its chemical shift closer to 

the IMCL. This factor can be reduced by increasing the spatial resolution to enhance the spectral 

line by reducing spatial variation within the voxels. Thus, we are implementing an MRSI technique 
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with a 0.25 mL resolution, which has been found to be sufficient to separate the adjacent IMCL 

and EMCL peaks.41 

1.3    Sodium 

1.3.1    Biological Importance 

Sodium (23Na) is the most abundant positive ion that exists naturally in our human body.42 It plays 

a vital role in regulating nerve impulse, muscle action, blood and body fluid volume, osmotic 

pressure, immunity, and cell membrane viability (Na+/K+ pump).42 In healthy tissues, 23Na 

concentration is constant (within a specific range) and always lower within the intracellular space 

compared to the extracellular region.42 An increase of sodium concentration over the normal 

ranges can be a result of one of three scenarios. One possibility is due to an increase in intracellular 

concentration that can be caused by the loss of cell integrity or the impairment of energy 

metabolism. A second potential reason is an increase in the extracellular volume that may reflect 

cells death or edema. Finally, it can result from an increase of vascularization for reasons such as 

the existence of a malignant tumor, or an infection.42 

By using sodium MRI, several health disorders in different body locations can be 

evaluated. For example, in the brain, 23Na-MRI has been used to assess strokes,43 multiple 

sclerosis,44 Alzheimer’s disease,45 and Huntington’s disease.46 In muscles, 23Na-MRI has shown 

feasibility to diagnose diabetes,47 muscular channelopathy,48 and hypertension.49 It was also 

proposed for breast cancer diagnosis,50 and early therapeutic response assessment.51 

1.3.2    Sodium MR  

Sodium nuclear-MR (NMR) properties are very different than 1H NMR properties (see figure 1.4). 

The 3/2 nuclear spin results in four quantum states (m = -3/2, -1/2, +1/2, and +3/2) with three 

possible transitions. These three transitions occur at the same NMR frequency unless further 

interactions exist.52 Since it has a nuclear spin >1 (3/2), it exhibits a quadrupolar moment (Q), 

which interacts with the electric field gradients (EFG) generated by the local electronic distribution 

around the macromolecules and cell membranes .52,53 Unlike the transverse relaxation of 1H that 

is mainly determined by the dipole-dipole interaction, the quadripolar interaction (QI) is the 

dominant factor determining the decay nature of 23Na signal.52 This QI can lead to an NMR 
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frequency shift that gives rise to extra two lines corresponding to the long (satellite) transitions 

(between m =+1/2 and +3/2, and m =-1/2 and -3/2) resulting in three spectral lines under particular 

environmental circumstances.53 The QI and the movement freedom of sodium spins determine this 

spectrum line separation and the relaxation mode of the signal.54 Within liquids, the Q interactions 

with EFG are time averaged to zero leading to a mono-exponential transverse relaxation time (T2) 

and one spectral peak.42,54,55 Within the biological environment, this interaction does not average 

to zero, and the decay mode and magnitude will be affected by the motion restriction. The highest 

the restriction, the strongest the NMR frequency splitting (T2fast and T2slow observed), and the faster 

the bi-exponential decay. However, within an isotropic motion, the T2fast matches the T2slow 

resulting in a mono-exponential decay. In muscle tissues, T2fast = 0.5-3 ms, and T2slow = 12-23 ms 

were observed.55 

 

 

Figure 1.4 Sodium NMR properties compared to proton next to a simulation of their peaks (assuming 

similar proton density, and that the MR sensitivity is the only determining factor of SNR variation). 

The Table information was extracted from Hu et al.56 

1.3.3    Sodium MR Quantification Methods 

Since 23Na is resonating at a totally different frequency (Figure 1.4), we purchased a dedicated coil 

that tuned to the 23Na frequency at 3T (Figure 1.5, top panel). The coil is a transmit/receive 

birdcage knee coil (32.6 MHz, Stark-Contrast, Erlangen, Germany).  

For quantification purposes, four cylindrical phantoms were filled with increasing and 

known sodium concentration solutions (10, 20, 30, and 40 mmol/L) to be positioned under the 
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subject leg within a homemade holder (Figure 1.5, bottom panel). 2.9 g/L CuSO4 were added to 

each phantom to shift the sodium T1 into the in-vivo range. 

Our sodium MR images will cover the leg and the phantom area. As can be seen from the 

example in Figure 1.6, a concentration map can be generated by calibrating the phantom signal to 

its previously known concentration using a linear regression line. 

 

 

Figure 1.5 Quantitative 23Na-MRI study setup. Top: Special coil tuned to 23Na Larmor precession 

frequency. Bottom: phantoms with known 23Na concentration used as quantification standards placed 

within a homemade holder underneath the subject’s body region to be scanned (lower leg in our case) 
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Figure 1.6 Example of a sodium signal-to-mM calibration line (left) used to reconstruct a 23Na-MRI 

concentration maps (right) 

1.3.4    Sodium MR Challenges 

Although 1H MRI provides better anatomical images, 23Na MR techniques can give extra 

information. For instance, 23Na results can be used as a direct biochemical marker for cell integrity 

and tissue viability. Also, 23Na-MR techniques can be used as an early detection tool for several 

disorders. However, 23Na MRI suffers from a set of challenges. First, it has a low SNR compared 

to 1H (Figure 1.7). Additionally, the very fast transverse relaxation times aggravate this issue 

further. Thus, measurements at ultra-short TE (UTE), increasing the voxel size, and taking more 

averages are usually needed to enhance the SNR. To use UTE, 3D methods are implemented since 

it does not require applying slice selection before data readout. Increasing voxel size improves the 

SNR at the expense of the image spatial quality, introducing large volume effect artifacts within 

the voxels, and signal leakage to the surrounding voxels due to the larger point spread function. In 

addition, taking more averages can reduce the noise, but it will lengthen the scan duration. 
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Figure 1.7 Low sodium NMR sensitivity compared to 1H. The figure shows a simulation of 1H and 
23Na MR signal decay [assuming similar concentration] 

An extra challenge arises when quantification with external standards are used since the 

relaxation within these standards (mono-exponential) does not represent the relaxation within the 

biological system (bi-exponential). As can be seen from Figure 1.8, as the time after excitation 

increases, the difference between the in vivo and in vitro signals increases even though they have 

the same initial magnetization.  

 

 

Figure 1.8 Simulation mimicking the 23Na nuclei decay mode in vivo (bi-exponential) and in vitro 

(mono-exponential) 
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Even using UTE may not be enough to avoid this later issue. A better approach to deal with 

this issue is to estimate the relaxation constants and calculate the initial magnetization value voxel-

wisely. This will also boost the SNR. Here, we propose a high-resolution 2D-MRSI FID method 

with DW-CRT to acquire several time points after excitation to estimate the T2
* values within an 

acceptable scan time. To start measuring shortly after excitation, an outer volume suppression 

(OVS) bands will be applied to determine the slice location and thickness. 

1.4    Specific Aims 

Skeletal muscle represents approximately 55% of the body mass.57 It is considered a major source 

of energy and responsible for about 40 - 80% of whole-body insulin-stimulated glucose uptake.57 

Interestingly, common diseases have been linked to the increase in the levels of both lipids and 

sodium within this organ. However, these correlations have been found in separate studies (lipid 

or sodium). For example, the elevation in musculoskeletal fat content has been related to Duchenne 

muscular dystrophy,17 and type 2 diabetes mellitus.58 Similarly, other independent studies have 

linked the level of musculoskeletal sodium to these same diseases.47,59 Recently, one study found 

a positive relation between the Dixon’s total FF and sodium levels in muscular periodic paralyses 

patients.60 In addition to the similar trend of 23Na and fat in the same diseases observed in the 

separate studies mentioned above, it has been shown that muscle exercises can alter the levels of 

both 23Na61,62 and IMCL.28 Moreover, Tarnopolsky et al. (2007) observed that exercises increased 

the proportion of IMCL in physical contact with mitochondria.63 This influence of exercise on 

IMCL and 23Na may suggest an energy metabolism linkage between them. However, a work 

focusing on correlating their levels in the same study, and with a robust method was not conducted 

and whether there is a correlation between them in healthy subjects is still unclear. Thus, studying 

the relationship between the healthy skeletal muscle 23Na and lipid levels deserves a more in-depth 

look, and with appropriate tools. 

As discussed earlier, lipid and sodium quantification methods have several limitations. The 

lipid quantification methods either cannot differentiate between IMCL and EMCL, have limited 

spatial coverage, or require a lengthy scan. On the other hand, current 23Na MRI quantification 

methods provide data biased by T2
* or need a long scan session to acquire data to correct for the 

T2
*. Thus, there is an urgent need for a technique that can provide separate FF maps for individual 

lipid compartments as well as an accelerated method that accounts for the T2
* of 23Na.  
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Accordingly, the following are the specific aims of this thesis: 

Aim 1: To generate separate spatial FF maps for IMCL and EMCL components by using fast and 

high-resolution MRSI.  

Based on the amplitude and unique resonance frequency of each lipid type that can be 

identified by the MRSI technique, separate IMCL and EMCL maps can be generated. In addition, 

the metabolite-cycled technique will be implemented to acquire the water-only signal map without 

additional measurement. From these maps, FF maps (= signal of specific lipid component/total 

signal) will be generated. Since MRSI is being acquired efficiently using the DW-CRT k-space-

filling approach, the scan time can be reduced (Chapter 2). 

Aim 2: To generate T2
*-corrected absolute concentration maps of musculoskeletal 23Na using 

high-resolution FID-MRSI.  

A high-resolution MRSI sequence will be tuned to 23Na and used to generate 23Na 

concentration maps for the calf muscles and the calibration bottles, which work as concentration 

references. To account for the variation in the T2
* values (in vivo and in vitro), fitting of the 23Na-

MRSI FID data will be used to map each 23Na T2
* relaxation compartment (fast and slow) and 

estimate the initial magnetization (Chapter 3). 

Aim 3: Identify the relationship between 23Na and IMCL levels within healthy skeletal muscles 

measured by MRSI.  

Sodium and lipid data will be collected by using the developed MRSI techniques. The 

resulting maps will be segmented to extract quantitative muscle data. The FF and absolute sodium 

concentration levels within healthy skeletal muscles will be correlated to evaluate their 

relationship. The BMI and sex differences will also be considered (Chapter 4). 
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CHAPTER 2 : FAT-WATER SEPARATION BY FAST METABOLITE 

CYCLING MAGNETIC RESONANCE SPECTROSCOPIC IMAGING AT 3 

T: A METHOD TO GENERATE SEPARATE QUANTITATIVE 

DISTRIBUTION MAPS OF MUSCULOSKELETAL LIPID COMPONENTS 
 

 

Published in Magnetic Resonance in Medicine (2020;00:1–14); Adapted Version 

Ahmad A. Alhulail, Debra A. Patterson, Pingyu Xia, Xiaopeng Zhou, Chen Lin,                       

M. Albert Thomas, Ulrike Dydak, Uzay E. Emir 

2.1    Introduction 

The accumulation of adipose tissue in the human body is a risk factor for many common health 

disorders, such as type 2 diabetes mellitus and cardiovascular disease.12,64 Indeed, obese children 

and adolescents are more likely to develop such health problems.65–67 It has been found that 

intramyocellular triglycerides (lipids) content has a direct relationship to insulin resistance,23,24 and 

is hypothesized to be a precursor to type 2 diabetes mellitus.18,68 Thus, a non-invasive method to 

reliably evaluate particular lipid content can be useful in the early detection and prevention of such 

diseases in children, adolescents, and adults.  

Currently, there are several methods available to investigate fat content within the muscles 

of the body. An invasive biopsy specimen can be extracted from a limited region of interest 

(ROI).30–32 Alternately, computed tomography (CT)33 and magnetic resonance imaging (MRI) can 

noninvasively image a larger area for fat content assessment. However, MRI is preferred over CT 

for fat quantification, especially in children, because CT uses ionizing radiation.  

The Dixon MRI technique has been used to quantify in vivo total fat fraction (FF).36 This 

technique has been considered to be the standard MRI method in providing information about the 

fat level from a relatively large area in the body. However, the clinically available Dixon MRI 

techniques are utilized to map the total fat fraction rather than the individual lipid component 

(Table 2.1) as these techniques cannot differentiate the signal amplitude of each fatty acid 

separately. In certain situations, individual lipid component information might reflect different 

pathology or physiology. For instance, the methylene lipid group (CH2)n is considered to evaluate 

arterial stiffness.69 On the other hand, only the intramyocellular methylene (IMCL(CH2)n) is the 

lipid component of particular interest since its elevated level has been found to be a biomarker for 
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insulin resistivity24,70 as well as for mitochondrial disorder MELAS.27 All these studies indicate a 

need to measure the lipid components separately. 

Table 2.1 Common musculoskeletal lipid signals detected by MR techniques16,40,71–73 

 

The single-voxel magnetic resonance spectroscopy (SV-MRS) can be used to differentiate 

the lipid components. However, it has a limited volume of interest. Alternatively, conventional 

magnetic resonance spectroscopy imaging (MRSI) methods can be used to cover an entire cross-

section over the region of interest, but it requires a long scan time between ~ 17 to 51 minutes.41,74–

77 Acceleration of MRSI sequences had been achieved by reducing the flip angle and repetition 

time (TR),78 or by using a gradient-echo sequence with several echo time (TE) step increments.79 

These accelerated methods allow a very high resolution (<0.1 mL) within a shorter acquisition 

time (~ 10-15 minutes). However, they compromise on large water residual and only allowing for 

detection of the most intense methylene peaks.80 MRSI acceleration was also achieved by using a 

circular sampling acquisition,81 or by implementing an echo planer acquisition technique to speed 

up the scan by trading the signal-to-noise ratio.80,82 However, these techniques alone do not provide 

water information without an extra measurement. 

Lipid 

Chemical 

shift 

[ppm] Chemical group 

Location 

in muscles 

Bone marrow & 

subcutaneous 

existence 

IMC/L (CH3) 0.9 Methyl 

CH3 

IMCL ✓  

EMCL (CH3) 1.1 EMCL  x 

IMC/L (CH2)n 1.3 
Bulk methylene 

(CH2)n 

IMCL ✓  

EMC/L (CH2)n 1.5 EMCL 
β-methylene 

CO–CH2–CH2– 

IMC/L (CH2–CH) 2.1 
Allylic methylene 

–CH2–CH=CH– 

IMCL ✓  

EMC/L (CH2–CH)a 2.3 EMCL 
α-methylene 

CO–CH2–CH2– 

IMC/L (–CH=CH–) 5.3 Unsaturated olefinic 

fat 

–CH=CH– 

IMCL 

✓  
EMC/L (–CH=CH–) 5.5 EMCL 

Abbreviations: EMCL, Extramyocellular lipid; IMCL, Intramyocellular lipid; L, lipid in general (e.g., within the 

bone marrow or subcutaneous spectra). 
aWithin the bone marrow or subcutaneous spectra, this lipid is L(CH2–CH2–). 
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High spatial resolution is important since it enhances the spectral line separation and 

eventually the detectability of different lipid peaks. Extramyocellular lipid (EMCL) and 

intramyocellular lipid (IMCL) are usually separated by ~ 0.2 ppm due to the local bulk magnetic 

susceptibility (BMS).16,40 Unlike IMCL, EMCL extends along the muscle fibers, and thus its 

chemical shift may be affected by the fiber orientation relative to the main magnetic field (B0) 

direction because of the experienced anisotropic BMS.16,83 The separation of EMCL from IMCL 

was found to be maximal when the fiber orientation is parallel to B0. However, the precision 

frequency of the EMCL starts approaching that of IMCL as the muscle fibers orientation deviates 

away from B0 direction.
16 Therefore, muscles with asymmetrical fibers orientation distribution 

such as the soleus muscle will have broader EMCL spectral linewidth.84 Thus, using techniques of 

high spatial resolution is desired to reduce the potential variation of the fiber orientation within the 

same voxel and eventually mitigate its influence of widening the EMCL spectral line width. This 

is especially useful to resolve the peak of EMCL(CH2)n and its adjacent smaller peak of 

IMCL(CH2)n.  

Therefore, there is a need for a reliable and fast non-invasive in vivo acquisition method 

that is capable of providing the spatial distribution for each lipid component of interest within a 

clinically acceptable acquisition time. In this work, we demonstrate a high-resolution, density-

weighted concentric ring trajectory (DW-CRT) 85 metabolite cycling (MC) free induction decay 

(FID) MRSI acquisition technique to provide the spatially resolved water and lipid spectra 

simultaneously. By using this advantage, the water signal information can be used as an internal 

reference to calculate the FF voxel-wisely in a similar approach used by the Dixon method, but for 

each lipid component individually based on their amplitude and unique resonance frequency. Thus, 

the aim of this study is to investigate the regional distribution of each lipid component over the 

calf muscles in an adolescent population. 

2.2    Methods  

2.2.1    Human Subjects 

In vivo calf muscle scans were performed for five healthy non-obese adolescent volunteers [2 

males and 3 females; age 12-16 years (median = 14 years); body mass index (BMI) = 20 ± 3 

Kg/m2]. The scans were acquired at the maximum circumference of the lower leg. All subjects 
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stated that they did not exercise for at least 24 hours before their scan. The study was conducted 

in accordance with the institutional review board of Purdue University. Before being scanned, an 

informed written assent was obtained from all the subjects, and written consent was obtained 

from their parents.  

2.2.2    Scanning Parameters 

The data were acquired by using the integrated body coil of the Siemens Prisma 3T MR system 

(Siemens, Germany). The FID DW-CRT MRSI was prescribed using a Hanning-windowed 

acquisition with an alpha of 1 and the following parameters: field of view (FOV) = 240 × 240 mm2, 

matrix size = 48 × 48, acquisition delay = 4 ms, repetition time (TR) = 1 s, points-per-ring = 64, 

temporal samples = 512, resolution = 5 × 5 × 10 mm3 (nominal resolution= 0.25 mL), number of 

rings = 24, spatial interleaves = 4, and spectral bandwidth = 1250 Hz. For the MC, similar 

parameters to that used in Steel et al.85 and Emir et al.86 were implemented: an 80 Hz transition 

bandwidth (-0.95 < Mz/M0 < 0.95) and 820 Hz inversion bandwidth (-1 < Mz/M0 < -0.95), 70 to -

750 Hz) downfield/upfield from the carrier frequency (carrier frequency offset = +60 Hz and -60 

Hz for downfield and upfield) were defined. The number of averages was 1, corresponding to a 

total acquisition duration of 3 minutes and 16 seconds.  

For comparison, imaging with a 3-point fast-spin-echo (FSE) Dixon sequence was 

performed with echo time (TE) = 11 ms, TR = 5 s, 2 averages, FOV = 200 × 200 mm2, and 

resolution = 0.6 × 0.6 × 10 mm3. Since Dixon is considered the standard MR technique of clinical 

scanners to quantify FF and map the fat only and water only distributions, its results will serve as 

a reference to assess the goodness of the MRSI results.  

To get an anatomical image suitable for segmentation, an image was acquired with a T1-

FLASH sequence with TR/TE = 250 ms/2.46 ms, flip angle = 60o, 2 averages, 0.6 x 0.6 x 10 mm3 

resolution, and FOV = 200 x 200 mm2.  

All the above sequences were planned to collect data from the same axial slice placed at 

the scanner isocenter. 
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2.2.3    Phantom Experiment 

In order to assess the quantification accuracy, a lipid phantom with 50:50 lipid/water concentration 

has been constructed as described in Hu et al. study.87 The Dixon and MRSI sequences were used 

to scan the lipid and water only phantoms. 

2.2.4    MRSI Post-processing 

The MRSI data were reconstructed in MATLAB (MathWorks, Natick, MA, USA). The gridding 

and the Fast Fourier Transform were performed by utilizing the Nonuniform FFT (NUFFT) 

method88 without using any post-hoc density compensation since DW-CRT is already weighted 

by design.8 The voxel-wise frequency and phase corrections were performed using cross-

correlation and least-square fit algorithms, respectively, as described in Emir, et al..86 The FIDs 

were smoothed by using a Gaussian filter of 250 ms timing parameter and zero filling to 1024 time 

points. Following, the water-only and the metabolite-only spectra were created by summing and 

subtracting the alternating FIDs, respectively, as described in Figure 2.1. 
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Figure 2.1 Example of how to get water-only and metabolite-only (includes the lipid peaks) spectra 

using metabolite cycling (MC) acquisition. The MC acquisition technique includes two selective 

adiabatic inversion RF pulses, each with a transition over the water bandwidth (BW). The first 

adiabatic pulse inverts the downfield BW relative to the water frequency (top panel, left), while the 

second one inverts only the metabolites upfield of the water frequency (top panel, right). The sum of 

these spectra provides a pure water spectrum with a minimal residual metabolite signal (middle 

panel, left), while their difference gives a pure metabolite spectrum with insignificant residual water 

(middle panel, right). The final spectra are magnitude spectra divided by two since the summation 

and subtraction give double the original signal (bottom panel) 

2.2.5    Quantification 

The Dixon technique provides a water image and a total lipid image. In order to generate a signal 

fat fraction map out of these Dixon images, the following formula is used:  

FF𝐷𝑖𝑥𝑜𝑛 =
signallipid

signal𝑇𝑜𝑡𝑎𝑙
 . 100                (1) 

Where signal𝑇𝑜𝑡𝑎𝑙 = lipid + water images signals. An illustration of signal FFDixon map 

reconstruction can be found in Figure 2.2.  
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Figure 2.2 Dixon output and signal fat fraction map reconstruction. In order to generate a fat fraction 

map by the Dixon technique, at least two signal acquisitions are required. Since the strongest fat 

component, the bulk methylene, has a chemical shift of about 3.5 ppm lower than water, one 

acquisition is acquired when this fat component is in-phase (IP) with water spins and another 

acquisition when they are out-of-phase (OP). The signal sum of the IP and OP acquisitions will 

eliminate most of the fat signal contribution and render double the water signal, and their difference 

will result in double the fat signal without water signal. By dividing the results by two, images of 

water-only and fat-only signals are produced. From theses fat/water only images, a signal fat fraction 

map can be calculated using Equation (1) 

As for MRSI, MC FID DW-CRT provides water-only and metabolite-only resonance 

spectra. Following their spectral post-processing, these spectra from each voxel are passed into 

LCModel to fit each peak of the spectra individually and return their integrated signal.89 

In order to avoid phase correction artifacts in areas overwhelmed by lipids such as bone 

marrow or subcutaneous fat regions, the LCModel phase correction option was set to zero. Instead, 

the magnitude value was used as previously done by Meisamy et al..90 In order to correct for the 

long water T1 relaxation time effect, the water reference attenuation correction parameter, 

ATTH2O, in LCModel was used. This parameter was determined based on the T1 signal relaxation 

term, 1-exp(-TR/T1), where the T1 value of water in skeletal muscle was assigned to 1412 ms as 

measured by Stanise et al. at 3T.91 LCModel’s basis set of muscle spectra, “muscle-5”, was used 

to fit the magnitude MRSI-spectra. To construct the MRSI maps, only peaks with Cram´er-Rao 

lower bounds (CRLB) values of 8% or less (measured by LCModel) were used. The FF was then 

calculated by using a similar expression to that used to calculate the FF𝑑𝑖𝑥𝑜𝑛: 

FF𝑀𝑅𝑆𝐼 =
signalspecific lipid

signal𝑇𝑜𝑡𝑎𝑙
 . 100              (2) 

For both techniques the water fraction (WF) is calculated by the following formula: 

WF =
signalwater

signal𝑇𝑜𝑡𝑎𝑙
 . 100               (3) 



 

 

38 

In addition, to assess the MC performance within the calf area, the residual water (RW) 

fraction was calculated as:  

RW fraction (%) =
signalRW

signalwater
 . 100              (4) 

Where signalRW is the signal of the residual water peak within the metabolite-only spectra fitted 

by the LCModel. 

2.2.6    Muscle Segmentation  

To assess the spatial FF distribution of each lipid component within the calf muscles, muscles were 

manually segmented by drawing ROIs over each of the eight main muscles based on their high-

resolution T1-weighted image. The ROIs borders were determined by following the muscle 

boundaries. These ROIs were down-sampled to match MRSI resolution and co-registered to each 

lipid FF map to assess their distribution voxel-wisely. To avoid any partial volume effect by 

adjacent structures, voxels on the borders were excluded out of the down-sampled ROIs (Figure 

2.3).  

 

 

Figure 2.3 A, Calf muscle, bone marrow (BM), and subcutaneous (S) regions of interest (ROIs) 

drawn on a high-resolution T1 axial image, which provides a good anatomical delineation. Eight 

ROIs were used to cover the main eight calf muscles. SOL, Soleus muscle; FIB, Fibularis muscles; 

EXT, Extensor longus muscles; TA, Tibialis anterior muscle; GM, Gastrocnemius medialis muscle; 

GL, Gastrocnemius lateralis muscle; FHL, Flexor halluces longus muscle; TP, Tibialis posterior 

muscle. B, The same ROI set after being down-sampled into MRSI resolution and removing the 

voxels on the muscle borders. The white box represents one ROI voxel 
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2.2.7    Data Analysis 

To compare the results of the two used techniques, the Structural Similarity (SSIM) Index 

method,92 implemented in MATLAB, was used to find the level of similarity in fat detectability 

between the FF maps generated from the MRSI versus those from the Dixon technique. SSIM 

analysis compares two images and returns their signal intensity and structural similarity level 

(index) for each voxel as well as a global (mean of all voxels) value. In addition, regression 

comparisons with ROIs were performed between the FF values measured from the Dixon method 

data versus the data of the integrated IMCL and EMCL. For comparison, this regression analysis 

was performed with FF calculated with all eight lipid peaks, and also with only the upfield lipid 

peaks (methyl and bulk methylene lipid peaks). 

Additionally, in order to assess each lipid component FF spatial distribution within the 

muscles estimated by the proposed MRSI method, the previously segmented muscle ROIs were 

used with each lipid component FF map. To eliminate outlier voxels from generating false-positive 

findings, a minimum positive voxel threshold (MPVT = 1/number of subjects = 20% of the ROI 

voxels from all subjects) was considered. This means that only muscles with enough (i.e., above 

MPVT) positive voxels (voxels containing the lipid of comparison and passed the CRLB criteria 

of peak fitting goodness) were included in the regional comparison. To conduct this regional 

comparison, the Kruskal Wallis one-way analysis of variance test was used to assess the lipid 

spatial distribution variation and followed by the Bonferroni multiple comparison test to determine 

whether a significant FF difference exists between any two muscles.  

2.3    Results 

The phantom study showed that Dixon and MRSI were able to estimate the true FF (see Figure 

2.4). The results of the lipid phantom FF in the defined volume of interest were 49.6 ± 9 % 

measured by MRSI and 47.4 ± 5.4 % by the used Dixon method.  
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Figure 2.4 A, structural image shows the phantoms setup. B, corresponding Dixon signal fat fraction 

(FF) map. C, The MRSI total FF map. Both methods were able to estimate the phantom FF. 

However, the MRSI provided more accurate result (49.6 ± 9 % and 47.4 ± 5.4 % measured by MRSI 

and Dixon, respectively). The blue circles highlight the region that has been quantified (the bottles 

border was excluded). 

As shown in Figure 2.5, generated water- and lipid-only maps of MC MRSI are in 

agreement with the anatomical distribution of those provided by the Dixon technique. The 

proposed MRSI technique further provided separate pure water spectra, and spectra with different 

lipid components and other metabolites. The generated MRSI spectra were fitted by LCModel, 

which identified eight lipid peaks found within the metabolite spectra (IMC/L(CH3), EMCL(CH3), 

IMC/L(CH2)n, EMC/L(CH2)n, IMC/L(CH2–CH), EMC/L(CH2–CH), IMC/L(–CH=CH–), and 

EMC/L(–CH=CH–)) plus Cr30, Cr39, and Crn32 (see examples in Figure 2.6). In addition to total 

FF, water fraction, integrated IMCL, and integrated EMCL FF maps (see Figure 2.7), eight 

separate FF maps of each lipid component were reconstructed (Figure 2.8) from the quantification 

results by LCModel for the fitted lipid and water peaks. The MC method resulted in only 1.3 1.2% 

RW fraction that was only found in half of the calf voxels (Figure 2.9).  
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Figure 2.5 Dixon versus MRSI output. The results of the FID density-weighted concentric ring 

trajectory (DW-CRT) metabolite cycling MRSI sequence are in line with the Dixon images. On the 

right, representative water (black) and lipid (blue) spectra acquired from the same location (box) by 

MRSI. The lipid peaks were magnified ten times compared to the water peak for better visualization 

 

Figure 2.6 Representative spectra fitted by LCModel from different locations in muscles and bone. 

The shown spectra (black) were acquired from the voxels highlighted on the total fat fraction map. 

The LCModel fit is shown in red, with the fitted lipid components labeled. H2O res. stands for the 

residual water signal. Other metabolites than lipids can also be detected such as CH3 and CH2 groups 

of creatine that resonate at 3.0 ppm (Cr30) and 3.9 ppm (Cr39), respectively, in addition to the CH3 

group of carnitine (Crn32) 
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Figure 2.7 Additional to muscles total fat fraction (FF) and water fraction (WF) maps, an integrated 

intramyocellular lipid (IMCL) peaks map, and integrated extramyocellular lipid (EMCL) peaks FF 

maps can be generated. These maps showing the ability of the MRSI method to spatially resolve 

IMCL and EMCL 
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Figure 2.8 Representative fat fraction (FF) maps for each lipid component that was fitted by 

LCModel. Only results with CRLB of 8% or less were included. The scale next to each map indicates 

the FF values from 0 to maximum in percent. A, the dominant lipid in the bone and subcutaneous 

regions were masked to better visualization of the muscle lipid components, which usually have 

lower contents. B, the same maps without any tissue masking 
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Figure 2.9 Residual water (RW) after implementing the MC. Out of 1626 voxels within the calf area 

(from the five subjects), the LCModel could fit residual water in 832 voxels with a mean RW 

fraction of 1.3 1.2% 

The results of the SSIM analysis comparing the signal FFDixon-map to each lipid component 

FF-map generated by MRSI are illustrated in Figure 2.10. The data presented as SSIM index mean 

± standard error that was evaluated for all the five scanned subjects. Figure 2.11 demonstrates an 

example of the SSIM analysis result from one subject’s data. The example involved the lipid of 

the highest signal, the EMC/L(CH2)n, and the lipid of the lowest signal, the IMC/L(CH2)n. In this 

example, the mean SSIM index results from comparing the Dixon technique used in this study to 

the IMC/L(CH2)n results was very low (0.03) compared to the similarity of EMC/L(CH2)n (0.59). 

In fact, the Dixon technique used in this study could not detect IMC/L(CH2)n and EMC/L(CH2)n 

in several locations where the MRSI was able to detect considerable signals from these lipid 

components. For demonstration, in the same figure, spectra from 2 x 2 voxels covering a random 

area where total mismatching present (SSIM = 0) were shown. This also can be seen from the 

regression analysis in Figure 2.12, the shaded boxes. The regression analysis in Figure 2.12 also 

shows that the Dixon values mostly coming from the extramyocellular (EMCL) signal, specifically 

from the upfield lipid peaks (Figure 2.12, D), which is in-line with earlier reports.93,94 
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Figure 2.10 Dixon similarity to MRSI maps results. The structural similarity (SSIM) indices mean as 

a result of comparing the Dixon signal fat fraction (FF) map to the FF-map of each lipid detected by 

MRSI. The mean and standard error were calculated based on the data from the five healthy subjects. 

The SSIM indices range between 0 and 1. SSIM=1 represents a perfect similarity. The results are 

ordered based on their order of similarity from the highest to lowest (left to right). Representative 

SSIM maps from one subject are depicted below each bar of their corresponding lipid component. 

The results suggest that Dixon’s fat signal is mainly coming from EMC/L(CH2)n, IMC/L(CH2–CH), 

and IMC/L(CH3) 
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Figure 2.11 Fat fraction (FF) distribution maps of MRSI IMC/L(CH2)n (A), EMC/L(CH2)n (B), and 

the Dixon-MRI undifferentiated-fat-fraction image (C). The Dixon MRI image was down-sampled to 

MRSI resolution for a better comparison. The corresponding SSIM index maps show the structural 

similarity (SSIM) between the Dixon signal FF image and the MRSI IMC/L(CH2)n FF map (D), and 

the EMC/L(CH2)n FF map (E). The mean SSIM value is listed above each SSIM map. The dark areas 

of SSIM = 0 on the maps (box) represent total mismatching between MRSI and the used Dixon 

method results. Within these areas, only MRSI could identify lipid peaks 
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Figure 2.12 Region of interests (ROIs) comparison between the Dixon signal fat fraction (SFF) 

values versus the integrated intramyocellular lipid (IMCL) and integrated extramyocellular lipid 

(EMCL) fat fraction (FF) values measured by MRSI with different peak models. Among these 

comparisons, Dixon data values are closer to the agreement (the unity line) when compared with the 

integrated EMCL data which suggests that the Dixon signal is mostly coming from EMCL. The 

correlation agreement increases when only the upfield lipid peaks are used (D) and only for the 

regions of high FF (subcutaneous and bone ROIs). Muscles ROIs have low FF and MRSI was more 

sensitive by detecting more lipid signals at these ROIs (shaded boxes) 

As shown in Figure 2.13, IMC/L(CH3) FF was present in all the muscles that were defined 

in Figure 2.3 except in the GL as IMC/L(CH3) was detected within less than 20% of its ROI voxels. 

According to the Kruskal-Wallis (KW) statistics, the FF of IMC/L(CH3) was highly variable 

among tested muscles (KW-P < 0.001), and it was significantly lower in GM than in EXT (P < 

0.001), FBL and SOL (P < 0.01) based on the multi comparison statistics. For EMCL(CH3), it 

existed within less than 20% of the GM voxels. The KW statistics also indicated a very high 

variation of this lipid among the other muscles (KW-P < 0.001). The EMCL(CH3) level was 

significantly lower in TA compared to FHL (P < 0.001), TP (P < 0.01), SOL and FIB (P < 0.05), 

and it was also lower in GL relative to FHL (P < 0.01). For IMC/L(CH2)n, the MPVT was exceeded  



 

48 

 

Figure 2.13 Regional comparison of each lipid component fat fraction (FF) distribution within the 

calf muscles. Each plotted point represents one voxel FF data. Only muscles with at least 20% of 

their voxels containing the lipid of comparison are included. The p-value (P) of Kruskal Wallis 

analysis of variance test is listed for each lipid distribution. The *, **, *** represent P <0.05, P 

<0.01, and P <0.001 respectively, and are shown when a significant difference exists between any 

two muscles according to the Bonferroni multi-comparison test 



 

49 

only in five muscles (EXT, FHL, GL, GM, and SOL). Its level among these muscles was only 

higher in SOL compared to it within GM (P < 0.001). On the other hand, EMC/L(CH2)n was 

detected within all the calf muscles with a very large level variation (KW-P < 0.001). The multi-

comparison analysis detected that EMC/L(CH2)n has a higher FF in EXT and FIB compared to GL, 

GM, and SOL (P < 0.001). The EMC/L(CH2)n FF was also smaller in FHL compared to FIB (P < 

0.001) and EXT (P < 0.01) and smaller in GM compared to TP (P < 0.01) and TA (P < 0.05). 

Similar to EMC/L(CH2)n, the IMC/L(CH2–CH) was also detected within all the muscles with a 

strong FF distribution variability (KW-P < 0.001), with a significantly higher FF within FIB than 

in GM (P < 0.01), and SOL (P < 0.05), and EXT has higher FF compared to GM and SOL as well 

(P < 0.05). On the other hand, EMC/L(CH2–CH) was detected with enough voxels larger than the 

MPVT only in the three muscles located at the posterior part of the leg (GL, GM, and SOL) and 

without significant FF variation among them (KW-P = 0.2). For IMC/L(–CH=CH–), The MPVT 

was satisfied in only five muscles (EXT, FIB, FHL, GM, and TA) without significant fat level 

variation (KW-P = 0.4). The EMC/L(–CH=CH–) was not above the MPVT for the FHL and GL 

voxels. Among the other muscles, the EMC/L(–CH=CH–) FF distribution was found to be 

moderately variable (KW-P = 0.02) as only SOL has significantly higher FF of EMC/L(–CH=CH–) 

relative to TP (P < 0.05). 

2.4    Discussion  

Our proposed technique has a set of advantages. It is fast, which reduces motion artifact, and 

reduces the MRI acquisition durations. Although this MRSI has lower spatial resolution compared 

to MRI, it has a high spatial (in term of MRSI) and spectral resolution to reduce the degrading 

influence of the point spread function and the fiber orientation heterogeneity on spectral quality. 

Furthermore, it has a short TE relative to the lipid and water T2 values, so quantification is possible 

without the need for a T2 correction. Most importantly, it provides water-only and separate lipid 

signals simultaneously for more precise FF quantification that eventually reflected in better 

diagnosing ability. Finally, the water-only spectra are used as an internal reference, to minimize 

sideband artefacts and to perform voxel-wise post-processing corrections without the need for an 

extra acquisition. 

This work has shown that clinically important lipid components, but of relatively low MR 

signal such as IMC/L(CH2)n are better evaluated by the proposed MRSI method rather than the 
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imaging technique. This recommendation is based on the findings observed from the SSIM 

analysis. As demonstrated in the results, the MRSI method showed a better performance 

identifying those lipid components of lower levels. Such molecules of interest normally have a 

low signal that is hard to be detected by imaging techniques or overwhelmed by larger signals 

from other molecules within the same voxel. Indeed, the lipid signal measured by the conventional 

Dixon techniques mainly originates from the methyl and methylene peaks. This finding agrees 

with a previous phantom study that showed that the Dixon method provides lower accuracy in 

quantifying total FF compared with MRS when the signals from all lipid peaks were summed.94  

The FSE Dixon technique used here is a limitation of this study. Usually, a gradient echo 

proton density FF Dixon sequence with a shorter TE is used for more accurate FF quantification. 

However, we used a conventional Dixon technique that is similar to the most common Dixon 

sequences available with the most clinical scanners. Since we used the body coil, we had to turn 

off the parallel imaging feature, which resulted in prolonging the scan time. To mitigate the impact 

of not using the parallel imaging, we used an FSE sequence95 and adjusted its parameters (by 

setting the TE to the shortest possible value and using a long TR) to make it closer to a proton-

density-weighted sequence. However, the used TE (11 ms) may not be short enough to avoid the 

potential T2 influence, especially on the faster-decaying water signal. In addition, J-coupling at a 

TE of 11 ms might have affected the fat signal decay of the FSE Dixon method.96,97 Thus, the FF 

measured by the FSE Dixon method is signal-weighted FF rather than proton density FF. Although 

that other advanced Dixon techniques were introduced and some of them suggested methods to 

account for the fat multipeak existence such as the work done by Yu et al.,98 they are still not 

independently able to allocate different map for each lipid of interest like the proposed MRSI 

technique. Indeed, the multipeak modeling approach assumes that peaks have constant relative 

amplitudes. However, this assumption may not always be applicable. At least within the muscles, 

the relative peak amplitudes have been noticed to change with exercises and diseases.99,100  

The phantom study showed that MRSI could provide a more accurate estimation of the true 

FF compared to the used Dixon method, but with lower precision. However, this lower precision 

is expected due to the lower spatial response function of the used DW-CRT method with an alpha 

of 1.8 

We decided to perform this study on an adolescent population to investigate the lipid 

distribution in this age group as several studies have conducted a similar assessment but on adult 
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populations.41,101,102 Most of these adult studies considered only IMC/L(CH2)n and EMC/L(CH2)n 

distribution. Our findings agree with all these previously published studies for IMC/L(CH2)n. 

However, for EMC/L(CH2)n, our findings on adolescents agree only with one study findings101 

that there is no significant variation in EMC/L(CH2)n content within SOL and TA. For the other 

three studies, the EMC/L(CH2)n level was always significantly larger in SOL relative to it in TA. 

Although that our IMC/L(CH2)n distribution conclusion matches the published studies, the other 

studies were able to report values for IMC/L(CH2)n level in TA, which usually the lowest among 

the investigated muscles, but our findings suggest that no IMC/L(CH2)n was detected in this muscle. 

Potential reasons for these contrast in findings could be the age impact as muscles lipid content 

found to be lower in younger age,103,104 because some of these studies conducted by using a large 

SV-MRS, which is more sensitive to the partial volume effect, or MRSI without considering a 

method to exclude the false positives. In addition, SV-MRS was found to have more variability to 

reproduce the same measurement compared to MRSI based on the study done by Shen et al.105 on 

the TA muscle which can be another potential reason for this difference in findings of this muscle. 

The uneven distribution of IMC/L(CH2)n across muscles was related to the amount of slow-twitch 

(type I) fibers in the muscles.41,101 For instance, the majority of SOL fibers are of type I, whereas 

GM and GL contain more fast-twitch (type II) fibers.106 In contrast to type II fibers, type I is smaller 

in diameter, contains more mitochondria, depends less on the ATPase activity to produce energy 

and thus stores more IMCL for the mitochondrial oxidation process.106–108 In addition, the 

functional role101 and fiber orientation74 of muscles were suggested as a potential contributor in 

the lipid content regional differences. Thus, the reason for the contrast of the lipids level among 

muscles still needs further investigations.  

Conducting this research by scanning healthy young subjects was challenging since their 

tissue fat content is not as high as that in obese people or patients with a condition associated with 

a fat level increase. Further, using the body coil exacerbate the challenge due to its lower sensitivity. 

However, our technique could successfully produce high-quality data. Even so, the results can be 

enhanced further by using a dedicated multiple receive coil. Indeed, by using the scanner-

integrated body coil, we showed the feasibility to use it to achieve good spectra while an x-nuclei 

coil was attached to the scanner for another purpose. Furthermore, the data quality can be increased 

more by using a shorter TE that helps to reduce the eddy current effect on the smoothness of the 

spectra baseline.  
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A summary of the latest MRI/S methods for neuromuscular disease monitoring has been 

recently published.109 Within this publication, the importance of advancing quantitative MR-based 

fat mapping techniques was emphasized. We think that our proposed technique would help the 

field by providing a different approach to assess fat infiltration diseases. Actually, the importance 

of this proposed technique can be extended beyond the focus of this work to cover more 

applications such as quantifying FF in the bone marrow to assess osteoporosis,29 and Anorexia 

nervosa,110 or to assess the intrahepatic lipid in the liver, which is used to evaluate the hepatic 

steatosis.111 Nonetheless, our proposed technique can be used to assess physiological change by 

mapping extra metabolites such as Crn32 that associated with muscle exercises, or maybe 

implemented to assess choline level to evaluate hepatic and breast tumors.112–114 Further, this 

MRSI sequence could fill the need for a fast fat-water separation to provide specific lipid 

component maps for fatty liver. This need was expressed in a study by Parente et al., where they 

preferred imaging technique since SV-MRS required a long time, and it may increase the chance 

of misinterpretation in cases of heterogeneous steatosis.115 Although that the proposed MRSI 

method showed its applicability on the calf region, further testing is still required at other 

prospective body regions. Conducting similar analysis outside the calf region is important to assess 

this method performance when a potential larger B0 inhomogeneity may be present which 

influences the lipid peaks linewidths. 

To the best of our knowledge, this is the first time a technique provided to generate separate 

spatial FF maps for the lipid components. However, the lower spatial resolution of MRSI relative 

to imaging may be a limitation for some applications. Thus, a technique to improve the MRSI 

spatial resolution further (within the same acquisition time, or less) would be useful to serve any 

fat quantification application.  

2.5    Conclusions 

The proposed MRSI technique provides a needed tool to quantify different lipid components non-

invasively. It can reliably detect fat components with high sensitivity and provides pure water 

information to calculate the FF accurately. Most importantly, it allows reconstructing separate 

quantitative spatial maps for the lipid components over the entire region of interest within 

clinically feasible acquisition time, ~ 3 minutes. 
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CHAPTER 3 : FAST IN VIVO 23NA IMAGING AND T2
* MAPPING USING 

ACCELERATED 2D-FID MAGNETIC RESONANCE SPECTROSCOPIC 

IMAGING AT 3 T: PROOF OF CONCEPT AND RELIABILITY STUDY 
 

 

Under review with Magnetic Resonance in Medicine 

Ahmad A. Alhulail, Pingyu Xia, Xin Shen, Miranda Nichols, Srijyotsna Volety, Nicholas Farley, 

M. Albert Thomas, Armin M Nagel, Ulrike Dydak, Uzay E. Emir 

3.1    Introduction 

Sodium (23Na) plays a crucial role in preserving many vital functions in our bodies. Under healthy 

conditions, 23Na concentration stays within certain ranges but varies among tissue types.42 The 

increase in these ranges is a sign of health disorder or physiological changes. In skeletal muscles, 

the rise in 23Na concentration was used as a biochemical marker for several diseases such as 

hypertension49, diabetes,47 or muscular channelopathies.48,116 It was also tested for monitoring 

early therapeutic responses.51 The physiological changes have also been observed by using 23Na-

MR experiments to assess the influence of exercise. An increase in muscle sodium concentration 

has been noticed after the exercises.117 In a similar study, this has been suggested to be a result of 

an increase in the transverse relaxation time (T2), which eventually led to an increase in the 

detected MR signal.118  

23Na possesses 3/2 nuclear spin and its relaxation is determined by the quadrupolar 

interaction (QI = the interaction between the 23Na nuclear quadrupole moment and the local 

electric field gradients), and the containing environment.52,54 In an aqueous solution, the time-

averaged QI equals zero, and the spins move freely and tumble very fast. Subsequently, 23Na 

exhibits a relatively long monoexponential T2. However, within a biological system, 23Na spins 

interact with the surrounding macromolecules, and a time averaged QI ≠ 0 is possible. As the 

mobility of the 23Na gets more restricted, the transverse relaxation becomes biexponential.54 The 

monoexponential relaxation decay within in-vitro aqueous 23Na solutions was estimated to be 

ranging between 20-50 ms.53,119 In-vivo, a monoexponential 23Na relaxation of 55-65 ms was also 

measured within the CSF.42,120 In human muscles, a fast transverse relaxation time (T2Fast
∗ ) ranges 

between 0.5–3.0 ms, and slow transverse relaxation time ( T2Slow
∗ ) between 12–28 ms were 

observed.55 This variation in relaxation modes and magnitude between the in-vivo and in-vitro 
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environments can cause a T2 quantification bias if no correction is performed. Similarly, the 

longitudinal relaxation time (T1) of 23Na is also short. At 3T, the T1 of skeletal muscles has been 

estimated to be about 29 ms.48 Thus, a careful relaxation measurement is necessary to conduct 

accurate quantification studies and can also yield useful physiological information.  

Within the few conducted in-vivo skeletal muscle studies, the used 23Na-relaxometry 

techniques suffer either from a limitation in their spatial precision (large voxel covering different 

tissue types) or from their impractical acquisition time. The intact skeletal muscles T2
* values have 

been measured previously using a non-localized FID method.118,121 Such relaxometry methods 

estimate the averaged value from a large scanned area, which may include different tissues in 

addition to the muscles. Moreover, because of this partial volume effect, the estimated value may 

not be enough to perform a voxel-wise relaxation correction. To achieve the relaxometry study 

with more spatial precision, a 3D-UTE acquisition technique was used with images acquired at 

different echo times, which consumes a long scan time (9 min per image), and with a low in-plane 

spatial resolution (6 × 6 mm2).117 Alternatively, a multi-echo GRE sequence has been used to 

measure the T2
* over the entire slice of interest with higher resolution and shorter total time (~14 

minutes).122 However, since GRE starts with a slice-selective gradient, the minimum possible first 

echo was 1.9 ms, which may not be short enough to detect the fast decaying component of the T2
*. 

To allow shorter TEs and avoid the lengthy slice-selective gradients, outer volume suppression 

(OVS) methods such as single-shot, inversion-recovery based, non-echo (SIRENE)123 and 

FIDLOVS124 have been proposed. However, these methods have not been applied and tested for 

23Na imaging. 

Therefore, the goal of this work was to develop an accelerated method with an early 

acquisition start to estimate in vivo T2
* values of muscle tissues in a voxel-wise manner at 3T while 

maintaining high spatial and temporal resolution. To attain this, we are proposing an accelerated 

density-weighted concentric ring trajectory (DW-CRT) MRSI acquisition to measure in vivo 23Na 

relaxation times in the lower leg muscles with a high sampling frequency. Additionally, to mitigate 

the long TE limitation when using slice-selective gradients, the SIRENE method123 was used 

instead to reach UTE. Before conducting an in-vivo repeatability study, the localization method 

was tested using simulation and in-vitro experiments. 
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3.2    Methods 

3.2.1    Sequence Design 

The sequence begins with a pair of slice-selective gradients and adiabatic full passage inversion 

pulses (hyperbolic secant (HS20) pulses, B1 peak of 19.2 µT, a pulse duration of 12.8 ms, and a 

thickness of 100 mm) applied to invert the magnetization bands outside the desired slice along the 

z direction and followed by spoiler gradients. After a delay chosen to null the inverted 

magnetization (TI = ln[2] x tissue’s T1, 20 ms here), pairs of wide-bandwidth adiabatic half passage 

OVS saturation pulses (HS20, B1 peak of 29 µT, a pulse duration of 2.56 ms, and thickness of 100 

mm) and gradients along z-axis were applied. The net effect is to eliminate the magnetization 

within the bands at each side of the slice of interest (SOI) along the z direction. The FID is then 

measured from the remaining magnetization within the SOI after a square excitation pulse of 240 

µs duration (see Figure 3.1). To accelerate data collection, the k-space data is collected by using a 

fast density-weighted concentric ring trajectory (DW-CRT) acquisition similar to that 

implemented in Chiew et al.8  

 

 

Figure 3.1 Pre-readout MRSI pulse sequence. To suppress the unwanted region outside the slice of 

interest (SOI), two OVS bands are assigned before the FID excitation. These OVS bands along the z-

direction are applied after two selective 180o inversion recovery pulses covering the area outside the 

SOI at inversion time (TI) = ln(2) x 29 ms = 20 ms, where 29 ms is the muscles T1.
48 Directly after 

the OVS band pulses, a nonselective 90o excitation pulse is applied before starting the FID-MRSI 

readout 
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3.2.2    Outer Volume Suppression Bands Performance Evaluation 

3.2.2.1    Simulation 

To evaluate the OVS bands’ performance in eliminating the entire 23Na signal outside the SOI, the 

OVS pulse was simulated on SpinBench (HeartVista, Inc. Menlo Park, CA). Along with the 

approximated skeletal muscle sodium NMR properties at 3T (gyromagnetic ratio = 11.25 MHz/T, 

T1 = 29 ms, fast T2
* = 0.5 ms, and slow T2

* = 12 ms), the identical MRSI experimental parameters 

were used for the simulation software. The resulted thickness, sharpness, and residual signal 

amplitude over the generated spatial profile were used to judge and optimize the bands’ 

parameters. 

3.2.2.2    Phantom experiment 

To test the optimized OVS bands parameters on the scanner, a phantom study was conducted. Four 

phantoms (bottles) were prepared with different known 23Na concentrations (10, 20, 30, 40 mM), 

which will also serve a reference for the in vivo signal calibration. To mimic the in-vivo T1 of 

sodium, 2.9 g/L CuSO4 was added to each phantom. 

As demonstrated in Figure 3.2A, to ensure that no signal is coming from outside the SOI, 

a scan was acquired while two 23Na phantoms of the highest concentration (30 and 40 mM) were 

placed outside the SOI, within the OVS bands. The remaining phantoms of lower concentration 

(10 and 20 mM) were placed in the center of the SOI. For comparison, 23Na images with a 3D-

MRI sequence scan covering the same SOI thickness were also acquired. 

 

 

Figure 3.2 Phantom evaluation of the OVS localization. Two 23Na phantoms (10 and 20 mM) were 

placed at the center of the slice of interest (SOI), which were located between the 2 OVS bands. Two 

additional phantoms of higher concentrations (30 and 40 mM) were placed outside the SOI, within 

the OVS bands and away from the center. As shown in the axial images, the MRSI signal is obtained 

only from the phantoms within the SOI, resulting in an image that is very similar to that produced by 

the 3D-MRI sequence 
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3.2.3    In Vivo Experiment 

3.2.3.1    Human subjects 

In vivo calf muscle scans were performed in four subjects [1 male and 3 females; age 22-40 years 

(median = 26 years); body mass index (BMI) = 24 ± 3 kg/m2]. The study was conducted in 

accordance with the institutional review board of Purdue University. Before being scanned, an 

informed written consent was obtained from all the subjects.  

3.2.3.2    Repeatability study 

In order to evaluate the reliability of the proposed MRSI method, test-retest scans were performed. 

The subjects were asked to lie in a head-first supine position with their left leg within a 23Na coil. 

The maximum circumference of their lower leg was positioned to be centered in the middle of the 

coil. Additionally, to make sure that both scans were acquired from the same slice, an ink marker 

was used to draw a line on the leg region (~10.5-11.5 cm below the knee joint, based on the subject) 

where the scanner laser was centered for the first scan. After a short break (about 5 minutes) outside 

of the scanner, the repeat scan was acquired using the same scanning protocol. 

3.2.3.3    Scanning parameters 

The data were collected using a 3T Siemens Prisma MR system (Siemens Healthineers, Germany) 

and a frequency-tuned mono-resonant 23Na-transmit/receive birdcage knee coil (32.6 MHz, Stark-

Contrast, Erlangen, Germany).  

The 23Na data were measured through the default shim currents of the MR system (“Tune 

Up” under shim settings). 

For the 23Na-MRSI study, inversion pulses with TI of 20 ms were applied, followed by the 

two OVS pulses on the z-direction preceded by the excitation RF pulse. The FID DW-CRT MRSI 

was implemented with an alpha of 1 (to improve SNR)8 and the following parameters: matrix size 

= 96 x 96, field of view (FOV) = 240 x 240 mm2, resolution = 2.5 x 2.5 x 20 mm3 (nominal 

resolution = 0.125 mL), flip angle (FA) = 90o, acquisition delay (time from the center of excitation 

pulse to the first FID time point) = 0.55 ms, repetition time (TR) = 650 ms, temporal samples = 

64, number of rings = 48, points-per-ring = 64, spectral bandwidth = 312.5 Hz, spatial interleaves 
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= 4, and readout duration = 204.8 ms. The scan performed with 8 averages, which resulted in a 

total acquisition time (TA) of 15 minutes and 24 seconds.  

For comparison, 23Na-MRI was collected with a density-adapted 3D radial acquisition 

sequence125 with UTE = 0.3 ms, TR = 100 ms, FA = 90o, 1 average, 4 × 4 × 4 mm3 nominal 

resolution, and FOV = 256 × 256 mm2, and TA = 6.66 min. Five axial slices were averaged to 

cover the same MRSI slice. These 3D MRI images will serve as a reference to assess the spatial 

distribution of the MRSI maps.  

To get an anatomical image suitable for segmentation, 1H images were acquired using the 

integrated body coil with a T1-FLASH sequence of TR/TE = 250 ms/2.46 ms, FA = 60o, 2 averages, 

0.6 × 0.6 × 10 mm3 resolution, and FOV = 200 × 200 mm2.  

All the above sequences were planned to collect data from the same axial slice placed at 

the scanner isocenter. Additionally, shimming using the 1H coil was done before the sodium 

measurements. 

3.2.3.4    Post-processing 

The reconstruction of the MRSI data were performed in MATLAB (MathWorks, Natick, MA, 

USA). The gridding and the Fast Fourier Transform were done using the Nonuniform FFT 

(NUFFT) method.88 In addition to the DW‐CRT trajectory8, a Hanning filter was applied in k-

space for density compensation.  

The B0 inhomogeneity was corrected by calculating the 23Na ΔB0 maps as described in 

Gast et al.126 Here, the 23Na ΔB0 maps were calculated based on the first two 23Na-MRSI phase‐

unwrapped images (𝜃𝑇𝐸2,𝑢𝑛𝑤𝑟𝑎𝑝𝑝𝑒𝑑 and 𝜃𝑇𝐸1,𝑢𝑛𝑤𝑟𝑎𝑝𝑝𝑒𝑑) acquired at TE1 = 0.55 ms, and TE2 = 

3.75 ms, as follows: 

 

∆B0 =
𝜃𝑇𝐸2,𝑢𝑛𝑤𝑟𝑎𝑝𝑝𝑒𝑑−𝜃𝑇𝐸1,𝑢𝑛𝑤𝑟𝑎𝑝𝑝𝑒𝑑

𝑇𝐸2−𝑇𝐸1
              (1) 

 

These ΔB0 maps were used to reconstruct field-corrected 23Na-MRSI images using a fast 

iterative image reconstruction method.127 Finally, we applied low rank approximations for spatial-

spectral filtering of reconstructed 23Na MRSI data.128 

The 3D-MRI data were reconstructed using a MATLAB tool designed for the radial 

sequence. To reconstruct the 3D-MRI magnitude images, the k-space data were density 
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compensated before being re-gridded with an oversampling ratio of two using a Kaiser-Bessel 

kernel,129 and Fourier transformed by a conventional fast FFT. The data were filtered with a 

Hanning filter.  

3.2.3.5    Fitting of T2
* 

The acquired FID data from the leg region were fitted to a biexponential decay to calculate the 

T2Fast
∗  and T2Slow

∗  relaxation time components: 

𝑆𝐼𝐿𝑒𝑔(𝑡) = 𝑆𝐹𝑎𝑠𝑡  𝑒−𝑡/T2Fast
∗

+ 𝑆𝑆𝑙𝑜𝑤 𝑒−𝑡/T2Slow
∗

+ 𝑛             (2) 

Here, 𝑆𝐹𝑎𝑠𝑡 and 𝑆𝑆𝑙𝑜𝑤 are the contributions to the initial signal from the fast and slow components, 

respectively, t indicates the FID points collection time, and n represents the offset level.  

The initial (undecayed) signal equals the sum of 𝑆𝐹𝑎𝑠𝑡 and 𝑆𝑆𝑙𝑜𝑤. Thus, their contribution 

fractions were represented as: 

𝐹𝐹𝑎𝑠𝑡 =
𝑆𝐹𝑎𝑠𝑡

𝑆𝐹𝑎𝑠𝑡 +𝑆𝑆𝑙𝑜𝑤
                  (3) 

𝐹𝑆𝑙𝑜𝑤 =
𝑆𝑆𝑙𝑜𝑤

𝑆𝐹𝑎𝑠𝑡 +𝑆𝑆𝑙𝑜𝑤
                  (4) 

For the reference bottles, Ref, the FID curves were fitted to a monoexponential decay: 

𝑆𝐼𝑅𝑒𝑓(𝑡) = 𝑆𝑅𝑒𝑓 𝑒−𝑡/T2Ref
∗

+ 𝑛                (5) 

3.2.3.6    Quantification 

The 23Na concentration maps in mM were reconstructed by calibrating the signals of the reference 

bottles to their corresponding known concentrations. The resulting signal-to-concentration linear 

equation was used to calibrate the signals within the leg and to estimate the concentration in mM.  

3.2.3.7    Muscle segmentation  

To assess the sodium concentration and T2
* values within the human calf muscles, the high-

resolution T1-weighted image was used to manually draw regions of interest (ROIs) over each of 

the seven main large muscles (Figure 3.3). The borders of these ROIs were determined by tracing 

the boundaries of their corresponding muscle. Following, The ROIs were down-sampled and co-

registered to each sodium map to evaluate the 23Na spatial distribution. Voxels close to the main 

blood vessels were avoided. The subcutaneous fat region was segmented similarly.  
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Figure 3.3 Representative segmented regions of interest (ROIs). Calf muscle and subcutaneous fat 

(SF) ROIs were drawn based on their high-resolution T1 axial 1H-image, which allows clear 

anatomical features for segmentation. Seven ROIs were drawn to cover the main human calf 

muscles: SOL, Soleus; FBL, Fibularis; EXT, Extensor longus; TA, Tibialis anterior; GM, 

Gastrocnemius medialis; GL, Gastrocnemius lateralis; and TP, Tibialis posterior muscles. The shown 

ROIs are presented in the MRSI resolution and overlaid over their corresponding high-resolution T1 

anatomical image 

3.2.3.8   Statistical analysis 

The Spearman regression analysis was performed to assess the signal spatial distribution 

agreement between the two used acquisition techniques within the segmented ROIs. The MRSI 

signals were extrapolated to their estimated values at 0.3 ms to match the TE of 3D-MRI).  

To evaluate the repeatability of the MRSI and 3D-MRI methods, coefficient of variance 

(CV), intraclass correlation coefficient (ICC), and Bland–Altman analyses were utilized. 

3.3    Results 

3.3.1    Outer Volume Suppression Bands Performance Evaluation 

The result of the simulation (Figure 3.4) showed that using a TI of 20 ms within a region of muscle 

provides a sharp suppression profile. The spatial profile in Figure 3.4 represents the 23Na 

magnetization after the 90o excitation. While the signal within the OVS bands was totally 
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suppressed, the magnetization within the SOI has full transverse magnitude and resulted in a slice 

thickness of 20 mm.  

In-line with the simulation, the phantom study demonstrated that the signals from the high 

23Na concentration phantoms (30 and 40 mM) placed within the OVS bands were totally 

suppressed (Figure 3.2B). In contrast, the signals of the low concentration phantoms (10 and 20 

mM) within the SOI did not have any contamination and were in agreement with the 3D-MRI 

sequence (Figure 3.2C).  

 

 

Figure 3.4 Simulated data shows a sharp spatial profile along the z-direction when using an inversion 

time of 20 ms 

3.3.2    In Vivo Experiment 

As shown in Figure 3.5, comparison of the 23Na concentration spatial distribution between the 

MRSI and the 3D MRI (data from 64 muscle and subcutaneous fat ROIs from all subjects) resulted 

in a regression line of slope = 1.01 that is close to the unity line with a correlation coefficient (r) = 

0.7 (P < 0.001). Additionally, the Bland–Altman analysis comparing between MRSI and the 3D-

MRI showed a bias of 0.7 mM with a CV of 9 % (Figure 3.5D).  
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Figure 3.5 Correlation of MRSI with 3D MRI. A, A 3D 23Na-MRI map example. B, A 23Na-MRSI 

map example for the same subject (the signal was extrapolated to represent data at 0.3 ms, which is 

the 3D-MRI TE). C, The result of the regression analysis comparing the normalized mean signal 

(normalized to the phantom signal) of the MRSI and the 3D MRI within 64 regions of interest from 

all subjects data (7 muscles and one subcutaneous fat ROIs x 4 subjects x 2 scans). D, Bland–Altman 

analysis comparing the MRSI and the 3D-MRI results 

The results of the biexponential T2
* values (T2Fast

∗  and T2Slow
∗ ) and their fractions are 

summarized in Table 3.1, which also includes the T2
* corrected concentration within each ROI. 

Fast and slow T2
*-maps and their corresponding signal fraction maps are illustrated in Figure 3.6. 

The T2
* correction was demonstrated by showing sodium maps before and after correction with 

their difference (Figure 3.7A-C). Additionally, Figure 3.7D shows an example of two signals with 

similar initial MR signals diverging with time due to their different transverse relaxation in 

different environments. The 23Na spins decay monoexponentially within the reference phantom 

(blue) and biexponentially within the muscle (green). 

A representative set of baseline and repeated scan maps of the MRSI 23Na concentration 

(before and after T2
* correction) and their corresponding 3D-MRI maps are provided in Figure 3.8. 

The repeatability results of the muscle and subcutaneous fat ROIs from all subjects are shown in 
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Figure 3.9. The CV was calculated as 4.2, 5.2, and 5.9 %, and the ICC as 0.98, 0.95, and 0.89 for 

the MRSI data before correction, after correction, and the 3D MRI data, respectively.  

Table 3.1 Regions of interest absolute 23Na concentrations, T2
* values, and signal fractions 

 

 

Figure 3.6 Representative relaxation maps. Top panel: fast and slow T2
* maps, and their 

corresponding signal fraction (Ffast, and Fslow). Their mean values from the entire leg slice (without 

the bottles) are listed above their maps. Bottom panel: the same maps overlaid on their anatomical 

images 

ROI 

Concentration 

[mM] 

𝐓𝟐𝐅𝐚𝐬𝐭
∗  

[ms] 

FFast 

[%]  

𝐓𝟐𝐒𝐥𝐨𝐰
∗  

[ms] 

FSlow 

[%] 

SF 15.7 ± 1.9 0.71 ± 0.04 38.9 ± 1.5 13.2 ± 0.1 61.1 ± 1.5 

GM 25.0 ± 2.8 0.67 ± 0.03 38.3 ± 2.1 13.2 ± 0.4 61.7 ± 2.1 

TA 25.3 ± 2.1 0.61 ± 0.09 34.9 ± 2.1 12.9 ± 0.4 65.0 ± 2.1 

EXT 26.9 ± 3.5 0.62 ± 0.19 35.8 ± 2.8 13.0 ± 0.5 64.2 ± 2.8 

GL 28.6 ± 3.1 0.73 ± 0.06 38.6 ± 0.9 13.1 ± 0.2 61.4 ± 0.9 

TP 29.5 ± 2.3 0.73 ± 0.21 37.8 ± 3.4 13.3 ± 0.5 62.2 ± 3.4 

FBL 31.1 ± 3.4 0.59 ± 0.14 34.8 ± 2.8 13.3 ± 0.6 65.2 ± 2.8 

SOL 34.1 ± 2.2 0.76 ± 0.11 38.4 ± 2.8 13.3 ± 0.4 61.6 ± 2.8 

Phantom 10 - 40 --- --- 29.5 ± 0.3 100.0 

 Abbreviations: SF, Subcutaneous fat; GM, Gastrocnemius medialis muscle; TA, Tibialis anterior muscle; EXT, 

Extensor longus muscles; GL, Gastrocnemius lateralis muscle; TP, Tibialis posterior muscle; FBL, Fibularis 

muscles; SOL, Soleus muscle. FFast, The fraction of fast decaying signal; FSlow, The fraction of slow decaying 

signal. 
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Figure 3.7 Illustrations of the importance of the relaxation correction. The difference between the 

data acquired at 0.55 ms (A) and the data after correction (B), shows a large improvement in 

concentration estimation. In the difference map (C), about 5 mM difference in muscles was found. 

The red star (D) represents the proton density signal corresponding to 30 mM absolute concentration. 

The fitting example of leg voxel (green box, B and D) and quantification reference voxel (blue box, 

B and D) with this absolute concentration shows how their signal can diverge with time before fully 

decaying 

 

Figure 3.8 Data example of baseline and repeat scans 
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Figure 3.9 Evaluation of repeatability by Bland–Altman analysis. A, The results from the MRSI data 

before T2
* correction. B, The results from the MRSI data after the T2

* correction. C, The 3D-MRI 

data results. The graphs represent the variability of the measured data (muscles and subcutaneous fat 

ROIs from all subjects, 7 muscles and one subcutaneous fat ROIs x 4 subjects) between 1st and 2nd 

scans. The coefficient of variance (CV), reproducibility coefficient (RPC), systematic bias, and 

intraclass correlation coefficient (ICC) values are listed on each plot 

3.4    Discussion 

In this work, we have introduced a novel method to acquire 23Na 2D-FID data with short 

acquisition delay (0.55 ms) with a good quality comparable to a well-established 3D acquisition 

method. The proposed method provides additional time points in the FID to calculate the T2
* and 

correct for its effects. 

 To reduce the delay time while performing a 2D-measurement, we utilized a single-shot, 

inversion-recovery based, non-echo (SIRENE) method based on OVS bands123. In this study, we 

implemented the technique with a novel accelerated k-space trajectory, DW-CRT,8 and showed its 

feasibility for the 23Na acquisition. The simulation and phantom studies showed that the proposed 

technique could be used as an alternative to the slice-selective gradient approach in which 

achieving an ultra-short TE is difficult. 

Considering the variation in the parameters of the MRSI and the 3D-MRI sequences, the 

spatial distribution of their signal was in a good agreement (Figure 3.5C) with a small bias of 0.67 

mM that was found with a 9 % CV. This variability between the two sequences results is expected 

due to their different spatial resolution (MRSI: 2.5 × 2.5 mm2; 3D-MRI: 4 × 4 mm2), and spatial 

response function.8,125 Moreover, the field inhomogeneitiy correction was only performed on the 

MRSI reconstruction. A recent study with a similar 3D sequence, but with double echo to measure 

B0 and correct for its inhomogeneity at 3T, showed a small enhancement in the results.130  

 In this work, we provided an accelerated technique to conduct voxel-wise T2
* 

measurements within an acceptable scan time (15 minutes) while maintaining the spatial quality. 
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It is worth mentioning that recently a number of studies have shown the feasibility of voxel-wise 

T2
* mapping in the brain using UTE 3D acquisition techniques.131–135 However, these techniques 

were conducted with fewer time points (8-38 echoes), and require long acquisition times (26 min 

- 1 h). Moreover, many of these methods were either done with lower spatial resolution, at a higher 

magnetic field, or done with both. If our proposed MRSI method was applied under these 

conditions, further reduction in scan time can be achieved. 

 The estimated mean muscle relaxation times (T2Fast
∗  = 0.7 ± 0.1 ms of 𝐹𝐹𝑎𝑠𝑡 = 37 ± 2 %; 

T2Slow
∗  = 13.2 ± 0.2 ms of 𝐹𝑆𝑙𝑜𝑤= 63 ± 2 %) are in line with previously reported values measured 

using single voxel 23Na MRS (T2Fast
∗  = 0.8 ± 0.2 [32 ± 7 %], T2Slow

∗  = 12.4 ± 1.8 ms [68 ± 7 %]).121 

The average muscle absolute concentration (after T2
* correction) was 28.6 ± 3.3 mM, which is also 

in agreement with reported biopsy results.117 In terms of T2
* spatial distribution, the slow fraction 

is larger and slower in areas with large blood vessel, which makes sense. In blood vessels, the 

motion is less restricted compared to muscles and spins move more freely that resulting in longer 

T2
* values and the time averaged QI is minimal, which means that the fast component fraction is 

also minimal. 

One can conclude at least two important reasons for performing a relaxation study. First, 

relaxation corrected data provides a better estimation of absolute concentration, as shown by better 

agreement with biopsy results (see the preceding paragraph). In Figure 3.7, it has been shown that 

concentration was increased after the correction. Additionally, one can see that even with UTE 

measurement, a relaxation bias might be present due to the difference in decay mode within the 

reference bottles. The second use of T2
* mapping is the extra information that can be utilized to 

assess potential physiological changes. Nevertheless, one needs to be aware that voxel-wise T2 

correction may also result in overestimating 23Na concentrations in limited regions, where a hard 

to avoid partial volume effect exists. This was seen in this study in areas where the main blood 

vessels start bifurcating to smaller vessels (see the regions of very large difference in Figure 3.7C). 

 According to the repeatability analysis, the proposed method showed high repeatability 

(CV = 4%, ICC = 0.98). The repeatability CV and ICC after T2
* correction were close to the 3D 

MRI results (CV = 5%, ICC = 0.95 vs CV = 6% and ICC = 0.89). Thus, the proposed MRSI might 

be a potential method to estimate the T2
* values and the absolute sodium concentration (free from 

T2
* bias) within a reasonable scan time. Since 23Na signal suffers from low SNR, with longer data 

acquisition, scanning with large voxels or at high fields is performed to maintain good SNR within 
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a reasonable scan time. Compared to other techniques at 3T, the proposed MRSI method acquires 

64 data points with an acceptable spatial resolution (2.5 mm2, nominal in-plane) and acquisition 

time (15 minutes and 24 seconds). Since the FID data acquired at different time points with 

different phases, ΔB0 correction is also feasible with this method without extra scans. To ensure a 

proper biexponential fitting for T2
* estimation, the prolonged acquisition sampling duration allows 

for acquisition of the entire FID. This is important for areas of longer T2
* values like reference 

phantoms. 

 A limitation of this method is its large dependency on the T1 value of the scanned tissues. 

In order for the OVS to perform correctly, the sequence needed to be applied with TI = ln(2) × 

tissue’s T1 (close approximation when TR>>T1). In this study, we used a TI of 20 ms because 

muscles have a 23Na T1 of 29 ms, as previously measured at 3T.48 To suppress tissues with shorter 

T1, such as cartilages, the TI has to be reduced, which may be technically challenging. However, 

one can make sure that no such tissues are within the active region of the receiving coil. For 

instance, we avoided getting residual signals from the knee by keeping it outside the 23Na-coil 

field. Here, we evaluated the technique in healthy muscles. However, T1 might change with 

diseases. Although it is expected that this OVS technique would still achieve good suppression 

even with slightly T1 deviations, future studies might be needed to confirm this. In this study, no 

ΔB1 correction was implemented. However, the coil ΔB1 mapping was performed using a GRE 

sequence with the double angel method.136 Since the ΔB1 map was very homogeneous, no ΔB1 

correction was conducted. The 23Na-coil ΔB1 map can be found in Figure 3.10. Although the 

sample size may be a limitation in this study, there is no reason to anticipate a large difference in 

our results with larger sample size.  

 

 

Figure 3.10 Sodium coil B1 map. The map was generated using a 23Na-GRE sequence and the double 

angle method. A large phantom (15 cm diameter, 300 mM) was scanned with TE/TR: 1.9 ms/120 ms, 

FA: 45°/90°, 224 averages, resolution: 3×3×30 mm3, FOV: 192x192 mm2. The normalized B1 map is 

very homogeneous. Thus, no B1 correction was performed 
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 For this study, we used a volume coil placed along the z-axis of the scanner. Thus, the 

spatial B1 variation is expected to increase along the z-direction, where the OVS bands are applied. 

Together with inversion pulses, OVS bands make the reduction of the longitudinal magnetization 

depends mainly on the T1 and is independent of spatial B1 variations. Additionally, the broad-BW 

OVS pulses were applied with a B1 peak of 29 µT, 2.56 ms duration, and a thickness of 100 mm 

that resulted in no SAR issues. 

The considerable regional variability within T2
*, their fraction maps, and the increased 

accuracy of concentration maps demonstrate the potential for future characterization of 23Na in 

conditions such as muscle diseases, diabetes, cancers, strokes, cartilage degeneration, and to 

evaluate physiological interventions. The reduction in scan time will increase the technique’s 

availability and reduce motion artifacts. Technically, while still using a long enough TR (4-5 times 

T1), a shorter TR than that used in this study can be used, which will accelerate the acquisition 

further. In addition to insuring a full T1 recovery and maintaining a low SAR, we used a very long 

TR because we wanted to study the existence of any long decaying species. However, no such 

decay has been noticed within the scanned area. Thus, we would suggest using a TR of about half 

of the value used here. Additionally, scanning with shorter TEs, and with higher sampling 

frequency could enhance the fitting quality further. 

3.5    Conclusions 

The proposed method allows fast data collection for measuring sodium concentrations and T2
* 

values at high repeatability. This may facilitate evaluating pathological and physiological changes 

related to the 23Na concentration and T2
* values within a clinically feasible time, and with a good 

spatial resolution at 3T. 
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CHAPTER 4 : STUDYING THE RELATION BETWEEN IMCL, EMCL, 

AND 23NA CONCENTRATION WITHIN HEALTHY SKELETAL 

MUSCLES MEASURED BY MRSI  

4.1    Introduction 

Sodium (23Na) and lipid (triglycerides) are essential components within our body. They take part 

in maintaining many vital functionalities. However, an elevation of their tissue concentration is a 

sign of metabolic disruption. The accumulation of musculoskeletal lipids has been linked to type 

2 diabetes,58 hypertension,137 and Duchenne muscular dystrophy.17 In separate studies, the increase 

of muscle 23Na concentration (MSC) was related to these health problems as well.47,49,138 

Furthermore, a physiological situation changer, such as exercise, has been found to raise the 

content of 23Na and intramyocellular lipid (IMCL) in independent lipid28 and 23Na studies.62 

Although no correlation analysis was conducted, a recent MRI study showed that the lower leg 

23Na and total FF are both increased in lipedema, which allows for differentiating it from obesity 

(lipedema is commonly misdiagnosed as obesity).139 In one study that we found with correlation 

analysis, a positive correlation was found between the total FF and 23Na concentration in muscular 

periodic paralyses patients.60  

The reported similar increase of muscle 23Na and lipid level under the same conditions is a 

strong motivation to further study the relationship of 23Na and lipid components within one study. 

Additionally, it is crucial to know whether a potential correlation presents in healthy muscles as 

well, or not. Furthermore, comparing specific lipid components is required, as many health 

changes have been related to only the IMCL level rather than the total fat level. To perform such 

a correlation study, robust measurement tools providing comparable 23Na and lipid components 

data are needed. However, the quantifying methods for lipids are usually either unable to 

differentiate lipid components, are invasive, cover a limited region of interest, or require a long 

measuring time.140 On the other hand, 23Na is usually quantified using an invasive biopsy, using a 

urine sample,141 which is not representative of the MSC, or quantified noninvasively by MRI. MRI 

is the most suitable tool for MSC quantification. Still, most available 23Na-MRI sequences provide 

T2
* biased results, which underestimate the actual concentration or require very long scan times to 

collect enough data to account for the T2
* bias.  
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Therefore, the aim of this study is to study the correlation between 23Na and lipid 

components (including IMCL) in healthy skeletal muscles. To facilitate this study, we will use our 

recently optimized magnetic resonance spectroscopic imaging (MRSI) methods that allow separate 

maps of IMCL fat fraction (FF), extramyocellular lipids (EMCL) FF (Chapter 2),140 and absolute 

sodium concentration (Chapter 3) within a clinically feasible acquisition time. Further, the 

influence of gender, age, and body mass index (BMI) factors will be considered. 

4.2    Methods 

4.2.1    Human Subjects 

In vivo magnetic resonance scans were performed on 16 healthy non-obese Caucasian volunteers: 

8 males [age 9-26 years; BMI = 20 ± 4 kg/m2], and 8 females [age 12-32 years; BMI = 21 ± 3 

kg/m2]. The calf muscle scans were measured at the maximum circumference of the lower leg. All 

subjects stated that they did not exercise for at least 24 hours before their scan. The study was 

approved by the institutional review board of Purdue University. Before being scanned, informed 

written consent or assent was obtained from all subjects, and written consent was obtained from 

the parents of any adolescent subjects. Exclusion criteria include elevated blood pressure, muscle 

diseases, kidney problems, diabetes, the use of diuretics or attention-deficit hyperactivity disorder 

medications, and intense exercises within 24 hours before the MR scan. 

4.2.2    Scanning Parameters 

MRI data was collected using a Siemens Prisma 3T MR system (Siemens, Germany). The 

anatomical images and lipid maps were acquired using the integrated body coil of the scanner. 

23Na data were acquired with a dedicated 23Na transmit/receive knee coil (32.6 MHz, Stark-

Contrast, Erlangen, Germany). 

For lipid data, a metabolite cycling (MC) MRSI sequence was implemented as described 

in Chapter 2140: field of view (FOV) = 240 × 240 mm2, matrix size = 48 × 48, acquisition delay = 

4 ms, repetition time (TR) = 1 s, flip angle (FA) = 90o, number of averages = 1, temporal samples 

= 512, in-plane nominal spatial resolution = 5 × 5 mm2, and spectral bandwidth (SBW) = 1250 Hz. 

The total acquisition time was = 3 minutes and 16 seconds.  
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 To reduce any potential bias that may arise from using different measurement methods, the 

23Na data was collected using a similar MRSI sequence and parameters: FOV 240 × 240 mm2, 

matrix size 48 × 48, acquisition delay = 4 ms, TR = 1 s, FA = 90o, temporal samples = 512, in-

plane nominal spatial resolution = 5 × 5 mm2. Since 23Na suffers from lower SNR relative to lipids, 

more averages (8) were prescribed. Additionally, the SBW was reduced to 625 Hz, as sodium does 

not need as large a SBW to cover its peaks as the lipid experiment. This resulted in a total 

acquisition duration of 12 minutes and 48 seconds. 

For segmentation, a high-resolution anatomical image was acquired with a T1-FLASH 

sequence with TE = 2.46 ms, TR= 250 ms, FA = 60o, number of averages = 2, spatial resolution = 

0.6 × 0.6 mm2, and FOV = 200 × 200 mm2.  

All the acquired data were from the same axial slice centered at the isocenter. 

4.2.3    MRSI Post-processing and Quantification 

The lipid and sodium MRSI data were reconstructed in MATLAB (MathWorks, Natick, MA, 

USA). The gridding and the Fast Fourier Transform were conducted by using the Nonuniform FFT 

(NUFFT) method.88  

The lipid data were processed as described in Chapter 2140 to get the water-only and 

metabolite-only resonance spectra. Spectra from each voxel were passed into LCModel89 to fit the 

individual IMCL, EMCL, and water peaks and integrate their differentiated signal. LCModel’s 

basis set of muscle spectra, “muscle-5”, was used as a reference to fit the lipid peaks. The ATTH2O 

parameter (= 1-exp(-TR/T1)) in LCModel was used to correct for the long T1 relaxation time of 

water signal (1412 ms at 3T)91 before fitting it. To avoid falsely fitted peaks, only peaks fitted with 

Cramer-Rao lower bounds ≤ 8% were considered.  

To reconstruct the FF maps, the voxel-wise FF was calculated as follows: 

FF =
signalspecific lipid compnent

signal𝑇𝑜𝑡𝑎𝑙
∗  100              (1) 

For 23Na data, no MC was implemented since no contaminating peak is needed to be 

removed here. However, since the 23Na signal decays much faster than the protons of lipid, its 

signal is T2
*-weighted. Therefore, the 23Na signals were corrected using the T2

* values measured 

in Chapter 3. These corrected signals were then calibrated to their corresponding absolute 23Na 

concentration values by using external concentration references (phantoms of known 23Na 
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concentrations, 10, 20, 30, and 40 mM) included within the scanned FOV. The phantom signals 

and their known concentration were regressed to get a linear equation to calibrate the tissue sodium 

signal and calculate their absolute concentration maps in mM. Example of generated maps can be 

seen in Figure 4.1 below. 

 

 

Figure 4.1 Examples of IMCL FF, EMCL FF, total lipids FF, and sodium concentration maps. The 

subcutaneous lipids were masked out in order to visualize the muscular region lipids which have a 

much lower FF. The circular shapes in the sodium map represent the quantification references of 10, 

20, 30, and 40 mM concentration 

4.2.4    Regions of Interest Segmentation 

To assess the regional sodium and lipid levels within the scanned area, calf muscle regions were 

manually segmented by drawing ROIs over them based on their high-resolution T1-weighted 

image. The ROI borders were determined by following the muscle boundaries. These ROIs were 

down-sampled to match MRSI resolution and co-registered to each lipid FF map to assess their 

distribution voxel-wisely. To reduce any partial volume effect by adjacent structures, voxels on 

the borders were excluded from the down-sampled ROIs (Figure 4.2). Additionally, to avoid 

overestimating sodium contents, the central muscles were also excluded since they are within a 

very vascular region (23Na concentration is more than four times higher in blood42). 
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Figure 4.2 A representative example of the segmented regions of interest (ROIs). The peripheral 

muscles [GM, Gastrocnemius medialis muscle; GL, Gastrocnemius lateralis muscle; FBL, Fibularis 

muscles; EXT, Extensor longus muscles; and TA, Tibialis anterior muscle] were drawn on a high-

resolution T1 axial image and down-sampled to the MRSI spatial resolution (left). To avoid 

overestimating the actual muscle sodium (23Na) concentration, the central muscles were excluded 

since they are within a rich vascular region of high 23Na concentration compared to muscles as shown 

in the 23Na map (right)  

4.2.5    Data Analysis 

To assess the sex difference in lipid (or sodium) levels, a two-sample t-test was used. The BMI 

and age effects on each of the sodium and lipid component levels were studied by multiple linear 

regressions. Additionally, a Kruskal-Wallis (KW) one-way analysis of variance test was used to 

study the MSC, IMCL, EMCL, and total FF regional differences. The KW test was followed by 

Bonferroni multiple comparison correction to determine whether a significant difference exists 

between any two muscles. Finally, correlations between sodium and IMCL, EMCL, and total lipids 

within each muscle were performed with multivariate regressions to account for any 

multicollinearity. 

4.3    Results 

As can be seen from Figure 4.3, The t-test analysis showed no significant sex difference in the 

23Na concentration (P = 0.7), total FF (P = 0.1), IMCL FF (P = 0.06), or EMCL FF (P = 0.1) within 

the calf muscles. 
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 Based on the multiple linear regressions results (Figure 4.4), there was a very significant 

and negative correlation between BMI and 23Na concentration in the calf muscles with a correlation 

coefficient (r) = -0.7 and P <0.01. For lipids, the correlation with BMI was positive, but not 

significant (P > 0.05). Additionally, age had no significant association with either 23Na or lipid 

levels.  

 

 

Figure 4.3 Two-sample t-test results of studying the sex difference in sodium concentration, total FF, 

intramyocellular lipid (IMCL) FF, and extramyocellular lipid (EMCL) FF. In general, no significant 

sex differences were found within the calf muscles. However, females tend to have larger medians 
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Figure 4.4 Linear regression analyses showing the correlations of BMI (left column) and age (right 

column) with IMCL, EMCL, total FF, and sodium concentration within the calf muscles from all 

subjects. Data points are mean ROI values per subject (blue for males, pink for females). Correlation 

coefficients (r) and P-values (P) are listed above each analysis 

A strong (P < 0.05) regional variation in sodium and lipid components levels was found 

among the calf muscles (Figure 4.5, left column). According to the Bonferroni tests, the 

gastrocnemius muscles have preferentially higher MSC, EMCL, and total FF. The general trend 

of this variation was similar in males and females (Figure 4.5, middle column), and MSC and all 

lipid components (see Figure 4.5, right column). 
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Figure 4.5 Muscle regional comparison (left column). Comparison between the regional variation 

trend in males versus in females (middle column), and sodium versus the lipid component contents 

(right column). * denotes P-value < 0.05 

The multivariate regression analyses constantly showed a negative correlation between 

lipid component FFs and the MSC within each calf muscle. However, none of these correlations 

were significant (see Table 4.1)  
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Table 4.1 Correlations between the MSC and lipid component FFs within each muscle 

Muscle 

IMCL FF EMCL FF Total FF 

r P# r P# r P# 

EXT -0.16 0.9 -0.13 0.8 -0.15 0.9 

FBL -0.52 0.3 -0.21 0.5 -0.36 0.9 

GL -0.15 0.7 -0.13 0.7 -0.14 0.7 

GM -0.05 0.5 -0.31 0.2 -0.23 0.3 

TA -0.16 0.9 -0.06 0.7 -0.10 0.8 

Avg. muscles -0.37 0.2 -0.38 0.3 -0.38 0.3 

# P-values after accounting for the BMI confounding effect 

4.4    Discussion 

In this chapter, we showed that the used MRSI techniques could provide the required quantitative 

sodium and lipid component maps that have been used to study their relations. Additionally, 23Na, 

IMCL, and EMCL levels within the calf muscles were evaluated to assess a potential sex difference. 

These 23Na and lipid components were also studied as a function of BMI and age. Their spatial 

distribution among muscles was examined as well. Finally, the lipid components FFs were 

correlated to the absolute MSC within each involved calf muscle.  

Although no significant sex difference has been found, a common trend of having more 

muscular lipids in females compared to males was noticed from the boxplot medians (Figure 4.3). 

Among the tested lipids, the IMCL component has the strongest sex difference (P =0.06). The 

other lipids follow the same trend, but with less statistical significance as a result of their wide 

variance. This trend can also be seen in the regional comparison (Figure 4.5, middle column). A 

similar general trend has been observed in a previous lipid study,142 where higher (but insignificant) 

IMCL and total FFs in females were noticed within the muscles tested in our work. 

The multiple linear regression to assess the effect of BMI and age on lipids and sodium 

showed an insignificant impact of age. However, there was a strong negative correlation between 

BMI and the calf MSC (r = -0.7, P <0.01). The lipid components have a positive correlation with 

the BMI (r = 0.24 ± 0.4), which was statistically insignificant. In a previous study, BMI was 

positively correlated with the sodium-potassium ratio measured in excreted urine.141 This may 
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support our finding of a negative correlation between the BMI and the calf muscle sodium level. 

Besides, a more related finding was previously noticed in another study done in muscles. The 

sodium-potassium-ATPase was found to be elevated with BMI but not with age in skeletal muscle 

biopsy samples.143 This was linked to an elevation in resting metabolic rate and energy 

consumption. The sodium-potassium-ATPase regulates pumping the sodium outside the cell.144 

Thus, it is in accord with our negative correlation between the BMI and 23Na concentration found 

here. However, even with all these pieces of information, the underlying mechanism governing 

this relation is still unclear. Therefore, further in-depth studies are needed. 

In a previous 23Na-MRI study, an age-dependent MSC has been noticed after the 40 year 

age (above our population age range) and was only found in men.49 The FF has also been found to 

be higher in the older population (above 40 years) compared to a younger population.103 In another 

23Na-MRI study acquired with less T2 bias and younger subjects, no influence of age on the calf 

MSC or total FF has been found within the control subjects,145 which is in-line with our results. 

However, they found that the total FF increased with age in the Duchenne muscular dystrophy 

patients. Hence, any correlation is likely affected by pathologic conditions as well. 

In addition to the assessment of BMI and age impacts on MSC and lipid levels between 

subjects, we performed a spatially resolved study to provide insight about the sodium-lipid 

distribution within subjects. The FFs and MSC were found to vary significantly among the calf 

muscles (Figure 4.5, left column). This spatial distribution finding was consistent in males and 

females (Figure 4.5, middle column), and for FF and MSC (Figure 4.5, right column). Overall, the 

calf MSC and lipid component FFs were always higher within gastrocnemius lateralis (GL) and 

gastrocnemius medialis (GM) muscles compared to their levels within the tibialis anterior (TA), 

extensor longus (EXT), and fibularis (FBL) muscles. This is suggesting a positive relationship 

between the MSC and lipids within these calf muscles. In previous works, the trend of having more 

IMCL and EMCL,101 and total FF103 in the GL and GM relative to TA had also been observed.103 

Although there was a consistent negative correlation between the MSC and the lipid components 

in each muscle (Table 4.1), the multivariant analysis showed that these correlations are not 

statistically significant and may result from the BMI-sodium negative linearity between subjects.  

The regional variation of muscle lipids was related to the amount of slow-twitch (type I) 

fibers in the muscles.41,101 For example, GM and GL fibers are a mixture of types I and II fibers, 

whereas TA and EXT fibers are mainly of type II.146 Unlike type I fibers, type II fibers are larger 
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in diameter, contain fewer mitochondria, depend more on the ATPase activity to produce energy 

and thus store less IMCL for the mitochondrial oxidation process.106–108 Additionally, the fiber 

orientation,74 and function101 of muscles were suggested as further potential contributors in the 

regional differences of lipid. These factors can equally take a role in the 23Na regional variation. 

Thus, the variation of MSC and FFs among muscles is another research topic that needs to be 

investigated further.  

The positive relationship between the calf muscle 23Na concentration and lipid FFs inferred 

from the regional comparison may seem to be contradicting the previous finding of a negative 

correlation of sodium content with BMI. Also, the negative MSC-BMI correlation may appear to 

conflict with dietary studies that associate the 23Na intake with obesity, BMI, and waist 

circumference.147 However, the BMI is a measurement that represents the entire body fat 

composition, while the IMCL and EMCL FFs are measurements reflecting only the fat content 

within the scanned muscles. Even among muscles, the fat contents are not constant, and the results 

of our study represent healthy calf muscles only. For example, in a previous work studying the 

associations of total FF with weight in the thigh and calf regions, significant results were only 

found in the thigh data, which made them suggesting a preferential lipid accumulation in the 

thigh.148 Further, in a study that covered the upper and lower limbs of lipedema patients, the 

elevation of both lipid and 23Na was only found in the lower legs.139 In addition, the lipid level in 

muscles can change with time in health disorders, as muscle is not an adipose tissue that makes 

the lipid buildup within the muscles a long-term process.149 Thus, the association may vary based 

on tissue, region, and health condition. 

Some other physiological similarities shared by 23Na and lipids are the energy, hormonal, 

and immune system influence. While lipids are considered a cellular energy source and provides 

useful information about the energy supply,26 sodium controls the cellular energy through its 

ATPase.144 Both lipids and sodium are also influenced by hormones. For instance, elevated plasma 

aldosterone levels are found to promote sodium retention and are independently associated with 

obesity.150 Moreover, other studies related autoimmunity diseases to fatty acids151 and to sodium 

influences.152 

This study has a technical limitation. While 4 ms of scanning delay time is considered short 

for proton imaging, it is considered long for sodium (since the 23Na spins are characterized with 

ultrashort transverse relaxation time (T2) compared to 1H), which may result in underestimating 
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the absolute MSC. However, we corrected this by using the T2
* values provided for each muscle 

in Chapter 3. To make sure that this correction is adequate, we compared the MRSI data acquired 

with a 4 ms delay to data measured by a 3D-MRI sequence with only a 0.3 ms delay and higher 

spatial resolution (4 × 4 mm2). As can be seen in Figure 4.6, after applying a T2
* correction to the 

MRSI signal to a 0.3 ms delay, it matches the concentration obtained by the 3D-MRI. In terms of 

study design limitations, we included only Caucasian subjects to reduce the number of covariables, 

as race differences in sodium levels has been reported earlier.153 Thus, the results of our study may 

not apply to all races. 

 

 

Figure 4.6 Impact of sodium transverse relaxation time (T2
*) correction on sodium concentration. The 

fast decaying 23Na-MRSI signals were acquired at 4 ms (red diamond), which is not short enough to 

avoid the T2
* bias and thus underestimate the true concentration. These signals were corrected by 

using the regional T2
* values at 3T found in Chapter 3. The blue stars represent the concentration 

after T2
* correction to a 0.3 ms delay. The corrected data nicely correlates with data measured at the 

same echo time (TE) of 0.3 ms. This demonstrates the importance of T2
* correction to obtain correct 

estimates of sodium concentration  

In addition to presenting new baseline results from healthy subjects, our results confirmed 

previously reported findings from studies conducted with less convenient tools. As discussed 

above, the results in this work are in-line with previous findings done by a variety of methods 
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(invasive and non-invasive). Thus, our proposed MRSI methods can be used as a fast and accurate 

method to quantify 23Na and lipid components noninvasively and to obtain information on their 

regional distribution. We showed the feasibility of using MRSI to perform a quantitative 

comparison between sodium and lipid tissue concentrations in healthy subjects. In the future, it 

will be of interest to perform similar studies under pathological conditions associated with 

alterations in 23Na and/or lipid levels to evaluate their interaction under different conditions. 

Additionally, here, we only included the total IMCL and total EMCL components. For many 

diseases, only a particular lipid of a specific chemical group is related to the health condition. For 

instance, the bulk methylene IMCL has been found to be the lipid that elevates in cases of insulin 

sensitivity,24 mitochondrial disorders,27 and with exercises.28 On the other hand, an increase of the 

saturated lipids with a decline of unsaturated olefinic lipids in bone marrow were associated with 

osteoporosis.29 These specific chemical groups of lipids can also be mapped separately with the 

proposed 1H-MRSI technique. Finally, these methods can also be used beyond muscles. Extra 

studies to reveal the detailed relation between sodium and lipids are still needed. 

4.5    Conclusions  

Novel fast MRSI methods allow for noninvasive quantification and regional comparison between 

23Na concentration and the FF of different lipid components within a clinically feasible time. In 

healthy subjects, there is a strong negative relationship between BMI and 23Na concentration 

within the calf muscles. In terms of spatial distribution, both 23Na and lipid components levels 

follow the same trend among different evaluated calf muscle regions, suggesting a positive spatial 

relation between them. Further investigations of the relation in different human tissues and regions 

under health and diseases are required. 
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CHAPTER 5 : CONCLUSIONS AND FUTURE WORK 

In chapter 2 and 3, we introduced advanced lipid-MRSI and 23Na-MRSI techniques that overcome 

several drawbacks of the available quantification methods. In chapter 4, the MRSI techniques were 

utilized to facilitate the study of potential correlations between the sodium concentration and lipid 

components (IMCL and EMCL) FF within the calf muscles region.   

 The advantages, limitations, and potential future usage (or development) of this work will 

be summarized in this chapter. 

5.1    Lipid MRSI 

5.1.1    Advantages 

Compared to other MRSI techniques, the implemented technique allows results of higher 

resolution (0.25 mL) within a shorter scan time (~3 min). Typically, conventional lipid-MRSI 

techniques require long scan times ranging from about 17 - 50 minutes based on the spatial 

resolution (usually, 0.25 - 0.76 mL). The high spatial resolution is essential to reduce the effect of 

fiber orientation heterogeneity to get resolved lipid peaks. 

Compared to other accelerated MRSI, our DW CRT MRSI grants higher SNR that 

facilitates detecting the lipid components of relatively low signal intensity, which is commonly 

challenging. Moreover, CRT acquisition has been found to be less sensitive to system imperfection 

compared to other methods such as EPSI and spiral acquisition methods. Additionally, by 

implementing the MC technique, simultaneous separate water-only and metabolites-only (with 

only ~ 1% residual water) spectra can be generated within a single fast acquisition. This is a 

significant advantage, as it reduces scan duration by eliminating the lengthy time needed to 

suppress water information with conventional methods. Alternative approaches will be: 1) 

acquiring two data sets (water suppressed, and non-water suppressed) resulting in long acquisition 

times, or 2) using only a non-water suppressed data that allows resolving only the most intense 

methylene peak.  

Further, the water-only and metabolite-only spectra generated after implementing the MC 

can be used to get differentiated fatty acids FF maps that cannot be produced by other available 
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imaging methods. This is important because each fatty acid carries different unique information. 

In many clinical applications, only specific fatty acid/s is/are associated. For instance, diabetes 

was associated with an increase in the methylene IMCL FF. At the same time, osteoporosis was 

linked to an increase in the saturated lipid FF together with a decrease in the unsaturated olefinic 

FF. Since MR-imaging techniques cannot differentiate these lipids, single-voxel MRS techniques 

are usually used to obtain these lipids information. However, the single-voxel MRS information 

reflects a limited region of interest, which is most likely not representative of the surrounding 

regions. This is a major limitation when assessing heterogeneous diseases (such as liver steatosis) 

or naturally complex organs. Even within the calf muscles, we have shown significant regional 

variations in lipid FF. In these cases, MRSI is preferred to map the lipids and show their regional 

distributions. With the proposed DW-CRT MC MRSI, we showed that reconstructing 

differentiated lipid component FF maps is feasible with good quality (high quantification accuracy, 

high signal sensitivity, and good spatial resolution) within a quick scan. 

Thus, the advantages of this method are the ability to provide in vivo quantitative 

information about different fatty acids with their spatial distribution, and within a clinically 

accepted scan time. Hence, this novel MRSI tool provides unique outputs for improved diagnosis 

and characterization of health disorders, and it facilitates the investigation of new potential 

applications that were hard to perform with the limitations of the other quantification methods. 

5.1.2    Limitations 

Similar to all MRS based techniques, this MRSI needs special expertise to deal with the resulting 

data. To get useful information from the collected spectra, they need complex post-processing 

before fitting their peaks. Additionally, the fitting of multiple voxels may require several minutes. 

However, this can be mitigated with faster computer processors. Although DW-CRT (with 

alpha=1) resulted in a better SNR compared to conventional Cartesian k-space-filling trajectory 

methods such as EPSI, it suffers from a degraded spatial response function. In our case, gaining 

more SNR with a cost of degradation in spatial response function was worthy since high SNR is 

needed to detect the small lipid peaks. Compared to MRI (typically at 1 x 1 cm2 in-plane resolution), 

MRSI usually has a lower spatial resolution. This may introduce some partial volume effect, 

increase signal leakage between voxels due to the larger point spread function, which may result 

in blurry images. Yet, the implemented MRSI resolution in this work is considered high compared 
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to currently available MRSI methods, as described in the preceding section. Additionally, within 

our 23Na-MRSI study (Chapter 3), we showed the ability to reach a higher in-plane resolution (2.5 

x 2.5 mm2) with our proposed MRSI technique without hardware limitations. Since 1H has a higher 

SNR and needs lower hardware requirements relative to 23Na, the 23Na-MRSI method can be 

translated for 1H acquisitions with higher spatial resolutions (similar to the MRI resolutions). 

5.1.3    Future Directions 

Many applications can make use of the proposed MRSI. Basically, any triglyceride quantification 

application or any Dixon MRI usage that does not require a resolution higher than 0.25 mL can 

profit from this technique. Some representative examples within the skeletal muscles include 

diabetes, hypertension, lipedema, and Duchenne muscular dystrophy. Beyond muscles, diseases 

linked to the fat accumulation in kidney, pancreas, liver, and breast may be evaluated by this MRSI 

technique. For instance, our fast high-resolution MRSI can be used to evaluate renal cell carcinoma 

by quantifying the lipids within the thin kidney cortex with less contamination from its surrounding 

structures (higher resolution introduces less partial volume effect).  

In addition to lipids, MRSI can provides extra metabolites such as choline (malignancy 

marker), and creatine and carnitine (energy change biomarkers). Combining the information from 

these biomarkers and the lipids can help better characterization of health disorders. For example, 

breast choline information can be used to enhance the diagnosis specificity (breast MRI screenings 

are known to be of high sensitivity and relatively low specificity). 

Theoretically, the spatial resolution can be increased to meet the needs of any application 

that require higher spatial details. However, more scan averages may be needed to compensate for 

the lost SNR that would prolong the acquisition period. Thus, developing more sophisticated 

acceleration approaches may assist in this case. Moreover, reducing the acquisition delay time 

would be useful to reduce the amount of phase and j-coupling effects. However, reaching shorter 

delay times may be challenging due to the magnetic gradient requirements. Accordingly, 

innovative techniques to shorten the readout delay are anticipated to be of great interest. With our 

advanced OVS-based 23Na-MRSI technique (Chapter 3), we showed the feasibility of reaching a 

higher resolution and scanning with a shorter delay (< 0.6 ms). However, tailoring this OVS-based 

technique for 1H acquisition is still needed. 
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5.2    Sodium MRSI 

5.2.1    Advantages 

With the developed 23Na-MRSI, the in vivo absolute 23Na concentration can be measured with a 

minimum relaxation bias. Further, valuable regional relaxation information is simultaneously 

provided. Previously, such information would require a much longer time to be acquired and with 

less spatial resolution. Compared to 3D MRI techniques, which acquire a few time-points (8-38)  

with nominal spatial resolution ranging between 2.8 x 2.8 and 6 x 6 mm2 within lengthy scan times 

(40 – 60 minutes), our MRSI method can collect 64 time-points with 2.5 x 2.5 mm2 nominal spatial 

resolution within only ~15 minutes. Thus, our MRSI method allows better T2
* estimation within 

acceptable acquisition time and with better spatial quality. 

As implemented in Chapter 4, the measured transverse relaxation constants from Chapter 

3 can be used to mitigate the relaxation bias on datasets collected at any TE. Thus, it can help other 

studies in this aspect. That being said, performing subject-specific relaxometry measurements 

using methods similar to the proposed one would still provide more precise results, grant voxel-

wise correction, and provide additional physiological information. 

Examples of potential clinical applications include, but are not limited to, diabetes, 

cardiovascular and renal diseases, tumor diagnosis and responses, strokes, multiple sclerosis, 

lipedema, and osteoarthritis. The enhancement in the concentration estimation accuracy and spatial 

resolution allowed with the provided MRSI is expected to improve characterizing health diseases 

associated with 23Na concentration elevation even within relatively small anatomy. Further, the 

ability to map T2
* with their signal contribution fraction within acceptable scan duration would 

provide a valuable clinical tool to assess in vivo physiological and molecular environment status. 

5.2.2    Limitations 

The OVS bands combined with the 23Na-MRSI is highly dependent on the T1 of the tissues to be 

suppressed. As shown in Chapter 3, the OVS performed very well in the leg area. However, similar 

performance at other locations cannot be confirmed without further investigations.  
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5.2.3    Future Directions 

Since absolute 23Na concentration can be provided more accurately, health disorders related to the 

increase of sodium concentration can be conducted. The extra relaxation values can also provide 

additional diagnostic insight, as it carries information on physiological alterations. 

 Since the 23Na-MRSI has been tested only on the lower leg region, additional evaluation at 

different body regions may be of interest. Additionally, testing the sequence with different diseases 

is also required, as it tried only on healthy subjects. 

In terms of technical improvements, the TR can be reduced, which will render a shorter 

acquisition duration. Anyway, the TR should be long enough to avoid any T1 weighting effect. In 

addition, reducing the delay time and increasing the FID sampling rate may boost the fitting quality 

further. Moreover, a faster and more robust fitting method would help this and many other 

relaxation mapping studies to enhance their results.  

5.3    Sodium-lipid correlation 

5.3.1    Findings 

While various health disorders and physiological changes have been previously related to the 

accumulation of lipids and sodium, the correlation between these metabolites is still unclear. This 

is the first time a study correlates the levels of 23Na and the specific lipid components (IMCL and 

EMCL). By conducting this study, we showed the feasibility of performing such a correlation. 

Also, with this study, we contributed in setting baseline information based on the results observed 

within the healthy calf muscles. Our findings suggest a positive spatial relationship between 23Na 

and lipid levels within the investigated human calf muscles. However, the underlying 

physiological reason still needs further investigation. Furthermore, we observed a negative 

sodium-BMI correlation within the calf muscles. Thus, the BMI variable should be accounted for 

when performing a 23Na study within the calf muscles. 

5.3.2    Limitations 

The correlation study had a few design limitations. The sample size was relatively small because 

of our limited budget. However, subjects were recruited carefully to cover certain age (young) and 

BMI (healthy) ranges. Moreover, only white subjects were included to avoid extra variables from 
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race differences that have been noticed from earlier sodium diet experiments. While this may be 

considered as a limitation, it keeps the door open for future studies to assess the correlation under 

the race difference influence. 

5.3.3    Future Directions 

As an initial step, we studied the correlation of 23Na-lipids levels within the calf region of healthy 

subjects and under normal conditions. Now, with the introduced MRSI techniques, it is possible 

to evaluate the correlation at different body locations, within patients with diseases characterized 

by fat infiltration and sodium level elevation. Additionally, exercise studies that were limited to 

single voxel-MRS can now be conducted with extra spatial distribution information.  

5.4    Summary 

In this work, two sophisticated and practical MRSI techniques were developed to facilitate 

evaluating lipids and sodium levels noninvasively. The feasibility of these techniques has been 

shown within healthy calf muscles region. Compared to the available techniques, the proposed 

methods were able to deliver faster and superior quantification results.  

Unfortunately, many appealing MR applications require long scan times that eventually 

result in a high cost and discomfort for patients that hinder the spreading of their clinical usage. 

Here, we considered this point by developing improved quality MR methods that can be used 

within a reasonable acquisition time. In addition to reducing the scan duration, the proposed MRSI 

method overcome several limitations of the available lipid and sodium quantification methods; our 

MRSI methods are non-invasive (vs. biopsy), have better spatial resolution (vs. MRS and lower 

resolution MRSI), and provide differentiated lipid components and metabolite maps with higher 

sensitivity and quantification accuracy (vs. imaging methods).We hope that these improvements 

would increase the chance of using such MR techniques more frequently. Taking into account the 

other added values in sensitivity and extra information that can be provided by the proposed 

method, it is anticipated that further development and optimization of similar techniques will be 

of research interest. Additionally, the sodium-lipid relationship suggested here may also open the 

door for more in-depth studies of their interaction in health and disease. 
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