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Abstract 

Magnetic resonance imaging (MRI) and spectroscopy (MRS) of sodium (23Na) are of 

great interest in biomedical research due to their sensitivity to tissue viability and ion 

homeostasis (Madelin, Lee, et al., 2014). In biological tissue, sodium experiences 

restricted and anisotropic motion through interaction with different macromolecules. 

Because of its quadrupolar nature, sodium possesses a bi-exponential transverse NMR 

relaxation with components 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 which account for 60% and 40%, 

respectively. 

Recently, a new paradigm has appeared that alongside renal sodium regulation in the 

human body, skin also participates in the control of sodium homeostasis (Selvarajah 

et al., 2018). The skin dermis is enriched with proteoglycans (PGs) and 

glycosaminoglycans (GAGs) in the extracellular matrix, which provide a high density 

of negatively charged sites to osmotically inactivate sodium cations (Titze et al., 

2004). 

In this thesis, type 2 Diabetes Mellitus (T2DM) was chosen as a clinical model to 

investigate 23Na relaxation in human skin. T2DM accounts for 90% of all cases of 

diabetes in the world, which is estimated at 537 million (IDF, 2021). This thesis aims 

to demonstrate that sodium relaxation times, 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔, and quadrupolar 

interaction 𝜔𝑄 in human skin may serve as a biomarker for the presence of T2DM and 

provide more insight into the disease’s development. Single-quantum (SQ) and 

multiple-quantum filtering (MQF) spectroscopy was applied to ex vivo human skin 

samples in ultra-high 9.4 T to determine these parameters. The proposed methodology 

can be translated to other diseases involving sodium homeostasis like chronic kidney 

disease and cystic fibrosis. 

Since low-field portable NMR devices have been developed recently and found their 

biomedical application in profiling tendons and skin (Mitchell et al., 2006), the sodium 

relaxation properties in the skin studied in a high magnetic field created a motivation 

to translate this work into sodium measurements in low inhomogeneous fields. A 

STRAFI setup was designed where a poor-shielded superconducting 9.4 T magnet 

served as a source of the polarizing magnetic field 𝐵0, and two probes with different 

diameters were constructed. Sodium signal acquisitions and relaxation measurements 

were conducted in a fringe field of 0.5 T with a static gradient of 4.1 T/m on phantoms 
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with a range of sodium concentrations from saturated solutions to 0.125 M. The 

experiments aimed to assess the feasibility of sodium detection from concentrations 

close to ones in biological tissues. In the future, this work could serve as a basis for 

the design of a new portable sodium sensor based on a permanent magnet to perform 

sodium measurements in the skin of patients in vivo. 
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1  Introduction 

Magnetic resonance imaging (MRI) is a widely used diagnostic tool which plays a 

significant role in modern healthcare routines. Conventional MRI technique uses 

proton nuclei, excitation of which by radiofrequency (RF) pulses and spatial encoding 

with magnetic field gradients produces an MR image. However, MRI or more general 

nuclear magnetic resonance (NMR) phenomenon can be observed on other nuclei 

whose spin quantum number is non-zero. One particular nucleus of most interest in 

this thesis is sodium. 

Sodium is a vital ion and also the second NMR-sensitive nucleus that is most abundant 

in living organisms: sodium is a primary cation found in the extracellular fluid of the 

human body (Guyton & Hall, 2006) which is about 50% of the total body water by 

weight (Ruperto et al., 2019). Sodium performs many essential functions on a cellular 

level: osmotic regulation, transmitting nerve impulses and excitation of muscles, and 

energy turnover, which translates to proper functioning on the organ and body level 

(Guyton & Hall, 2006). Changes in cell homeostasis often precede macroscopic 

appearances of pathological conditions. Therefore, it is of high interest to detect these 

changes as early as possible, and this is where sodium NMR has the potential to fulfil 

these needs. 

Over the past four decades, 23Na MRI has undergone significant technical 

advancement to become a viable tool in biomedical research (Madelin, Lee, et al., 

2014; Ouwerkerk, 2011). Detecting alterations in the total tissue sodium concentration 

is crucial because it can indicate an inability of Na+/K+ ATPase to maintain the sodium 

gradient across the cell membrane, which can reveal the presence of pathology 

(Pirahanchi et al., 2023). In addition, investigating the molecular surroundings of 

sodium ions through sodium NMR, such as the interaction of sodium with 

proteoglycans, is an intriguing avenue that could yield valuable insights into the health 

status of specific tissues and organs (Wheaton et al., 2004). Recent findings revealed 

a correlation between dietary sodium chloride intake and blood pressure and, as a 

consequence, hypertension and opposed the traditional view of exclusively renal 

handling of sodium balance in the human body (Selvarajah et al., 2018). The 

traditional paradigm was challenged by an examination of sodium and water excretion 

4 h after the infusion of hypertonic saline in healthy individuals (Olde Engberink et 

al., 2017). It was shown that the amount of sodium observed in the urine was only half 
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of the anticipated quantity. This suggests that a portion of the infused sodium was 

retained in the body osmotically inactive. Therefore, it was proposed that skin might 

serve as a buffer for sodium ions (Na+) by being full of negatively charged 

macromolecules which can store sodium osmotically inactive (Titze et al., 2004). In 

addition, elevated sodium content was found in the skin of patients with type 2 

Diabetes Mellitus (T2DM) compared to hypertensive subjects (Kannenkeril et al., 

2019) indicating that there are supplementary unexplored mechanisms of sodium 

regulation and retention in the skin in T2DM. Understanding the molecular 

environment of sodium ions in the skin can be gainful for a better understanding of 

the pathophysiology and monitoring of the disease. 

This thesis is divided into 3 chapters. Firstly, Chapter 2  overviews the basics of the 

Nuclear Magnetic Resonance phenomenon. It starts with introducing fundamental 

quantum mechanical properties such as nuclear spin, which leads to the Zeeman effect 

and definition of macroscopic magnetization. Then the nuclear sensitivity is discussed 

engaging other nuclei than a proton like sodium. 

The dynamics of spin-3/2 nuclei is better described by quantum mechanics (second 

part of Chapter 2). Spin density operators and irreducible tensor formalism are 

introduced which are well adapted for illustrating the relaxation of spin-3/2 nuclei 

under electric quadrupolar interaction. Types of electric quadrupolar interaction, 

corresponding motional regimes and relaxation times are described. Single quantum 

(SQ) and multiple quantum (MQ) coherences are introduced.  

One approach to analyse the molecular environment of sodium nuclei in the skin is to 

investigate its relaxation characteristics by examining the time evolution of SQ and 

MQ coherences to obtain sodium transverse relaxation times 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔. 

Relaxation times of the coherences are affected by the speed of molecular motion and 

tissue ordering which links with quadrupolar interactions of the quadrupole moment 

of the sodium nucleus with electric field gradients (EFG) created by macromolecules 

in the tissue (Navon et al., 2001). The influence of either quadrupolar interaction or 

slow motion on sodium relaxation can be probed separately by pulse sequences like 

double quantum filter with magic angle (DQF-MA) and triple quantum filter (TQF) 

correspondingly. Chapter 3  describes how the Carr-Purcell-Meiboom-Gill (CPMG) 

pulse sequence and multiple quantum filters mentioned above are applied to study the 

molecular environment of sodium in the ex vivo skin samples of patients suffering 
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from type 2 Diabetes Mellitus and their control counterparts. Obtained results and 

interpretations of the measurements are reported. As biexponential relaxation of 

sodium is observed in biological tissues (Madelin, Lee, et al., 2014), CPMG decays 

were fit to extract 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔. In DQF-MA experiments, only coherences 

arising from the quadrupolar interaction are detected. In TQF experiments, only slow-

moving sodium produces a signal. Analysing the time evolution of MQ coherences, 

𝑇2𝑠ℎ𝑜𝑟𝑡, 𝑇2𝑙𝑜𝑛𝑔 and the value of quadrupolar interaction 𝜔𝑄 can be obtained. The 

values of 𝑇2𝑠ℎ𝑜𝑟𝑡, 𝑇2𝑙𝑜𝑛𝑔 and 𝜔𝑄 of control and diabetic patients are compared to 

extract the potential difference in skin sodium regulation and tissue properties like 

degree of order and viscosity with and without T2DM. In addition, a comparison of 

the SQ and MQ methods is discussed. 

Sodium MRI has been shown to be a useful tool for studying sodium in skin tissue 

(Kopp et al., 2013; Linz et al., 2014; Wang et al., 2017). However, these studies are 

severely restricted because of the inability to reach a resolution high enough to 

distinguish different skin structures. Also, in some situations, a patient cannot be put 

inside an MRI scanner due to some physiological conditions or external equipment 

such as a haemodialysis machine during treatment (Dahlmann et al., 2015; Kopp et 

al., 2018). Nonetheless, it might be very important to monitor the efficiency of the 

intervention by measuring sodium concentration in the skin of patients with diseases 

like hypertension (Kopp et al., 2013), chronic kidney disease (CKD) (Nerbass et al., 

2018; Qirjazi et al., 2021) and type 2 Diabetes Mellitus (Kannenkeril et al., 2019; 

Kopp et al., 2018). To overcome the practical difficulties of measuring skin sodium 

with whole-body MRI scanners, portable NMR devices can be developed that are 

based on permanent magnets. 

Portable NMR devices like the NMR-MOUSE and GARField were developed to study 

samples much bigger than NMR probes (Blümich et al., 2008) and planar samples 

including human skin (Dias et al., 2003; Landeghem et al., 2011) using proton nuclei. 

Both setups can be considered as varieties of STRAy Field Imaging (STRAFI) 

(Randall, 2011), as measurements are performed in a stray field of a permanent or a 

superconducting magnet like in a standard STRAFI arrangement. The described 

measuring systems can be potentially adapted for detecting sodium signal in living 

tissues like skin. However, only a couple of papers have been published so far 

describing sodium signal acquisition by devices based on permanent magnets: 
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investigating salt disposition in walls of ancient buildings (Zia, 2016) and salt content 

in cheese products (Greer et al., 2019) that are very far from biomedical applications. 

The application of devices possessing a high magnetic field gradient to biological 

tissues is complicated due to low sodium concentrations and short relaxation times (F. 

Boada et al., 2005). As in biological tissues, sodium possesses biexponential 

transverse relaxation with 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 components, short echo times should be 

used to detect 𝑇2𝑠ℎ𝑜𝑟𝑡 as it is responsible for 60% of the signal. 

In order to construct a portable device for sodium measurements in biological tissues 

in vivo, the feasibility of sodium detection in inhomogeneous fields was assessed. This 

is the aim of Chapter 4, which describes the utilization of the “like-STRAFI” setup 

using a fringe field of a poor-shielded superconducting magnet, home-built volume 

probes with different diameters and a miniaturized spectrometer. Beforehand, the 

fringe magnetic field of the magnet was simulated in MATLAB and then accurately 

measured in an axial direction and on a perpendicular planar surface with two 

gaussmeters with different geometries of sensing probes. Then sodium measurements 

were performed with phantoms of aqueous NaCl solutions of concentrations from 

saturated to 0.125 M and in an agar gel with 4.87 M NaCl. Two probes were 

constructed to examine the effectiveness of increasing the excitation slice area on 

signal-to-noise ratios (SNRs) and overall measurement times, as indicated in the 

findings. 

Chapter 5  contains general conclusions for all Chapters of the thesis and future work 

is outlined. 
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Effect of the COVID-19 Pandemic on my PhD research 

study 

My PhD study started in December 2018, and it was funded by the “Vice-Chancellor’s 

Scholarship for Research Excellence” for 3 years. The COVID-19 pandemic began 

three months into my 2nd year. My research activities in the laboratory at the Sir Peter 

Mansfield Imaging Centre (SPMIC) were heavily disrupted due to the lack of access 

to laboratory facilities. At that time, there were three main projects that I was working 

on: (1) sodium MRI of human skin samples in 9.4 T, processing of the MRI data 

(Chapter 3) and establishing a pipeline of performing ICP-OES analysis in the School 

of Chemistry to determine the absolute sodium concentration in different parts of skin 

samples (dermis, fat and plasma). These activities were very important as the 

publication of the results was expected by the project collaborators; (2) development 

of a portable sodium NMR device based on permanent magnets to measure sodium 

from planar objects and human skin in vivo in a low inhomogeneous magnetic field 

(Chapter 4); (3) development of a protocol of 129-xenon detection on the 7T clinical 

scanner with its future adaptation to human subjects. 

Although sodium MRI in 9.4 T was performed for a significant number of human skin 

samples before the COVID-19 pandemic occurred in March 2020, more deliveries of 

the human skin samples were planned for MRI scanning and performing ICP-OES 

analysis in the School of Chemistry. These experiments were important for the 

preparation of the publication which was expected as soon as possible by the project 

collaborators from Coventry. I was doing my best to develop skills for working on an 

NMR spectrometer, data processing and helping my lab PhD colleagues by learning 

rat lung extraction techniques. For ICP, I was developing skills in dissecting human 

tissue, working with strong acids for the digestion of the human tissue, and accurate 

pipetting for diluting the digested material. To perform ICP, I needed to rely on other 

researchers in the School of Chemistry and their workload due to limited access to 

expensive equipment. Firstly, I was testing the digesting pipeline on gel phantoms 

with known sodium concentration to make sure that it was producing adequate results. 

After that, I could move to chicken tissues and then human skin samples. By the time 

the pandemic occurred, the ICP analysis was performed only for two skin samples. 

The development of the portable NMR device for sodium measurements was at an 

early stage. I was developing skills in building NMR probes, learning how to operate 
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a miniaturized NMR spectrometer and also allocating my time to oversee 

undergraduate students working in our laboratory. While designing a new NMR probe 

from scratch, I also was trying to fix another handmade probe that a lab colleague 

broke before the start of my PhD. 

The development of a protocol for 129-xenon (129Xe) detection on the 7T clinical 

scanner was also at an early stage. A new 129Xe NMR probe needed to be tested with 

gas phantoms containing pressurised 129Xe to obtain a xenon signal. My supervisor 

and I were trying to understand the details of the transmit-receive tract of the 7T 

clinical scanner to be able to control the power applied to the probe. Also, the scanner 

should have been programmed to work with the new coil and new nucleus. Due to the 

extreme workload of my supervisor as a faculty manager at the SPMIC and the limited 

booking availability of the 7T scanner as a shared piece of equipment, I was not able 

to have the appropriate training to become an independent scanner operator. 

When the first lockdown was announced in March 2020, my main supervisor and I 

decided to shift the focus to data processing for the human skin samples and prepare 

a draft of a paper. In April 2020, I made a presentation at the Respiratory Division 

Science meeting at the School of Medicine. 

After the COVID-19 pandemic occurred in March 2020, communications with one of 

my supervisors were drastically reduced due to his overwhelming responsibilities as a 

safety officer. This responsibility continued post-lockdown. Because of this, I could 

not acquire new skills in working on a clinical 7T MRI scanner, which was originally 

planned to form part of my thesis. Therefore, it was decided with all of my supervisors 

that it was not feasible to continue working on this project anymore. 

In June 2020, my mother and grandmother (from my mother’s side) contracted 

COVID-19 and were administered to a hospital in Russia, where they live. My 

grandmother died after 7 days in the hospital due to serious complications. Although 

my mother had not fully recovered from the infection, she needed to organize a 

bereavement by herself as at that time I could not leave the UK to help her because 

Russia had its borders closed, and my mother had not fully recovered and therefore 

there was a risk to me catching COVID-19 with unknown outcomes. 

The fact that I was not able to help my family in any way heavily affected my mental 

health. Unfortunately, I struggled to cope, and my mental health declined. Therefore, 
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I sought support from the university health centre and cognitive behaviour therapists 

(CBT). However, I had not got an opportunity to go home to my family due to COVID-

19 restrictions. This was an aggravating circumstance for my mental health. 

My projects were not included in the list of selected priority projects of the School of 

Medicine until January 2021, thereby I could not use laboratory facilities for 10 

months (March 2020 – December 2020). Also, from January 2021 to June 2021, the 

capacity of the laboratory was limited due to pandemic restrictions. Therefore, my 

time in the laboratory was limited as other PhD students also needed to work in the 

lab and social distancing restrictions were in place. 

At the beginning of May 2021, my other grandmother (from my father’s side) died 

and again I could not participate in the bereavement due to COVID-19 restrictions. 

The described events, as well as general anxiety during the pandemic, heavily affected 

my mental health and my ability to work towards my PhD. In July 2021, by the 

university health centre, I was recommended to have additional CBT sessions to help 

me with recovering. 

Despite struggling with my mental health, I presented a digital poster at ISMRM 2021 

(15-20 May), made a presentation at the SPMIC seminar (June 2020), obtained the 

required training credits and continued working on the data processing and 

construction of the new sodium probe. 

As 10 months of lack of access to laboratory facilities heavily impacted my research 

activities, I requested 4 months of unfunded extension to my registered period of 

study: from December 2021 to March 2022. I dedicated the extension time to 

developing the design of the sodium probe and performing low-field sodium 

measurements. Before the start of the extension time, the project’s objective was 

modified to align with the available reduced time frame. Therefore, instead of 

constructing a device based on permanent magnets, it was decided to change it to a 

construction of a volume coil and perform measurements in the inhomogeneous fringe 

field of the superconducting magnet. 

Overall, the impact of the COVID-19 pandemic on my PhD can be summarized as 

follows: (1) the project with 129-xenon at 7 T had to be cancelled; (2) deliveries of 

human skin samples were interrupted and consequently their ICP-OES analysis could 
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not be done; (3) the time in the laboratory required for the development of the sodium 

probe was extremely reduced. 
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2  Theoretical background 

This Chapter contains 2 sections. Section 2.1 provides a basic quantum mechanical 

description of the NMR phenomenon in general. Section 2.2 gives a quantum 

mechanical explanation specifically for the spin-3/2 systems. 

2.1 Basics of Nuclear Magnetic Resonance 

The fundamentals of NMR are described. A more comprehensive theory of NMR 

physics (classical and quantum descriptions) can be found in (Levitt, 2008). 

2.1.1 Nuclear Spin and Zeeman Effect 

Any nucleus consists of protons and neutrons which possess an intrinsic angular 

momentum called spin. The spin of the nucleus depends on the number of protons and 

neutrons and it is identified by the spin quantum number 𝐼. Nuclei with non-zero 𝐼 

possess a non-zero magnetic moment 𝜇𝐼 as in eq. [2.1]: 

𝜇⃗ 
𝐼
= 𝛾𝐼 , [2.1] 

where 𝛾 is the gyromagnetic ratio which is isotope-specific. Units of 𝛾 are radians per 

second per tesla [
𝑟𝑎𝑑

𝑠∙𝑇
]. As nuclear spin (angular momentum) is quantized, the 

magnitude of the magnetic moment is also quantized (eq. [2.2]): 

𝜇𝐼 = 𝛾ℏ√𝐼(𝐼 + 1), [2.2] 

where ℏ is the reduced Planck constant (or Dirac constant) equal to the Plank constant 

divided by 2𝜋 [joule·seconds, J·s]. It is a fundamental constant connecting the mass, 

energy and frequency of a proton. 

If a nucleus is placed in a magnetic field of internal or external origin, the magnetic 

moment of the nucleus interacts with the magnetic field. Energy levels of the nucleus 

split into several sublevels (states) and this phenomenon is called the Zeeman effect. 

To the nuclear spin corresponds a spin operator 𝐼 = {𝐼𝑥, 𝐼𝑦, 𝐼𝑧}. Usually, the direction 

of the external magnetic field 𝐵⃗ 0 is chosen along the 𝑧-axis. Eigenvalues of the 𝑧-

component of the angular momentum operator 𝐼𝑧 are 𝐼𝑧 = 𝑚ℏ, where 𝑚 is a magnetic 

quantum number which can take values of 𝐼, 𝐼 − 1, …, −𝐼 + 1, −𝐼. Hence, any given 

nucleus can possess 2𝐼 + 1 angular momentum states or Zeeman states (Levitt, 2008). 

The 𝑧-component of the magnetic moment can be expressed as in eq. [2.3]: 
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𝜇𝑧 = 𝛾𝐼𝑧 = 𝛾𝑚ℏ. [2.3] 

In the absence of a magnetic field, the nuclear states with different 𝐼𝑧 are degenerate – 

they have the same energy. If a nucleus is placed in a magnetic field, however, the 

degeneracy can be lifted: the nuclear magnetic moment interacts with the external 

magnetic field and the states no longer have the same energy. The energy of the 

Zeeman state with a magnetic quantum number 𝑚 can be described by eq. [2.4]: 

𝐸𝑚 = −𝜇𝑧𝐵0 = −𝛾𝑚ℏ𝐵0. [2.4] 

As a result, the energy difference between the two states is equal to (eq. [2.5]): 

∆𝐸 = 𝛾ℏ𝐵0. [2.5] 

As ∆𝐸 = ℏ𝜔0, it can be derived that (eq. [2.6]) 

𝜔0 = 𝛾𝐵0, [2.6] 

where 𝜔0  [
𝑟𝑎𝑑

𝑠
] is the frequency of the electromagnetic radiation required to induce a 

transition between the energy levels. 

The Zeeman splitting for proton (1H) and sodium (23Na) nuclei is shown in Figure 2.1. 

The distance between energy levels depends linearly on the applied field 𝐵0 and, 

therefore, 𝜔0. 

At the thermal equilibrium, the probability to find the system of 𝑁 spins with energy 

𝐸𝑚 at an absolute temperature, 𝑇 (Kelvin, K), is described by the normalized 

Boltzmann factor (Haacke et al., 1999) as in eq. [2.7]: 

𝑃𝑚 =
𝑒
−
𝐸𝑚
𝑘𝐵𝑇

𝑍
, [2.7] 

 

Figure 2.1.  Nuclear Zeeman states of proton 1H ( ) and sodium 23Na ( ). As  

is different for these nuclei, the distance between the energy levels and, therefore, 𝜔0 

are different. 
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where 𝑘𝐵 is the Boltzmann constant [J/K], and 𝑍 is the partition function defined by 

eq. [2.8]: 

𝑍 = ∑ 𝑒
−
𝐸𝑚
𝑘𝐵𝑇

𝐼

𝑚=−𝐼

. [2.8] 

The thermal average of the 𝑧-component of the magnetization 𝑀⃗⃗ 0 can be expressed as 

in eq. [2.9]: 

𝑀0 = 𝜌0 ∑ 𝑃𝑚𝜇𝑧(𝑚)

𝐼

𝑚=−𝐼

, [2.9] 

where 𝜌0 = 𝑁 𝑉⁄  is the number of spins 𝑁 per volume 𝑉, i.e. spin density. Given eq. 

[2.3]-[2.4], the equilibrium magnetization is as follows (eq. [2.10]): 

𝑀0 = 𝜌0𝛾ℏ
∑ 𝑚𝑒

𝑚ℏ𝜔0
𝑘𝐵𝑇𝐼

𝑚=−𝐼

∑ 𝑒
𝑚ℏ𝜔0
𝑘𝐵𝑇𝐼

𝑚=−𝐼

. [2.10] 

If we designate ℬ =
ℏ𝜔0

𝑘𝐵𝑇
 (Boltzmann factor), at room and body temperatures, ℏ𝜔0 ≪

𝑘𝐵𝑇 (ℬ ≪ 1), therefore, for protons it can be written as in eq. [2.11]: 

𝑒ℬ = 1 + ℬ + 𝑂(ℬ2) + ⋯ ≅ 1 + 6.6 × 10−6𝐵0. [2.11] 

The expression for the equilibrium magnetization can be approximated by eq. [2.12]: 

𝑀0 ≃ 𝜌0
𝐼(𝐼 + 1)𝛾2ℏ2

3𝑘𝐵𝑇
𝐵0. [2.12] 

2.1.2 NMR sensitivity 

The highest gyromagnetic ratio and abundance in the human body made protons the 

most used and diagnostically important nuclei in NMR. The use of other nuclei for 

MRS and MRI in the human body is challenging due to low signal strength relative to 

protons. Rotating magnetization of the spins in a sample is defined as in eq. [2.13]: 

𝑀+(𝑡) = 𝑀𝑥(𝑡) + 𝑖𝑀𝑦(𝑡) = 𝑀0𝑒
−𝑖𝜔0𝑡+𝑖𝜙0 . [2.13] 

where 𝜙0 is the initial phase in the transverse plane. 𝑀+(𝑡) creates a time-varying 

magnetic flux that induces electromotive force (EMF) in a receiving coil according to 

Faraday’s law. EMF is defined as in eq. [2.14] (Haacke et al., 1999): 

𝐸𝑀𝐹 = −
𝑑

𝑑𝑡
∫𝑑3𝑟𝑀⃗⃗ (𝑟 , 𝑡) ∙ 𝐵⃗ 𝑟𝑒𝑐𝑒𝑖𝑣𝑒(𝑟 ), [2.14] 
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where the receive coil produces the magnetic field 𝐵⃗ 𝑟𝑒𝑐𝑒𝑖𝑣𝑒(𝑟 ) per unit current. 

Making the assumptions that spatial variations of 𝑀⃗⃗ (𝑟 , 𝑡) and 𝐵⃗ 𝑟𝑒𝑐𝑒𝑖𝑣𝑒(𝑟 ) are small 

and the time dependence of 𝑀⃗⃗ (𝑟 , 𝑡) is caused mainly by precession, one can simplify 

that EMF is proportional to 𝜔0𝑀0. Using eq. [2.12] and noting 𝜔0 ∝ 𝛾, the relative 

signal strength (or sensitivity) 𝑅 of a given nuclear isotope can be expressed as in eq. 

[2.15] (Haacke et al., 1999): 

𝑅 = |𝛾|3 ⋅ 𝑟 ⋅ 𝑎 ⋅ 𝐼(𝐼 + 1), [2.15] 

where 𝑟 is the relative abundance of the nuclear isotope in the human body (𝑟 = 1 for 

protons), and 𝑎 is a natural abundance relative to all stable isotopes of the given 

nucleus. The characteristics mentioned above for several nuclei presented abundantly 

in the human body are shown in Table 2.1. The molarity of 1H in the human body can 

be calculated as follows: considering a mass fraction of 1H in the human body as 9.5% 

(Rundo & Bunce, 1966), the average density of the human body 𝜌𝑏𝑜𝑑𝑦 was taken as 

1.05 g/ml (Pollock et al., 1975, 1976), and a molar mass of 1H 𝑀1𝐻 is 1 g/mol, then 

average hydrogen molarity 𝐶1𝐻 can be calculated as follows (eq. [2.17]): 

𝐶1𝐻 =
𝜈1𝐻
𝑉𝑏𝑜𝑑𝑦

=
𝑚1𝐻

𝑀1𝐻 ⋅
𝑚𝑏𝑜𝑑𝑦
𝜌𝑏𝑜𝑑𝑦

=
0.095𝑚𝑏𝑜𝑑𝑦

𝑀1𝐻 ⋅
𝑚𝑏𝑜𝑑𝑦
𝜌𝑏𝑜𝑑𝑦

= 99.75
𝑚𝑜𝑙

𝐿
= 99.75𝑀. 

[2.16] 

The relative abundance of sodium 23Na in the human body was calculated in a similar 

fashion: considering the total concentration of sodium ions as 54 mEq/kg (Bhave & 

Neilson, 2011) which equals to 1.242 g/kg, then average sodium molarity 𝐶23𝑁𝑎 can 

be calculated as follows (eq. [2.17]): 

𝐶23𝑁𝑎 =
𝜈23𝑁𝑎
𝑉𝑏𝑜𝑑𝑦

=
𝑚23𝑁𝑎

𝑀23𝑁𝑎 ⋅
𝑚𝑏𝑜𝑑𝑦
𝜌𝑏𝑜𝑑𝑦

= 0.0567
𝑚𝑜𝑙

𝐿
= 56.7 𝑚𝑀, 

[2.17] 

Table 2.1. Several nuclei with their characteristics: gyromagnetic ratio 𝛾 = 𝛾 2𝜋⁄ , spin 𝐼, 

relative abundance in the human body 𝑟, natural abundance 𝑎, and relative sensitivity 𝑅 

normalized by 1H relative sensitivity 𝑅1𝐻. 

Nucleus in the human body 𝜸, MHz/T 𝑰 𝒓 𝒂 𝑹/𝑹𝟏𝑯 

1H, average 42.577 1/2 1.0 1.0 1 

23Na, average 11.262 3/2 5.68·10-4 1.0 5.26·10-5 
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where 𝑀𝑁𝑎 = 23 g/mol is a molar mass of sodium. From there, the relative abundance 

𝑟 of sodium to proton can be found by dividing 𝐶23𝑁𝑎 by 𝐶1𝐻. 

Due to the relatively high abundance in the human body, sodium can be considered to 

be the second most NMR-sensitive nucleus after 1H. 

2.2 Basics of quantum mechanics for spin = 3/2 

2.2.1 Spin density operator 

In quantum mechanics, the state of the particle 𝑖 can be described by a continuous 

complex wave function |Ψi⟩ which in general depends on space coordinates and time. 

The wave function can be represented in terms of “basis functions” |𝜓𝑛⟩ = |𝑛⟩ (eq. 

[2.18]): 

|Ψ𝑖(𝑡)⟩ =∑𝑐𝑛
𝑖 (𝑡)|𝑛⟩

𝑛

, [2.18] 

where 𝑐𝑛
𝑖 (𝑡) is a complex coefficient which is generally time dependent. Any spin 

state of a nucleus with a quantum number 𝐼 may be represented in the basis of the 2𝐼 +

1 Zeeman eigenstates |𝑚⟩ of the operator 𝐼𝑧. Hence for a nucleus with 𝐼 = 3 2⁄ , there 

are 4 Zeeman states: |+
3

2
⟩, |+

1

2
⟩, |−

1

2
⟩ and |−

3

2
⟩, and in the basis of these states, the 

wave function of a nucleus can be given as follows (eq. [2.19]): 

|Ψ𝑖⟩ = 𝑐+3/2
𝑖 |+

3

2
⟩ + 𝑐+1/2

𝑖 |+
1

2
⟩ + 𝑐−1/2

𝑖 |−
1

2
⟩ + 𝑐−3/2

𝑖 |−
3

2
⟩. [2.19] 

When an ensemble of nuclei is considered, to describe its state it is useful to use a 

density matrix (or a density operator) 𝜎̂ as in eq. [2.20]: 

𝜎̂ ≡ |Ψ(𝑡)⟩⟨Ψ(𝑡)|̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , [2.20] 

which elements can be calculated as in eq. [2.21]: 

𝜎𝑢𝑣 = ⟨𝑢|𝜎̂|𝑣⟩ = ⟨𝑢|Ψ⟩⟨Ψ|𝑣⟩̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑐𝑢𝑐𝑣∗̅̅ ̅̅ ̅̅ , [2.21] 

where the overbar indicates the average over all particles in the ensemble. 

The quantum state of a spin-3/2 ensemble may be presented as a 4 × 4 density matrix, 

as follows in eq. [2.22] (Levitt, 2008): 
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𝜎̂ = |𝜓⟩⟨𝜓|̅̅ ̅̅ ̅̅ ̅̅ ̅ = (

𝜎|+3 2⁄ ⟩ 𝜎+1,+2 𝜎+2,+2 𝜎+3,0
𝜎−1,−2 𝜎|+1 2⁄ ⟩ 𝜎+1,0 𝜎+2,−2
𝜎−2,−2 𝜎−1,0 𝜎|−1 2⁄ ⟩ 𝜎+1,−2
𝜎−3,0 𝜎−2,+2 𝜎−1,+2 𝜎|−3 2⁄ ⟩

) [2.22] 

Diagonal elements denoted 𝜎|+3 2⁄ ⟩, 𝜎|+1 2⁄ ⟩, 𝜎|−1 2⁄ ⟩, and 𝜎|−3 2⁄ ⟩ (𝑢 = 𝑣) represent the 

populations of the four Zeeman states. They are real and positive numbers and are 

normalized to unity. The off-diagonal elements 𝜎𝑢𝑣 (𝑢 ≠ 𝑣) define coherences. Each 

coherence has an order 𝑝𝑢𝑣 (the first number in the index position in eq. [2.22]) which 

is equal to the difference in Zeeman quantum numbers 𝑚 for the connected states: 

𝑝𝑢𝑣 = 𝑚𝑢 −𝑚𝑣; and 𝑞𝑢𝑣 (second number in the index position in eq. [2.22]) is a 

satellite order which is determined as 𝑞𝑢𝑣 = 𝑚𝑢
2 −𝑚𝑣

2. Coherences are complex 

numbers and they come in conjugate pairs. 

The difference in the populations depicts a longitudinal magnetization. Transverse 

magnetization is described by the presence of coherences. In its turn, coherences 

require a certain level of alignment of the transverse polarization vectors of spins, 

which corresponds to the amplitude of coherence. As coherences are complex 

numbers, they also have a phase which indicates the direction of the transverse 

magnetization in the 𝑥𝑦-plane. 

As one can see, a spin-3/2 system supports 12 coherences (Figure 2.2): 

• 3 (-1)- and 3 (+1)-quantum (single quantum, or SQ) coherences between 

neighbouring energy levels (𝑝 = ±1). The coherence involving |±1 2⁄ ⟩ is 

particularly important and associated with the central transition of the spin-3/2 

system. 

 

Figure 2.2. Spin-3/2 energy levels associated with quantum number 𝑚 and transitions 

between them: 𝜎±1,0, 𝜎±1,+2, 𝜎±1,−2 SQ (green), 𝜎±2,+2, 𝜎±2,−2 DQ (red) and 𝜎±3,0 TQ 

(yellow) coherences. Grey balls on the energy levels represent populations. 
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• 2 (-2)- and 2 (+2)-quantum (double quantum, or DQ) coherences (𝑝 = ±2); 

• and a pair of triple quantum (TQ) coherences (𝑝 = ±3). 

2.2.2 Transformations under RF pulses 

Let's examine a single-pulse experiment where a hard (𝜋 2⁄ )𝑥 pulse is applied to a 

spin-3/2 ensemble. The density matrix 𝜎̂ at thermal equilibrium contains populations 

that adhere to the Boltzmann distribution and no coherences. Within the high-

temperature approximation ℏ𝜔0 ≪ 𝑘𝐵𝑇 (Boltzmann factor ℬ =
ℏ𝜔0

𝑘𝐵𝑇
≪ 1), the thermal 

equilibrium spin density operator at time point (1) (before the pulse) is given by eq. 

[2.23] (Levitt, 2008): 

𝜎̂(1) =
1

4
1̂ +

1

4
ℬ𝐼𝑧. [2.23] 

A case will be considered when the RF field satisfies the strong-pulse condition 

|
𝛾

2
𝐵1 sin 𝜃𝑅𝐹| ≫ |𝜔𝑄

(1)|, where 𝐵1 is a magnitude of an applied oscillating RF field, 

𝜃𝑅𝐹 is an angle between 𝐵⃗ 1 and 𝐵⃗ 0 (both fields are applied at certain directions), and 

𝜔𝑄
(1)

 is defined by eq. [2.39]. In this case, after the hard (𝜋 2⁄ )𝑥 pulse at time point (2) 

the spin density operator will be defined as in eq. [2.24]: 

𝜎̂(2) = 𝑅̂𝑥 (
𝜋

2
) 𝜎̂(1)𝑅̂𝑥 (

𝜋

2
)
†

=
1

4
1̂ −

1

4
ℬ𝐼𝑦, [2.24] 

where 𝑅̂𝑥 (
𝜋

2
) is a pulse propagator or a rotation operator (Levitt, 2008) and the spin 

operator 𝐼𝑦 for the spin-3/2 has the following matrix representation (eq. [2.25]): 

𝐼𝑦 =
1

2𝑖

(

 

0 √3 0 0

−√3 0 2 0
0
0

−2
0

0

−√3
√3
0 )

 . [2.25] 

Consequently, 𝜎̂(2) can be calculated as follows (eq. [2.26]): 

𝜎̂(2) =
1

4

(

 
 
 
 

1
𝑖ℬ

2
√3 0 0

−
𝑖ℬ

2
√3 1 𝑖𝐵 0

0
0

−𝑖ℬ
0

1

−
𝑖ℬ

2
√3

𝑖ℬ

2
√3

1 )

 
 
 
 

. [2.26] 
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It can be seen that the (𝜋 2⁄ )𝑥 pulse does not excite the double- and triple-quantum 

coherences, while the excited (-1)-quantum coherences are expressed as follows (eq. 

[2.27]): 

𝜎−1,+2(2) = −𝑖
√3

8
ℬ, 𝜎−1,0(2) = −𝑖

1

4
ℬ, 𝜎−1,−2(2) = −𝑖

√3

8
ℬ. [2.27] 

Equations [2.26] and [2.27] show the (𝜋 2⁄ )𝑥 pulse equalizes populations of all energy 

levels and creates (±1)-quantum coherences where the central coherence has a larger 

amplitude than the satellite coherences (Figure 2.3). 

 

Figure 2.3. The result of the action of the (𝜋 2⁄ )𝑥 pulse: all populations are equalized and 

(±1)-quantum coherences are created. Central 𝜎−1,0 coherence has a higher amplitude which 

is shown by thicker arrows. 

After the (𝜋 2⁄ )𝑥 pulse, during a time period 𝜏 2⁄ , the spins in the ensemble will 

dephase. In the operators’ interpretation, 𝜎̂(2) will evolve into 𝜎̂(3) which will contain 

a combination of both operators 𝐼𝑦 and 𝐼𝑥. We will not go into details of the relaxation 

of the spin-3/2 system during this time period for now, however, it will be covered in 

the following sections. After 𝜏 2⁄ , a 𝜋𝑦 pulse is applied. From the transformation 

properties of the raising and lowering operators 𝐼± = 𝐼𝑥 ± 𝑖𝐼𝑦 as in eq. [2.28]: 

𝑅̂𝑦(𝜋)𝐼
+𝑅̂𝑦(𝜋)

† = −𝐼−, 𝑅̂𝑦(𝜋)𝐼
−𝑅̂𝑦(𝜋)

† = −𝐼+, [2.28] 

it can be seen that the 𝜋𝑦 pulse inverts the coherence order. The (+1)-quantum 

coherence is converted by the 𝜋𝑦 pulse into the (-1)-quantum coherence which gives 

rise to the echo signal after the time 𝜏 2⁄  from the 𝜋𝑦 pulse. This sequence of two 

pulses, (𝜋 2⁄ )𝑥 and 𝜋𝑦, is the spin echo and its coherence transfer diagram is shown 

in Figure 2.4. The diagram shows only (+1)-quantum coherence which solely gives an 

NMR signal at the end of the pulse sequence. 
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2.2.3 Irreducible Tensor Formalism 

For spin-1/2 systems, it is common to use product operators in Cartesian coordinates. 

To describe the evolution of coherences for spin-3/2 systems, it is more suitable to use 

irreducible spherical tensor operators (ISTOs) 𝑇𝑙𝑚 with the rank 𝑙 = 0, 1, 2, 3 and order 

𝑚 = −𝑙,−𝑙 + 1, … , +𝑙 which form a complete and orthogonal basis (Ernst et al., 

1987). In this case, the density operator can be represented in this basis as in eq. [2.29]: 

𝜎̂ =∑𝑐𝑙𝑚𝑇̂𝑙𝑚
𝑙,𝑚

, [2.29] 

where 𝑐𝑙𝑚 are the complex coefficients. In this case, 𝑚 can be equalized with the 

coherence order 𝑝. All 16 ISTOs and their expressions through the Cartesian 𝐼𝑧 and 

raising and lowering operators 𝐼± = 𝐼𝑥 ± 𝑖𝐼𝑦 can be found in (Madelin, Lee, et al., 

2014). 

The spin interaction in a static magnetic field can be described by the Hamiltonian as 

in eq. [2.30] (considering eq. [2.6]): 

𝐻̂0 = −𝛾𝐵0𝐼𝑧 = −𝜔0𝑇̂1,0, [2.30] 

where 𝑇̂1,0 = 𝐼𝑧 represents longitudinal magnetization. To describe transformations of 

the tensors during an application of an RF pulse and relaxation, one can use the 

following rules (Ernst et al., 1987): 

 

Figure 2.4. Timing diagram of the spin echo pulse sequence. Corresponding single-quantum 

coherence pathways are shown underneath. 
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1. A non-selective RF pulse changes the order of coherence 𝑝 (or 𝑚) within the 

limits |𝑝| ≤ 𝑙 (equivalent to rotation in three-dimensional space). 

2. A free precession (without the RF field) changes rank 𝑙 without changing the 

order 𝑝. Consequently, quadrupolar relaxation can only change 𝑙. 

The schematic representation of these rules is shown in Figure 2.5. Horizontal 

conversions of tensors can be performed with the help of an RF pulse (in one or several 

steps), and vertical transformations occur due to relaxation. In thermal equilibrium, 

the density operator contains only 𝑇̂0,0 and 𝑇̂1,0 terms. 

 

Figure 2.5. Conversion of ISTOs by RF pulses and relaxation. ISTOs represent coherences. 

Adapted from (Ernst et al., 1987). 

In isotropic liquids under the influence of quadrupolar relaxation, only odd-rank 

tensors 𝑇̂3,±1 can be formed. In an anisotropic environment, where the residual 

quadrupolar interaction (RQI) (Subsections 2.2.4-2.2.5) does not vanish due to 

averaging, tensors of the second rank 𝑇̂2,±1 can be also generated. To distinguish 

between these two cases, different MQF experiments can be performed. For instance, 

in the case of RQI generated 𝑇̂2,±1 can be reformed by another pulse to a double-

quantum coherence (DQC) 𝑇̂2,±2, as it cannot be obtained due to only relaxation. 

2.2.4 Electric quadrupolar interaction 

Besides magnetic dipolar moment, nuclei with spin > ½, or quadrupole nuclei like 

sodium, have an electric quadrupolar moment which originates from the non-spherical 

distribution of the electric charge in the nucleus. The energy of an interaction of the 

sodium nucleus with the surrounding electric field can be written in the multipole 

representation as in eq. [2.31] (Levitt, 2008): 
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𝐸𝑒𝑙𝑒𝑐 = 𝐸𝑒𝑙𝑒𝑐
(0)

+ 𝐸𝑒𝑙𝑒𝑐
(1)

+ 𝐸𝑒𝑙𝑒𝑐
(2)

+⋯, [2.31] 

where 𝐸𝑒𝑙𝑒𝑐
(𝑛)

 is defined by eq. [2.32]: 

𝐸𝑒𝑙𝑒𝑐
(𝑛)

=
1

2
∫ 𝜌(𝑛)(𝑟 )
𝑉

𝑉(𝑛)(𝑟 )𝑑𝑉, [2.32] 

where 𝜌(𝑛)(𝑟 ) is an electric charge density and 𝑉(𝑛)(𝑟 ) is an electric potential and 𝑛 

is an order of the derivative. The odd terms of 𝐸𝑒𝑙𝑒𝑐
(𝑛)

 vanish due to the symmetry 

property of the parity conservation. This means that for all spin-1/2 nuclei, there is 

electric energy only associated with point charge approximation. This is not 

particularly important in NMR as it does not give information about the internal 

structure of the nucleus or its orientation in space. But for the spin systems with 𝐼 ≥ 1 

the term 𝐸𝑒𝑙𝑒𝑐
(2)

 is particularly important. It represents an interaction of the quadrupolar 

moment of the nucleus with an electric field gradient (EFG) 𝑉(2)(𝑟 ) (e.g., the gradient 

formed by electrons surrounding the nucleus in a molecule). The electric field gradient 

𝑉(2) can be represented as a second-rank tensor with the components 𝑉𝛼𝛽 described 

by eq. [2.33]: 

𝑉𝛼𝛽 =
𝜕2𝑉

𝜕𝛼𝜕𝛽
|
𝑟=0

. [2.33] 

Then, a general quadrupolar Hamiltonian 𝐻̂𝑄 can be given as in eq. [2.34]: 

𝐻̂𝑄  =
1

6
∑𝑉𝛼𝛽𝑄̂𝛼𝛽
𝛼,𝛽

, [2.34] 

where 𝑄̂𝛼𝛽 = 𝑒∑ [3𝑥𝛼𝑘
′ 𝑥𝛽𝑘

′ − 𝑟′𝑘
2𝛿𝛼𝛽]𝑘  is a tensor of an electric quadrupole moment 

of the nucleus which describes deviation of the charge distribution of a nucleus from 

a spherical symmetry, and 𝛼, 𝛽 = 𝑥, 𝑦, 𝑧; 𝑒 is an elementary charge and summation is 

performed only over charged particles in the nucleus, i.e. protons. 

The tensor of the electric potential 𝑉𝛼𝛽 is symmetric by definition. Principle axes can 

be found for 𝑉, that make cross-components vanish: 𝑉𝛼𝛽 = 0 when 𝛼 ≠ 𝛽. 

Furthermore, 𝑉 must satisfy Laplace’s equation: ∆𝑉 = 0, which makes the potential 

traceless: 𝑉𝑥𝑥 + 𝑉𝑦𝑦 + 𝑉𝑧𝑧 = 0 (Slichter, 1996). A principal component of the electric 

field gradient tensor 𝑉𝑧𝑧 is usually defined as in eq. [2.35]: 
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𝑉𝑧𝑧 = 𝑒𝑞, [2.35] 

where 𝑞 is a field gradient per unit of charge. An asymmetry parameter 𝜂 can be 

designated as in eq. [2.36]: 

𝜂 =
𝑉𝑥𝑥 − 𝑉𝑦𝑦

𝑉𝑧𝑧
, [2.36] 

and the quadrupolar Hamiltonian can be written as (eq. [2.37]): 

𝐻̂𝑄  =
𝑒𝑄𝑉𝑧𝑧

4𝐼(2𝐼 − 1)
[3𝐼𝑧

2 − 𝐼2 + 𝜂(𝐼𝑥
2 − 𝐼𝑦

2)]. [2.37] 

In the case of the electric field gradient with axial symmetry (𝜂 = 0) and a small 

quadrupolar interaction compared to the interaction of the nucleus with the external 

static magnetic field and considering eq. [2.30], the full Hamiltonian with the first-

order quadrupolar interaction can be written as in eq. [2.38]: 

𝐻̂ = −𝜔0𝐼𝑧 +
𝑒𝑄𝑉𝑧𝑧

4𝐼(2𝐼 − 1)
(3𝐼𝑧

2 − 𝐼2) = −𝜔0𝑇̂1,0 + 𝜔𝑄
(1)𝑇̂2,0, [2.38] 

where 𝜔𝑄
(1)

 is a first-order quadrupolar coupling and 𝑇̂2,0 =
1

√6
(3𝐼𝑧

2 − 𝐼(𝐼 + 1)1̂) is 

quadrupolar spin polarization (Madelin, Lee, et al., 2014). Energy levels will be 

described by the following equation [2.39] (Slichter, 1996): 

𝐸𝑚 = −ℏ𝜔0𝑚+
𝑒2𝑞𝑄

4𝐼(2𝐼 − 1)
⋅
3 cos2 𝜃 − 1

2
⋅ [3𝑚2 − 𝐼(𝐼 + 1)]

= −ℏ𝜔0𝑚+ ℏ𝜔𝑄
(1)
, 

[2.39] 

where 𝜃 is an angle between the gradient of the electric field gradient and the magnetic 

field 𝐵0. In eq. [2.38]-[2.39], the first term represents Zeeman splitting, and the second 

term is a first order quadrupolar interaction.  

It is worth mentioning that the interaction of a nucleus with a magnetic field implies 

that it is so called external interaction as it originates from the “interaction” of an 

investigated sample with an NMR scanner. Meanwhile, the electric quadrupolar 

coupling is an internal interaction, as it comes from the internal properties of the 

sample itself. In NMR, the external interactions are usually much larger than the 

internal interactions. 

For nuclei with spin > 1/2, electric quadrupolar interaction is the strongest among other 

internal interactions in solids and anisotropic liquids (in descending order):  dipole-
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dipole interaction, chemical shift anisotropy (CSA), and J-coupling (Levitt, 2008). 

Quadrupolar interaction is absent in isotropic liquids. 

2.2.5 Quadrupole relaxation 

In a sample, molecular tumbling causes fluctuating magnetic and electric fields, 𝐵(𝑡). 

The temporal evolution of these fields, i.e. the speed of their fluctuations, can be 

described by an autocorrelation function 𝐺(𝜏) defined in eq. [2.40] (Levitt, 2008): 

𝐺(𝜏) = 𝐵(𝑡)𝐵(𝑡 + 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ≠ 0, [2.40] 

where 𝜏 is an interval between two points in time under consideration. The bar above 

indicates an average over the ensemble of nuclei. If the fields are fluctuating very fast, 

the autocorrelation function rapidly decays to zero. It is accurate enough to assume the 

following form for 𝐺(𝜏) as in eq. [2.41]: 

𝐺(𝜏) = 𝐵2̅̅̅̅ 𝑒
−
|𝜏|
𝜏𝑐 , [2.41] 

where 𝜏𝑐 is the correlation time that can characterize molecular motion. Rapid motions 

have a short correlation time, whereas slow motions have long 𝜏𝑐. Thus, 𝜏𝑐 changes 

with temperature. 

An important function in NMR is a Fourier transformation of 𝐺(𝜏), 𝐽(𝜔) + 𝑖𝐾(𝜔), 

which represents spectral densities of the time-varying fields (eq. [2.42]): 

𝐽(𝜔) = ∫ 𝐺(𝜏)𝑒−𝑖𝜔𝜏𝑑𝜏

∞

−∞

= 𝐴
𝜏𝑐

1 + 𝜔2𝜏𝑐2
, 𝐾(𝜔) = 𝜔𝜏𝑐𝐽(𝜔), [2.42] 

where 𝐴 is the coefficient of normalization. These functions from eq. [2.42] present in 

an equation [2.43] of the time evolution of the density operator under the relaxation 

described by the quadrupolar Hamiltonian defined by eq. [2.38] (Van Der Maarel, 

2003): 

𝑑𝜎̂

𝑑𝑡
= −𝑖

𝜔𝑄

√6
[𝑇̂2,0, 𝜎̂] − ∑ [𝑇̂2,𝑚, [𝑇̂2,𝑚

+ , 𝜎̂]]

2

𝑚=−2

(𝐽𝑚(𝑚𝜔0) + 𝑖𝐾𝑚(𝑚𝜔0)), [2.43] 

where the index 𝑚 coincides with the tensor’s order. The part 𝐾𝑚(𝑚𝜔0) gives a small 

dynamic frequency shift but it is usually neglected as it is too small to measure 

experimentally. 
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In the case of the quadrupolar interaction with an axially symmetrical EFG tensor, the 

normalization coefficient 𝐴 is equal to (2𝜋)2𝐶𝑄
2 60⁄  (Madelin, Lee, et al., 2014), 

where 𝐶𝑄
2 is a quadrupolar coupling constant defined by eq. [2.44]: 

𝐶𝑄
2 =

𝑒2𝑞𝑄

ℏ
. [2.44] 

In the case of an isotropic environment with EFG averaged to zero, the first term in 

eq. [2.43] vanishes. Also, due to its symmetry properties, the double commutator gives 

decoupled equations for tensors of even and odd rank (Van Der Maarel, 2003). A 

solution for the spin polarization tensors 𝑇̂1,0 and 𝑇̂3,0 can be presented as in following 

equations [2.45]: 

𝑇̂1,0
𝑅1,2
(0)

→  𝑇̂1,0𝑓11
(0) + 𝑇̂3,0𝑓31

(0), 

𝑇̂3,0
𝑅1,2
(0)

→  𝑇̂1,0𝑓13
(0) + 𝑇̂3,0𝑓33

(0), 

[2.45] 

where the relaxation functions 𝑓11
(0)

, 𝑓13
(0)

, 𝑓31
(0)

, and 𝑓33
(0)

 are the following as in eq. 

[2.46] with the relaxation rates 𝑅1
(0)

 and 𝑅2
(0)

: 

𝑓11
(0) =

1

5
(𝑒−𝑅1

(0)
𝑡 + 4𝑒−𝑅2

(0)
𝑡) , 𝑓33

(0) =
1

5
(4𝑒−𝑅1

(0)
𝑡 + 𝑒−𝑅2

(0)
𝑡), 

𝑓13
(0) = 𝑓31

(0) =
2

5
(𝑒−𝑅1

(0)
𝑡 − 𝑒−𝑅2

(0)
𝑡), 

𝑅1
(0) = 2𝐽1, 𝑅2

(0) = 2𝐽2, 

[2.46] 

where the spectral density functions have notations: 𝐽1 = 𝐽1(𝜔0) and 𝐽2 = 𝐽2(2𝜔0), 

and the superscript (0) indicates ‘zero-quantum’, longitudinal relaxation. 

From the eq. [2.45], it can be seen that the longitudinal magnetization 𝑇̂1,0 and 

octopolar spin polarization 𝑇̂3,0 are coupled and the longitudinal relaxation is 

biexponential with relaxation times 𝑇1
′ and 𝑇1

′′ (eq. [2.47]): 

𝑇1
′ =

1

𝑅1
(0)
 (20%), 𝑇1

′′ =
1

𝑅2
(0)
 (80%).  [2.47] 

Time evolution of single quantum coherences 𝑇̂1,±1 and 𝑇̂3,±1 is given as in eq. [2.48]: 
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𝑇̂1,±1
𝑅(1)

→  𝑇̂1,±1𝑓11
(±1) + 𝑇̂3,±1𝑓31

(±1), 

𝑇̂3,±1
𝑅(1)

→  𝑇̂1,±1𝑓13
(±) + 𝑇̂3,±1𝑓33

(±1), 

[2.48] 

with the following biexponential relaxation functions as in eq. [2.49]: 

𝑓11
(±1) =

1

5
(3𝑒−𝑅1

(±1)
𝑡 + 2𝑒−𝑅2

(±1)
𝑡),  

𝑓33
(±1) =

1

5
(2𝑒−𝑅1

(±1)
𝑡 + 3𝑒−𝑅2

(±1)
𝑡), 

𝑓13
(±1) = 𝑓31

(±1) =
√6

5
(𝑒−𝑅1

(±1)
𝑡 − 𝑒−𝑅2

(±1)
𝑡), 

𝑅1
(±1) = 𝐽0 + 𝐽1, 𝑅2

(±1) = 𝐽1 + 𝐽2, 

[2.49] 

where in 𝑅1,2
(±1)

 the terms of dynamic shift are omitted because their contributions can 

be neglected. The spin-spin relaxation is also shown to be biexponential with its short 

and long components as in eq. [2.50]: 

𝑇2𝑠ℎ𝑜𝑟𝑡 =
1

𝑅1
(±1)

 (60%), 𝑇2𝑙𝑜𝑛𝑔 =
1

𝑅2
(±1)

 (40%).  [2.50] 

Time evolutions of the quadrupolar spin polarization tensor 𝑇̂2,0 and rank-two SQ 

coherence 𝑇̂2,±1 are not shown, as they cannot be created either by RF pulse or 

relaxation in the isotropic environment. Therefore, their relaxation rates are 

unavailable. 

In the case of an anisotropic environment, even and odd rank tensors are no longer 

decoupled. Full equations for the tensors and their solutions are provided in (Van Der 

Maarel, 2003), but expressions for the longitudinal relaxation are still the same as for 

the isotropic case (eq. [2.45]-[2.47]). However, for the transverse relaxation in the case 

of 𝜔𝑄 ≫ 𝐽2, the relaxation functions can be slightly simplified as shown in eq. [2.51] 

(Reddy, Li, et al., 1997; Van Der Maarel, 2003): 

𝑓11
(1) =

1

5
(
3

2
𝑒−(𝑅𝑠

(1)
−𝑖𝜔𝑄)𝑡 + 2𝑒−𝑅𝑐

(1)
𝑡 +
3

2
𝑒−(𝑅𝑠

(1)
+𝑖𝜔𝑄)𝑡)

=
1

5
(3𝑒−𝑅𝑠

(1)
𝑡 cos(𝜔𝑄𝑡) + 2𝑒

−𝑅𝑐
(1)
𝑡), 

[2.51] 
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𝑓12
(1) = 𝑓21

(1) =
1

2
√
3

5
(𝑒−(𝑅𝑠

(1)
−𝑖𝜔𝑄)𝑡 − 𝑒−(𝑅𝑠

(1)
+𝑖𝜔𝑄)𝑡)

= 𝑖√
3

5
𝑒−𝑅𝑠

(1)
𝑡 sin(𝜔𝑄𝑡), 

𝑓13
(±1) = 𝑓31

(±1) =
√6

5
(
1

2
𝑒−(𝑅𝑠

(1)
−𝑖𝜔𝑄)𝑡 − 𝑒−𝑅𝑐

(1)
𝑡 +

1

2
𝑒−(𝑅𝑠

(1)
+𝑖𝜔𝑄)𝑡)

=
√6

5
(𝑒−𝑅𝑠

(1)
𝑡 cos(𝜔𝑄𝑡) − 𝑒

−𝑅𝑐
(1)
𝑡), 

𝑓22
(1) =

1

2
(𝑒−(𝑅𝑠

(1)
−𝑖𝜔𝑄)𝑡 + 𝑒−(𝑅𝑠

(1)
+𝑖𝜔𝑄)𝑡), 

𝑓23
(1) = 𝑓32

(1) =
1

√10
(𝑒−(𝑅𝑠

(1)
−𝑖𝜔𝑄)𝑡 − 𝑒−(𝑅𝑠

(1)
+𝑖𝜔𝑄)𝑡), 

𝑓33
(1) =

1

5
(𝑒−(𝑅𝑠

(1)
−𝑖𝜔𝑄)𝑡 + 3𝑒−𝑅𝑐

(1)
𝑡 + 𝑒−(𝑅𝑠

(1)
+𝑖𝜔𝑄)𝑡), 

with relaxation eigenvalues as in eq. [2.52]: 

𝑅𝑠
(1) = 𝐽0 + 𝐽1 + 𝐽2, 𝑅𝑐

(1) = 𝐽1 + 𝐽2. [2.52] 

𝑅𝑠
(1)

 and 𝑅𝑐
(1)

 are the relaxation rates of the satellites and the central transition 

correspondingly. It is worth noting that they are different from 𝑅1
(±1)

 and 𝑅2
(±1)

 in the 

isotropic case. Depending on the molecular system, 𝑅1
(±1)

 and 𝑅𝑠
(1)

 are equal to 

1 𝑇2𝑠ℎ𝑜𝑟𝑡⁄ , where 𝑇2𝑠ℎ𝑜𝑟𝑡 is a short relaxation time, and 𝑅2
(±1)

, 𝑅𝑐
(1)

 are equal to 

1 𝑇2𝑙𝑜𝑛𝑔⁄ , where 𝑇2𝑙𝑜𝑛𝑔 is a long relaxation time. 

This thesis is focused on sodium behaviour in biological tissues. Typical ranges of 

sodium concentrations and relaxation times in some human tissues in vivo and some 

types of sodium solutions are given in Table 2.2. 

It should be noted that sodium relaxation times in biological samples and aqueous 

solutions are distributed in a relatively wide range (from 12 to 73 ms for 𝑇1, 0.46-6.3 

ms for 𝑇2𝑠ℎ𝑜𝑟𝑡 and 5-60 ms for 𝑇2𝑙𝑜𝑛𝑔) (Constantinides et al., 2000). However, 𝑇1 

appears to be more than one order less than longitudinal relaxation time for protons. 

It has its advantages and drawbacks. Short 𝑇1 is beneficial for NMR signal acquisition 

as it allows more signal averages per unit of time. Short transverse relaxation times, 
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on the other hand, could cause a loss of more than half of the signal (eq. [2.50]). 

Different methods should be considered to overcome these difficulties. 

2.2.6 Types of electric quadrupolar interaction 

Depending on the nuclear environment characterized by a molecular motion, four 

types of a single quantum spectrum might be obtained for spin-3/2 nuclei like sodium 

(Rooney & Springer, 1991b): 

• Type “d” environment, also called an “extreme narrow” limit. This is usually 

observed in homogeneous NaCl water solutions. Fluctuations of 𝜔𝑄 are very 

rapid, such as 𝜏𝑐 ≪ 1 𝜔0⁄ , consequently, 𝜔0𝜏𝑐 ≪ 1. Quadrupolar interaction 

averages to zero over time, 𝜔̅𝑄 = 0, and it does not affect the energy levels of 

the nucleus (Figure 2.6). Three SQ coherences can be observed which give rise 

to one narrow spectrum line. Both longitudinal and transverse relaxation 

decays are monoexponential with relaxation times as in eq. [2.53] (Farrar & 

Becker, 1971): 

Table 2.2. Sodium concentrations and 𝑇1, 𝑇2 values for some human tissues and some types 

of sodium water solutions (adapted from (Constantinides et al., 2000; Madelin, Lee, et al., 

2014)). 1(Buist et al., 1991), ND – no data. 

Tissue or sample [Na+], mM 𝑻𝟏, ms 𝑻𝟐𝒔𝒉𝒐𝒓𝒕, ms 𝑻𝟐𝒍𝒐𝒏𝒈, ms Magnetic field, T 

Articular cartilage 250-350 

 

14-20 

ND 

0.7-2.3 

1.00.1 

8-12 

121 

1.5 

1.5 

Blood plasma (human) 140-150 30.81.3 ND 171 4.7 

NaCl 

Aqueous solution 

 

In deionized water 

Aqueous solution 

 

20 

801 

100 

140 

 

ND 

57 

60 

54 

 

ND 

ND 

ND 

ND 

 

58.7 

54 

60 

54 

 

1.5 

7.05 

4.7 

8.5 

In deionized water 1000 532 ND 543 1.5 

Saline solution  715 

52.91.4 

ND 

ND 

577 

543 

8.3 

1.5 
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1

𝑇1
′ =

1

𝑇1
′′ =

1

𝑇2𝑠ℎ𝑜𝑟𝑡
=

1

𝑇2𝑙𝑜𝑛𝑔
=
1

10
(
𝑒2𝑞𝑄

ℏ
)

2

𝜏𝑐. [2.53] 

• Type “c” environment consists of two subtypes: 

o The environment is homogeneous, but the motions of the nuclei are 

slowed down. An aqueous solution of solubilized micelles may serve 

as an example. Thus, the correlation time 𝜏𝑐 ≈ 1 𝜔0⁄  (𝜔0𝜏𝑐 ≈ 1), but 

it is still shorter than 1 𝜔̅𝑄⁄ . A central (|
1

2
⟩ → |−

1

2
⟩) coherence is 

overlapped with two satellite coherences (|
3

2
⟩ → |

1

2
⟩ and |−

1

2
⟩ → |−

3

2
⟩) 

with the relaxation time of the latter, 𝑇2𝑠ℎ𝑜𝑟𝑡, being much shorter than 

one of the former, 𝑇2𝑙𝑜𝑛𝑔. Hence the spectrum line is generally 

broadened (Figure 2.6). For a single pool of sodium ions, 𝑇2𝑠ℎ𝑜𝑟𝑡 and 

𝑇2𝑙𝑜𝑛𝑔 have 60 and 40% contributions respectively (Burstein & 

Springer, 2019). Relaxation rates are equal to (eq. [2.54]) (Madelin, 

Lee, et al., 2014): 

 

Figure 2.6. Energy level diagrams of a spin-3/2 system in four different molecular environments 

(“a”, “b”, “c” and “d”). Corresponding simulated spectra are shown below each diagram. 

Description of the types can be found in the text. Colours of the arrow mean the same as in Figure 

2.2. Adapted from (Rooney & Springer, 1991b). 
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𝑅1
(0) =

1

𝑇1
′ = 2𝐽0, 𝑅2

(0) =
1

𝑇1
′′ = 2𝐽1, 

𝑅1
(±1) =

1

𝑇2𝑠ℎ𝑜𝑟𝑡
= 𝐽0 + 𝐽1, 

  𝑅2
(±1) =

1

𝑇2𝑙𝑜𝑛𝑔
= 𝐽1 + 𝐽2.  

[2.54] 

In this case, multiple quantum (MQ) coherences can be generated. 

o The environment possesses a slow motion along with a partial 

alignment (𝜔0𝜏𝑐 > 1). Such environment can be found, for example, 

in biological tissues. The presence of negatively charged large 

macromolecules slows down the fluctuations of 𝜔̅𝑄 of sodium ions. 

The relaxation rates of the SQ coherences are the following expressions 

as in eq. [2.55] (Madelin, Lee, et al., 2014; Van Der Maarel, 2003): 

𝑅1
(±1) = 𝐽0 + 𝐽1 + 𝐽1 ±√𝐽2

2 − 𝜔̅𝑄
2 , 

  𝑅2
(±1) = 𝐽1 + 𝐽2.  

[2.55] 

In this case, 𝜔̅𝑄 < 𝐽2, therefore, both relaxation rates are real numbers. 

A spectrum consists of three overlapping Lorentzians, as there is no 

splitting. As is the previous case, MQ coherences can be observed. 

• Type “b” environment can be characterized by the correlation time 𝜏𝑐 which is 

longer than 1 𝜔̅𝑄⁄ . The nuclei are located in domains with different 

orientations of 𝜔̅𝑄. This gives rise to a powder-like spectrum: central sharp 

resonance is superimposed with “powder patterns” from the satellite 

resonances (Figure 2.6). The relaxation eigenvalues are still defined by eq. 

[2.55], but in this case 𝜔̅𝑄 > 𝐽2. They are complex, but relaxation rates are 

defined by real parts of the eigenvalues. Satellite peaks are shifted from the 

central peak by ±√𝜔̅𝑄
2 − 𝐽2

2. Such spectrum can be obtained, for example, from 

a water suspension of unoriented cylindrical micelles (Rooney et al., 1988). 

• Type “a” environment can be called a crystal-like system: it is characterized 

by anisotropy on a macroscale and the quadrupolar interaction 𝜔̅𝑄 is not 
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fluctuating anymore – it has a specific positive value all the time and 𝜔̅𝑄 ≫ 𝐽2. 

This leads to a permanent shift of the energy levels by 𝜔̅𝑄 (but the energy 

difference between |
1

2
⟩ → |−

1

2
⟩ levels does not change) and three distinguished 

spectral lines with 3:4:3 intensities and 2𝜔̅𝑄 distance between them (Figure 

2.6). Relaxation rates are defined as 𝑅𝑠
(1)

 and 𝑅𝑐
(1)

 in eq. [2.52]. With reduced 

water content in the water suspension due to ageing, cylindrical micelles 

became oriented forming a liquid crystal which can give the spectrum 

described above (Rooney et al., 1988). 

In the case of slow motion with biexponential relaxation observed (type “c”), MQ 

coherences can be created and selectively detected with the help of multiple quantum-

filtered sequences (Navon et al., 2001; Wimperis & Wood, 1991), thereby providing 

additional opportunities for the identification of sodium which is involved in binding 

with macromolecules. 

A type “c” spectrum was observed in a 44% (w/w) solution of bovine serum albumin 

in NaCl solution and a concentrated suspension of Na+-loaded yeast cells for both the 

intracellular and extracellular sodium (Rooney & Springer, 1991a). Shinar et al. 

studied sodium in mammalian and human red blood cells (Shinar et al., 1993). They 

found that sodium anisotropic movement arises from interaction with the intact 

cytoskeletal network consisting mainly of the spectrin and actin proteins. This study 

is in agreement with (Tauskela & Shoubridge, 1993) that the value of residual 

quadrupolar interaction 𝜔̅𝑄 is small, about 22 Hz, and it is related to at least one 

population of sodium ions inside the cells that gives the type “b” spectrum. But 

because  𝜔̅𝑄 is less than a linewidth, it looks like the type “c” spectrum. The biconcave 

discoid shape of erythrocytes compared to the spherical yeast cells is responsible for 

incline towards the sodium type “b” spectrum in the former. 

A type “b” spectrum was found in bovine nasal cartilage with a residual splitting 𝜔̅𝑄 ≈

270 Hz (Eliav & Navon, 1994). Investigation of hydrated collagen fibre powder 

showed that it gave an even broader type “b” spectrum than the cartilage. On the other 

hand, quadrupolar splitting does not manifest in gelatine (denatured collagen in a 

soluble form) and chondroitin sulphate separately suggesting that the left-handed 
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helical conformation of collagen is responsible for creating a microscopic order 

experienced by sodium spins (Eliav & Navon, 1994). 
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3  Sodium NMR of the human skin in 9.4 T 

Experiments presented in this Chapter were performed by Dr G. Pavlovskaya at the 

Sir Peter Mansfield Imaging Centre at the University of Nottingham. Dr G. 

Pavlovskaya also developed the original concept and the design of the scanning 

protocol. An analysis of CPMG data were initially performed in collaboration 

and presented at an international meeting: Fomina D. V., Sadykhov E. G., Hanson P., 

Philp C. J., Randeva H. S., O’Hare J. P., Pavlova O. S., Anisimov N. V, Makurenkov 

A. M., Pirogov Y. A., Barber T. M., Meersmann T., & Pavlovskaya G. E. (2021). 

Sodium NMR relaxation times of human skin as potential biomarkers for Type 2 

Diabetes Mellitus. Proc. Intl. Soc. Mag. Reson. Med. 29, 1791 (Fomina et al., 2021). 

MQF data were analysed by Mrs. Daria Fomina using previously published 

methodology (Eliav & Navon, 2016b). Statistical analysis of all experimental data was 

performed by Mrs Daria Fomina. 

3.1 Introduction 

3.1.1 The biological role of sodium 

In biological tissues sodium is located in two environments: within the cells 

(intracellular sodium with a concentration of 5-15 mM) and out of the cells in the 

extracellular matrix (concentration 140-150 mM) (Alberts et al., 2015). The 

intracellular fluid constitutes approximately 60-70% of the tissue volume and the 

extra-cellular fluid volume fraction (including the vascular compartment) accounts for 

the rest (Guyton & Hall, 2006). In healthy tissues, cells maintain this large gradient of 

sodium concentration between the intracellular and extracellular compartments across 

the cell membrane. The sodium flux in and out of cells is supported by several kinds 

of transport proteins but most importantly by the Na+/K+-ATPase (Figure 3.1) (Skou 

& Esmann, 1992). 

The Na+/K+-ATPase is a protein complex associated with the plasma membrane of 

every cell in living organisms. By pumping three sodium ions (Na+) out of the cell and 

two potassium ions (K+) into the cell in one cycle, it maintains the electrochemical 

gradients of these ions across the membrane that requires energy provided by 

adenosine triphosphate (ATP) hydrolysis (Michael Burnier, 2007). The sodium 

electrochemical gradient plays a vital role in protecting the cell from rupture due to 

osmotic pressure and also induces an electric potential that is used for transmitting 
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nerve impulses and for transferring ions (such as protons, chloride, calcium, and 

phosphate), metabolites and nutrients (such as glucose and amino acids) and 

neurotransmitters (such as glutamate) across the cell membrane through different 

types of sodium-dependent transporters (Gagnon & Delpire, 2021). Therefore, 

disruption of the transporters which highly depend on the electrochemical gradient 

created by the Na+/K+- ATPase leads to a wide variety of pathological conditions. For 

example, a lack of ATP reduces a function of the Na+/K+-ATPase that increases the 

intracellular sodium concentration (Gagnon & Delpire, 2021; Murphy & Eisner, 

2009). Excessive Na+ may lead to tissue hypertrophy or cell death (Barros et al., 2002). 

3.1.2 Sodium in the skin 

Total body sodium has been compartmentalized into intracellular (IC) and 

extracellular (EC) sodium, the latter divided into intravascular (IV) and interstitial 

sodium (Bhave & Neilson, 2011). With an increase in salt intake, it was believed that 

sodium accumulates in the EC space followed by attraction of water due to the 

phenomenon of osmosis. However, a study (Olde Engberink et al., 2017) has shown 

that in healthy humans sodium content in the urine was about twice lower than the 

expected amount after infusion with hypertonic saline. It means that there might be 

non-osmotic storage of sodium in the body – in an additional third compartment. 

The skin might serve as a potential depot of sodium. The skin consists of several tissue 

types: epidermis, dermis and hypodermis (or subcutaneous tissue) (Figure 3.2(a)). The 

epidermis is an external epithelium of a layered structure, which does not contain 

 

Figure 3.1. A diagram of the Na+-K+-ATPase. 
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blood vessels, with a width in a range of 75-150 m (up to 600 m on palms/soles) 

 

Figure 3.2. (a) Skin layers and structures within. Image is taken from (Madhero88 & 

Komorniczak, 2012). No modifications to the image were made. (b) A diagram of a typical 

proteoglycan in the skin dermis (adapted from (Nijst et al., 2015)). 
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(Tobin, 2006). The dermis is 2-4 mm thick and is considered a connective tissue. A 

significant portion of its volume is made up of a fibrous extracellular matrix (ECM) 

which consists of collagens (mainly types I, III and V) (Smith & Melrose, 2015), 

elastic fibres, and an extrafibrillar matrix consisting of about 75% of water (Téllez-

Soto et al., 2021), glycoproteins, and proteoglycans. ECM is interspersed between 

vascular, lymphatic and neural networks and much fewer cells – fibroblasts. The 

fibroblasts are responsible for the production and degradation of the ECM 

components. The proper formation and maintenance of a normal, healthy collagen 

matrix alignment in the ECM depend on specific proteoglycans. Proteoglycans are 

formed by the binding of a protein to glycosaminoglycans (GAGs) (Figure 3.2(b), 

(Comper & Laurent, 1978)). GAGs are big (hundreds of kDa) polysaccharides with a 

negative charge provided mainly by sulphate groups, able to bind water and ions. 

Some physiologically important GAGs include dermatan sulphate, chondroitin 

sulphate, keratin sulphate, heparan sulphate, heparin, and hyaluronic acid (HA) (Smith 

& Melrose, 2015). HA is one of the GAGs that is not attached to any protein 

(Anderegg et al., 2014). A foundation of the dermis is the subcutaneous tissue or 

hypodermis. The subcutaneous layer, also known as the subcutis, is a skin layer 

abundant in adipose tissue and serves as a reserve for energy and fluids and as a 

support for the epidermis and dermis. Within the subcutis, there are clusters of fat cells 

called lipocytes or adipocytes, which are arranged into lobules separated by fibrous 

connective tissue called septa. Nerves, blood vessels, and lymphatic vessels emerge 

into the septa (Ita, 2020). 

An abundance of PGs in the skin dermis (for example, decorin, biglycan (Li et al., 

2013) and versican (Zimmermann et al., 1994) confirmed by immunostaining of the 

skin) and their GAGs and HA (Oh et al., 2011) can provide a significant negative 

charge density capable of binding sodium. In rats, it was found that Na+ may be stored 

osmotically inactive in the skin (without water accumulation) which increases the total 

skin sodium concentration and its storage may be regulated by changing the degree of 

GAGs’ polymerization (Titze et al., 2004). In humans, it was shown that skin sodium 

content increases with NaCl loading in a diet (Selvarajah et al., 2017) similar to the 

animal study mentioned previously. Discoveries like these led to a current change in 

a paradigm from an exclusively renal control of sodium homeostasis to an addition of 

extrarenal regulation represented by skin being a “third compartment” with the 
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adjustable ability of sodium storage in response to altering salt intake (Selvarajah et 

al., 2018). 

The mechanism of sodium accumulation in the skin needs to be explored. To achieve 

skin, firstly sodium needs to pass through the intestine wall to the bloodstream. 

Sodium can be transferred from the intestinal lumen to enterocytes by either a co-

transport represented by sodium-glucose like transporters 2 – SGLT-2 (Wright et al., 

2011), glucose transporters – GLUT, and Na+/H+ exchangers (Gurney et al., 2017) or 

by a passive transport through sodium channel ENaC (Cuppoletti & Malinowska, 

2012). Later it is excreted to the ECF by Na+/K+ ATF-ase. After, sodium can diffuse 

into the capillaries to travel around the whole body to reach the skin interstitium. 

However, it is still unclear how sodium gets into the skin (Selvarajah et al., 2018). 

Two hypotheses exist: first is that skin can serve as a sodium depot to prevent vascular 

damage. On the other hand, an accumulation of sodium in the skin may be a 

consequence of vascular damage. Future investigations are required. 

3.1.3 Sodium NMR as a diagnostic tool 

As an alteration of local sodium concentration is an indicator of cell viability in an 

investigated region of biological tissue, sodium magnetic resonance imaging (23Na 

MRI) has been implemented on a range of human organs in vivo to visualize them with 

and without different pathologies (Madelin, Lee, et al., 2014). An observed sodium 

concentration in a tissue is usually a weighted average of intra- and extracellular 

sodium concentrations. Some impairments are usually characterized by increased 

sodium content. For example, in patients with multiple sclerosis tissue sodium 

concentration (TSC) in lesions is significantly higher than in white matter that appears 

normal, but also TSC in the white and grey matter of the patients is much higher than 

that in healthy volunteers (Inglese et al., 2010). Several brain tumours (different grades 

of oligodendroglioma and astrocytoma) were studied and they all showed a 

significantly elevated sodium level on 23Na MRI (Ouwerkerk et al., 2003). Application 

of sodium 𝑇1 or 𝑇2
∗ relaxation weighted imaging in addition to the regular 23Na spin-

density weighted imaging reveals a deeper characterization of brain tumours compared 

to the spin-density weighted imaging only (Nagel et al., 2011): tumours of the WHO 

grade IV could be differentiated from ones of the WHO grade I-III. 
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It was determined that the elevated sodium level is also associated with malignancy of 

breast lesions (Ouwerkerk et al., 2007). The mean tissue TSC in the case of myocardial 

infarctions is higher than in healthy cases (Ouwerkerk et al., 2008). 

Sodium MRI was shown to be suitable for measuring a corticomedullary sodium 

gradient in a human kidney to assess its functionality (Maril et al., 2006; Rosen & 

Lenkinski, 2009). The gradients increased significantly in water deprivation 

conditions compared to normal ones (Maril et al., 2006). A sodium spatial distribution 

map was obtained for a human prostate which can serve as an indicator for prostate 

cancer prediction in the future (Hausmann et al., 2012). Sodium MRI was successfully 

used to evaluate GAG content in cartilage and its loss in osteoarthritis, and estimate 

the effectiveness of different tissue repair procedures after injuries (Zbýň et al., 2014). 

Fluid-suppressing techniques allow one to eliminate contamination from the synovial 

fluid in the determination of sodium concentration in the cartilage. 

Multiple quantum filtering techniques (spectroscopy and imaging) allow one to detect 

MQ coherences that can only be generated by slow and/or anisotropically moving 

sodium ions (𝜏𝑐 > 1 𝜔0⁄ ). Therefore, they were also shown to be sensitive to different 

organ pathologies, especially those associated with structural degradation. The 

apparent short component of sodium 𝑇2, 𝑇2𝑠ℎ𝑜𝑟𝑡 (affected by tissue anisotropy), 

measured by 23Na TQF spectroscopy in a muscle was significantly longer in patients 

with myotonic dystrophy (MyD) compared to controls (Kushnir et al., 1997). Also, 

the total sodium content measured as a ratio of 23Na to 1H (water) signals in the MyD 

patients increased by up to two-fold and its combination with 𝑇2𝑠ℎ𝑜𝑟𝑡 is a sensitive 

marker of the disease severity. Sodium 𝑇2𝑠ℎ𝑜𝑟𝑡 and quadrupolar interaction 𝜈𝑄 (=

𝜔𝑄 2𝜋⁄ ) were studied in osteoarthritic (OA) and osteoporotic (OP) cartilage (Keinan-

Adamsky et al., 2010). Sodium quadrupolar interaction was found to be increased in 

the OA cartilage relative to controls. For the OP cartilage, 𝜈𝑄 together with 1 𝑇2𝑠ℎ𝑜𝑟𝑡⁄  

were significantly larger than for control and the OA cartilage. The measured effects 

might be explained by the depletion of PG (Borthakur et al., 2002) and decalcification 

in OA and OP correspondingly. Analysis of the DQF and DQF-MA behaviour vs 

creation time 𝜏 of sodium from annulus fibrosus and nucleus pulposus of a spinal disc 

might serve as a diagnostic tool for detecting a degeneration of the disc (Ooms et al., 

2008). 
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In cartilage, TQF imaging allows one to exclude sodium signals from surrounding 

tissues like synovial fluid, blood and bone marrow (Borthakur et al., 1999; Reddy, 

Insko, et al., 1997). During ischemic stroke, using SQ and TQ 23Na MRI a time 

window can be established during which the tissue damage is reversible by treatment 

(F. E. Boada et al., 2012). However, as the TQF technique is very sensitive to RF and 

magnetic field inhomogeneities, a method was proposed to separate intra- and extra-

cellular sodium using 23Na MRI with the help of 1H double inversion recovery MRI 

(Madelin, Kline, et al., 2014). 

3.1.4 Sodium NMR in the skin 

Sodium magnetic resonance imaging and spectroscopy were used to investigate 

sodium content in the skin in health and disease. Using 23Na MRI, it was found that 

men had higher sodium content in the skin than in the muscle, with the opposite result 

for women, and this difference increases with age (Kopp et al., 2012; Wang et al., 

2017). Skin sodium concentration was shown to be an indicator of some pathological 

conditions. Refractory hypertension was associated with skin Na+ accumulation and 

skin sodium content increases with age in both healthy men and women (Kopp et al., 

2013). Dahlmann et al. also supported the latter finding, additionally showing the same 

results in patients with end-stage renal disease (ESRD) undergoing haemodialysis 

(HD) (Dahlmann et al., 2015). Furthermore, they demonstrated that sodium can be 

partially removed from the skin by HD and the patients with a higher amount of 

VEGF-C factor (vascular endothelial growth factor C) in the plasma ended up with 

lower tissue sodium concentration after the treatment. HD patients over 60 years old 

had an elevated level of skin sodium compared to age-matched healthy controls 

(Dahlmann et al., 2015). It was also found that higher blood pressure and left 

ventricular hypertrophy (LVH) are positively correlated with increased skin sodium 

content in patients with CKD (Schneider et al., 2017). Sodium was found to be 

increased in the fibrotic skin of patients with systemic sclerosis (SSc) compared with 

skin from controls and non-fibrotic SSc skin (Kopp et al., 2017). In patients with acute 

heart failure, sodium content in the skin successfully decreased after treatment with a 

diuretic without a change in the water content of the tissue (Hammon et al., 2015). 

This finding supports the hypothesis that sodium might be stored non-osmotically in 

the skin. 
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To support MRI data, chemical analysis of skin tissue should be performed. Analytical 

methods such as inductively coupled plasma optical emission spectrometry (ICP-

OES), flame photometry and so on, are very powerful for the estimation of the content 

of different elements in biological samples (Grochowski et al., 2019; Kopp et al., 2012; 

Selvarajah et al., 2017; Titze et al., 2004). Na+ concentration was determined in the 

human skin, muscle and artery and compared with GAGs’ content (Fischereder et al., 

2017). Elevated skin and arterial sodium levels are associated with increased GAGs’ 

content, supporting an earlier study in animals (Titze et al., 2004). 

Sodium in the skin has been studied by NMR relatively rarely compared to other 

organs, partially because the skin is a very thin tissue and high resolution (< 0.5 mm) 

is required to visualize it using sodium MRI. This requires high magnetic fields and 

coil designs developed specifically for certain positioning on the human body (Linz et 

al., 2014). Blood sodium concentrations alone do not give a full picture of the sodium 

distribution in the body to monitor certain conditions (Kopp et al., 2013). Therefore, 

studying sodium NMR relaxation in the skin is of particular interest in this thesis. 

3.1.5 Type 2 Diabetes Mellitus 

Diabetes is a long-term metabolic disorder characterized by the inability of the body 

to produce insulin or the inability of cells to respond to insulin which leads to a 

significant increase in blood glucose levels. It is estimated that 537 million people 

between the ages of 20 to 79 years worldwide have Diabetes (IDF, 2021). If 

unmanaged, high glucose levels usually result in serious, life-threatening 

complications such as cardiovascular diseases, peripheral neuropathy, kidney failure, 

blindness, and amputation of lower limbs. Fortunately, Diabetes can be controlled by 

appropriate medicine, diet and exercise, which can increase the quality of life and 

prevent complications (IDF, 2021). 

There are two main types of Diabetes: (1) type 1 Diabetes which is an autoimmune 

disease when insulin-producing beta-cells of the pancreas are being destroyed, and (2) 

type 2 Diabetes (T2DM) which is mainly caused by insulin resistance. The prevalence 

of type 2 Diabetes is about 90%. It is not completely understood what triggers the 

development of type 2 Diabetes but there is a strong connection with obesity and 

overweight, increasing age, ethnicity, family history, and polygenic and 

environmental factors (IDF, 2021). 
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Cases of both non-insulin-dependent type 1 and type 2 Diabetes can be characterized 

by sodium retention that leads to hypertension and kidney failure (Rose & Valdes Jr, 

1994; Weidmann & Ferrari, 1991). Sodium retention can be mainly caused by two 

mechanisms: (1) insulin-dependent mechanism through stimulation of the renal 

tubular Na+/K+-ATPase and (2) insulin-independent mechanism due to 

hyperglycaemia that results in hyperfiltration of glucose in glomeruli which stimulates 

a sodium-glucose like transporter 2 (SGLT2) in a proximal tubule of the kidney. To 

regulate blood glucose levels in Diabetes, SGLT2 has become a major target of drug 

developers (Wright et al., 2011). Impairment of sodium homeostasis might play an 

important role in the development of type 2 Diabetes. 

Skin sodium content in T2DM has been studied by sodium MRI. As mentioned earlier, 

sodium in the skin and muscle was found to be increased in arterial hypertension 

(Kopp et al., 2013). In patients with T2DM, there is an even higher sodium content in 

both tissues compared with non-diabetic hypertensive subjects (Kannenkeril et al., 

2019). Haemodialysis (HD) patients with type 2 Diabetes Mellitus also had higher 

skin sodium content in comparison to participants on HD but without T2DM (Kopp et 

al., 2018). With ex vivo skin samples from control and T2DM patients, using 23Na GE 

and TQF MRI, it was shown that free and bound sodium are located in the dermis of 

the skin; diabetic patients accumulate more free sodium but less bound sodium, which 

indicates that the sodium binding capacity of their skin is reduced compared to controls 

(Hanson et al., 2021). Therefore, T2DM can be characterized as a condition with a 

heavy sodium overload but reduced buffering function of the skin which leads to renal 

and cardiovascular complications (Hanson et al., 2022). 

3.1.6 Registration of SQ and MQ coherences 

A typical pulse sequence for detecting the sodium coherences with the rank 𝑙 > 1 (DQ 

or TQ coherences) usually consists of three pulses 𝜃1, 𝜃2, and 𝜃3 with corresponding 

phases 𝜑1, 𝜑2, and 𝜑3, and can be described by the following equation [3.1] (Navon 

et al., 2001): 

𝜃1(𝜑1) − 𝜏 − 𝜃2(𝜑2) − 𝑡𝑀𝑄 − 𝜃3(𝜑3) − 𝑡𝑎𝑐𝑞 . [3.1] 

The pulse sequence is depicted graphically in Figure 3.3. Firstly, SQ coherences 

(𝑇̂1,±1) are generated by the first pulse 𝜃1 = 90°. During an evolution time 𝜏, SQ 

coherences of the higher rank can be formed: in isotropic media, only odd rank 
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coherences described by the tensor 𝑇̂3,±1 develop under the quadrupolar relaxation; in 

the anisotropic media in the presence of non-zero quadrupolar interaction, odd rank 

tensors 𝑇̂2,±1 can occur as well. In the middle of 𝜏, a 𝜃𝜋 = 180° pulse can be applied 

to refocus magnetic field inhomogeneities and chemical shifts. After the 𝜃2 pulse, 

high-rank SQ coherences are transformed into DQ and TQ coherences (𝑇̂2,±2, 𝑇̂3,±2, 

and 𝑇̂3,±3) which evolve during the evolution time, 𝑡𝑀𝑄. As MQ coherences cannot be 

detected directly, the third pulse 𝜃3 is applied to convert them back to 𝑇̂2,−1, 𝑇̂3,−1 

which then during evolution time develop under the influence of relaxation or 

quadrupolar interaction into the observable coherence 𝑇̂1,−1 which can be detected 

during the acquisition time 𝑡𝑎𝑐𝑞. Different orders of coherences can be detected by 

choosing combinations of flip angles of RF pulses and the phase cycle. As in the case 

of non-vanishing quadrupolar interaction, the tensors 𝑇̂2,±2 and 𝑇̂3,±2 are coupled (Van 

Der Maarel, 2003), double-quantum filtration (DQF) detects the contribution from 

both of these tensors. Hence, using eq. [2.51], a signal after the DQF can be expressed 

as in eq. [3.2] (Navon et al., 2001): 

 

Figure 3.3. Timing diagram of a general pulse sequence to excite DQ and TQ coherences. 

Corresponding coherence pathways are shown underneath. 
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[3.2] 

where 𝜃 is a flip angle of the pulses 𝜃2 and 𝜃3, and using eq. [2.39], 𝜔𝑄 in the 

laboratory frame can be defined as in eq. [3.3]: 

𝜔𝑄 = 𝐶𝑄
3 cos2 𝜃 − 1

2
. [3.3] 

Free induction decay (FID) after triple quantum filtration (TQF) is given as in eq. 

[3.4]: 

𝑆(𝜏, 𝑡𝑎𝑐𝑞 , 𝜔𝑄) =
9
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𝑇2𝑙𝑜𝑛𝑔 − cos(𝜔𝑄𝑡𝑎𝑐𝑞) 𝑒
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𝑇2𝑠ℎ𝑜𝑟𝑡]. 

[3.4] 

Transfer functions 
3

2
sin2 𝜃 and 

3

8
sin2 𝜃 (3 cos2 𝜃 − 1)2 for the tensors 𝑇̂2,−1, 𝑇̂3,−1 

correspondingly from the DQF experiment and 
9

16
sin4 𝜃 for only 𝑇̂3,−1 from the TQF 

 

Figure 3.4. Transfer functions vs pulse flip angle  for the tensors 𝑇̂2,−1, 𝑇̂3,−1 (DQF) and 

𝑇̂3,−1 (TQF) in the MQF pulse sequence. 
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experiment are plotted in Figure 3.4. It can be seen that if the pulses are 𝜃2 = 𝜃3 =

90°, maximum contributions from both 𝑇̂2,−1 and 𝑇̂3,−1 can be detected in the DQF 

pulse sequence. If 𝜃2 = 𝜃3 = 54.7° (magic-angle – MA), 𝑇̂3,−1 vanishes and only the 

contribution of 𝑇2,±2 is detected, which arises exclusively from the anisotropic residual 

quadrupolar interaction (RQI) (Eliav et al., 1992; Eliav & Navon, 1994). The tensor 

𝑇̂3,±3 arising due to the slow motion can be detected by the TQF sequence with its 

maximum amplitude at 𝜃2 = 𝜃3 = 90° (Navon et al., 2001). 

3.2 Hypothesis and Aims 

Sodium in the skin especially in T2DM has mainly been studied by 23Na magnetic 

resonance predominantly by imaging techniques. The aim of the thesis is to apply 

sodium MR single and multiple quantum spectroscopy in an ultra-high field of 9.4 T 

to study the relaxation behaviour of sodium, determine its short and long components 

of transverse relaxation time, 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔, and quadrupolar interaction 𝜔𝑄 to 

assess the sodium molecular environment and the order of the skin tissue in patients 

with type 2 Diabetes compared to controls. It is hypothesized that the sodium 

molecular environment in the skin of T2DM patients is different from control patients 

and sodium relaxation times and 𝜔𝑄 can be potential biomarkers of the disease. 

3.3 Materials and Methods 

Sections 3.3.1-3.3.3 introduce the components of the experimental setup in 9.4 T. 

Section 3.3.4 describes the MR sequences used in experiments and the parameters of 

the sequences for individual sets of measurements. 

3.3.1 Spectrometer 

Experiments were performed using an ultra-high field NMR spectrometer (Avance III, 

UltraShield 400WB Plus, Bruker, Rheinstetten, Germany) which contains a 

superconducting magnet generating a magnetic field of 9.4 T (resonance frequency 

400 MHz for 1H and 105.86 MHz for 23Na) (Figure 3.5). The magnet is equipped with 

an active shimming system operating at room temperature, a temperature control unit, 

and a set of amplifiers. The latter contains a selective amplifier (proton amplifier) 

specifically designed to amplify the higher frequencies associated with 1H, and a 
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broadband amplifier (also named X-BB) used to amplify a wide range of frequencies 

besides 1H. The X-BB amplifier was used to perform experiments on a resonance 

frequency of sodium (23Na). The spectrometer is operated by the software TopSpin 

3.2 (Bruker). 

3.3.2 Probes 

23Na NMR experiments were conducted using a single-channel sodium microimaging 

probe with a 25 mm internal diameter and 40 mm length manufactured by Bruker 

(Figure 3.6). The probe contains a volume saddle coil, and it operates in both transmit 

and receive modes. The probe is attached to a probe base which is universal for all 

probes provided by Bruker in our laboratory. The probe base has regulators that extend 

to trimmer capacitors of the probe to make tuning and matching of the probe possible 

outside the magnet bore. The base also supports a dual-channel option. 

 

 

Figure 3.6. 23Na probe by Bruker with an internal diameter of 25 mm used for sodium 

experiments. 

 

Figure 3.5. Ultra-high field 9.4 T NMR spectrometer by Bruker. Temperature inside the bore 

can be controlled by the temperature control unit. 
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3.3.3 Skin samples 

Human skin samples were provided by Arden Tissue Bank after skin reduction surgery 

from 15 patients. Exclusion criteria for age, weight, and sex were not imposed. The 

necessary ethics permits for this study were in place and obtained in collaboration with 

the Clinical Diabetes research group of the University of Warwick and UHCW NHS 

Trust. Patients were subdivided into two groups: control and diabetic. The main 

criterion for the diabetic group of patients was existing T2DM only. Group 

characteristics are summarized in Table 3.1. 

13 human skin samples from 6 control patients and 10 samples from 6 diabetic patients 

were scanned. 4 samples from control patients and all samples from diabetic patients 

were obtained from the foot/leg. The remaining 9 samples from the control patients 

were taken from the abdomen (Table 3.1). Samples were vacuum-packed individually 

and delivered on ice within 4 hours after surgery. An example of the skin sample used 

for the experiments is shown in Figure 3.7. 

All the samples were positioned inside the magnet in a way that the 𝑧-axis of the 

sample in Figure 3.7 was parallel to the 𝑧-axis of the magnet bore and the probe (the 

longest side of the skin sample was perpendicular to the 𝑥𝑦-plane). All the samples 

were scanned at 37°C. 

Table 3.1. Characteristics of the studied patients’ group. A number of samples taken from 

each patient is indicated. Samples were obtained from two body parts: foot/leg and abdomen. 

Control Diabetic 

Patient ID Age Gender Samples Location Patient ID Age Gender Samples Location 

C1 27 female 1 abdomen D1 61 Male 2 foot/leg 

C2 62 female 2 abdomen D2 71 Male 1 foot/leg 

C3 53 female 2 abdomen D3 73 Male 2 foot/leg 

C4 46 female 2 abdomen D4 56 Male 2 foot/leg 

C5 33 female 4 foot/leg D5 61 Male 2 foot/leg 

C6 49 female 2 abdomen D6 - Female 1 foot/leg 

Total: 

9 abdomen 

Total: 10 foot/leg 

4 foot/leg 
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3.3.4 Methods 

This subsection describes pulse sequences used in the experiments conducted in 9.4 

T. In these sequences, spatial encoding was not used, therefore, the signal was acquired 

from a whole sample inside the coil. Experiments with the skin samples were 

performed in domestic collaboration. 

3.3.4.1 Flip angle calibration 

The flip angle was calibrated for each skin sample, firstly together with the phantoms 

(if scanned with the phantoms), and secondly when the phantoms were removed. A 

flip angle of the pulse depends on the amplitude of the 𝐵1 field of a probe and a pulse 

duration 𝜏𝑝 as in eq. [3.5] (Haacke et al., 1999): 

𝜃 = 𝛾𝐵1𝜏𝑝. [3.5] 

RF power was left constant at 200 W (the same magnitude of 𝐵1), and 𝜏𝑝 was changed 

in the “pulse-acquire” sequence to find the duration of a 180° pulse. This was 

  

Figure 3.7. A photograph of a human skin sample obtained from the control patient taken 

from the foot. Epidermis, dermis and subcutaneous fat are pointed with arrows. (a) Top side, 

(b) bottom side. All the samples were positioned inside the magnet in a way that the -axis of 

the sample was parallel to the -axis of the magnet bore (skin perpendicular to the -plane). 

The white letters seen in the photo belong to the vacuum packaging. 
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determined where the first registered point of the FID becomes zero. Then this pulse 

duration was divided by 2 to obtain a duration of 90° pulse. For different skin samples, 

the length of the 90 pulse varied in a range of 40-69 s. 

3.3.4.2 Spectroscopy 

3.3.4.2.1 CPMG pulse sequence 

The Carr-Purcell-Meiboom-Gill sequence, or CPMG, is shown to significantly reduce 

the effect of diffusion while measuring 𝑇2. This method follows an equation 90° −

𝜏 − {180° − 2𝜏}𝑛 (Carr & Purcell, 1954; Meiboom & Gill, 1958) where 2𝜏 is the echo 

time (TE). However, on the spectrometer used in this thesis, the sequence was 

implemented as follows: to acquire 𝑛-th echo, an excitation 90 RF pulse and a train 

of 𝑛 180 RF pulses are applied (Figure 3.8). The time between 90 and 180 pulses 

is half of the echo time. Each 180 pulse refocuses spins in a transverse plane that 

leads to the formation of an echo at the TE (or TE/2 after the 180 pulse) but 

acquisition happens only after the last 180 pulse. With increasing the number of 180 

pulses, heating effects may appear causing phase and frequency shifts of the spectra. 

However, it was established that these shifts are smaller than one-third of the line 

width, thus they can be neglected. CPMG was conducted with TE = 2 ms, 32 echoes, 

and 32 scans; receiver gain (RG) was set to 32, 101 or 1030 depending on the sodium 

signal intensity of the samples. All measurements were performed at 37C, close to 

body temperature. 

 

Figure 3.8. CPMG pulse sequence timing diagram performed on Bruker spectrometer. 
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3.3.4.2.2 Double-Quantum Filtering with Magic Angle 

Double-quantum filtering (DQF) can detect contributions from coherences described 

by the tensors 𝑇̂2,±2, 𝑇̂3,±2 which arise due to residual quadrupolar interaction and 

slow-motion regime in anisotropic media correspondingly. The timing equation of the 

DQ filter pulse sequence is 𝜃1(𝜑1) − 𝜏 2⁄ − (𝜋) − 𝜏 2⁄ − 𝜃2(𝜑2) − 𝛿 − 𝜃3(𝜑3), 

where flip angles are 𝜃1 = 𝜃2 = 𝜃3 = 90°, 𝜏 is the creation (or preparation) time, and 

𝛿 is the evolution time. A 180° pulse (𝜋-pulse) may be applied between 𝜃1 and 𝜃2 

pulses to refocus 𝐵0 inhomogeneities. If the last two pulses of the sequence are set to 

𝜃2 = 𝜃3 = 54.74° (magic angle), the contribution from the slow-motion regime is 

suppressed (𝑇̂3,±2), leaving the coherences only from the anisotropic environment to 

detect (Figure 3.9). Therefore, the DQ filter with magic angle, DQF-MA, is a unique 

and selective tool to study these environments. 

A 30-step phase cycle was applied for DQF-MA: all possible combinations of phases 

𝜑1, 𝜑2, and 𝜑𝜋, where they can take values of 0°, 90°, 180° and 270°, and 𝜑3 = 0°, 

𝜑𝑎𝑐𝑞 = 0°, 180°. 

DQF-MA experiments were conducted with the same lengths of 90 and 180 pulses 

as in the CPMG experiment. The length of the 54.74° pulse was calculated 

accordingly. A time between 90° and 180° pulses 𝑡𝑝−𝑝 (and also between 180° and 

the first 54.74° pulse) was varied from 100 s to 500 ms in 23 steps logarithmically. 

Therefore, 23 FIDs were obtained from each sample in 1440 scans. From the timing 

 

Figure 3.9. DQF-MA sequence timing diagram with coherence pathways (𝜃1 = 90°, 𝜃2 =

𝜃3 = 54.74°). 
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diagram in Figure 3.9, 𝑡𝑝−𝑝 is related to the preparation time 𝜏 and 90°, 180° and 

54.74° pulse lengths by the equation: 𝑡𝑝−𝑝 = (𝜏 − 𝜏90° 2⁄ − 𝜏180° − 𝜏54.74° 2⁄ )/2. 

Repetition time (TR) was 200 ms. 

The first aim of the experiment was to investigate the interactions of the sodium nuclei 

with the macromolecules such as collagens, GAGs and PGs, in the skin tissue by 

measuring the short component of the relaxation time 𝑇2𝑠ℎ𝑜𝑟𝑡 and residual quadrupolar 

interaction 𝜔𝑄. The second aim was to examine if the values of 𝑇2𝑠ℎ𝑜𝑟𝑡 obtained from 

the fitting of DQF-MA build-up curves were in agreement with the CPMG 

experiments. 

3.3.4.2.3 Triple-quantum filtering 

Triple quantum filtered (TQF) spectroscopy is used to detect the coherence 𝑇̂3,±3 

derived due to the slow-motion regime. A timing diagram of the TQF pulse sequence 

is similar to DQF (Figure 3.10) where 𝜃1 = 𝜃2 = 𝜃3 = 90° but a 48-step phase cycle 

was applied where the phases 𝜑1 is running through the values 30°, 90°, 150°, 210°, 

270°, 330°; 𝜑2 holds values of 0°, 60°, 120°, 180°, 240° and 300°, but 𝜑𝜋 takes values 

of both 𝜑1 and 𝜑2; 𝜑3 = 0°; 𝜑𝑎𝑐𝑞 alternates between 0° and 180°. TQF spectroscopy 

was performed to resolve the long component of sodium relaxation, 𝑇2𝑙𝑜𝑛𝑔, as 𝑇2𝑠ℎ𝑜𝑟𝑡 

and 𝜔𝑄 can be derived from DQF-MA. 

TQF spectroscopy was performed with the following parameters: lengths of all 90 

pulses and the 180 pulse were the same as in the CPMG experiment, with varying 

time between pulses 𝑡𝑝−𝑝 from 100 s to 500 ms (as in DQF-MA); TR = 200 ms. 

 

Figure 3.10. TQF sequence timing diagram with coherence pathways. 
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Another aim to conduct a TQF spectroscopy experiment is to determine a preparation 

time 𝜏𝑜𝑝𝑡 which gives a maximum signal for the TQ coherence. Later, this 𝜏𝑜𝑝𝑡 was 

used to perform TQF imaging (Hanson et al., 2021). 

3.3.4.3 Data processing 

3.3.4.3.1 CPMG 

During the Fourier Transform (FT) of sodium CPMG echoes, line broadening of 20 

Hz was applied for each CPMG echo train and then the echoes’ spectra were integrated 

over the frequency domain. The integration range was constant for each experiment 

(20 ppm) for each sample and was broader than the peak width at its base. Integration 

was preferred to the peak intensity due to the changing contributions of short and long 

relaxation components with the echo time (Brown & Wimperis, 1994). As the samples 

were scanned with different RG, integral values obtained in the previous step were 

divided by RG value. 

Three diabetic samples (sample 2 of patient D4, sample 1 of patients D5 and D6) had 

asymmetric CPMG spectra with an extra small peak present on the right side of the 

main sodium peak (Figure 3.12). To separate this additional component, spectral 

deconvolution was performed in Igor.Pro before the integration. Two peaks were fitted 

with Gaussian line shapes. The line shapes were chosen Gaussian but not Lorentzian 

to compensate for distribution of chemical shifts arising due to significant lengths (3-

4 cm) and widths (2-3 cm) of the skin samples, as an excitation was performed without 

slice selection. “Pulse-acquire” experiments of these samples were used as a reference 

to determine the widths of the Gaussians which were then used to fit CPMG echoes 

and were kept constant for every value of TE. 

The additional peak on the right was determined to be wider and smaller in height than 

the main sodium peak. Then, the integral of the main sodium peak was calculated, 

plotted vs TE and fitted to determine the original sodium relaxation times which are 

not contaminated with signal excitations outside the RF probe. 

To perform fitting of the CPMG echo train for each sample, the following model was 

used. For slow-moving sodium interacting with macromolecules in the skin, relaxation 

is biexponential with short and long 𝑇2 times (𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔) with 60 and 40% 

contributions respectively (eq. [3.6]): 
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𝐼𝑏𝑖(𝑡) = 𝐼𝑜 (0.6 ∙ 𝑒𝑥𝑝 (−
𝑡

𝑇2𝑠ℎ𝑜𝑟𝑡
) + 0.4 ∙ 𝑒𝑥𝑝 (−

𝑡

𝑇2𝑙𝑜𝑛𝑔
)). [3.6] 

The skin samples contained a physiological liquid – extracellular fluid (ECF). 

Considering a slow exchange between slow sodium in the skin with ECF sodium, there 

is a separate term for ECF sodium that relaxes monoexponentially with its own time 

constant 𝑇2: 𝐼1𝑒𝑥𝑝 (−
𝑡

𝑇2
). Bearing in mind that the fraction of ECF sodium is much 

smaller than the fraction of bound sodium in the skin biopsies: 𝐼1 ≪ 𝐼0, and the 

relaxation time of ECF sodium 𝑇2 is much longer than 𝑇2𝑙𝑜𝑛𝑔 of the bound sodium, an 

approximation was made (eq. [3.7]): 

𝐼1𝑒𝑥𝑝 (−
𝑡

𝑇2
) ≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. [3.7] 

Therefore, a final fitting model is described by the following equation [3.8]: 

𝐼𝑏𝑖(𝑡) = 𝐼𝑜 (0.6 ∙ 𝑒𝑥𝑝 (−
𝑡

𝑇2𝑠ℎ𝑜𝑟𝑡
) + 0.4 ∙ 𝑒𝑥𝑝 (−

𝑡

𝑇2𝑙𝑜𝑛𝑔
)) + 𝑜𝑓𝑓𝑠𝑒𝑡. [3.8] 

The parameters 𝐼0, 𝑜𝑓𝑓𝑠𝑒𝑡, 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 were obtained by fitting the 

experimental data to eq. [3.8] using the Levenberg-Marquardt algorithm in the 

software Igor.Pro 8 (WaveMetrics®, USA). Constraints were applied for 𝑇2𝑠ℎ𝑜𝑟𝑡 to be 

less than 5 ms according to the literature (Madelin, Lee, et al., 2014). The heating 

effects mentioned previously did not affect fitting results. 

3.3.4.3.2 DQF-MA spectroscopy 

Firstly, the line broadening (LB) was applied to each of the 23 FIDs from the DQF-

MA spectroscopy experiments with the factor 𝐿𝐵 = 150 Hz for every sample to 

improve SNR. Also before FT, the data was zero-filled once up to 1024 complex 

points. After FT, the complex pseudo-2D spectrum was processed using a homemade 

routine in MATLAB. In particular, 23 spectra for each skin sample were summed up 

to make a projection. Then this projection was phased in a way that its real part has a 

shape of an antiphase pair of two spectral lines in an absorption mode (Navon et al., 

2001). Then the obtained phase was applied to all individual 23 spectra. Next, the 

amplitude of the signal was determined as a sum of absolute values of positive and 

negative peaks’ heights for every value of 𝜏. 
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The time evolution of the DQF-MA signal is affected only by a short component of 

the 𝑇2 relaxation, 𝑇2𝑠ℎ𝑜𝑟𝑡, and the residual quadrupolar interaction 𝜔𝑄 as in eq. [3.9]: 

𝑆𝐷𝑄𝐹−𝑀𝐴(𝜏, 𝑡2, 𝜔𝑄) = −𝐴 sin(𝜔𝑄𝜏) 𝑒
−

𝜏
𝑇2𝑠ℎ𝑜𝑟𝑡 sin(𝜔𝑄𝑡2) 𝑒

−
𝑡2

𝑇2𝑠ℎ𝑜𝑟𝑡 . [3.9] 

𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝜔𝑄 can be determined from a fitting of a build-up curve (eq. [3.10]): 

𝑆𝐷𝑄𝐹−𝑀𝐴(𝜏, 𝜔𝑄) = 𝐴 sin(𝜔𝑄𝜏) 𝑒
−

𝜏
𝑇2𝑠ℎ𝑜𝑟𝑡  [3.10] 

of the spectra intensities vs 𝜏. 

3.3.4.3.3 TQF spectroscopy 

FID obtained after TQ filtration can be described by the equation [3.11]: 

𝑆𝑇𝑄𝐹(𝜏, 𝑡2, 𝜔𝑄) = 𝐴 [𝑒
−

𝜏
𝑇2𝑙𝑜𝑛𝑔 − cos(𝜔𝑄𝜏) 𝑒

−
𝜏

𝑇2𝑠ℎ𝑜𝑟𝑡] × 

× [𝑒
−

𝑡2
𝑇2𝑙𝑜𝑛𝑔 − cos(𝜔𝑄𝑡2) 𝑒

−
𝑡2

𝑇2𝑠ℎ𝑜𝑟𝑡]. 

[3.11] 

Using 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝜔𝑄 obtained from the fitting of the DQF-MA build-up curve for 

each skin sample, a TQF build-up curve 𝑆𝑇𝑄𝐹(𝜏, 𝜔𝑄) can be fitted vs 𝜏 with only two 

free parameters, amplitude 𝐴 and 𝑇2𝑙𝑜𝑛𝑔 (eq. [3.12]): 

𝑆𝑇𝑄𝐹(𝜏, 𝜔𝑄) = 𝐴 [𝑒
−

𝜏
𝑇2𝑙𝑜𝑛𝑔 − cos(𝜔𝑄𝜏) 𝑒

−
𝜏

𝑇2𝑠ℎ𝑜𝑟𝑡]. [3.12] 

3.3.4.4 Statistical analysis 

Data are presented as means with standard deviations (SD). Statistical analysis was 

performed using Igor.Pro and consisted of several steps: firstly, the data were tested 

for normality and random selection. To test if the data is randomly distributed in its 

sequence, a serial randomness (SR) test was used. Two tests were applied to determine 

the normality of the data: the Kolmogorov-Smirnov (KS) test and the Jarque-Bera (JB) 

test. In Igor.Pro a default JB test works for a number of data points in the range of [7; 

2000]. As the control group of foot samples had only 4 samples, the test was performed 

manually. Skewness, kurtosis, and JB statistics were calculated using Excel 

(Microsoft, Redmond, Washington, USA). JB cumulative distribution function (CDF) 

for 𝑛 = 4 was simulated using the Monte-Carlo method in Igor.Pro. Then JB statistics 

was compared with the critical value of JB CDF at the 0.95 level. 
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If data in the group is a normally distributed random selection, the next step is to 

compare variances of the groups using ANOVA. If the hypothesis of equal variances 

cannot be rejected, the statistical significance of differences between groups should be 

established using an unpaired two-tailed t-test. If the normality of the data can’t be 

established properly, for example, due to a small sample size, or the data does not 

follow a normal distribution, the Wilcoxon Rank Test is performed. 

Bar charts to show data distribution within the groups were built in Prizm (GraphPad 

Software©, USA). The results of the statistical analysis, p-values, are indicated on the 

graphs. 

3.4 Results 

This section describes the results of the single quantum and multiple quantum 

spectroscopy experiments performed in 9.4 T with the samples of human skin ex vivo. 

3.4.1 Single quantum spectroscopy 

This subsection includes the results of CPMG spectroscopy (Subsection 3.4.1.1) of the 

skin samples. The pulse sequence and its parameters were described in Subsection 

3.3.4.2.1. Data processing procedures were given in Subsections 3.3.4.3-3.3.4.4. 

3.4.1.1 CPMG 

A typical 23Na NMR pseudo-2D spectrum of human skin obtained by using the CPMG 

pulse sequence is presented in Figure 3.11. This spectrum contains Fourier transforms 

of all the echoes obtained at a different echo time TE. As described in Subsection 

3.3.4.3.1, these spectra were integrated, and integral values were plotted vs TE and 

fitted with the equation [3.8]. 

The shape of the spectra shown in Figure 3.11 is symmetrical. However, sample 2 of 

patient D4, the sample 1 of patients D5 and D6 possess asymmetrical spectra with a 

tail or an additional small peak on the right side of the main peak. Examples of these 

spectra are shown in Figure 3.12(a) and the asymmetries are indicated by arrows. The 

frequency axes of the spectra are zoomed in 4 times on both spectra to show the 

features more explicitly. These spectral attributes might indicate off-resonance 

excitation of some physiological fluid outside the RF coil. 
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For the samples with asymmetric spectra, spectral deconvolution was performed 

(Subsection 3.3.4.3.1). Figure 3.12(b) shows how echo 5 of the D5 patient’s sample 1 

is decomposed into two Gaussians: peak 1 corresponds to the primary sodium peak, 

while peak 2 represents the signal excited outside the RF probe. Time evolution of 

peak 1 only was considered. 

Plots of the echo integrals as functions of TE for foot/leg samples, one from the control 

and one from the diabetic patients are shown in Figure 3.13(a). Values of the fitting 

coefficients, 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔, for a range of samples from control and diabetic 

patients are presented in Table B.1. Bar charts showing the mean values ± standard 

deviation (SD) are given in Figure 3.14. 

Figure 3.13((b) and (c)) shows a semilogarithmic dependence of echo integrals on the 

echo time of the same pair of skin samples as in Figure 3.13(a). The experimental data 

points on these graphs are fitted with a logarithm of a monoexponential decay 

described by eq. [3.13]: 

ln(𝐼(𝑡)) = −
𝑡

𝑇2
+ ln(𝐼0). [3.13] 

 

Figure 3.11. 23Na NMR Fourier transformed CPMG echoes obtained from the human skin 

sample from an abdomen of a control patient as a function of the TE. 
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It can be seen from Figure 3.13 ((b)-(c)) that the relaxation curve of the sodium signal 

in the skin is not monoexponential, it is biexponential: several first points deviate from 

a straight fitting line revealing two distinct relaxation time components. Therefore, the 

fitting model described by eq. [3.8] is validated. Additionally, both biexponential and 

linear fits can be compared by R2-statistics: R2 = 0.9927 for the control and R2 = 

 

Figure 3.12. (a) Examples of fifth echoes in CPMG train for two diabetic foot/leg samples 

(sample 1 of the patients D5 and D6). The -axis was zoomed in 4 times for a better 

representation of the spectral features: additional peaks on both graphs are indicated by red 

arrows. (b) Spectral deconvolution of the 5th echo of sample 1 of the patient D5 with two 

Gaussians: peak 1 represents the main sodium peak, peak 2 corresponds to the signal excited 

outside the rf probe. Two light grey lines show the positions of maximums of peaks 1 and 2. 
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0.9973 for the diabetic patient of the biexponential fit (Figure 3.13(a)) is higher than 

R2 = 0.9558 and R2 = 0.9853 for the control and diabetic patients correspondingly of 

the linear fit. 

According to the performed statistical analysis (described in Subsection 3.3.4.4), all 

the data within the groups (control abdomen, control foot/leg and diabetic foot/leg) is 

 

Figure 3.13. Sodium CPMG echo integrals of the foot/leg skin samples from control (green) 

and diabetic (red) patients as a function of echo time (TE) in (a) original (R2 = 0.9927 and 

0.9973 correspondingly) and (b)-(c) semilogarithmic scale (R2 = 0.9558 and 0.9853 

correspondingly). Squares represent experimental data; solid lines correspond to the 

calculated fitting function [3.4]. 
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a normally distributed random selection. Based on the results of ANOVA, equal 

variances were assumed between groups of foot/leg and abdomen samples from 

control patients and between groups of samples from control (abdomen and foot/leg 

samples together) and diabetic patients for both 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔. Therefore, an 

unpaired two-tailed t-test was performed to estimate the significance of the difference 

between the groups. The results of the t-test, p-values, are shown in Figure 3.14. 

For samples from the control patients, no significant difference was found between 

two skin locations, foot/leg and abdomen, for both 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 (Figure 3.14(a)). 

Therefore, abdomen and foot/leg samples from control patients were combined in one 

control group and compared with foot/leg samples from diabetic patients. 

In the patients with T2DM, the 33% lengthening of 𝑇2𝑙𝑜𝑛𝑔 was observed compared to 

controls (Figure 3.14(b)) which was significant (p < 0.0001). 𝑇2𝑠ℎ𝑜𝑟𝑡 was found to be 

indifferent to the presence of Diabetes Mellitus. 

In the CPMG experiments described above, the sodium signal is the sum of signals 

obtained from the different parts of the skin samples. The composition of the skin 

samples ex vivo was studied using high-resolution proton imaging to identify tissue 

elements and then sodium gradient echo (GE) imaging was performed to determine 

sodium localization (Hanson et al., 2021). Main skin layers like the epidermis, dermis, 

 

Figure 3.14. Mean ± SD of sodium 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 obtained from biexponential fitting of 

CPMG (a) for samples collected from the foot/leg and abdomen from control patients and (b) 

for all samples from control and diabetic patients (samples from foot/leg and abdomen from 

control patients are presented together in one control group). ****p < 0.0001, ns – 

nonsignificant. 
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hypodermis and also micro blood vessels could be identified on the axial proton 

images with specially developed contrast (Figure 3.15). When the proton image was 

overlayed with a nonselective axial sodium GE image, it can be seen that the dermis 

area has the highest signal intensity (Figure 3.16). Therefore, it is assumed that most 

of the sodium signal in the spectroscopic measurements is coming from the dermis. 

Some of the sodium signal that appears in the area of subcutaneous fat might originate 

from the physiological fluid of the tissue. 
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Figure 3.15. (A)-(B): Anatomical 1H images of the human skin acquired at 9.4 T with 𝑇𝐸 

= 2 ms from control (A) and diabetic (B) patients. (C)-(D): The increase of 𝑇𝐸 to 8 ms 

shows better contrast of skin layers (dermis is darker) in the same skin samples. (E)-(F): 

𝑇2
∗ maps for control (E) and diabetic (F) skin samples overlaid with anatomical images to 

emphasize short 𝑇2
∗ values in the dermis layer and long 𝑇2

∗ values in the adipose tissue. 

(G)-(H): Distributions of proton 𝑇2
∗ values corresponding to each skin layer are shown for 

control (G) and diabetic (H) skin samples. The control sample has an additional peak of 

immobile water at 𝑇2
∗̅̅ ̅ = 5 ms. Reproduced from (Hanson et al., 2021). 
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Figure 3.16. (A) A photograph of a typical skin sample indicating different skin structures 

and an MRI axial view (left) and a high-resolution axial 1H MRI slice (11 × 11 × 100 μm3) 

revealing the anatomy of the diabetic skin sample (right). (B) A slice of histological GAG 

staining of a typical skin specimen (i.e., diabetic) (left) which is scaled and overlaid onto the 

1H MRI slice of the diabetic sample to demonstrate a prevailing localization of GAGs in the 

dermis layer (right). The depth of histological GAG staining is indicated by the blue line, 

while the red line highlights a boundary of the dermis layer. (C) A non-selective 23Na MR 

image (left) and its overlay with an anatomical 1H MRI slice (right) show the localization of 

free sodium in the diabetic skin sample. (D) A non-selective TQF 23Na MR image (left) 

overlayed with an anatomical 1H MR image (right) localises bound sodium in the diabetic skin 

sample. Note that both free and bound sodium colocalize predominantly with the dermis layer 

where GAGs are situated. Reproduced from (Hanson et al., 2021). 
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3.4.2 Multiple Quantum Spectroscopy 

This section describes Double Quantum Filtered with Magic Angle (DQF-MA) and 

Triple Quantum Filtered (TQF) spectroscopy experiments in the skin samples ex vivo. 

The sequences and their parameters were given in Subsections 3.3.4.2.2 and 3.3.4.2.3 

correspondingly. Data processing procedures were described in Subsections 3.3.4.3.2-

3.3.4.3.3 and 3.3.4.4. 

3.4.2.1 DQF spectroscopy with Magic Angle 

In this Subsection, the results of the 23Na DQF-MA measurements in the skin samples 

are presented. Statistical differences between different categories of samples 

(abdomen vs foot/leg in the control group, the control vs diabetic group) were 

investigated. Also, a comparison of DQF-MA 𝑇2𝑠ℎ𝑜𝑟𝑡 values with CPMG 𝑇2𝑠ℎ𝑜𝑟𝑡 

values was made. 

A representative DQF-MA spectrum of a skin sample obtained from a lower limb of 

a control patient at 𝜏 = 0.4 ms is shown in Figure 3.17(a). As was mentioned in 

Subsection 3.3.4.3.2, its real part was phased as two antiphase spectral lines in an 

absorption mode and the amplitude of the signal was determined as a sum of absolute 

values of positive and negative peaks’ heights for every value of 𝜏. A dependence of 

the sodium signal amplitude on the preparation time 𝜏 is shown in Figure 3.17(b). The 

red curve is a fit to equation [3.10]. The relaxation time 𝑇2𝑠ℎ𝑜𝑟𝑡 and the residual 

quadrupolar interaction 𝜔𝑄 can be obtained from the fit. Figure 3.18 presents a 

dependence of 𝜔𝑄 on 𝜏 for the same sample as in Figure 3.17. Data points are 

connected by straight lines to guide the eye. For each 𝜏, values of 𝜔𝑄 were determined 

as difference in frequency between positive and negative peaks (Kemp-Harper et al., 

1994). It can be seen from Figure 3.18 that the distribution of 𝜔𝑄 is present in the skin 

and its components are evolving at different speeds. Similar behaviour was observed 

for all the skin samples. Also, for a long 𝜏 SNR decreases dramatically, and precise 

determination of peak positions becomes difficult. Therefore, for these spectra with 𝜏 

> 3.5 ms, it was impossible to determine 𝜔𝑄. Thus, the single value of 𝜔𝑄 obtained 

from the fitting of the build-up curve is a weighted average of all 𝜔𝑄 present in a skin 

sample. As 𝐿𝐵 = 150 Hz was applied, and the value of 𝜔𝑄 defines the size of the 

splitting of the satellite transitions (Eliav & Navon, 1994), an actual value of 𝜔𝑄 is 
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masked by the line broadening of the spectra. Therefore, 𝐿𝐵 should be subtracted from 

the 𝜔𝑄 values found from the fitting to receive an “actual” value of the residual 

quadrupolar coupling 𝜔𝑄
′ . 

The values of 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝜔𝑄
′  with their errors and for every sample in the control and 

diabetic groups are summarized in Table C.1. The mean values of 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝜔𝑄
′  with 

their standard deviations are calculated in Table 3.2 and also presented as bar charts 

in Figure 3.19. 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝜔𝑄
′  values were in the range of 0.48-1.23 ms and 0-578.1 

Hz correspondingly. For the DQF-MA fitting, two skin samples from patients D2 and 

D6 of the diabetic group were discarded: the former due to bad SNR which did not 

allow a fitting procedure to be performed correctly, and the latter was removed 

because the phantoms were not extracted from the coil before performing the MQF 

experiments. Therefore, only 8 diabetic samples were considered in the statistical 

analysis. 

Values of 𝑇2𝑠ℎ𝑜𝑟𝑡 for control abdomen, control foot/leg and diabetic foot/leg samples 

were identified as normally distributed random samples by SR, KS, and JB tests. The 

hypothesis of equal variances was not rejected by ANOVA for every pair of compared 

 

Figure 3.17. (a) DQF-MA spectrum of 23Na in a human skin sample obtained from a foot/leg 

of a control patient at 𝜏 = 0.4 ms. (b)  23Na signal amplitude measured by DQF-MA pulse 

sequence as a function of the preparation time 𝜏 – a build-up curve, for the same skin sample. 

The data was fitted to equation [3.10]. The 𝜏 axis was limited to 25 ms out of 100 ms for a 

better representation of the rise and fall of the curve. 
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groups. Therefore, a two-tailed t-test was performed to assess the significance of the 

differences between the groups in pairs. The results of the t-tests are indicated in 

Figure 3.19(a). An average 𝑇2𝑠ℎ𝑜𝑟𝑡 of the foot/leg samples was more than 30% higher 

than the average 𝑇2𝑠ℎ𝑜𝑟𝑡 of the abdominal samples within the control group (p < 0.05). 

Although the values of 𝑇2𝑠ℎ𝑜𝑟𝑡 for the foot/leg samples from the control and diabetic 

groups are not significantly different from each other, there is a trend of decreasing 

𝑇2𝑠ℎ𝑜𝑟𝑡 for the case of T2DM. In addition, the control abdomen samples were found 

not significantly different from the diabetic foot/leg samples. 

𝑇2𝑠ℎ𝑜𝑟𝑡 fitting results of the DQF-MA were compared with 𝑇2𝑠ℎ𝑜𝑟𝑡 values additionally 

determined by CPMG (Subsection 3.4.1.1). The DQF-MA values of 𝑇2𝑠ℎ𝑜𝑟𝑡 alongside 

the CPMG values of 𝑇2𝑠ℎ𝑜𝑟𝑡 are shown in Table 3.2. 𝑇2𝑠ℎ𝑜𝑟𝑡 values obtained with the 

two methods were in agreement within the margins of errors. 

Values of 𝜔𝑄
′  for control abdomen, control foot/leg and diabetic foot/leg samples were 

identified as normally distributed random samples by the SR and KS tests. However, 

the JB test rejected the hypothesis of a normal distribution for the control abdomen 

and the foot/leg samples as separate groups and when they were combined in one 

control group. As the 𝜔𝑄
′ s’ normality for these samples was determined by the KS test, 

also 𝑇2𝑠ℎ𝑜𝑟𝑡s were normally distributed, and the values of 𝜔𝑄
′  for the diabetic samples 

 

Figure 3.18. 𝜔𝑄 vs 𝜏 for the same sample as in Figure 3.17. Data points are connected by 

straight dotted lines to guide the eye. 
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followed the normal distribution, it was assumed that 𝜔𝑄
′ s of the control samples are 

also normally distributed. 

When comparing the abdomen and foot/leg samples from the control patients, 

ANOVA determined inequality of variances and the Wilcoxon Rank test was 

performed. Nevertheless, when these samples were united into one control group, the 

result of the ANOVA test supported the hypothesis of equal variances with the diabetic 

group. Therefore, a two-tailed t-test was performed to estimate the significance of the 

differences between these groups. The results of the Wilcoxon Rank test and the t-test 

are indicated in Figure 3.19(b). No significant difference was found between the 

abdomen and foot/leg samples in the control group; hence they were united in the one 

control group as mentioned earlier. Also, 𝜔𝑄
′ s from the control samples were found 

not significantly different from the ones of the diabetic foot/leg samples. From these 

results, it can be assumed that the degree of order in control and diabetic skin is the 

same. 

3.4.2.2 TQF spectroscopy 

This Subsection presents the results of TQF spectroscopic measurements of the skin 

samples. Statistical differences between different categories of samples (abdomen vs 

foot in the control group, the control vs diabetic group) were examined. Furthermore, 

TQF 𝑇2𝑙𝑜𝑛𝑔 values were compared with the values of 𝑇2𝑙𝑜𝑛𝑔 obtained from CPMG. 

 

Figure 3.19. Summary of sodium mean 𝑇2𝑠ℎ𝑜𝑟𝑡 (a) and 𝜔𝑄
′  (b) values with their SD obtained 

from fitting of sodium DQF-MA build-up curves with eq. [3.10] for the control and diabetic 

patients, abdomen and foot/leg samples. *p<0.05, ns – non-significant. 
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A representative TQF spectrum of a skin sample obtained from the abdomen of a 

control patient at 𝜏 = 1.615 ms is shown in Figure 3.20(a). A typical dependence of 

the sodium signal intensity of the real part of the spectrum on the preparation time 𝜏 

is shown in Figure 3.20(b). The red curve represents a fit to the equation [3.12]. The 

relaxation time 𝑇2𝑠ℎ𝑜𝑟𝑡 and the residual quadrupolar interaction 𝜔𝑄
′  obtained from the 

fitting of the DQF-MA build-up curve were used as fixed parameters in the fitting to 

obtain 𝑇2𝑙𝑜𝑛𝑔. 

The values of 𝑇2𝑙𝑜𝑛𝑔 with their errors and for every sample in the control and diabetic 

groups are summarized in Table C.1. Values of 𝑇2𝑙𝑜𝑛𝑔 for control abdomen, control 

foot/leg and diabetic foot/leg samples were identified as random and normally 

distributed samples by the SR, KS, and JB tests. ANOVA did not reject the hypothesis 

of equal variances between the groups in comparison: control abdomen vs control 

foot/leg and united control vs diabetic. Therefore, two-tailed t-tests were performed to 

find a level of significance for differences between the groups. The mean values of 

𝑇2𝑙𝑜𝑛𝑔 with their standard deviations and separately for foot/leg and abdomen samples 

in the control and diabetic groups are summarized in Table 3.2 and also presented as 

bar charts in Figure 3.21 together with the results of the t-tests. No significant 

difference was found between the abdomen and foot/leg samples in the control group 

 

Figure 3.20. (a) TQF spectrum of 23Na in a human skin sample obtained from an abdomen of 

a control patient at 𝜏 = 1.615 ms. (b)  23Na signal amplitude measured by TQF pulse sequence 

as a function of the preparation time 𝜏 – a build-up curve, for the same skin sample. The data 

was fitted to equation [3.12]. 
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(Figure 3.21(a)), therefore, these samples were combined in one control group and 

compared with the diabetic foot samples (Figure 3.21(b)). 𝑇2𝑙𝑜𝑛𝑔 values were found 

in the range of 20.5-33.8 ms. 𝑇2𝑙𝑜𝑛𝑔 values of the diabetic group were found to be 

increased relative to the control group by about 11% (p < 0.05).  

To validate TQF 𝑇2𝑙𝑜𝑛𝑔 fitting results, values of 𝑇2𝑙𝑜𝑛𝑔 were also determined by 

CPMG (Subsection 3.4.1.1). Table 3.2 shows fitting results of the TQF build-up 

 

Figure 3.21. (a) Summary of sodium mean 𝑇2𝑙𝑜𝑛𝑔 values with their SD obtained from fitting 

of sodium TQF build-up curves with eq. [3.12] for the abdomen and foot/leg samples in the 

control group. (b) Control group contains both skin locations and is compared with the 

diabetic patients. *p<0.05, ns – nonsignificant. 

Table 3.2. Summary of 23Na mean 𝑇2𝑠ℎ𝑜𝑟𝑡, 𝑇2𝑙𝑜𝑛𝑔 and 𝜔𝑄
′  values with their SD obtained from 

fitting of sodium CPMG, DQF-MA and TQF data. Values are presented for the control and 

diabetic patients, abdomen and foot/leg samples separately. 

Experiment Patient group Location 𝑻𝟐𝒔𝒉𝒐𝒓𝒕, ms 𝑻𝟐𝒍𝒐𝒏𝒈, ms 𝝎𝑸
′ , Hz 

CPMG 

Control 

abdomen 0.880.16 13.77 ± 0.85 - 

foot/leg 0.890.23 14.59 ± 1.14 - 

Diabetic foot/leg 0.790.12 18.66 ± 1.39 - 

DQF-MA/ 

TQF 

Control 

abdomen 0.80±0.21 23.42  3.10 111.60±182.40 

foot/leg 1.05±0.14 25.81  1.20 74.30±46.26 

Diabetic foot/leg 0.81±0.25 27.42  3.52 87.94±79.42 
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curves compared with 𝑇2𝑙𝑜𝑛𝑔 values from CPMG. The former ones are larger by 50-

87%. 

As in the case of CPMG, TQF spectroscopy was executed without the slice selection 

and the obtained signal is a superposition of all sodium participating in slow motion 

 

Figure 3.22. Evaluation of free and bound sodium concentration obtained from sodium 

imaging with saline standards for 3 skin samples gathered from 2 different patients. Free 

and bound sodium are denoted by red arrows, suggesting heterogeneity in sodium 

deposition in the skin. Additionally, the right middle panel depicts the bound sodium in 

the endothelial tissue of a large blood vessel. Blue arrows highlight the incidental noise 

detected at sodium frequency. Sodium levels are determined within ± 7 mM using saline 

standards. Reproduced from (Hanson et al., 2021). 
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across the skin sample. To visualize the location of this slow-moving sodium in the 

skin, TQF imaging can be performed (Hanson et al., 2021). TQF images of some 

diabetic samples are presented in Figure 3.22. These samples were scanned with 

calibration phantoms that were the water solutions of NaCl. The calibration phantoms 

cannot be seen on the TQF images as the triple quantum filtration suppresses 

motionally narrowed sodium in saline solutions. The signal from the phantoms hereby 

serves as an internal check for monitoring the filtering efficiency of the TQF sequence. 

In addition, it can be seen that bound (slow-moving) sodium collocates with free 

sodium in the dermis (Figure 3.22) (Hanson et al., 2021). This makes the TQF signal 

more sensitive to sodium in the dermis than to the other surrounding tissues like 

subcutaneous fat and physiological fluids. 

3.5 Discussion 

In this Chapter, a variety of methods were used to characterize human skin from the 

control patients, as well as patients suffering from type 2 Diabetes Mellitus. This 

section discusses the results of the main findings of this Chapter. To the best of the 

author’s knowledge, single quantum and multiple quantum spectroscopy were 

implemented on human skin samples ex vivo for the first time in a preclinical 9.4 T 

Bruker spectrometer. Firstly, 23Na transverse relaxation rates, 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔, were 

measured by CPMG and compared with results obtained with DQF-MA and TQF 

spectroscopy. Secondly, residual quadrupolar interaction constant 𝜔𝑄 and 𝑇2𝑠ℎ𝑜𝑟𝑡 of 

sodium involved in anisotropic motion were measured for human skin samples for 

control and diabetic cases by DQ-MA filter. Thirdly, TQF spectroscopy was 

performed to determine 𝑇2𝑙𝑜𝑛𝑔 of sodium in the skin. All the measured parameters 

were compared between different skin locations and between patients with T2DM and 

their control counterparts. 

3.5.1 Single quantum spectroscopy 

3.5.1.1 CPMG 

One of the main findings of our current research is that sodium 𝑇2𝑙𝑜𝑛𝑔 determined from 

CPMG decay is longer in the skin of patients with T2DM compared to control patients. 

Regardless of age, weight, sex of the patients, location of the skin and other preexisting 

conditions, skin sodium 𝑇2𝑙𝑜𝑛𝑔 has appeared to be a sensitive indicator of the presence 
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of T2DM. Effects of patients’ parameters listed in Table 3.1 and medication on sodium 

relaxation times are a subject of future investigations. 

Deviation of the experimental data from the monoexponential decay is clearly shown 

in Figure 3.13((b) and (c)). The representation of the data on a semilogarithmic scale 

validates the biexponential fitting model described by eq. [3.8]. In addition, the R2-

statistics of the biexponential fit of the data in the original scale is higher than the one 

of the linear fit (eq. [3.13]) of the data in the semilogarithmic scale. 

As the CPMG experiment was performed without the slice selection, i.e. the signal is 

obtained from the whole sample, measured values of  𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 are 

superpositions of relaxation times arising from different domains: intracellular and 

extracellular sodium within the dermis and epidermis, fat and liquid phases. 

It can be seen from Figure 3.11 that skin possesses a type “c” spectrum as no splitting 

can be observed. Type “c” can be obtained at a certain exchange time between type 

“a” sites and type “d” domains in a Chan discrete exchange model (Springer, 2007). 

Type “d” domains can be represented by physiological fluids, while type “a” sites may 

arise from the interaction of sodium ions with orientated macromolecules (GAGs, 

PGs, collagen, etc.). However, the magnitude of 𝐶𝑄 is not high enough for a full 

splitting to be observed. For cartilage, it was found that anisotropy experienced by 

sodium ions mainly comes from collagen fibres (Eliav & Navon, 1994). Cartilage was 

shown to have regions with high parallelism of collagen fibres (Bi et al., 2005) in 

contrast to the skin, whose collagen fibres have a more random orientation (Van 

Zuijlen et al., 2003). Overall, due to less ordering compared to the cartilage tissue, 

skin possesses a sodium spectrum between the types “c” and “b”. 

3.5.2 Multiple Quantum Spectroscopy 

This section discusses the results of Double Quantum with Magic Angle spectroscopy 

(Subsection 5.1.2.1) and Triple Quantum filtered spectroscopy (Subsection 5.1.2.2). 

3.5.2.1 DQF spectroscopy with Magic Angle 

DQF spectroscopy with magic angle is a unique tool to study the residual quadrupolar 

couplings in loosely ordered samples like biological tissues. Compared to the standard 

DQF experiment, the DQF-MA pulse sequence detects a signal only from satellite 

transitions, as the contribution of the tensor 𝑇̂3,−1 is filtered out, allowing observation 
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of the development of 𝑇̂2,±1 coherences arising exclusively from anisotropic 

environments (Eliav & Navon, 2016a). 

Another method which is widely used to study quadrupolar couplings is the 

quadrupole echo pulse sequence (Duer, 2002). However, it is mainly used for nuclei 

with 𝐼 = 1 as it fully refocuses the quadrupolar interaction. It also can be used for 𝐼 =

3 2⁄  nuclei but some considerations need to be taken into account (Eliav & Navon, 

1995). The quadrupole echo is widely used in solids, crystal-like or powder samples 

which can be characterized by a slow exchange between different domains: 𝜔̅𝑄𝜏𝑒 ≫

1, where 𝜏𝑒 is time of the ion being found in a given domain (Springer, 2007). 

However, to study more complex systems where not all compartments contain non-

zero 𝜔̅𝑄, DQF-MA is more appropriate because it records the dynamic of only satellite 

transitions and depends solely on 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝜔̅𝑄 (Woessner & Bansal, 1998). 

According to the eq. [3.2], the signal intensity of the DQF-MA spectrum can be 

measured as a function of the evolution time 𝜏. This type of measurement eliminates 

the problem of losing the short component of the relaxation time due to the dead time 

of the spectrometer or a probe (Wimperis, 2011). Therefore, the measurement vs 𝜏 

was chosen in this thesis. 

Since the DQF-MA experiment relies on a flip-angle effect to selectively observe 

sodium ions involved in anisotropic motion, its performance can be significantly 

affected by pulse imperfections and 𝐵0 inhomogeneities. Other versions of the DQF-

MA pulse sequence where only the last or penultimate pulse is set as 54.78° were 

shown to have a better performance in the sense of suppression of 𝑇̂3,±2 in the case of 

the inhomogeneous 𝐵0 (Gast et al., 2018). However, they are more sensitive to errors 

in flip angles than the classical sequence with 𝜃2 = 𝜃3 = 54.78°. The 180° pulse can 

be used in the middle of the preparation time 𝜏 to refocus 𝐵0 inhomogeneities but it 

could also be a source of unsatisfactory suppression of third-rank tensors. 

It is reported in this thesis that the short component of the sodium relaxation time 

𝑇2𝑠ℎ𝑜𝑟𝑡 of the foot/leg is significantly longer than 𝑇2𝑠ℎ𝑜𝑟𝑡 of an abdomen sample. 

Hence, care should be taken in choosing a skin location when comparing the control 

group with a case of pathology. This result shows that skin from the abdomen and 

foot/leg has different viscous properties. These body parts experience different 

mechanical loads and therefore have different thicknesses of the dermis (Oltulu et al., 
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2018). The skin dermis contains much fewer cells than the epidermis and the 

extracellular compartment of the dermis has a sodium concentration (about 140 mM) 

much higher than the intracellular compartment (approximately 10 mM) (Alberts et 

al., 2015). We can assume that the sodium signal in our measurements is dominated 

by extracellular sodium. Therefore, we can suspect that the skin of different body parts 

has different densities of macromolecules’ network (collagens, PGs and GAGs) to 

match the mechanical load. 

Although the values of 𝑇2𝑠ℎ𝑜𝑟𝑡 for the foot/leg samples from the control and diabetic 

groups are not significantly different from each other, there is a trend of decreasing 

𝑇2𝑠ℎ𝑜𝑟𝑡 for the case of Diabetes Mellitus. Similarly with the human articular cartilage 

where a decrease in 𝑇2𝑠ℎ𝑜𝑟𝑡 was found to be associated with proteoglycans’ depletion 

(Insko et al., 1999; Keinan-Adamsky et al., 2010), one can assume that the shortening 

of 𝑇2𝑠ℎ𝑜𝑟𝑡 in the skin of diabetic patients might indicate a prevailing PG degradation. 

The abdomen samples from the control patients were found not significantly different 

from the foot/leg samples from the diabetic patients. This fact diminishes the 

differentiation between the abdomen and foot/leg skin. Hence, skin location might be 

an important criterion when comparing sodium dynamics in pathological cases and 

their control counterparts. 

As the DQF-MA signal is generated exclusively from the satellite transitions relaxing 

with 𝑇2𝑠ℎ𝑜𝑟𝑡 without any contribution from  𝑇2𝑙𝑜𝑛𝑔, thence the DQF-MA experiment 

is more univocal in the determination of 𝑇2𝑠ℎ𝑜𝑟𝑡 than CPMG. Also considering that 

the echo time in CPMG 𝑇𝐸 = 2 ms is longer than the mean value of 𝑇2𝑠ℎ𝑜𝑟𝑡 (< 1.05 

ms), the CPMG train of echo integrals does not have enough data points, especially at 

the beginning of the decay, to resolve 𝑇2𝑠ℎ𝑜𝑟𝑡 adequately compared to the DQF-MA 

build-up curve. Therefore, the difference between the two skin locations for 𝑇2𝑠ℎ𝑜𝑟𝑡 

obtained from CPMG could not be observed. 

It was found that 𝜔𝑄
′ s from the abdomen and foot in the control group belong to the 

same distribution. As the value of 𝜔𝑄
′  indicates the extent of macromolecular 

organization within the tissue (Eliav et al., 1992), based on these findings, it can be 

inferred that the level of order in both control and diabetic skin is comparable. 

However, there is a trend of diminishment for the foot samples. This result supports 

the finding of the elongation of the leg 𝑇2𝑠ℎ𝑜𝑟𝑡 compared to the abdominal 𝑇2𝑠ℎ𝑜𝑟𝑡. In 
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the DQF-MA spectrum, 𝜔𝑄
′  corresponds to a difference between peaks in frequency 

for every value of the creation time 𝜏 (Navon et al., 2001), and it was observed that it 

changes with 𝜏 (Figure 3.18) due to the heterogeneity of the skin and the distribution 

of quadrupolar interactions within the tissue. Therefore, 𝜔𝑄
′  obtained from the fit of 

the build-up curve is a weighted average of all 𝜔𝑄
′  in the investigated system (Keinan-

Adamsky et al., 2010). Therefore, the difference between the two skin locations might 

not be properly resolved. 

3.5.2.2 TQF spectroscopy 

TQ filter gives the highest signal intensity among other multiple-quantum filters 

(Springer, 2007), but its ability to discriminate the quadrupolar interaction when 

𝑇2𝑠ℎ𝑜𝑟𝑡 ≠ 𝑇2𝑙𝑜𝑛𝑔 and type “b” spectra from type “c” ones is poor (Wimperis, 2011), 

as the TQF signal originates regardless of the presence of the electric field gradient 

(Van Der Maarel, 2003). Therefore, in this thesis, the TQF experiment was used to 

determine only the 𝑇2𝑙𝑜𝑛𝑔 component. 

Multiple-quantum filtration (DQF-MA and TQF in this case) gives 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 

which are the same relaxation characteristics obtained from single-quantum 

experiments like CPMG. The main disadvantage of the MQF is its much lower SNR 

compared to ordinary SQ experiments. Nevertheless, the use of MQF grants many 

advantages. The first one is that the ability to record the sodium signal by DQF-MA 

and TQF shows a piece of direct evidence that the sodium ions in the skin are outside 

the extreme-narrow motion regime. Moreover, DQF-MA specifically demonstrates 

that some sodium is involved in RQI. Second, the function 𝑓13
(±1)

 which contains the 

subtraction of one exponential function from another has more turning points than the 

𝑓11
(±1)

 function composed of a sum of two exponents. Therefore, it is believed that 

𝑓13
(±1)

 should give a more reliable fit than 𝑓11
(±1)

 to separate two relaxation components, 

especially when 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 are close (however, it is not the case here). Third, 

a baseline of the MQF spectrum is usually less distorted than one of the SQ spectrum 

because the FID of the former starts from zero (Wimperis, 2011). 

One can see from the eq. [3.4], the TQF spectrum signal intensities can be recorded as 

a function of the evolution time 𝜏. This type of measurement eliminates the problem 
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of losing 𝑇2𝑠ℎ𝑜𝑟𝑡 due to a dead time of the spectrometer or a probe (Wimperis, 2011). 

Therefore, the measurement vs 𝜏 was performed in this thesis. 

However, performing a multiple-quantum experiment or even an ordinary spin-echo 

for in vivo or ex vivo samples can be tricky due to the 𝐵1 inhomogeneities. Usually, a 

nominal 180° pulse is used in the middle of the evolution interval 𝜏 to prevent the 

measured relaxation times from being compromised by an inhomogeneous 𝐵0 field. 

But in real experimental conditions, a 180° flip angle may not be reached for the whole 

sample. The distribution of flip angles occurs within the sample and apart from the 

desired coherence pathway 𝑝 = ±1 → ∓1, other pathways will contribute to the 

signal. A refocusing pulse with a flip angle 𝜃 ≠ 180° still forms an echo, but the 

density operator components 𝑇̂1,±1 and 𝑇̂3,±1 will have different contributing 

amplitudes. This results in the triexponential transverse relaxation with rates 𝑅𝑓
(1)

, 𝑅𝑠
(1)

 

and 
1

2
(𝑅𝑓

(1) + 𝑅𝑠
(1)) which relative amplitudes depend on the actual flip angle 𝜃 of the 

refocusing pulse that makes them spatially inhomogeneous (Brown & Wimperis, 

1994). A solution for TQ filtration specifically might be not to use a 180° pulse but to 

introduce a specific phase cycle that eliminates all unwanted coherence pathways 

except ∆𝑝 = ±2. 

The problem of contamination described above may serve as a possible explanation 

for the mismatch of 𝑇2𝑙𝑜𝑛𝑔 values obtained by CPMG with the ones gained from TQF 

build-up fitting. Another possible reason can be a structure of the fitting functions for 

the CPMG decay and the TQF build-up curve (eq. [3.8] and [3.12] correspondingly). 

Following the second paragraph of this section, eq. [3.12] have more extrema than eq. 

[3.8] (one point vs none) which is believed to give a more reliable fit. Also, an offset 

term is introduced in the CPMG fitting equation [3.8] to compensate for sodium 

relaxation in a physiological fluid phase. A contribution of this offset towards the 

maximum intensity of the CPMG train is determined automatically, not especially 

regulated and it is much larger than the noise. This can lead to a shorter 𝑇2𝑙𝑜𝑛𝑔 than its 

true value which is unknown. In contrast, the TQF build-up fitting function [3.12] does 

not contain any offset as the sodium signal from the liquid phase does not pass the 

filter. These make the TQF experiment superior to CPMG in studying sodium 

involved exclusively in slow anisotropic motion in the skin. In addition, the CPMG 

train might also not be long enough to observe the whole echo decay. In the described 
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experiments, the signal evolution is measured up to 64 ms. In comparison, TQ 

coherence evolution is tracked up to 100 ms, almost twice as long as in CPMG. 

Thereby, an unmeasured signal would be masked in the offset term. As a consequence, 

𝑇2𝑙𝑜𝑛𝑔 obtained from CPMG will be shorter than from TQF. 

In this work, it was shown that sodium's long relaxation rate 𝑇2𝑙𝑜𝑛𝑔 obtained by TQF 

spectroscopy is longer in diabetic patients by ≈ 11% relative to control patients and 

this difference is significant. As it was discovered with the human articular cartilage 

where lengthening of 𝑇2𝑙𝑜𝑛𝑔 was found to occur with proteoglycan degradation (Insko 

et al., 1999), we may presume that the reduction of the binding capacity of GAGs in 

the skin of diabetic patients leads to an increase in 𝑇2𝑙𝑜𝑛𝑔 in the skin due to deprivation 

of proteoglycans from the skin tissue matrix in the case of T2DM. It is also known 

that the collagen network in diabetic skin is structurally different from one in healthy 

skin (Argyropoulos et al., 2016). It may be assumed that an impaired organization of 

the collagen matrix can be an additional mechanism of change in sodium relaxation 

parameters (Eliav & Navon, 1994). 

3.6 Conclusion 

The main findings of this Chapter are: (1) sodium relaxation time 𝑇2𝑠ℎ𝑜𝑟𝑡 measured by 

the DQF-MA sequence can serve as a probe for a skin location on a human body; (2) 

the long component of sodium relaxation time 𝑇2𝑙𝑜𝑛𝑔 (and potentially 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝜔𝑄
′ ) 

in the skin may serve as a biomarker for type 2 Diabetes Mellitus. The latter can be 

explained in several ways: (a) there is a reduced density of the macromolecular 

network and its damaged architecture in ECM of the skin of diabetic patients; (b) 

extracellular volume fraction is increased in the skin of patients with T2DM compared 

to their control counterparts. In the former case, macromolecule maintenance might 

be shifted towards proteoglycan degradation that changes the 3D collagen 

organization compared to control/healthy skin. In the latter case, the sodium balance 

between intra- and extracellular compartments could be disturbed. Both of these 

situations are indicators of tissue pathology (skin in this case) that opens a new insight 

into the pathophysiology of type 2 Diabetes Mellitus. 
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4  Sodium NMR in the inhomogeneous magnetic field of 

0.5 T 

A 24-mm probe used for experiments in this Chapter was developed by Dr G. 

Pavlovskaya. Using this probe, sodium measurements were performed for several 

phantoms with different concentrations of NaCl: aqueous solutions of saturated, 0.93 

M, 0.5 M, 0.25 M and 0.125 M NaCl under international collaboration 

(Unpublished_data, 2018). The measurements were conducted at 6.1-6.108 MHz in 

the magnetic field of 0.542 T with the gradient 𝐺0 = 4.7 ± 0.2 T/m. For the saturated 

NaCl, SNR = 81.7 was achieved in 6 minutes. For 0.93 M NaCl, SNR = 42 was 

acquired in 21.3 min. For the sample 0.5 M NaCl, SNR = 13.5 was obtained in 20.5 

min. For the 0.25 M aqueous solution of NaCl, SNR = 14 was gained in 32 min. For 

the lowest sodium concentration, 0.125 M NaCl, SNR = 7.8 was obtained in 1 hour 22 

min. In addition, 𝑇2 relaxation measurements were performed for the saturated NaCl 

phantom and 0.93 M NaCl water solution. 𝑇2 was obtained 37.5 ± 1.4 ms for the 

saturated NaCl. For 0.97 M NaCl water solution, 𝑇2 was found 41 ± 18 ms. The results 

mentioned above helped in developing an idea of constructing a wider probe to 

perform sodium measurements in a similar set of phantoms to increase SNR and 

reduce the measurement time. 

Magnetic field measurements of the Oxford magnet in the 𝑧 direction were performed 

by Mrs D. Fomina together with Dr Evgeny Petrovsky under international 

collaboration. Magnetic field measurements in the 𝑥𝑦 plane and simulations were 

performed by Mrs D. Fomina. A 40-mm probe and sodium chloride phantoms for this 

probe used for experiments in this Chapter were made by Mrs D. Fomina. Experiments 

with the 40-mm probe and data processing of all experiments were performed by Mrs 

D. Fomina. In addition to the 40-mm coil mainly used for the sodium measurements, 

the 24-mm probe (Unpublished_data, 2018) was used for purposes of comparison. 

4.1 Introduction 

As described in Sections 3.1.1-3.1.2, sodium performs a variety of roles in a human 

organism. Mechanisms of sodium regulation in the human skin are not completely 

understood and they are of great interest for investigation. Sodium NMR has been 

shown to be a useful and powerful tool for studying sodium in skin tissue. However, 

performing sodium spectroscopy or imaging to study skin in vivo using conventional 
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whole-body MRI scanners seems to be impractical due to the small thickness of the 

tissue. Also, in some situations, a patient cannot be put inside an MRI scanner due to 

some physiological conditions or external equipment such as a haemodialysis 

machine. But, as described in previous sections, it might be very important to monitor 

sodium concentration for efficiency and effectiveness of the intervention in patients 

with several diseases like hypertension and type 2 Diabetes Mellitus. To overcome the 

practical difficulties of measuring skin sodium with whole-body MRI scanners, 

portable NMR devices can be developed. The portable NMR devices should have a 

size and weight of several orders of magnitude reduced compared to the MRI scanner 

and they must be mobile to be delivered to a patient. These features can be achieved 

by using permanent magnets to create the main polarizing magnetic field. The idea of 

a portable NMR device was developed from the inside-out NMR approach where a 

probe and the permanent magnet are located near (or inside) the sample and not the 

sample inside the magnet. 

Firstly this inside-out NMR approach was introduced in 1991 and it was used in 

borehole investigations, which are of considerable importance in oil well logging and 

drilling (Coates et al., 1999). Later the NMR-MOUSE (MObile Universal Surface 

Explorer) was built in 1995 (Figure 4.1): a small single-sided NMR sensor weighting 

of the order of 2.5 kg with a magnetic field gradient higher than 10 T/m at a field 

strength of about 0.5 T was discovered to be useful for materials testing, measuring 

signal of protons and its relaxation (Eidmann et al., 1996). Later, similar single-sided 

sensors were constructed. A shim unit was introduced to the NMR-MOUSE to 

increase an exciting volume by reducing the gradient, which also makes the field more 

homogeneous in a plane perpendicular to the gradient (Landeghem et al., 2011). The 

permanent magnets create a strong magnetic field gradient which is very useful in 

acquiring high-resolution 1D profiles of materials. On the other hand, the gradient 

reduces sensitivity which is of extreme importance when measuring nuclei other than 

protons, for instance, 23Na. In this regard, special methods should be used to increase 

the sensitivity and, consequently, SNR. They are described in the following sections. 

To study solids and solid-like materials in inhomogeneous magnetic fields, very large 

gradients need to be applied to deal with broad spectral lines. One of the first 

techniques developed for this purpose was STRAFI – STRAy Field Imaging 

(McDonald & Newling, 1998). A fringe field of a superconducting magnet serves as 
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a polarizing 𝐵0 field (Figure 4.1). The signal is collected from a very thin slice defined 

by the naturally created large magnetic field gradient and the length of an RF pulse 

(eq. [4.1]). If needed, a sample can be mechanically moved through the sensitive slice 

to obtain 1D profiles or spatial maps of other parameters like 𝑇1, 𝑇2 and diffusion 

coefficients. The magnetic field gradient is usually so large that it generally 

overpowers all couplings (dipolar, quadrupolar) and interactions in the spin 

Hamiltonian, therefore STRAFI is very useful for imaging solids. 

Within the region of interest in a STRAFI experiment, the high curvature of the 

magnetic flux does not allow one to achieve the best resolution. Specifically for 

studying planar samples, new geometries of permanent magnets were developed to 

produce particularly flat excitation slices and homogeneous gradients within them. 

The planar samples include a broad spectrum of materials, including polymer films, 

paints, and human skin. This new kind of type of imaging system was called GARField 

(Gradient At Right angles to Field) (Glover et al., 1999) (Figure 4.1). GARField uses 

specifically designed shapes of the permanent magnets, namely magnets with curves 

poles, which generate lines of magnetic flux running parallel to the sensitive plane 

with constant magnitude. The magnetic field gradient is orthogonal to the sensitive 

plane. 

Albeit, both techniques, NMR-MOUSE and GARField, can be attributed to STRAFI. 

However, while STRAFI utilizes the stray field of a superconducting magnet, NMR-

MOUSE and GARField use permanent magnets as sources of the polarizing magnetic 

field. In addition, the mutual direction of the main magnetic field 𝐵⃗ 0 and its gradient 

 

Figure 4.1. NMR techniques based on inhomogeneous fields: STRAFI, NMR-MOUSE and 

GARField. Field lines of the main magnetic field 𝐵⃗ 0 are shown in dark grey, and ones of the 

𝐵⃗ 1 field of the coil (red) are shown in light grey. Directions of 𝐵⃗ 0, its gradient 𝐺 0 and 𝐵⃗ 1 are 

indicated by arrows. 
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𝐺 0 is different in these imaging systems: in STRAFI 𝐵⃗ 0 is parallel to 𝐺 0, when in the 

systems with permanent magnets 𝐵⃗ 0 is perpendicular to 𝐺 0 (Figure 4.1). 

4.1.1 NMR methods in inhomogeneous fields 

This Subsection describes methods that are commonly used to perform NMR 

measurements in the inhomogeneous magnetic field 𝐵0. A more extensive description 

can be found in (Casanova et al., 2011). 

In the inhomogeneous magnetic field 𝐵0, the gradient 𝐺0 determines the thickness of 

the excited slice ∆𝑧 as in eq. [4.1]: 

∆𝑧 =
∆𝑓

𝛾𝐺0
, [4.1] 

where ∆𝑓 is an excitation bandwidth and 𝛾 is a gyromagnetic ratio of a nucleus. 

Excitation bandwidth ∆𝑓 is inversely proportional to the pulse length (PL), therefore, 

all applied RF pulses become selective. A non-uniform spatial distribution of both 𝐵0 

and 𝐵1 leads to a non-uniform spatial distribution of flip angles across the investigated 

sample (eq. [3.5]): if it is 90° for spins at the centre of the excited slice, it is quite 

different at the edges of the slice. With increasing the frequency offset, the efficacy of 

excitation decreases fast. Therefore, the observed total magnetization may be regarded 

as a complex superposition of the responses of the spins to a varying flip angle and 

phase. This results in that not all longitudinal magnetization of the sample experiences 

a 90° rotation and there is some residue along the 𝑧-axis. This residual longitudinal 

magnetization relaxes with 𝑇1 and it is not influenced by the presence of a 𝐵0 gradient, 

while a created transverse magnetization relaxes with 𝑇2 and it is additionally 

dephased by the field gradient 𝐺0. This creates an undesired interference of different 

coherence pathways. Unwanted coherence pathways can be eliminated by specially 

developed phase cycles. 

Due to a continuously present gradient that creates a distribution of resonance 

frequencies, additional spreading of the transverse magnetization occurs during the 

application of the RF pulse, thus a signal appears attenuated already at the end of the 

pulse. Moreover, the 𝑥𝑦 magnetization dephases further after the pulse and the FID 

decays very fast, in time of the order of the dead time of the RF probe. Consequently, 
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in inhomogeneous fields, the FID cannot be detected in a simple “pulse-acquire” 

experiment. 

A refocusing of the dephased magnetization is possible by applying at least two pulses 

with a time interval 𝜏 between them: the formation of an echo will occur at the time 

2𝜏. In inhomogeneous fields, the following pulse sequences are widely used: the 

quadrature echo (or solid echo), spin echo and the Carr-Purcell-Meiboom-Gill 

(CPMG) (Callaghan, 1991; McDonald, 1997). 

4.1.1.1 Spin echo 

Originally a spin echo was discovered by Hahn who used two 90° pulses (Hahn, 1950). 

But later Carr and Purcell proposed to use a 180° pulse for refocusing which helped 

to obtain a higher signal (Carr & Purcell, 1954). 

A timing diagram of the spin echo pulse sequence is presented in Figure 4.2. In stray 

field experiments, it is more advantageous to double the amplitude of the 180° RF 

pulse with respect to the 90° pulse and keep the same length. To a sufficient extent, 

this provides an equal bandwidth of the pulses and, therefore, maintains the same 

excitation volume for each pulse. In some cases when an application of high RF power 

is limited, it consequently leads to a reduction in power for the 90° pulse (assuming 

the highest power for the 180° pulse) which results in longer pulses, which in turn 

excite narrower slices in the sample. 

Due to the dephasing of the magnetization during the first 90° RF pulse, one can define 

a zero-time point for the sequence at the centre of the 90° pulse. As an echo is 

generated at a time of 𝜏 + 𝜏𝑝 2⁄  after the refocusing pulse, where 𝜏 is the distance 

 

Figure 4.2. A timing diagram of the spin echo pulse sequence. The 90° and 180° pulses have 

the same length 𝜏𝑝, but amplitude of the 180° pulse is twice of that of the 90° pulse. Echo 

forms at a time 𝑇𝐸. 
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between pulses (Figure 4.2), the sequence is symmetrical about the centre of the 180° 

pulse and the echo time 𝑇𝐸 is equal to  𝜏 + 𝜏𝑝. 

As mentioned above, in the presence of a constant gradient of the static magnetic field 

the resonance offset created by the gradient defines the effect produced by an applied 

RF pulse. Therefore, as for the 90° pulse, only on-resonance spins experience a perfect 

180° rotation. Even assuming a homogeneous 𝐵1, during a real experiment, there is a 

simultaneous detection of signals with different frequencies that interfere strongly 

with each other in the time domain. This results in a detectable echo bandwidth about 

twice as small as the excitation bandwidth of the RF pulse (Casanova et al., 2011). As 

the latter depends on pulse duration, it is assumed that the former also depends on the 

length of the RF pulse. A quite accurate empirical assumption is that the echo width 

is approximately equal to the pulse length. Consequently, an acquisition window 

should be about the length of the excitation RF pulse to maximize the sensitivity 

(Casanova et al., 2011). 

The spin echo pulse sequence is an important method especially to measure very short 

𝑇2 relaxation times of the order of several dead times of the RF probe. The 

performance of the spin echo is not affected by magnetic field inhomogeneities, 

resonance offsets, and distributions of flip angles across the sample, thereby a pure 𝑇2 

decay can be measured as in homogeneous fields. However, in the case of liquid 

samples in the presence of a strong static gradient, pure 𝑇2 is heavily affected by 

diffusion and errors due to imperfect 180° pulses (Mitchell et al., 2006). In the 

presence of diffusion, the signal dependence on 𝑇𝐸 can be described as in eq. [4.2] 

(Casanova et al., 2011):  

𝑆(𝑇𝐸) = 𝑆0exp (−
𝑇𝐸

𝑇2
−
1

12
𝛾2𝐺0

2𝐷 ⋅ 𝑇𝐸3), [4.2] 

where 𝐷 is a diffusion coefficient. 

4.1.1.2 CPMG 

In most cases, a very short echo time (≪ 𝑇2) can be set in a spin echo experiment that 

allows one to acquire a multitude of echoes after the application of a train of refocusing 

pulses with the appropriate phase. This sequence of pulses is CPMG, and it is used to 

measure 𝑇2 in a single shot (Meiboom & Gill, 1958). To avoid an accumulation of 

distortions arising from imperfect RF pulses and the influence of the resonance offset, 
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the phase of the refocusing pulses should be shifted by 𝜋 2⁄  with respect to the first 

90° pulse. This makes the CPMG sequence very robust either in homogeneous or 

inhomogeneous fields. The timing diagram of the sequence is shown in Figure 4.3. 

It was demonstrated that in inhomogeneous magnetic fields where a nonuniform spin 

excitation is generated, the echo signals detected during the refocusing train are a 

complicated superposition of coherence pathways that leads to a formation of direct, 

indirect and stimulated echoes (Goelman & Prammer, 1995; Hürlimann & Griffin, 

2000). Imperfect pulses and distribution of flip angles in a sample create a 

magnetization that is stored along the 𝑧-axis in addition to the desired magnetization 

in an 𝑥𝑦-plane. As this longitudinal magnetization is a subject of 𝑇1 relaxation and the 

remaining transverse magnetization relaxes with 𝑇2, an experimentally measured 

decay time is 𝑇2𝑒𝑓𝑓 which contains contributions from both 𝑇1 and 𝑇2 relaxation times. 

If we define rotation of the magnetization around an effective axis 𝑛̂(∆𝜔0, 𝜔1) which 

depends on the resonance offset ∆𝜔0 = 𝜔𝑟𝑓 − 𝛾𝐵0 (𝜔𝑟𝑓 is the frequency of an RF 

pulse) and amplitude of the RF pulse 𝜔1 = 𝛾𝐵1, and do not consider transient effects 

affecting the first echoes, a CPMG signal decay can be approximated by eq. [4.3]: 

𝑀⃗⃗ (𝑚𝑇𝐸)

𝑀0
≃ {∫(𝑀⃗⃗ 𝑥𝑦

0+ ⋅ 𝑛̂)𝑛̂ ⋅ 𝑓(∆𝜔0)𝑑(∆𝜔0)} exp (−
𝑚𝑇𝐸

𝑇2𝑒𝑓𝑓
), [4.3] 

where 𝑚 is an echo number, 𝑀⃗⃗ 𝑥𝑦
0+ is an initial complex magnetization 𝑀𝑥𝑦(𝑡 = 0) =

𝑀𝑥 + 𝑖𝑀𝑦, 𝑓(∆𝜔0) is an offset distribution function over the sample, and 𝑇2𝑒𝑓𝑓 is 

defined as in eq. [4.4] (Hürlimann & Griffin, 2000): 

1

𝑇2𝑒𝑓𝑓
= 〈𝑛⊥

2 〉
1

𝑇2
+ 〈𝑛𝑧

2〉
1

𝑇1
, [4.4] 

 

Figure 4.3. Timing diagram of the CPMG pulse sequence. Only two echoes are shown. 
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where the angle brackets indicate an average of the square of the projections of 𝑛̂ onto 

the 𝑥𝑦-plane and the 𝑧-axis correspondingly. 

An accumulating interference of coherence pathways leads to a signal decay that 

differs from a monoexponential decay, especially for long decay times. This effect is 

more pronounced in situations with an increasing difference between 𝑇1 and 𝑇2. 

However, even for a large 𝑇1 𝑇2⁄  ratio, an error in estimating true 𝑇2 from a fitting of 

a CPMG echo train does not exceed 12% (Goelman & Prammer, 1995). This shows 

that even in the presence of a strong static gradient of a magnetic field, the CPMG 

pulse sequence can be successfully used to measure the transverse relaxation time. 

Also, the error in determining 𝑇2 can be reduced if considering only a part of the echo 

decay of the order of 𝑇2. 

As in the case of the Hanh echo, the signal decay in CPMG is additionally attenuated 

by diffusion. When the gradient 𝐺0 is not very high and only direct echoes contribute 

to the signal, the signal depends on 𝑇𝐸 in the following manner as in eq. [4.5]: 

𝑆(𝑚𝑇𝐸) = 𝑆0exp {−(
1

𝑇2
−
1

12
(𝛾𝐺0 ⋅ 𝑇𝐸)

2𝐷) ⋅ 𝑚𝑇𝐸}. [4.5] 

The equation [4.5] shows that the increase in the static gradient and the diffusion 

coefficient shorten the signal decay measured by a CPMG sequence in the case of self-

diffusion of molecules. A way to reduce this shortening is to decrease the echo time 

𝑇𝐸. However, this can be accomplished only up to a certain extent, as the stronger the 

gradient is, the shorter the signal decay is. 

When a CPMG sequence is implemented in inhomogeneous field conditions, the RF 

pulse length and the minimum echo time must be optimized carefully. In these 

conditions, the acquired signal intensity is a value averaged over the sensitive volume, 

and the pulse duration needs to be set to maximize the signal intensity which can be 

obtained by integrating the echoes (Mitchell et al., 2006). The 𝐵1 distribution 

generated by the RF coil defines the position of the maximum intensity. Regarding the 

echo time, the maximum number of echoes should be obtained during the echo train 

to maximize the sensitivity and increase SNR. It can be achieved by setting the shortest 

𝑇𝐸 but one needs to avoid signal contamination arising from the dead time of the 

resonance circuit. 
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The CPMG pulse sequence is a very powerful method to use in inhomogeneous fields 

as it is capable of measuring a wide range of transverse relaxation times and echoes 

can be summed up to increase SNR, especially when it is operated at the shortest echo 

time as mentioned earlier. 

4.1.2 NMR in the inhomogeneous field for biomedical applications 

Single-sided NMR has been shown to be useful in measurements of human tissues, 

especially skin and tendons. Skin depth profiling gives distributions of a proton 𝑇2 and 

diffusion coefficient which helps to differentiate between different skin layers 

(Landeghem et al., 2011). 𝑇2 relaxation time was measured in the different depths in 

the skin and Achilles tendon by NMR-MOUSE and served as an indicator for tissue 

differentiation in vivo (Miltner et al., 2003). It was shown that a high macroscopic 

order of tendon tissue causes orientation dependence of 𝑇2 relative to 𝐵⃗ 0 (Haken & 

Blümich, 2000). 

Applying CPMG with different echo times allows one to obtain a different contrast 

between studied tissues. This technique was applied to measure depth profiles of the 

skin of the palm and forearm: the contrast between different skin structures (layers of 

epidermis and dermis) is obtained by diffusion weighting and the use of a specially 

designed weighting function (Casanova et al., 2006). It was shown that the dermis is 

more affected by diffusion than the epidermis. Obtained profiles show a thinner 

epidermis of the lower arm compared to the palm of the human body. The time 

evolution of the absorption of cosmetic creams into the skin was studied in both skin 

locations. 

It is possible to miniaturize a permanent magnet and a coil to fit in a standard catheter 

to investigate the walls of the coronary arteries (Blank et al., 2005). A device like this 

might be useful to study vulnerable coronary plaques which are too small to be 

properly resolved by conventional MRI. 

GARField imaging systems with specially shaped magnets to straighten the magnetic 

field profile were used to study skin hydration and the effects of different skin-care 

product ingredients on human skin in vitro and in vivo (Backhouse et al., 2004; Ciampi 

et al., 2011; Dias et al., 2003; McDonald et al., 2005). One-dimensional depth-resolved 

𝑇1, 𝑇2 and self-diffusivity maps were obtained for the skin of several healthy 

volunteers in vivo (Ciampi et al., 2011; McDonald et al., 2005). 
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Applications of STRAFI were mainly developed in the area of solids and 

solidifying/drying materials (building materials, polymers and films), as the strong 𝐵0 

gradient allows one to overcome the problem of very broad spectral lines caused by 

short 𝑇2
∗ relaxation times of the samples or quadrupolar couplings (Bodart et al., 1997; 

McDonald, 1997; Mitchell et al., 2006). Therefore, applications in biomedicine have 

been limited to teeth and bones (Baumann et al., 1993; Randall, 2011). 

4.1.2.1 Sodium NMR in an inhomogeneous field 

A single-sided NMR device was built to measure sodium in ancient objects of art to 

study salt disposition (Zia, 2016). Applying the inverse Laplace transform, one can 

study distributions of 𝑇2 relaxation times in a sample that correlates with the pore sizes 

and degree of dissolution of sodium ions in water inside the pores. As the 

measurements were made with saturated salt solutions, high concentrations of sodium 

ions allowed one to perform signal measurements in an adequately fast manner (about 

5 minutes) which gave 𝑆𝑁𝑅 ≈ 4. However, measuring sodium in a biological tissue 

faces several complications: several orders of magnitude lower sodium concentration 

and an appearance of short 𝑇2 relaxation component which contributes to 60% of the 

signal and is hard to detect. In a range of concentrations close to ones in biological 

tissues, sodium quantification using a portable NMR sensor was performed in different 

types of cheese with sodium concentrations in a range of 0.18 – 1 g/100 g (Greer et 

al., 2019) which corresponds to 84-462 mM (considering an average density of cheese 

as 1.073 g/cm3 (Iezzi et al., 2013)). To the best of the Author’s knowledge, there are 

no sodium measurements performed by a portable NMR device on biological tissues 

in vitro or in vivo yet. Some preliminary work should be done to assess the feasibility 

of these measurements: estimation of a measurement time and size of an excited 

volume to achieve an optimal SNR. 

4.1.3 SNR 

NMR in inhomogeneous fields suffers from low sensitivity due to high field gradients. 

However, the sensitivity can be increased significantly, and measurement times can 

be decreased at the same time by applying multi-echo techniques like CMPG pulse 

trains. Echoes generated by these pulse trains can be summed up which gives an 

undeniable advantage compared to single echo methods like spin echo. 
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The sensitivity can be characterized by SNR. An analytical expression for SNR was 

extensively studied and given by (Hoult & Richards, 1976). However, in the single-

sided NMR or STRAFI, objects under investigation can be much larger than the 

detecting coil.  Therefore, instead of having a volume with a uniform 𝐵1 across a 

sample, one should introduce a definition of a sensitive volume which depends on both 

𝐵1 and 𝐵0 spatial distributions. Also, a delicate balance needs to be found between the 

strength of the polarizing field 𝐵0 and its gradient: the stronger field enhances the 

sensitivity, but the higher gradient reduces the excitation volume. Also, off-resonance 

effects need to be taken into account. It needs to be found out to what extent these 

factors affect SNR. 

Based on the expression of SNR given by (Hoult & Richards, 1976), a more general 

equation [4.6] can be obtained (Casanova et al., 2011): 

𝑆𝑁𝑅 =
𝑁𝑉𝛾

3ℏ2𝐼(𝐼 + 1)

6√2(𝑘𝐵𝑇)
3
2

⋅
𝐵0
2

√∆𝑓𝑅
∫ (

𝐵1
𝑖
)
𝑥𝑦
Γ(𝐵0, 𝐵1, ∆𝑓𝐿)𝑑𝑟

3

𝑉𝑠

, [4.6] 

where 𝑁𝑉 is the spin density in the unit volume, 𝛾 is a gyromagnetic ratio that defines 

nucleus sensitivity, ℏ is a reduced Planck’s constant, 𝐼 is the nuclear spin, 𝑘𝐵 is 

Boltzmann’s constant, ∆𝑓 is an acquisition bandwidth (inversely proportional to the 

acquisition time), ∆𝑓𝐿 is an RF-circuit bandwidth, 𝑅 is the resistance including the 

probe, the sample and electrical components of the transmit/receive tract of an NMR 

spectrometer, 𝑉s is a sample volume, (
𝐵1

𝑖
)
𝑥𝑦

 is the component of the RF field per unit 

of current perpendicular to the magnetic field 𝐵⃗ 0, and Γ(𝐵0, 𝐵1, ∆𝑓𝐿) is a dimensionless 

complex function of the signal response to a particular sequence of pulses (single 

pulse, spin echo, CPMG, etc.). A spatial dependence of Γ defines the sensitive volume. 

Spatial integration 𝑑𝑟3 is performed over the sample volume 𝑉s. 

The integral in eq. [4.6] can be solved numerically under several assumptions which 

are related to the single-sided sensor and/or STRAFI. In the case of a strong 𝐵0 

gradient, the excited volume 𝑉𝑒𝑥𝑐 is proportional to the excitation bandwidth of the RF 

pulse ∆𝑓𝑒𝑥𝑐 as in eq. [4.7]: 

𝑉𝑒𝑥𝑐 ≅ 𝑉
∗∆𝑓𝑒𝑥𝑐 , [4.7] 

where 𝑉∗ is the magnetic field homogeneity factor which can be expressed as in eq. 

[4.8]: 
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𝑉∗ =
𝑙2

𝛾𝐺0
, [4.8] 

where 𝑙 is the dimension of the RF coil in a plane perpendicular to the gradient 𝐺0. 𝑉
∗ 

indicates a volume per frequency unit. Then, in the case of a homogeneous 𝐵1 over 

the excited volume, one can obtain eq. [4.9]: 

𝑆𝑁𝑅 =
𝑁𝑉𝛾

3ℏ2𝐼(𝐼 + 1)

6√2(𝑘𝐵𝑇)
3
2

⋅
𝐵0
2

√∆𝑓𝑅
⋅ 𝑉∗∆𝑓𝑒𝑥𝑐(𝐵1, Δ𝑓) (

𝐵1
𝑖
)
𝑥𝑦
. [4.9] 

4.1.3.1 SNR in CPMG pulse sequence 

The excitation bandwidth ∆𝑓𝑒𝑥𝑐 can be defined either by the length of RF pulses, the 

circuit bandwidth, or both. If all the pulses (90° and 180°) in the CPMG have the same 

length 𝜏𝑝, then the bandwidth of the pulse sequence is defined as in eq. [4.10]: 

Δ𝜈0 =
1

2𝜏𝑝
. [4.10] 

The CPMG bandwidth is twice as narrow as the bandwidth produced by a single pulse 

due to a mixture of different coherence pathways (Casanova et al., 2011). The number 

of echoes 𝑛𝑒 that can be collected and summed up to increase SNR is limited by 𝑇2 of 

the sample and the echo time 𝑇𝐸. The minimum 𝑇𝐸 is limited by the dead time 𝑡𝑑𝑒𝑎𝑑 

of the probe and acquisition time 𝑡𝑎𝑐𝑞. The average of the echoes’ amplitudes collected 

by the time of 𝑇𝐸 is approximately two-thirds of the initial echo amplitude, therefore, 

the SNR of the CPMG experiments can be expressed as in eq. [4.11] (Casanova et al., 

2011): 

𝑆𝑁𝑅𝐶𝑃𝑀𝐺 =
2

3
√𝑛𝑒 ⋅ 𝑆𝑁𝑅 =

2

3
√

𝑇2
2𝑡𝑑𝑒𝑎𝑑 + 𝑡𝑎𝑐𝑞

⋅ 𝑆𝑁𝑅. [4.11] 

The dead time 𝑡𝑑𝑒𝑎𝑑 is the time needed for a voltage induced in the RF probe due to 

the application of the RF pulse 𝑉𝑝𝑢𝑙𝑠𝑒 to decrease towards the level of an RMS voltage 

of the noise 𝑉𝑛𝑜𝑖𝑠𝑒 and it is defined by the circuit parameters as 𝐿 (inductance) and 𝑅 

(coil resistance) as in eq. [4.12]: 

𝑡𝑑𝑒𝑎𝑑 =
𝐿

2𝑅
ln
𝑉𝑝𝑢𝑙𝑠𝑒

𝑉𝑛𝑜𝑖𝑠𝑒
. [4.12] 
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The logarithm of the ratio 
𝑉𝑝𝑢𝑙𝑠𝑒

𝑉𝑛𝑜𝑖𝑠𝑒
 can be considered constant (~ 25) for different coils 

and in a wide range of RF power. 

Using eq. [3.5], the 90° and 180° pulses can be defined from eq. [4.13]: 

𝛾𝐵1𝜏90° =
𝜋

2
, 𝛾𝐵1𝜏180° = 𝜋, [4.13] 

where the magnetic field created by the RF coil 𝐵1 can be defined through the coil 

efficiency (
𝐵1

𝑖
)
𝑥𝑦

 and the RF power 𝑃𝑅𝐹 as in eq. [4.14]: 

𝐵1 =
1

2
(
𝐵1
𝑖
)
𝑥𝑦

√
𝑃𝑅𝐹
𝑅
. [4.14] 

It can be seen from eq. [4.14] that the higher the coil efficiency (
𝐵1

𝑖
)
𝑥𝑦

, the higher 𝐵1 

and the shorter the RF pulses for a given flip angle (eq. [3.5]). However, as higher 𝐵1 

requires higher 𝑉𝑝𝑢𝑙𝑠𝑒, this results in a longer deadtime of the RF probe (eq. [4.12]). 

The RF circuit bandwidth ∆𝑓𝐿 is defined by 𝑅 and 𝐿 and SNR is maximized when ∆𝑓𝐿 

is matched to the excitation bandwidth ∆𝑓𝑒𝑥𝑐 as in eq. [4.15]: 

[∆𝑓𝐿 =
𝑅

𝜋𝐿
] = [∆𝑓𝑒𝑥𝑐 =

1

𝜏180°
]. [4.15] 

From here, the coil resistance 𝑅𝑚𝑎𝑥 that gives a maximum SNR can be found from eq. 

[4.16]: 

𝑅𝑚𝑎𝑥 = [
𝛾𝐿

2
(
𝐵1
𝑖
)
𝑥𝑦
]

2
3

𝑃𝑅𝐹

1
3 . [4.16] 

Considering all the above, a final equation for the SNR of the CPMG pulse sequence 

can be given as in eq. [4.17]: 

𝑆𝑁𝑅𝐶𝑃𝑀𝐺 =
𝑁𝑉𝛾

3ℏ2𝐼(𝐼 + 1)

6√2(𝑘𝐵𝑇)
3
2

√
𝑇2
𝜋𝑘𝑑

⋅ 𝑉∗𝐵0
2 (
𝐵1
𝑖
)
𝑥𝑦
(
𝛾(𝐵1 𝑖⁄ )𝑥𝑦

2𝐿2
)

1 3⁄

𝑃𝑅𝐹
1 6⁄ , 

[4.17] 

where the coefficient  𝑘𝑑 is defined as in eq. [4.18]: 
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𝑘𝑑 =
9

4
(ln
𝑉𝑝𝑢𝑙𝑠𝑒

𝑉𝑛𝑜𝑖𝑠𝑒
+ 𝜋). [4.18] 

It is interesting to note that the SNR of the CPMG pulse sequence in the 

inhomogeneous fields depends on the inductance of the coil 𝐿 and the applied RF 

power 𝑊𝑟𝑓, which does not happen in homogeneous fields. The RF coil sensitivity is 

defined as in eq. [4.19]: 

𝑆𝑁𝑅𝑐𝑜𝑖𝑙 =
(𝐵1 𝑖⁄ )𝑥𝑦

4/3

𝐿2/3
 [4.19] 

which can be maximized by changing the coil size and number of turns and adding 

additional resistance to the circuit if needed as long as the total coil resistance does not 

exceed the specified value of 𝑅𝑚𝑎𝑥 (eq. [4.16]). 

In the case of signal averaging (number of scans 𝑁 > 1), which is common practice 

in time domain NMR, the SNR of the signal obtained in 𝑁 scans is given by eq. [4.20] 

(Nalcioglu & Cho, 1984): 

𝑆𝑁𝑅𝑁(𝑡) ∼ √𝑁 ⋅ 𝑆𝑁𝑅1(𝑡) [4.20] 

where 𝑆𝑁𝑅1(𝑡) is the SNR when 𝑁 = 1. 

4.2 Aims 

There are several steps towards the construction of a setup to measure sodium 

concentration, relaxation, or both, in biological tissues that need to be accomplished: 

• To identify a source of the polarizing magnetic field: it can be a fringe field of 

a superconducting magnet or a permanent magnet. 

• To create an RF circuit containing a coil for the excitation and signal 

acquisition for the chosen field geometry. 

• To assess the excitation volume of the magnet-coil setup. 

• To assess the total measurement time and SNR for phantoms with a sodium 

concentration close to one in biological tissues. 

• To measure sodium signals from a sample of biological tissue in vitro and then 

in vivo using the constructed setup. 

In the scope of this Chapter of the thesis, the following aims were set: 
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• To use a 9.4 T superconducting magnet with poor shielding as a source of an 

inhomogeneous polarizing field 𝐵0. 

• To construct a wider RF coil than the 24-mm probe that was used before in our 

laboratory (Unpublished_data, 2018). 

• To prepare phantoms with descending concentrations of sodium: from 

saturated to one close to biological tissue (around 140 mM in plasma). 

• To measure a sodium signal from the phantoms with the constructed coil in a 

fringe field of around 0.5 T. 0.5 T field strength was chosen by some practical 

considerations which were: (1) 0.5 T is a maximum field strength of 

quadrupole permanent magnet assemblies constructed for our laboratory for 

sodium measurements in consideration of future work of constructing a 

portable mobile device based on permanent magnets; (2) 0.5 T is a field 

strength of a clinical scanner available at the University of Nottingham to have 

an opportunity to test the constructed sodium RF coils in a homogeneous field. 

• To compare the performance of the constructed coils in terms of SNR and 

scanning time. 

4.3 Materials and Methods 

Sections 4.3.1-4.3.3 describe the experimental components in the inhomogeneous 

field of around 0.5 T. Section 4.3.4.2 describes the MR sequences used in experiments 

and the parameters of the sequences for individual sets of measurements. 

4.3.1 Spectrometer 

To perform STRAFI experiments, an ultra-high field NMR magnet Oxford (Oxford 

Instruments, Abingdon, UK) which is a poor-shielded superconducting magnet 

generating a magnetic field of 9.4 T in its centre (resonance frequency 400 MHz for 

1H and 105.86 MHz for 23Na) (Figure 4.4(a)), a portable high-frequency spectrometer 

Kea2 (Magritek, Wellington, New Zealand), an external linear pulse power amplifier 

LPPA 14020 (Dressler) with a maximum 2 kW output (Figure 4.4(b)); a laboratory 

computer with an operating system Windows 7 with Prospa V3.56 (Magritek) 

operating the spectrometer were used. 
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The poor shielding of the Oxford magnet provides a fringe field where a location of 

the sensitive slice can be found for a nucleus of interest by a choice of the 

corresponding resonance frequency, according to eq. [2.6]. Alternatively, when the 

position of a probe can be varied under the magnet, 𝐵0 is changed accordingly, so that 

one can operate at a fixed frequency. 

4.3.2 Probes 

For the experiments in the 0.5 T fringe field, a home-built probe was used. According 

to the eq. [4.19], the contribution of the coil to the total SNR depends on the coil 

sensitivity 𝐵1 𝑖⁄  and the coil inductance 𝐿, parameters that can be adjusted during the 

coil construction process. 

The home-built probe contains a saddle coil made from an isolated flat thin copper 

wire (1.3 mm width, 0.5 mm thickness) wound on a G10 fibreglass tube of the 39.4-

mm external diameter (later on named the 40-mm probe) (diagram is shown on Figure 

4.5(a)). The coil’s length was 22 mm which is 1.8 times smaller than its diameter. A 

ribbon wire has lower AC resistance than a round wire of the same cross-section when 

the ratio of width to length is more than 2 (Terman, 1943) which is the case for the 

used copper wire. The noise induced by the inductor’s resistance usually dominates in 

a lot of NMR experiments, therefore it should be kept low (Mispelter et al., 2015). 

Thus the coil has only two loops. The coil’s capacitance is a less concerning factor as 

 

Figure 4.4. (a) The 9.4T poor-shielded NMR magnet Oxford and (b) a portable high-

frequency spectrometer Kea2 with an external amplifier LPPA 14020. 
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long as the coil’s natural resonance is significantly above the desired Larmor 

frequency (Watzlaw et al., 2013) which was the case for this coil. 

The lumped-parameter equivalent circuit of this RF probe is depicted in Figure 4.6 

and includes fixed capacitance for both tuning 𝐶𝑡 and matching 𝐶𝑚. Due to the coil’s 

relatively small inductance, a large tuning fixed capacitance 𝐶𝑡 = 4 nF (comprising of 

4 ceramic plate capacitors of 1 nF each, manufacturing discontinued) was added in the 

series circuit for tuning to reach a frequency of around 5.6 MHz. The matching of the 

40-mm coil at 5.6 MHz for 23Na required 6 ceramic plate capacitors of 47 pF each 

 

Figure 4.5. (a) A diagram of the home-built 40-mm sodium saddle coil’s geometry indicating 

dimensions and an angle between the windings. A direction of the current 𝐼 is shown by green 

arrows. (b) The home-made 40-mm sodium probe with the saddle coil used for fringe field 

experiments. (c) The 40-mm probe with the G10 shield on to cover the capacitors. (d) The 

sensor is under the magnet covered by the external copper foil shield and hold by a tripod. 
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(overall capacitance 𝐶𝑚 = 282 pF, manufacturing discontinued). Because of high 𝐶𝑡, 

a large variable capacitance is needed in the circuit to perform fine-tuning and fine-

matching of the probe in a reasonable range (within 0.5-1 MHz), but it was not 

available.  

The G10 tube of the coil base is mounted on a PTFE holder which holds onto a PTFE 

rod (10 mm in diameter). The probe also has a shield that covers an area of the tuning 

and matching capacitors and was grounded to the RF grounding terminal (Figure 

4.5(c)). It was made of the same diameter G10 tube which was used for the coil base 

and was covered with a 40 m-thick copper foil. A PTFE disk (38 mm in diameter 

and 6 mm thick) is mounted on the end of the rod to stabilize the G10 shield. A 

standard flexible 50 Ω coaxial cable (RG58) was used to drive the probe and receive 

the NMR signal. 

The influence of capacitance adjustments on the resonant frequency and the power 

reflected by the probe were measured with a network analyser (NSA-1000A, 1-

1000MHz, AVCOM of Virginia Inc, USA). With the values of 𝐶𝑡 and 𝐶𝑚 reported 

above, the minimum of the reflected power was pronounced in a frequency range of 

5.35 – 5.75 MHz depending on a phantom, as the probe’s tuning and matching changed 

with the load. The position of the probe under the magnet for every phantom was 

adjusted accordingly. 𝑄 was measured with the 5.17 M table salt phantom and was 

equal to 68. 

The probe was also used with an external shield (Figure 4.5(d)) which was made in 

our laboratory before the start of my PhD. The shield is a cylinder made of thick 

cardboard which is covered by one layer of 40 m-thick copper foil. The shield has an 

external diameter of 67.4 mm (with the foil) and an internal diameter of 63.6 mm. 

Edges of the copper foil are soldered together making it enclosed. The upper end of 

the shield was wrapped in a foam rubber that provides a tight and centred fit of the 

 

Figure 4.6. Resonant circuit for the 40-mm probe.  and 𝐿 represent resistance and 

inductance of the coil correspondingly. 𝐶𝑡 and 𝐶𝑚 are tuning and matching capacitance 

respectively. Effective values of the capacitance are indicated (see text). 
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shield inside the magnet bore. The shield can be grounded to the RF grounding 

terminal of the probe. This configuration allows one to use the shield with different 

probes. The shield covers the coil with a sample inside and it slightly overlaps with 

the G10 shield (Figure 4.5(d)). 

After tuning and matching the probe with different phantoms monitored by the 

network analyser, the probe was then placed under the NMR spectrometer and tested 

by registering a proton signal at the appropriate magnetic field at 5.5 MHz. After that, 

the probe’s positions were adjusted under the magnet to perform sodium 

measurements. Results can be sound in Subsection 4.4.3. 

The probe was held under the magnet by a tripod with electrically isolated clamps, as 

depicted in Figure 4.5(d). The probe was also used in both transmit and receive modes. 

Volume coils can provide a homogeneous 𝐵1 field along the central axis. NMR in a 

fringe field has to deal with a magnetic field gradient which is always “turned on”. 

This means that a signal is collected from a slice whose thickness is limited by the 

gradient (and also limited by the length of an excitation pulse). Finding the position of 

the slice which corresponds to a certain frequency can be challenging. Therefore, using 

volume coils that are much longer than the slice thickness is beneficial as they reduce 

sensitivity to precise positioning. 

An RF shield is expected to reduce noise which can interfere with the signal on the 

same frequency and other frequencies. The effectiveness of the shield depends on the 

resistivity 𝜌 and magnetic permeability 𝜇 of the conductor it was made of and 

operating frequency 𝜔. In most cases, the depth 𝛿 to which radiation can penetrate the 

shield (the so-called skin depth) can be calculated using the following formula (eq. 

[4.21]): 

𝛿 = √
2𝜌

𝜔𝜇0𝜇𝑟
, [4.21] 

where 𝜇0 is the permeability of free space and 𝜇𝑟 is the relative permeability of the 

conductor. Copper is the most commonly used material for RF shielding. A copper 

foil with a 40 m width used in the shield construction can protect from external 

electromagnetic interference with frequencies in a range of [2.66, +∞) MHz. 
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4.3.3 Phantoms 

A set of NaCl solutions with different concentrations of sodium were made: 5.17 M, 

2.78 M, 0.93 M, 0.5 M, 0.25 M, and 0.125 M. A 5.17 M solution was made using a 

table salt with an anticaking agent (sodium ferrocyanide). As the amount of sodium 

ferrocyanide in eatable table salt is less than 20 mg/kg (Soo Lim et al., 2018; Younes 

et al., 2018), it was considered negligible and not used in the calculations of NaCl 

molarity. For lower concentrations, NaCl powder of high purity was used (Sigma 

Aldrich, Gillingham, Dorset, UK). All phantoms were stored in plastic bottles with a 

37.6-mm external diameter which had a tight fit inside the coil, thus, the filling factor 

for the 40-mm probe was maximized. 

Agarose is a more electrically neutral polymer than kappa-carrageenan (Piculell & 

Nilsson, 1989) and it is a major component of agar (about 70%) (Zeece, 2020). 

Therefore, due to the higher costs of pure agarose, agar was chosen to prepare a tissue 

equivalent phantom with a high concentration of NaCl, 4.87 M, in 4% agar gel. An 

agar concentration of 4% means 4 g of agar powder per 100 g of water. Agar powder 

and NaCl (both Sigma Aldrich) crystals were added to deionized water in a glass 

beaker while stirring with a magnetic stirrer and heating on a hotplate. Before the 

heating, the whole beaker with the mixture was weighted on analytical scales. In 

addition, the beaker was covered with a glass plate to prevent excessive evaporation 

of water while heating on the hotplate. After the mixture boiled, the heating was 

reduced and stirring was continued until everything dissolved completely. Later, the 

whole beaker with the mixture was weighed again and hot water was added to the 

mixture to compensate for the evaporated water. After short mixing, the solution was 

transferred to the plastic bottle for the 40-mm probe to cool down and solidify. 

In STRAFI experiments, the problem of sample levelling under the magnet can be 

significantly reduced by using samples long in the 𝑧-direction, therefore all samples’ 

heights were much greater than the excitation slice. For both probes described in 

Subsection 4.3.2, phantoms were longer than the coil by at least 0.5 cm, but all the 

phantoms in a set had the same height. 



4  Sodium NMR in the inhomogeneous magnetic field of 0.5 T 

93 

 

4.3.4 Methods 

4.3.4.1 Simulation of the magnetic field of the Oxford magnet 

For a better understanding of the distribution of the fringe magnetic field of the Oxford 

magnet under its bore, a simulation was performed using an in-house routine in 

MATLAB based on the “Biot Savart magnetic Toolbox” for the numerical integration 

of the Biot-Savart law (Queval, 2022). 

The Biot-Savart law can be presented in its integral and differential forms as in eq. 

[4.22]: 

𝐵⃗ (𝑟 ) =
𝜇0
4𝜋
∫
𝐼𝑑𝑙⃗⃗  ⃗ × 𝑟′⃗⃗ 

|𝑟′⃗⃗ |
3

𝐶

, 𝑑𝐵⃗ =
𝜇0
4𝜋

𝐼𝑑𝑙⃗⃗  ⃗ × 𝑟′⃗⃗ 

𝑟′2
, [4.22] 

where 𝐵⃗ (𝑟 ) is a generated static magnetic field depending only on spatial coordinates, 

𝑑𝑙⃗⃗  ⃗ is a vector along the path 𝐶 along which the integral is calculated (Figure 4.7). A 

magnitude of 𝑑𝑙⃗⃗  ⃗ is the length of the differential element of the wire in the direction of 

a current 𝐼. Let’s consider a vector 𝑙  end of which points to coordinates (𝑥𝑃, 𝑦𝑃, 𝑧𝑃) 

on the path 𝐶. Then the vector 𝑟′⃗⃗ = 𝑟 − 𝑙  is the full displacement vector from the wire 

element 𝑑𝑙⃗⃗  ⃗ at the point 𝑙  to the point 𝑟  at which the field is being computed (𝑟 =

(𝑥𝑀, 𝑦𝑀, 𝑧𝑀)). The magnetic constant 𝜇0 has its usual meaning. 

The cross product 𝑑𝑙⃗⃗  ⃗ × 𝑟′⃗⃗  can be presented as a determinant of a matrix as in eq. [4.23]: 

𝑑𝑙⃗⃗  ⃗ × 𝑟′⃗⃗ = |

𝑒1 𝑒2 𝑒3
𝑑𝑥𝑃 𝑑𝑦𝑃 𝑑𝑧𝑃
𝑥′ 𝑦′ 𝑧′

|, [4.23] 

where 𝑒1, 𝑒2 and 𝑒3 are unit vectors along 𝑥, 𝑦 and 𝑧 axes correspondingly. The 

determinant is revealed in eq. [4.24]: 

𝑑𝑙⃗⃗  ⃗ × 𝑟′⃗⃗ = 𝑒1(𝑑𝑦𝑃 ⋅ 𝑧
′ − 𝑑𝑧𝑃 ⋅ 𝑦′) + 𝑒2(𝑑𝑧𝑃 ⋅ 𝑥

′ − 𝑑𝑥𝑃 ⋅ 𝑧′)

+ 𝑒3(𝑑𝑥𝑃 ⋅ 𝑦
′ − 𝑑𝑦𝑃 ⋅ 𝑥′). 

[4.24] 

Then 𝑑𝐵⃗  from eq. [4.22] can be presented as ∇𝐵⃗  which has a definition as in eq. [4.25]: 
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∇𝐵⃗ =
𝜕𝐵

𝜕𝑥
𝑒1 +

𝜕𝐵

𝜕𝑦
𝑒2 +

𝜕𝐵

𝜕𝑧
𝑒3 =

(

 
 
 
 

𝜕𝐵

𝜕𝑥
𝜕𝐵

𝜕𝑦
𝜕𝐵

𝜕𝑧)

 
 
 
 

. [4.25] 

Finally, using eq. [4.22], [4.24] and [4.25], the following differential equations can be 

obtained (eq. [4.26]): 

𝜕𝐵

𝜕𝑥
=
𝜇0𝐼

4𝜋
⋅
𝑑𝑦𝑃 ⋅ 𝑧

′ − 𝑑𝑧𝑃 ⋅ 𝑦′

|𝑟′⃗⃗  ⃗|
3 = 𝑑𝐵𝑥, 

[4.26] 
𝜕𝐵

𝜕𝑦
=
𝜇0𝐼

4𝜋
⋅
𝑑𝑧𝑃 ⋅ 𝑥

′ − 𝑑𝑥𝑃 ⋅ 𝑧′

|𝑟′⃗⃗  ⃗|
3 = 𝑑𝐵𝑦, 

𝜕𝐵

𝜕𝑧
=
𝜇0𝐼

4𝜋
⋅
𝑑𝑥𝑃 ⋅ 𝑦

′ − 𝑑𝑦𝑃 ⋅ 𝑥′

|𝑟′⃗⃗  ⃗|
3 = 𝑑𝐵𝑧 . 

As 𝑟′⃗⃗  ⃗ = 𝑟 − 𝑙 , |𝑟′⃗⃗  ⃗|
3
 can be represented as in eq. [4.27]: 

|𝑟′⃗⃗  ⃗|
3
= (√(𝑥𝑀 − 𝑥𝑃)2 + (𝑦𝑀 − 𝑦𝑃)2 + (𝑧𝑀 − 𝑧𝑃)2)

3

. [4.27] 

When the equations [4.26] need to be solved numerically, the following substitutions 

are made: 𝑑𝑥𝑃 = 𝑥𝑃
𝑘+1 − 𝑥𝑃

𝑘, 𝑑𝑦𝑃 = 𝑦𝑃
𝑘+1 − 𝑦𝑃

𝑘 and 𝑑𝑧𝑃 = 𝑧𝑃
𝑘+1 − 𝑧𝑃

𝑘, where 𝑘 is a 

discretization index. Similarly, 𝑥′ = 𝑥𝑀 − 𝑥𝑃
𝑘, 𝑦′ = 𝑦𝑀 − 𝑦𝑃

𝑘, 𝑧′ = 𝑧𝑀 − 𝑧𝑃
𝑘 and 

 

Figure 4.7. Schematic representation of the solenoid (path 𝐶 shown in red) in a coordinate 

system for the numerical calculation of the Biot-Savart law. 
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|𝑟′⃗⃗  ⃗|
3
= (√(𝑥𝑀 − 𝑥𝑃

𝑘)
2
+ (𝑦𝑀 − 𝑦𝑃

𝑘)
2
+ (𝑧𝑀 − 𝑧𝑃

𝑘)
2
)

3

. Then the integral for 𝐵⃗ (𝑟 ) 

will be just a sum of all separate field components 𝑑𝐵𝑥, 𝑑𝐵𝑦 and 𝑑𝐵𝑧. 

4.3.4.2 Magnetic field measurements of Oxford magnet 

The magnetic field of the Oxford magnet needed to be measured to provide the 

positioning of the probes under it as accurately as possible according to their resonance 

frequency. The magnetic field was measured along the central axis of the magnet (𝑧-

direction) with a gaussmeter (model 6010, F.W. Bell®, Portland, Oregon, USA) with 

an axial probe. Also, at a distance from the bottom of the magnet bore where the field 

equals 0.5 T, the magnetic field was measured in a horizontal (𝑥𝑦) plane with two 

gaussmeters: with the axial probe as used before and with a transverse probe (model 

GM07, Hirst Magnetic Instruments Ltd., Falmouth, UK). The measurements are also 

important to determine values of the magnetic field gradient in 𝑧 and 𝑥𝑦 directions: 

𝐺0 and 𝐺𝑥𝑦 correspondingly. The gradient 𝐺0 determines the thickness of the excited 

slice ∆𝑧 according to eq. [4.1]. Excitation bandwidth ∆𝑓 is inversely proportional to 

the pulse length, therefore, shorter pulses can excite a thicker slice. However, the 

minimum width of the 90° pulse is limited by the coil size and its efficiency. 

The gradient 𝐺𝑥𝑦 determines the size of the area that the coil can collect the signal 

from: 𝐺𝑥𝑦 introduces a frequency offset which determines the line width of the 

spectrum. How wide the line width can be detected depends on the acquisition 

parameters. 

4.3.4.3 Flip angle calibration 

A flip angle calibration in the fringe field was performed by a pulse sequence 

“CPMGAdd” (Figure 4.8): it is a typical CPMG pulse sequence which produces a train 

of RF pulses. Unlike the Bruker spectrometer used in Chapter 3 , the pulses (one 90° 

and 𝑛 180° pulses) produced by Kea2 have the same length but different amplitudes 

(the amplitude of the 180° pulse is 6 dB higher than that of the 90° pulse), and the 

acquisition happens after each 180° pulse, hence a whole train of echoes is produced 

in one scan. Specifically for “CPMGAdd”, to increase SNR, the echoes are summed 

together in the time domain and then the result of summation is Fourier transformed. 
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To determine an optimal 90° pulse, lengths or amplitudes of the pulses can be varied. 

If the pulses are not optimized, non-effective excitation happens along with inefficient 

refocusing which leads to a signal decrease. The maximum signal will be observed 

only when both optimal excitation and refocusing are implemented. 

The constructed probe was undergoing a pulse calibration for both nuclei: 1H and 23Na. 

Parameters of the pulse calibrations are indicated in Table 4.1 along with the used 

phantoms for proton and sodium measurements. Pulse calibration was performed by 

repeating the “CPMGAdd” pulse sequence (Figure 4.8) with a changing pulse length. 

A time domain (TD) sine-bell squared filter was applied to the sum of echoes before 

the Fourier transformation unless stated otherwise. 

The sine-bell squared filter is represented by the equation [4.28]: 

𝑓𝑖𝑙𝑡𝑒𝑟𝑠𝑖𝑛𝑒−𝑏𝑒𝑙𝑙 𝑠𝑞𝑢𝑎𝑟𝑒𝑑(𝑡) = {cos (
𝜋

2

𝑥 − 𝑝1
𝑁 − 𝑝1

)}
2

 [4.28] 

where the parameter 𝑝1 = 𝑁 2⁄  and 𝑁 is a number of complex points. An obtained 

spectrum after FT without zero-filling was extracted from Prospa and then phased and 

integrated in MATLAB. As a result, the integral values are plotted vs the pulse length. 

The pulse sequence parameters were adapted to the relaxation times of the used 

phantoms. The total scanning time for each value of pulse length 𝑇𝑡𝑜𝑡𝑎𝑙 can be 

calculated as follows: 𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑅 × (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑐𝑎𝑛𝑠). Results are found in 

Subsection 4.4.3. 

The coil with a larger diameter requires a longer pulse for the same flip angle 𝜃. To 

avoid the overheating of the spectrometer amplifier, Prospa has a limitation for a duty 

cycle inside the pulse sequence: the length of the 90° pulse can be no more than 20% 

 

Figure 4.8. CPMG and “CPMGAdd” pulse sequence timing diagram. Only two echoes are 

shown. In CPMGAdd all echoes are summed up to increase SNR. 
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of 𝑇𝐸. Therefore, with increasing the pulse length, 𝑇𝐸 should be lengthened as well. 

Consequently, signal loss can be observed which may lead to a decrease in SNR. 

After the pulse calibration, measurements of sodium signal were performed using the 

“CPMGAdd” sequence with the found optimal 90° pulse (and consequently 180° 

pulse) for a range of phantoms to assess the time required to achieve an appropriate 

SNR for each concentration of sodium. All experiments were conducted at room 

temperature (20°C). 

4.3.4.4 Calibration of the probe by 1H measurements 

The aim of proton measurements with the constructed probe was to demonstrate the 

performance of the probe with the nucleus of highest sensitivity (1H) before moving 

towards experiments with sodium which has much lower sensitivity (Subsection 

2.1.2). 

Results of the proton pulse calibration for the 40-mm probe are shown in Figure 4.9 

using a water solution of 5.17 M table salt as a sample. On the graph, an integral of 

the proton signal is plotted vs the pulse length. 16 scans were averaged to obtain each 

point of the plot without a TD filter, TR = 10 s which was found sufficiently long for 

a water solution of NaCl without any paramagnetic agent (see Table 4.1). The whole 

experiment took 1 h 7 min. The optimum pulse length was found to be 18 s (Figure 

4.9(a)). 1H echo sum and its Fourier transform obtained with the optimum pulse are 

shown in Figure 4.9(b). SNR = 106 of the spectrum was obtained in 16 scans in 2 min 

40 s without the TD filter as well. SNRs were calculated by the following formula (eq. 

[4.29]) (Wetterling et al., 2012): 

𝑆𝑁𝑅 =
𝑆 − 𝑁̅

𝜎(𝑁)
 [4.29] 

Table 4.1. Parameters of the “CPMGAdd” pulse sequence for pulse optimization for proton 

and sodium measurements. 

Nucleus Phantom 𝑻𝑬, s Echoes SW, kHz TR, ms Scans 

1H 5.17 M table salt 260 64 500 10000 16 

23Na 5.17 M table salt 300 64 500 500 512 
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where 𝑆 is the maximum spectral intensity of the signal, 𝑁̅ is a mean signal outside 

the area of the signal peak representing noise, and 𝜎(𝑁) is a corresponding standard 

deviation of the noise mean. Noise areas were manually determined for each 

experiment presented in this thesis. 

Experiments were performed at 5.49 MHz. As the probe’s tuning can’t be adjusted, 

the probe itself was positioned at 0.129 T respectively. This means that the value of 

the field gradient 𝐺0 was 0.58 ± 0.15 T/m. As CPMG RF pulses’ length of 18 s excite 

a range of frequencies of about 28 kHz (eq. [4.10]), which under the 0.58 ± 0.15 T/m 

field gradient generated at the probe’s position corresponds to 1.1 ± 0.6 mm slice 

thickness. 

 

Figure 4.9. (a) 1H pulse calibration for the 40-mm probe. An optimum 90° pulse length is 18 

s. (b) 1H FID and spectrum obtained by CPMGAdd with the pulse length = 18 s. 16 scans, 

without the TD filter, spectrum SNR = 106. 

 

Figure 4.10. Probes’ position in the fringe field of the Oxford magnet. Firstly, the probes were 

positioned at ≈ 0.13 T for 1H measurements and then moved higher in field (≈ 0.5 T) for 23Na 

measurements (indicated by the arrow). Light grey lines represent magnetic field lines. Only 

bottom part of the Oxford magnet is shown. 
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After calibration with 1H measurements, the probe was moved to the higher magnetic 

field of the Oxford magnet to perform sodium signal acquisitions with approximately 

the same resonance frequencies as were used with 1H measurements (Figure 4.10). 

4.3.4.5 Sequence parameters for 23Na measurements 

After the 40-mm probe was calibrated by performing proton measurements 

(Subsection 4.3.4.4) and optimal 90° and 180° pulses that give maximum sodium 

signal for phantoms were found (Subsection 4.3.4.3), the CPMGAdd pulse sequence 

was used to acquire sodium signal from all the phantoms with different concentrations 

of NaCl. The measurements were performed with the following parameters: the length 

of the 90° pulse was PL = 60 s, its amplitude PA = -17 dB; the amplitude of the 180° 

pulse is 6 dB higher than the 90° PA. For all phantoms, 𝑇𝐸 = 300 μs, 64 echoes were 

collected with SWH = 500 kHz. Other parameters as TR and number of scans were 

varied for different samples and their values are shown in Table 4.2. TR was varied 

depending on a scanning time available in the laboratory: for some samples (2.78 and 

0.25 M), TR was shortened to reduce scanning time during the day. However, a full 

recovery of magnetization was expected for both samples as sodium 𝑇1 in water 

solutions is shorter than 60 ms (Mitchell, 2016). The number of scans was increased 

to compensate for SNR reduction due to decrease in sodium concentration. 

Table 4.2. TR and number of scans for the “CPMGAdd” pulse sequence for sodium 

measurements for phantoms with different concentrations of NaCl using the home-built 40-

mm probe. Other sequence parameters are indicated in text. 

Phantom TR, ms Scans 

5.17 M table salt 500 3600 

2.78 M NaCl 200 3600 

0.93 M NaCl 500 7200 

0.5 M NaCl 500 25600 

0.25 M NaCl 300 25600 

0.125 M NaCl 1000 32768 
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4.3.4.6 Measurement of a relaxation time 

In the fringe field, the spin-spin relaxation time 𝑇2 was measured using a standard 

CPMG sequence without the echo summation. The echo train was Fourier transformed 

without zero-filling, phased, and integrated using a homemade routine in MATLAB. 

For the NaCl solutions, the integral values were fitted vs 𝑇𝐸 using the Levenberg-

Marquardt algorithm in Igor.Pro by an eq. [4.30]: 

𝐼𝑚𝑜𝑛𝑜(𝑡) = 𝐼𝑜𝑒𝑥𝑝 (−
𝑡

𝑇2
) [4.30] 

with fitting parameters 𝐼0 and 𝑇2. For the agar sample, the integrals were fitted with 

an equation [3.8] for a biexponential relaxation. 

Parameters of CPMG pulse sequence to determine 𝑇2 of sodium are presented in Table 

4.3. 𝑇2 measurements were performed only for the phantom with the highest 

concentration of NaCl (5.17 M) of the aqueous solution and in the 4.87 M 4 % agar 

gel since lower sodium concentrations lead to dramatic increase in measurement time 

due to very low SNR. 

 

4.3.4.7 Comparison of two coils with a different diameter 

In addition to the 40-mm coil mainly used for the sodium measurements, the 24-mm 

probe (Unpublished_data, 2018) was used for purposes of comparison. To compare 

SNRs between the probes, several conditions should be kept the same. The same pulse 

length found for the 40-mm probe was used with the 24-mm probe, and the power 

level was calibrated for it. The 24-mm probe was also used with the external shield to 

provide the same noise level. Other acquisition parameters like 𝑇𝐸, number of echoes, 

dwell time (DW), number of complex points, RG and TR were kept the same as for 

the 40-mm probe. The experiments were performed using the same sample: the water 

solution of 5.17 M table salt. 

Table 4.3. CPMG parameters to determine sodium 𝑇2 in different samples using the 40-mm 

probe. 

Phantom 𝑻𝑬, s Echoes SW, kHz TR, ms Scans 

5.17 M table salt solution 300 256 500 700 7200 

4.87 M NaCl + 4% agar 300 128 500 3000 12800 

 



4  Sodium NMR in the inhomogeneous magnetic field of 0.5 T 

101 

 

4.4 Results 

This section presents the results of simulations of the distribution of the magnetic field 

of the Oxford magnet (Subsection 4.4.1), actual measurements of the magnetic field 

using two gaussmeters (Subsection 4.4.2) and results of sodium measurements in the 

fringe field of 0.5 T (Subsection 4.4.3) with the 40-mm home-built probe. 

4.4.1 Simulation of the magnetic field of the Oxford magnet 

For the magnetic field simulation, the Oxford magnet was represented as a solenoid 

with a radius of 0.05 m and 0.8 m in length made of one layer of infinitely thin wires. 

The above dimensions approximate the size of the magnet bore. To simulate the 

superconductivity, the number of turns in the solenoid and the current strength were 

set in such a way that the field in the centre of the solenoid (𝑥 = 𝑦 = 𝑧 = 0) was 

approximately equal to 9.4 T. The calculated magnitude of the magnetic field |𝐵⃗ 0| =

√𝐵𝑥2 + 𝐵𝑦2 + 𝐵𝑧2 is shown in Figure 4.11 in a 𝑥𝑧 plane (𝐵⃗ 0 is parallel to the 𝑧 axis). 

The colour scale was set up in a way that the field value of 0.5 T is highlighted in red. 

Due to axial symmetry, the field pattern is the same in 𝑦𝑧 plane. This means that the 

0.5 T field surface has a “bowl” shape. It can be seen that the lines of the equipotential 

 

Figure 4.11. The simulated magnitude of the magnetic field |𝐵⃗ 0| of the Oxford magnet, 𝑥𝑧 

plane. A field line of 0.5 T is highlighted in red. 
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are normal to the 𝑧-axis and are convex. A most straightforward way to position a 

volume coil under the magnet is where a normal to this surface is parallel to the central 

axis of the magnet, i.e., at 𝑥 = 𝑦 = 0 and 𝑧 = 𝑧𝑚𝑖𝑛 at |𝐵⃗ 0| = 0.5 T (Figure 4.11). 

4.4.2 Magnetic field measurements at a level of 0.5 T 

The magnetic field of the Oxford magnet was measured along the central axis of the 

magnet bore (𝑧 direction) to determine the distance at which the magnetic field of 0.5 

T is located. The 𝑧 component, 𝐵𝑧, of the magnetic field 𝐵⃗ 0 is plotted as a function of 

the distance from the bottom of the magnet in Figure 4.12. A field line of 0.5 T is 

located approximately at 81 mm. In the region between 70 and 95 mm, the magnetic 

field has a gradient 𝐺0 equal to 4.1 ± 0.2 T/m. 

To determine a curvature of the magnetic field profile at 0.5 T, 𝐵𝑧 was measured in 

𝑥𝑦 plane with two gaussmeters. A measured area was a circle with a diameter of 60 

mm, and its centre was positioned on the central axis of the magnet bore. The magnetic 

field was measured with a spatial resolution of 2.5 mm. Variations of 𝐵𝑧 in the 

measured area are shown in Figure 4.13(a). Deviation of the field isolines (lines with 

the constant value of the magnetic field) from the circular shape and the presence of 

some “spikes” are related to the instrumental and measurement errors of the 

gaussmeters. The magnetic field map was recalculated into a frequency offset map for 

 

Figure 4.12. Dependence of the field 𝐵𝑧 along the 𝑧 direction. The field has a gradient 𝐺0 of 

4.1 ± 0.2 T/m between 70 and 95 mm from the bottom of the magnet bore. Negative distance 

means that the gaussmeter probe was inserted inside the bore. 
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sodium-23 and it is shown in Figure 4.13(b). The frequency offset map is normalized 

to a frequency of sodium at 0.5 T, 5.63 MHz, and red lines mark frequency increments 

of 20 kHz. 

If positioned on the central axis of the magnet, the 40-mm probe would cover up to 80 

kHz, whereas the 24-mm probe used for initial measurements (Unpublished_data, 

 

Figure 4.13. (a) A contour plot of 𝐵𝑧 measured with two gaussmeters with a resolution of 2.5 

mm. (b) Sodium frequency offset map normalized to the sodium frequency at 0.5 T (5.63 

MHz). Red lines highlight frequency increments of 20 kHz. Two black dashed circles 

represent cross sections of the 40-mm and 24-mm probes. 
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2018) would cover 20 kHz of the frequency offset (Figure 4.13(b), two dashed circles). 

These frequency offsets will add additional broadening to the line width of the sodium 

spectrum. 

4.4.3 Measurements of sodium signal in solutions of different 

concentrations of NaCl 

This subsection describes experimental results obtained with the 40-mm homemade 

probe. The main aim of building the probe with a wider diameter was to perform 

measurements of the sodium signal in a fringe field with decreasing concentrations of 

NaCl in aqueous solutions and to compare experimental times and SNRs with 

measurements made with the 24-mm probe (Unpublished_data, 2018). But before that, 

the probe was tested for signal acquisition from the most sensitive nucleus, 1H, using 

the aqueous solution of 5.17 M NaCl as a sample (this was described in Subsection 

4.3.4.4). SNRs and experimental times for 23Na signal acquisitions performed by the 

40-mm probe are given later in the current section. 

Results of the pulse calibration for sodium, namely a signal integral plotted vs the 

pulse amplitude, performed with the 40-mm probe are shown in Figure 4.14(a) using 

a water solution of 5.17 M table salt as a sample. To provide the same flip angle (𝜃 =

𝜋 2⁄ ) for sodium for the same 𝐵1, a pulse length should be ≈ 𝛾1𝐻 𝛾23𝑁𝑎⁄ = 3.78 times 

longer than one for protons (eq. [3.5]). Therefore, a pulse calibration for sodium was 

 

Figure 4.14. (a) 23Na pulse calibration performed using the 40-mm probe and the aqueous 

solution of 5.17 M table salt as a sample. For a 60 s duration, an amplitude of the 90° pulse 

that gives a maximum signal is -17 dB. Consequently, 180° pulse amplitude is -11 dB. (b) 

23Na FID and spectrum obtained by CPMGAdd with the optimal pulse amplitude. With the 

TD filter, 512 scans, SNR = 22. 
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performed with PL = 60 s and the pulse amplitude was varied. A found 90° pulse 

amplitude that give a maximum signal was -17 dB. The amplitude of the 180° pulse 

was -11 dB correspondingly. 23Na echo sum and its Fourier transform obtained with 

the optimum pulse are shown in Figure 4.14(b). A spectrum SNR = 22 was obtained 

in 512 scans after the application of the sine-bell squared filter in the time domain. 

With the 60 s excitation pulse, 4.02 ± 0.19 T/m field gradient at the probe’s position 

in 0.485 T, the thickness of the excitation slice is calculated to be 184 ± 18 m.  

After the pulse calibration, sodium measurements with the “CPMGAdd” protocol 

were performed for each phantom (see Subsection 4.3.3): 5.17 M table salt, 2.78 M, 

0.93 M, 0.5 M, 0.25 M and 0.125 M NaCl. Pulse calibration was performed in advance 

only for the aqueous solution of 5.17 M table salt due to low sensitivity of sodium 

nuclei in lower concentrations, especially in inhomogeneous fields. Tuning and 

matching of the probe depended on the sodium concentration, thus the probe’s position 

under the magnet was adjusted to match the resonance frequency. Sodium spectra 

obtained from the 3 most concentrated samples, the 5.17 M table salt, 2.78 M, and 

0.97 M NaCl phantoms, were evaluated quantitatively (Subsection 4.5.3). 

Results of the sodium measurements performed with the “CPMGAdd” protocol for all 

6 calibration phantoms: water solutions of 5.17 M table salt, 2.78 M, 0.93 M, 0.5 M, 

0.25 M, and 0.125 M NaCl, are shown in Figure 4.15. The sine-bell squared filter was 

applied in the time domain. As the probe’s load changes with the salt concentration 

and there are no trimming capacitors in the circuit of the 40-mm probe due to high 

fixed capacitance, the position of the probe under the magnet was adjusted accordingly 

to provide a resonance of sodium nuclei. The magnetic field corresponding to the 

resonance frequency of the probe with the phantom was measured by the gaussmeter 

with an axial probe. All experiments were performed in a range of 5.38 – 5.56 MHz 

(0.477 – 0.494 T). For this difference in positioning in the magnetic field, the slice 

thickness for PL = 60 s changes from 184 ± 18 m to 177 ± 16 m. The ratio of these 

thicknesses is 0.96 ± 0.14 which makes the difference in the slice thickness negligible. 

The number of scans, the experimental time and an achieved SNR are indicated in the 

legend of Figure 4.15 for each sample. It can be seen that with the sodium 

concentration going down, the influence of noise is increasing dramatically. 

Therefore, the measurement time was increased with the decrease in the sodium 

concentration. For concentration below 0.25 M, echo shapes become distorted due to 
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the big influence of noise. For sodium concentrations below 0.93 M, it can be seen 

that the measurement time is more than an hour; especially for the 0.125 M phantom 

it reaches 9 hours which seems impractically long. However, when there was an 

opportunity to run experiments overnight with long 𝑇𝑅 to minimize the heating of the 

spectrometer and the sample, it was used. Nevertheless, an SNR of only 7.7 was 

achieved for the 0.125 M NaCl phantom, even after more than 32 thousand scans. 

The “CPMGAdd” experiment was also performed on a sample of 4.87 M NaCl 4% 

agar gel as a tissue equivalent phantom. The experiment was performed with most of 

 

Figure 4.15. Sodium measurements with the 40-mm probe. (a) 5.17 M table salt. 𝑡𝑎𝑐𝑞 = 30 

min, SNR = 74.7. (b) 2.78 M NaCl. 𝑡𝑎𝑐𝑞 = 12 min, SNR = 43.7. (c) 0.93 M NaCl. 𝑡𝑎𝑐𝑞 = 1 h, 

SNR = 33.9. (d) 0.5 M NaCl. 𝑡𝑎𝑐𝑞 = 3 h 33 min, SNR = 35.8. (e) 0.25 M NaCl. 𝑡𝑎𝑐𝑞 = 2 h 8 

min, SNR = 11.8. (f) 0.125 M NaCl. 𝑡𝑎𝑐𝑞 = 9 h 6 min, SNR = 7.7. 
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the parameters being the same as for the 5.17 M table salt, except repetition time (TR), 

resonance frequency and hence the position under the magnet, and the number of 

collected echoes. As the sodium relaxation time 𝑇2 in the agar gel was expected to be 

shorter than one in a water solution, it was experimentally confirmed that reduction of 

TR from 500 ms to 200 ms and number of echoes from 64 to 16 does not have a 

negative effect on SNR but even increases it. To keep the coil’s best matching with 

the agar sample as with the water solution sample, the tuning needed to be changed: 

the coil with the agar sample needed to be positioned in a slightly higher magnetic 

field (0.487 T) compared to the sensor’s position with the water solution (0.478 T). 

However, as calculated earlier for the field range of 0.477 – 0.494 T, the difference in 

the slice thickness is negligible. The same holds for the range 0.478 – 0.487 T. Results 

of the signal collection from sodium in the agar gel are shown in Figure 4.16. 

However, for the same number of scans and 𝑇𝐸, the SNR of the sodium signal from 

the agar sample is 2.6 times smaller than for the 5.17 M table salt solution. Partially 

this difference in the signal intensity comes from the difference in the sodium 

concentration. 

Measurements of the relaxation time 𝑇2 were performed only for the highest 

concentration of sodium chloride, 5.17 M and 4.87 M for liquid and gel samples 

correspondingly, as phantoms with lower concentrations were having extremely long 

times of measurement (more than 5 hours). The fits of the CPMG echo trains for the 

5.17 M table salt and the agar gel with 4.87 M NaCl are shown in Figure 4.17. For the 

water solution, the data were fitted by the equation [4.30] for a mono-exponential 

 

Figure 4.16. Sodium measurements with the 40-mm probe in the 4% agar sample with 4.87 

M NaCl. 3600 scans, 𝑡𝑎𝑐𝑞 = 12 min, spectrum SNR = 31.6. 
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relaxation. For the agar sample, equation [3.6] of the bi-exponential decay was used 

to fit the data. The long component of 𝑇2 of the agar gel, 𝑇2𝑙𝑜𝑛𝑔 = 10.3 ± 1.4 ms, is 

almost 3 times shorter than the 𝑇2 of the saltwater solution (29.7 ± 1.8 ms). For the 

same time interval defined as 𝑇𝐸 multiplied by the number of acquired echoes (256 

echoes in the case of the saltwater solution), less sodium signal and more noise are 

collected from the agar gel due to its short sodium 𝑇2𝑙𝑜𝑛𝑔. Short relaxation times of 

sodium in the agar gel led to SNR decrease in the experiments depicted in Figure 4.16 

even with the reduced length of the echo train. 

4.4.3.1 Comparison of two coils with a different diameter 

To investigate whether the benefit of increasing the coil diameter takes place, sodium 

signal measurements were performed by both 24-mm (Unpublished_data, 2018) and 

40-mm probes with the same experimental conditions: the optimal 90° pulse should 

be found for the 24-mm probe with acquisition parameters used for the 40-mm probe. 

The pulse length = 60 s was used, and an amplitude was found for the 24-mm probe. 

The aqueous solution of 5.17 M table salt was used as a sample for both probes. An 

example of the pulse calibration for the 24-mm probe is shown in Figure 4.18(a): a 

signal integral is plotted vs pulse amplitude in dB. Figure 4.18(b) shows the echo sum 

and its spectrum obtained with the optimal pulse amplitude, -26 dB. 

 

Figure 4.17. Integrals of echoes’ spectra vs echo time for (a) the water solution of 5.17 M 

table salt and (b) the 4% agar gel with 4.87 M NaCl. 
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Due to the limited capabilities of the probes to tune and match to the same frequency, 

the probes were positioned at the field where they had tuning and matching as best as 

possible: 0.509 T for the 24-mm probe (𝑓0 = 5.73 MHz) and 0.478 T for the 40-mm 

probe (𝑓0 = 5.4 MHz). This was done to maximize the effectiveness of transmitted 

power by sacrificing keeping the slice thickness the same. However, it is not difficult 

to consider the effect of positioning. 

Then one “CPMGAdd” experiment for each of the coils was performed with the same 

parameters (𝑇𝐸 = 300 s, 64 echoes summed up, 3600 scans averaged, TR = 500 ms, 

𝑡𝑎𝑐𝑞 = 128 s, RG = 43) and the same samples – the water solution of the 5.17 M table 

salt (Figure 4.19). Integrals of the sodium signal in a region of [-30, 30] kHz and SNRs 

were calculated. Results are presented in Table 4.4. 

It can be seen from Table 4.4 that an increase in integral signal was achieved with the 

40-mm but SNR was reduced. Several factors can contribute towards the increase in 

sodium signal. With increasing coil diameter, a higher number of spins is contained 

within a thin cylinder with a bigger diameter. Additionally, the position of the 40-mm 

probe was in a slightly lower gradient (𝐺0 = 4.0 ± 0.12 T/m) compared to the 24-mm 

probe (𝐺0 = 4.3 ± 0.2 T/m). However, the ratio of slice thicknesses is equal to 1.07 ± 

0.12. Therefore, the effect of the slice thickness on the signal increase can be 

considered negligible. Considering the same spin densities, despite a 6 times increase 

in the area of the excitation slice, the total signal increase was only 1.4 times. As the 

 

Figure 4.18. (a) Calibration of a pulse amplitude for the pulse length of 60 s for the 24-mm 

probe using 5.17 M table saltwater solution as a phantom. The optimum is at -26 dB. (b) 23Na 

FID and spectrum obtained by “CPMGAdd” with the pulse length = 60 s and the pulse 

amplitude = -26 dB. Without TD filter, 512 scans, spectrum SNR = 40. 
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signal depends linearly on the excitation volume (eq. [4.9]), the difference in the 

probes’ sensitivity defined by eq. [4.19] could be a major factor in the insufficient 

signal increase. This might be also contributing to the decreased SNR of the 40-mm 

probe compared to the 24-mm probe. 

 

Table 4.4. Integral and SNR values calculated from the spectra of the 5.17 M table salt 

obtained by the 20- and 40-mm probes. 

Probe Integral of [-30, 30] kHz SNR 

24-mm 4.4 arb.u. 146.2 

40-mm 6.17 arb.u. 97.8 

 

 

Figure 4.19. Sodium signal obtained from the 5.17 M table saltwater solution by (a) the 40-

mm probe and (b) the 24-mm probe. 3600 scans, 𝑡𝑎𝑐𝑞 = 30 min, without TD filter. 
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4.5 Discussion 

This Subsection describes the main findings from the experiments described in this 

Chapter. The measurements of the signal of sodium nuclei in liquid samples in an 

inhomogeneous field of a superconducting magnet are reported for the first time to the 

best of the Author’s knowledge. A probe based on a saddle coil with a diameter of 40 

mm was constructed in-house to perform sodium measurements in the inhomogeneous 

field from phantoms with different concentrations of sodium chloride (NaCl): from 

5.17 M water solution down to concentrations of 125 mM close to ones in biological 

tissues. Moreover, the performance of the two probes (the 40-mm one and an 

additional 24-mm probe) was compared under the same experimental conditions. The 

feasibility of detecting the sodium signal at concentrations below 150 mM in low 

magnetic fields in the presence of the static gradient is discussed. 

4.5.1 Simulation of the magnetic field of the Oxford magnet and 

Gaussmeter measurements 

Before conducting experiments in an inhomogeneous field of a superconducting 

magnet, the fringe field of the used magnet should be investigated, and the appropriate 

field strength chosen and its position found. As mentioned earlier in Subsection 4.2, 

the choice of 0.5 T field strength was influenced by several practical considerations. 

NMR devices based on permanent magnets up to 2 T have been used in a variety of 

applications (Blümich et al., 2009) and they are portable. This factor is taken into 

consideration as current work with constructed probes may serve as a basis for 

constructing a portable mobile device based on permanent magnets in the future. Thus, 

the results presented in this thesis serve as a modelling of the setup with a permanent 

magnet with several simplifications: the magnetic field gradient of the configuration 

described in this thesis 4.2 T/m is much lower than in classical portable MRI systems: 

11-20 T/m depending on a magnetic field used (Perlo et al., 2005). A 0.5 T field 

strength is high enough to provide good sensitivity for sodium measurements and 0.5 

T isoline is located outside the magnet bore giving more space for bigger coils and to 

perform stray field measurements. 

For a better understanding of the magnetic field geometry produced by the 

superconducting magnet Oxford, the magnet was approximated as a simple one-

layered solenoid in the computer simulations in MATLAB (Subsection 4.4.1). 
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Although the structure of commercial NMR spectrometers, especially shielded ones, 

is much more complicated than this modelled system, it is accurate enough. Results of 

the simulation predict experimental measurements with the gaussmeters (Subsection 

4.4.2) very well. 

From Figure 4.11, it can be seen that 0.5 T isolines are perpendicular to the 𝑧-axis at 

distances far outside of the solenoid and they are convex. Inside the magnet bore and 

closer to its edge, the lines are concave (Randall, 2011). Thus, following the direction 

on the 𝑧-axis from 0.5 T towards the edge of the magnet, the isolines become flatter 

and flatter changing from convex to concave shape. Additionally, the field gradient 

increases, and its maximum is achieved at the edge of the magnet bore (Randall, 2011). 

According to eq. [4.1], a larger gradient reduces the thickness of the excited slice. On 

one hand, having a flatter field profile and a higher gradient is more beneficial for 

high-resolution profiling of planar samples like human skin (Mitchell et al., 2006). On 

the other hand, it leads to a decrease in sensitivity and SNR. As the high-resolution 

profiling was not the goal of this thesis, the flatness of the excited slice was not 

important. Therefore, volume coils and long samples were used in this work, as gain 

in SNR for a low sensitive nucleus as 23Na was a priority in this thesis. 

According to Figure 4.13, the 24-mm probe covers approximately 20 kHz of the 

frequency offset, while the 40-mm probe covers up to 80 kHz depending on the 

accuracy of probe positioning under the magnet. 

4.5.2 Design of the home-built probe 

The 40-mm probe was constructed to investigate the effect of an increased number of 

spins in the sensitive slice compared to a smaller diameter 24-mm probe used 

previously (Unpublished_data, 2018). In addition, the length of the 40-mm probe is 

smaller than its diameter to reduce the length of the used conductor and consequently 

reduce noise. 

A way to produce a larger magnetic field 𝐵1 is the use of additional turns to obtain the 

largest field for a given current. However, the noise contribution will increase 

accordingly as the wire resistance will increase with the number of turns, i.e. with the 

length 𝑙 of the conductor. The inductance of the ribbon wire is proportional to its length 

(Terman, 1943), and the sensitivity 𝐵1 𝑖⁄ ~𝑙. Hence, according to eq. [4.19], the coil’s 
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SNR is almost independent on 𝑙. Therefore, the small amount of wire used to wound 

the coil for the 40-mm should be beneficial for SNR. 

The coils used in this thesis have low 𝑄-factors: 58 for the 24-mm probe and 68 for 

the 40-mm probe (Subsection 4.3.2). It is worth noting that a high 𝑄 does not guarantee 

a high coil SNR (Watzlaw et al., 2013). Comparably low-𝑄 coils can provide a high 

SNR if their sensitivity is maximized. Furthermore, low-𝑄 coils can give shorter dead 

times which provide shorter 𝑇𝐸 which results in collection of more echoes during 

specified 𝑇2. 

4.5.3 Measurements of sodium signal in solutions of different 

concentrations of NaCl 

In this thesis, measurements of the sodium signal from saline solutions with different 

concentrations of NaCl were performed using a probe with an RF coil of 40-mm 

diameter constructed in-house. In experiments with phantoms with a decreasing 

concentration of NaCl, the feasibility of detecting the sodium signal with the 

assembled probe was demonstrated and the influence of different parameters was 

evaluated. 

Quadrature echoes were widely used in NMR in inhomogeneous fields, especially in 

GARField and STRAFI, even when there is no need to refocus large couplings 

(Backhouse et al., 2004; Ciampi et al., 2011; McDonald et al., 2005; McDonald & 

Newling, 1998; Stapf & Han, 2006). This choice of the pulse sequence is justified by 

a desire to keep the excitation bandwidth of all 90° pulses the same without a 

requirement to double the power in the case of 180° refocusing pulses (Mitchell et al., 

2006). However, the use of the CPMG pulse sequence with its 180° pulses refocuses 

all the magnetization, apart from any loss due to relaxation and diffusion. This gives 

an advantage compared to the quadrupolar echo where two 90° pulses are used. When 

the first pulse is 90°, different echo amplitude can be obtained from a spin-3/2 system 

depending on a flip angle of the second pulse: an echo originated only from a central 

|1 2⁄ ⟩ → |−1 2⁄ ⟩ transition has its maximum when the flip angle of the second pulse 

is equal to 180°; a total signal originated from contributions of both central and 

satellite (|1 2⁄ ⟩ → |3 2⁄ ⟩ and |− 3 2⁄ ⟩ → |−1 2⁄ ⟩) transitions is maximum at the flip 

angle either much lower than 90° or 180° (Man, 1995). These factors make CPMG 

more beneficial for SNR than the quadrupolar echo. 
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The performance of the 40-mm probe was tested by carrying out experiments with the 

same parameters for a range of phantoms: 5.17 M table salt, 2.78 M NaCl and 0.93 M 

NaCl water solutions. Spectra integrals from the same frequency range for every 

phantom were calculated and plotted vs sodium concentration to build a calibration 

curve (Figure 4.20). A signal corresponding to the concentration of 0 M NaCl was 

obtained by running the same experiment as for the phantoms but with an empty coil 

and a sample with tap water for comparison. It can be seen that the calibration curve 

follows a positive linear correlation. This serves as an indicator of the appropriate 

performance of the probe.  

𝑇1 of saline solutions with different concentrations of NaCl was not measured 

specifically in this study, however, 𝑇1 of sodium in a water solution and even 𝑇2 can 

be considered field-independent (Mitchell, 2016). Water solutions with the highest 

NaCl concentration have the shortest 𝑇1 and 𝑇2. According to Figure 4.21, with change 

in sodium concentration from 5.17 M to 0.125 M 𝑇1 (and 𝑇2 considering that 𝑇1 ≈ 𝑇2 

for salt aqueous solutions) will increase about 1.7 times. Therefore 𝑇𝑅 that should be 

about 5𝑇1 – a minimum of 300 ms. In the “CPMGAdd” experiments with the 40-mm 

probe (Subsection 4.4.3), 𝑇𝑅 could be reduced from 500 ms (or 1 s for the 0.125 NaCl) 

to 300 ms (Table 4.2). However, this would still result in a very long measurement 

time nearly 3 hours to obtain the same SNR of 7.7 for the 0.125 NaCl that was achieved 

 

Figure 4.20. Sodium concentration calibration obtained by the 40-mm coil. Each point is an 

integral of the echo spectrum obtained in 7200 scans. 
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in this work with echo-adding techniques. Such a long measurement time will not be 

feasible, especially in vivo. Using the 24-mm probe, an SNR of 7.8 was achieved in 1 

h 22 min for the 0.125 M NaCl sample (Unpublished_data, 2018). However, 𝑇𝑅 = 150 

ms was used which might have caused not fully recovered magnetization and hence 

reduced SNR. An increase in 𝑇𝑅 to the appropriate 300 ms would increase the 

 

Figure 4.21. The relaxation times (a) 𝑇1 and (b) 𝑇2 of sodium in NaCl solutions as a function 

of ionic strength at different magnetic field strengths. In each graph, the solid grey line 

represents the theoretical relaxation behaviour, as described by eq. (1) in (Mitchell, 2016). 

The relaxation times are unaffected by changes in magnetic field strength. Figure is 

reproduced from (Mitchell, 2016). 
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measurement time twice. Therefore, the application of the Ernst angle (Ernst et al., 

1987) can be considered in the future. However, in the case of tissue equivalent 

phantoms like agarose phantoms, the acquisition process can be faster due to shorter 

𝑇1: in the phantom consisting of 4% agar gel with 135 mM NaCl 𝑇1 was measured to 

be 39 ms in 9.4 T (Hu, 2020). According to Table 2.2, 𝑇1 of “solid” tissues (not 

including blood and cerebrospinal fluid) is less than 35 ms. This would lead to a 

reduction of TR to 200 ms, and consequently experimental time to less than 2 hours. 

However, SNR per unit of time will also rely on short echo times to collect the 

maximum amount of echoes per 𝑇2 as sodium’s long transverse relaxation time of 

tissues, 𝑇2𝑙𝑜𝑛𝑔, is shorter than in aqueous solutions of NaCl (Table 2.2 and also Table 

1 in (Constantinides et al., 2000)). 

The reported sodium concentration in the skin is about 80 mM (Hanson et al., 2021) 

which is even lower than the lowest NaCl concentration measured in this Chapter. 

This means that it would take even longer to obtain a sodium signal from a phantom 

of water solution with the sodium concentration near the skin one to achieve 

approximately the same SNR in an inhomogeneous field. As sodium experiences a 

biexponential relaxation in the skin due to interaction with its macromolecules 

(Hanson et al., 2021), an additional signal loss might be expected due to short 𝑇2 

component when registering the sodium signal from a tissue itself ex vivo or in vivo. 

Therefore, short 𝑇𝐸, reduction of noise and increase in the slice thickness are crucial 

factors for sodium signal measurements at concentrations below 100 mM. 

However, an optimal 90° pulse was not precisely found for the phantoms with sodium 

chloride concentration below 2.78 M for the 40-mm probe. For the concentrations 

below 0.5 M, this task is particularly difficult due to low SNR making the 

measurements extremely long: more than 10 hours to collect 5 points with SNR as in 

Figure 4.15(d)-(f) (considering TR ≈ 5𝑇1). Therefore, it might be better to obtain 

parameters of the optimal pulses in the homogeneous field if there is a magnet or a 

scanner with the appropriate field strength available. However, this procedure is 

complicated by the fact that the Kea2 spectrometer and an external amplifier should be 

transferred to the scanner which is not an easy task. Nevertheless, a potentially higher 

SNR may be achieved with a precisely calibrated pulse. 
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Using the 40-mm probe, transverse relaxation time 𝑇2 of the 5.17 M water solution of 

the table salt was measured 29.7 ± 1.8 ms which is 1.13 times shorter than one reported 

in reference (Mitchell, 2016), about 34 ms. This phenomenon might be attributed to 

several factors. In relaxation time measurements, apart from a 𝑇2-decay, additional 

signal attenuation is observed in liquid samples due to molecular self-diffusion in the 

presence of a strong magnetic field gradient. Therefore, the relaxation time extracted 

from the fitting of the echo train is not the same 𝑇2 measured in a homogeneous field 

but an effective 𝑇2𝑒𝑓𝑓 which is weighted by an additional diffusion term 

1

12
(𝛾𝐺0 ⋅ 𝑇𝐸)

2𝐷 (eq. [4.5]) and moreover is modified by off-resonance impact and flip 

angle variations in the inhomogeneous 𝐵0 and 𝐵1 fields correspondingly. From Figure 

4.22, the diffusion coefficient of sodium ions Na+ in the 5.17 M NaCl can be estimated: 

𝐷 = 0.69 · 10-9 m2/s. Therefore, the diffusion term 
1

12
(𝛾𝐺0 ⋅ 𝑇𝐸)

2𝐷 can be calculated: 

with 𝛾 = 70.761 · 106 rad/(s·T) for sodium, gradient 4.02 ± 0.19 T/m and 𝑇𝐸 = 300 

s, it equals to 0.42 1/s. Compared to the attenuation caused by relaxation 1/𝑇2 = 33.67 

1/s it is extremely small. This means that CPMG reduces the effect of diffusion very 

well. 

 

Figure 4.22. Diffusion coefficients of sodium  as a function of ionic strength in NaCl water 

solutions. The solid grey line represents the theoretical diffusion behaviour described by 

eq. (3) in (Mitchell, 2016). The dash-dot line indicates the corresponding 1H diffusion 

coefficients. Figure is reproduced from (Mitchell, 2016). 

https://www.sciencedirect.com/topics/engineering/diffusion-coefficient
https://www.sciencedirect.com/topics/engineering/ionic-strength
https://www.sciencedirect.com/topics/engineering/diffusion-behavior
https://www.sciencedirect.com/science/article/pii/S0920410516302029?via%3Dihub#eq0015
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/diffusion-coefficient
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/diffusion-coefficient
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The effect of diffusion during the length of rf pulses and one 𝑇𝐸 interval can be 

ignored. However, the fluctuations in the nutation frequency Ω of sodium spins are 

negligible only when they travel a distance much smaller compared to the slice 

thickness during the measurement according to eq. [4.31] (Hürlimann, 2001): 

√𝐷 ⋅ 𝑇𝑒𝑥𝑝 ≪ 𝜔1 𝛾𝐺0⁄ . [4.31] 

In the case of the CPMG experiment resulted in Figure 4.17(a), 𝑇𝑒𝑥𝑝 is equal to 𝑛𝑒 ⋅

𝑇𝐸 = 76.8 ms. Then √𝐷 ⋅ 𝑇𝑒𝑥𝑝 = 7.3 m. Using eq. [3.5], the right part of the 

inequality [4.31] can be transformed into 𝜃 𝛾𝜏𝑝𝐺0⁄ , and with the flip angle 𝜃 = 𝜋 2⁄ , 

𝛾 = 70.761 · 106 rad/(s·T) for sodium, the pulse length 𝜏𝑝 = 60 s and the gradient 𝐺0 

= 4.02 T/m it equals to 92 m. These calculations show that for some sodium ions in 

the thin slice, the inequality [4.31] is not fulfilled to the highest extent and they have 

a bigger chance to escape from the slice by the end of the measurement time 𝑇𝑒𝑥𝑝 and 

they will not contribute to the signal which leads to a reduction of the bulk 𝑇2𝑒𝑓𝑓. 

In addition, radiation absorption by conducting samples (Dick et al., 2019) causes 

heating of the samples, especially when a train of pulses with a 300 s gap between 

them is applied. Increasing the temperature of the sample could be the main 

mechanism responsible for the shortening of the measured  𝑇2 of the 5.17 table sample. 

The phantom studies possess several limitations. The use of water solutions of NaCl 

as phantoms may not be able to exactly predict the sodium signal behaviour in 

biological tissues in vitro or in vivo. To obtain results that can model and predict the 

results in living tissues, phantoms with matching relaxation properties are required 

(Woessner, 2001). In addition, diffusion of sodium ions in biological tissues is much 

more restricted (Eliav et al., 2013), thus its contribution to a signal decay (eq. [4.5]) 

will be reduced compared to a case in a water solution (Mitchell, 2016). 

In this thesis, the STRAFI setup for the measurements of sodium signal from liquid 

samples is reported for the first time to the best of the Author’s knowledge. Compared 

to the work of (Zia, 2016) with the portable sensor based on a permanent magnet, 

sodium measurements in inhomogeneous fields were demonstrated for concentrations 

much lower than saturated NaCl. 
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4.5.3.1 Comparison of two coils with different diameters 

When the coils were used to perform the “CPMGAdd” experiments with the identical 

scanning parameters for sodium nuclei, the same samples and the shield, the wider 

(40-mm) probe gave higher signal integral compared to the smaller (24-mm) coil, but 

this increase was much smaller (1.4 times) than expected from 6-times enlargement in 

the area of the excitation slice. One of the reasons for the observed effect might be that 

the sensitivity 𝐵1 𝑖⁄  of the saddle coil as a homogeneous resonator is in inverse relation 

to its diameter (Mispelter & Lupu, 2008). In this case, a 1.7 times increase in diameter 

will provoke a loss in sensitivity of the same magnitude. 

In addition, a presence of a shield is affecting the sensitivity of a coil and its influence 

depends on the ratio of diameters of the shield and the coil (Mispelter & Lupu, 2008). 

As the same 67.4-mm wide shield made from the copper foil was used with both coils 

(described in Subsection 4.3.2) in comparison experiments (Subsection 4.4.3.1), for 

the 24-mm probe the ratio of diameter of the shield to the coil’s diameter is larger than 

for the 40-mm probe which results in a smaller reduction of the magnetic field inside 

the coil for the 24-mm probe compared to the 40-mm probe. Both reasons described 

above led to an unproportional decrease in the signal for the 40-mm probe that resulted 

in a decrease in SNR. 

Moreover, Table 4.5 shows SNR values of sodium spectra obtained in the number of 

scans 𝑁 for experiments performed with the 40-mm probe (described in Subsection 

4.4.3) and the 24-mm probe (Unpublished_data, 2018). For further comparison, the 

SNR values were divided by √𝑁 to obtain characteristic coefficients which are 

proportional to SNR per one scan 𝑆𝑁𝑅1(𝑡) (according to equation [4.20]) and 

additionally were divided by the size of the excitation volume (in mm3) resulting in 

“SNR per scan per unit volume” (right section in Table 4.5). These coefficients are 

plotted vs sodium concentration in Figure 4.23. It can be seen that despite almost the 

3-times increase in the excitation volume for the 40-mm probe, the smaller 24-mm 

probe gives better SNR per scan per unit of volume. 

From Figure 4.23 it can be seen that the performances of two coils with their optimal 

setup and scanning parameters used for phantoms with different NaCl concentrations 

are very different showing much higher SNR per scan per unit volume for the 24-mm 

probe. A gain in SNR with the 40-mm probe was not achieved due to several reasons: 
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(1) a wider coil requires a longer pulse: this leads to an increase in minimal possible 

𝑇𝐸 even without considering an internal duty cycle of the Kea2 spectrometer. This 

results in the fact that fewer echoes will be added together for a given 𝑇2. This factor 

is especially crucial for sodium in biological tissues with their short 𝑇2s (Table 2.3) 

and in particular for the human skin, transverse relaxation times of which were 

determined in Chapter 3 . (2) For the 40-mm probe constructed in this thesis, with the 

60 s excitation pulse with the optimized amplitude, 4.02 ± 0.19 T/m field gradient at 

the probe’s position in 0.485 T, the thickness of the excitation slice is calculated to be 

184 ± 18 m (Subsection 4.4.3). Even with a lower gradient compared to the 24-mm 

probe’s position (4.7 ± 0.2 T/m, (Unpublished_data, 2018)), the slice thickness with 

the 40-mm probe setup is more than twice smaller due to an exceedingly longer pulse. 

(3) Wider coil produces a lower magnetic field per unit of current 𝐵1 𝑖⁄  that was 

discussed at the beginning of this section. Also, according to eq. [2.12] the equilibrium 

magnetization is directly proportional to the spin number, but inversely proportional 

to the volume. Therefore, a higher concentration of sodium nuclei will produce a 

higher signal. (3) Copper foil comprising the shield might not be thick enough to 

protect from low-frequency noise. According to eq. [4.21], skin depth is inversely 

Table 4.5. SNR values of sodium spectra obtained with the 24-mm and 40-mm probes with 

the indicated number of scans 𝑁 and excitation volume 𝑉 for different samples. The last 

column behind the border shows a calculated coefficient “SNR per 1 scan per unit volume” 

(calculated as obtained SNR divided by √𝑁 and 𝑉) with graphical presentation in Figure 4.23. 

Phantom/probe 

24-mm 40-mm 

𝑺𝑵𝑹

√𝑵 ∙ 𝑽
∼
𝑺𝑵𝑹𝟏(𝒕)

𝑽
,

∙ 𝟏𝟎𝟑 

𝑵 𝑽,mm3 SNR 𝑵 𝑽,mm3 SNR 24-mm 40-mm 

Saturated NaCl/ 

5.17 M table salt 

3600 70±3 81.7 3600 204±10 74.7 19.48±0.79 6.09±0.29 

2.78 M NaCl - - - 3600 197±9 43.7 - 3.70±0.17 

0.93 M NaCl 12800 70±3 42 7200 204±10 33.9 5.31±0.22 1.96±0.09 

0.5 M NaCl 8192 70±3 13.5 25600 204±10 35.8 2.13±0.09 1.10±0.05 

0.25 M NaCl 12800 70±3 14 25600 204±10 11.8 1.77±0.07 0.36±0.02 

0.125 M NaCl 32768 70±3 7.8 32768 204±10 7.7 0.62±0.03 0.21±0.01 
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proportional to the frequency. A thicker shield might be required in the future. A 

thicker aluminium shield was implemented with the 24-mm probe for proton and 

sodium measurements (Unpublished_data, 2018) but was removed for comparison 

experiments. With the 24-mm probe, these factors enabled measurements with the 

same SNR of sensitive areas almost 6 times smaller even with the not maximized 

filling factor (a sample diameter was 15.4 mm (Unpublished_data, 2018)) than the 

wider 40-mm coil. Additionally, using shorter 𝑇𝐸 with the smaller coil would give a 

benefit of the measurement of a short component of 𝑇2 relaxation time more accurately 

in samples like polymer gels and biological tissues like skin. 

The performed measurements comparing probes with different diameters showed that 

the smaller coil is preferred. As can be seen from Figure 3.16, sodium in the skin is 

mainly located in the dermis which is only about 4 mm deep. Therefore, in the future, 

the presented work can be translated into work with planar coils of comparable 

diameter and permanent magnets to construct a portable, movable device which can 

be delivered to a patient and will be able to measure sodium relaxation parameters in 

human skin in vivo on a particular skin depth. Furthermore, if an expansion of the area 

of the sensitive slice is needed, several smaller coils may be combined to constitute 

planar arrays. Although, because of the low frequency and high magnetic field 

 

Figure 4.23. Coefficients 𝑆𝑁𝑅 (√𝑁 ∙ 𝑉)⁄  proportional to 𝑆𝑁𝑅1(𝑡) per unit volume for both 

24- and 40-mm probes and different samples are plotted vs sodium concentration (the values 

are taken from the right column of Table 4.5). Experimental points are connected by straight 

dashed lines to guide the eye. 
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gradient, the presented experiments are mainly dominated by coil noise, an array 

assemblage may still result in an SNR enhancement compared to one large coil 

(Roemer et al., 1990). 

4.6 Conclusion 

The feasibility of sodium measurements in phantoms with NaCl concentrations in a 

range of [0.125, 5.17] M was demonstrated. The measurements were performed by a 

probe built in-house. 

Even with the longer length of the conductor comprising the 24-mm coil, it was shown 

that its sensitivity is better than that of the 40-mm coil. Shorter pulses for the smaller 

coil give shorter 𝑇𝐸 which leads to an increase in SNR even with the reduced filling 

factor compared to the wider probe in this study. Also, a CPMG pulse sequence excites 

the frequency bandwidth reciprocal to pulse length (eq. [4.10]), thus by increasing the 

pulse length the slice thickness is reduced. An increase in diameter making the 

excitation slice bigger might not be enough to compensate for this effect. 

Measurements of samples with short 𝑇2 (or short 𝑇2𝑠ℎ𝑜𝑟𝑡) will benefit from using a 

small coil as the steep beginning of the decay will be covered with more measuring 

points due to shorter 𝑇𝐸.  

The measurement time becomes the limiting factor for the shortest possible echo time. 

As the length of the RF pulses in a pulse sequence defines the excitation bandwidth, 

the longer pulses provide broader echoes (Casanova et al., 2011). In addition, an 

increase in 𝑡𝑎𝑐𝑞 lowers the number of echoes 𝑛𝑒 used for summation as 𝑛𝑒 = 𝑇2 𝑇𝐸⁄ . 

It was also shown that maximum sensitivity is obtained when the time used to acquire 

an echo is equal to the length of the excitation RF pulse. Therefore, shorter pulses 

provided by the smaller coil will give the benefit of lower acquisition time, thicker 

excitation slices and consequently shorter measurement time with maximum 

sensitivity.  
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5  Conclusion and Outlook 

The first part of the work in this thesis focused on the application and analysis of NMR 

spectroscopy to investigate sodium relaxation in ex vivo skin samples of patients with 

type 2 Diabetes Mellitus and control counterparts in ultra-high field of 9.4 T. In 

particular, single quantum and multiple quantum techniques, i.e. CPMG, DQF-MA 

and TQF spectroscopy, have been applied and the time evolution of coherences was 

analysed to determine short and long relaxation time components, 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔, 

of sodium in the skin and quadrupolar coupling 𝜔𝑄. 

In Chapter 3 , in an ultra-high field of 9.4 T a CPMG pulse sequence was applied for 

measurements of sodium signal decay in the skin samples ex vivo for the first time. 

Echo integrals vs echo time were fitted with a bi-exponential decay function to obtain 

𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔. Sodium relaxation behaviour was compared between the abdomen 

skin samples and the ones obtained from the foot/leg of control patients and no 

significant difference was found for both 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔. Then both skin locations 

together within the control group were compared with the diabetic group (only foot/leg 

samples). No significant difference was found for 𝑇2𝑠ℎ𝑜𝑟𝑡, however, 𝑇2𝑙𝑜𝑛𝑔 of the 

diabetic patients was significantly lengthened compared to controls. 

In addition, sodium DQF-MA and TQF spectroscopy was performed on the same skin 

samples in 9.4 T for the first time. DQF-MA experiment is only sensitive to sodium 

involved in quadrupolar interaction and TQF obtains signal only from slow-moving 

sodium, thus no contamination from free fast-moving sodium is detected. The 

evolution of the DQF-MA signal vs preparation time was analysed and 𝑇2𝑠ℎ𝑜𝑟𝑡 and 

quadrupolar coupling 𝜔𝑄 were obtained. Then these parameters were set as fixed when 

analysing TQF build-up behaviour to obtain 𝑇2𝑙𝑜𝑛𝑔. It was found that abdomen 

samples have different 𝑇2𝑠ℎ𝑜𝑟𝑡 than foot/leg samples within the control group that was 

not observed in the SQ experiment (Figure 3.19). Quadrupolar coupling constant 𝜔𝑄 

was found indifferent to the skin location, however, with the trend of diminishment in 

the foot/leg control samples. No significant difference for 𝜔𝑄 was found between 

diabetic patients and combined control patients. Significant lengthening of 𝑇2𝑙𝑜𝑛𝑔 was 

observed in the T2DM group compared to the control group that was in agreement 

with the CPMG experiment. This study suggested that differences in the sodium 
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molecular environment in T2DM and the control population can be probed by 

determining sodium relaxation times using the SQ and MQ spectroscopic techniques. 

The second part of the work in this thesis has focused on the development of a setup 

to perform sodium measurements in inhomogeneous fields of low strength. In Chapter 

4 , firstly the magnetic field of a poor-shielded 9.4T magnet was simulated and then 

measured with gaussmeters to confirm the results of the simulations. Secondly, an 

additional probe with a 37.6-mm diameter (named as the 40-mm probe) was 

constructed in addition to the existing 24-mm probe that was already built in our 

laboratory earlier. Then measurements of sodium signal were performed using the 40-

mm probe in phantoms with decreasing concentrations of sodium chloride from 5.17 

M to 0.125 M at around 0.5 T with a field gradient of about 4.1 T/m for the first time. 

It was shown that the coil with a smaller diameter gives better SNR and shorter 

measurement time. 

This thesis has shown the applicability of SQ and MQF spectroscopy in the ex vivo 

skin samples of control and diabetic patients. Logarithmic time spacing in a CPMG 

experiment can be adapted in the future to increase temporal resolution, especially at 

the beginning of the signal decay. Additional DQF-MA experiments can be performed 

to study the time evolution of the coherences to determine if there is more than one 

population of sodium involved in quadrupolar interaction. As an alternative, 2-

dimensional DQF-MA experiments can be implemented where time intervals between 

𝜃1 – 𝜃2 and 𝜃2 – 𝜃3 90° pulses (eq. [3.1], Figure 3.3) are incremented (Rooney & 

Springer, 1991a). According to (Rooney & Springer, 1991b), varying the delay 

between the second and third 90° pulse will help to determine the number of sodium 

populations in slow exchange. Then the analysis of the DQF-MA and TQF build-up 

behaviours should be adapted accordingly by developing new fitting functions that 

take into account more than one sodium population. Resolution in the preparation time 

domain in the MQ experiments can be increased to match the number of parameters 

of the new fitting functions. 

In the future, these techniques can be translated into an investigation of skin sodium 

in other diseases with sodium disbalance like chronic kidney disease, and cystic 

fibrosis (CF) of lungs and other organs (Yu & Sharma, 2022). CF patients are 

recommended to increase sodium in their diet to compensate for its increased loss in 

sweat. It was found that sodium concentration in the sweat of CF patients does not 
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depend on dietary sodium load or the amount of exercise (Declercq et al., 2020). 

Adequate monitoring of sodium status is highly required. As the skin was found to be 

involved in the regulation of sodium homeostasis in the human body, future studies 

are needed to investigate sodium in the skin of CF patients. In addition, techniques 

described in the thesis can be applied to estimate the effect of haemodialysis on sodium 

removal in the skin more accurately compared to existing studies using a clinical 

scanner (Dahlmann et al., 2015). To reduce the invasiveness of the investigation 

procedures, instead of ex vivo skin samples current methods can be adapted to punch 

biopsies in the future. 

This thesis has demonstrated the feasibility of the acquisition of sodium signal in a 

low inhomogeneous field of a poor-shielded superconducting magnet using home-

build probes. In the future, aqueous solutions of NaCl can be substituted with tissue-

equivalent gel phantoms with matching relaxation characteristics to biological tissues 

in vivo. All described experiments were run at room temperature. The next future step 

could be conducting sodium measurements at temperatures close to 37°C in gel 

phantoms in inhomogeneous fields and comparing them with results in homogeneous 

fields. Construction of the probes can be improved by substituting isolated wires with 

circuit boards and etching techniques to reduce the mechanical vibrations of the circuit 

elements during operation. 

Results obtained in the ultra-high (Chapter 3 ) and low inhomogeneous fields (Chapter 

4 ) could serve as a preface to the development of a portable and mobile NMR device 

constructed specifically for measurements of sodium signal in human skin of patients 

which cannot be put inside a clinical NMR scanner. To achieve a mobility of the 

device, it should be based on permanent magnets and with an accessible side that can 

be in a close contact with skin of a patient (possible design like in (Anferova et al., 

2002)). To ensure the comfort of the patient during measurements but also to prevent 

relative movements of the patient’s measured body part and the device, a specially 

designed support is needed (Haken & Blümich, 2000). This NMR device could help 

to study sodium in the skin noninvasively, it would be delivered to a patient and have 

a probe with an excitation slice that would target certain depths in the skin. Different 

coil geometries can be used for this task (Anferova et al., 2002; Blümich et al., 2008). 

This device could help to monitor the efficiency of different interventions like new 

and existing medications and treatments like haemodialysis. 
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Appendix A. Processing of the DQF-MA data 

The DFQ-MA data for processing was extracted from TopSpin. In TopSpin, after an 

experiment finishes, spectrum data for all 23 FIDs was obtained from the time-domain 

data using a command “xf2” that performs apodization, 1D Fourier Transform and 

baseline correction for every FID. Later, both real and imaginary parts of the FIDs 

were saved as separate files with an extension “.txt” to read by MATLAB. Processing 

in MATLAB was performed by the following code: 

%% Load data from TopSpin files “filename_re.txt” and 

“filename_im.txt” as an example 
SpectraRe(:,:) = readmatrix(”C:\Users\...\filename_re.txt”); 
SpectraIm(:,:) = readmatrix(”C:\Users\...\filename_im.txt”); 

 
N = 1024; %number of points in the spectrum 
NE = 23; %number of FIDs 
 

% Removing values which are not numbers and creating new arrays 

for real and imaginary data Specre and Specim 
k = isnan(SpectraRe); 
m = isnan(SpectraIm); 
Specre = SpectraRe(~k); 
Specim = SpectraIm(~m); 
echoes = zeros(N,NE); 
 

% Filling in the arrays Specre and Specim 
index = 1; 
ec = 1; 
for j = 1:N*NE 
    echoes(index,ec) = Specre(j)+1i*Specim(j); 
    index = index+1; 
    if index > N 
        ec = ec+1; 
        index = 1; 
    end 
end 
%% Plot the data 
SWH = 6250; % spectral width in Hz 
Hz = linspace(0,SWH,N); 
Hz = Hz’; 
for ec = 1:1:NE 
    figure; 
    plot(Hz,real(echoes(:,ec)),Hz,imag(echoes(:,ec))); 
    hold on; 
    title(['Spectrum ' num2str(ec) ', LB = 150 Hz']); 
    xlabel('Frequency, Hz'); 
    ylabel('Amplitude, a.u.'); 
    legend({'Re','Im'},'Location','northeast'); 
    axis tight; 
    grid on; 
    hold off; 

     
    x0 = 1400; 
    y0 = 500; 
    width = 500; 
    height = 400; 
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    set(gcf,'position',[x0,y0,width,height]); 
end  
%% Make a projection and phase it 
Spectra1sum = sum(echoes,2); 
Spectra1sumph = Spectra1sum; 

 
% Phasing the projection 
line = zeros(N,1); 
    k = 1; 
    for deg = 0:1:20 % range in degrees for phase correction 
        Spectra1sumph = Spectra1sum*exp(-1i*2*pi/360*deg); % p0 

correction 

% As the real part of the spectra needs to be phased as anti-

phased doublet, for the best phasing a minimum difference in 

absolute hights of the positive and negative peaks is found and 

plotted vs degrees of phase correction. 
        max1 = max(real(Spectra1sumph)); 
        min1 = abs(min(real(Spectra1sumph))); 
        delta(k,1) = deg; 
        delta(k,2) = abs(max1-min1); 
            figure; 
            plot(Hz,real(Spectra1sumph),Hz,imag(Spectra1sumph)); 
            title(['Degrees ' num2str(deg)]); 
            hold on 
            plot(Hz,line); 
        k = k+1; 
    end 
figure 
plot(delta(:,1),delta(:,2)) 
%% Apply the phase to all the spectra 
echoesph = zeros(N,NE); 
degmax = 11; % determined from the graph of delta(:,2) vs 

delta(:,1) in the previous section 
for spNo = 1:1:NE 
    echoesph(:,spNo) = echoes(:,spNo)*exp(-1i*2*pi/360*degmax); 
end 
%% Find frequency difference between the peaks 
freq = zeros(NE,2); % Frequency positions of the positive and 

negative peaks 
omegaQ = zeros(NE,1); % Frequency difference between the peaks 

amp = zeros(NE,1); 
maxmin = zeros(NE,2); 

  
for spNo = 1:1:NE 
    max1 = max(real(echoesph(:,spNo))); 
    min1 = min(real(echoesph(:,spNo))); 
    maxmin(spNo,1) = max1; 
    maxmin(spNo,2) = min1; 
    idx1 = find(real(echoesph(:,spNo)) == max1); 
    idx2 = find(real(echoesph(:,spNo)) == min1); 
    freq(spNo,1) = Hz(idx1); 
    freq(spNo,2) = Hz(idx2); 
    omegaQ(spNo,1) = abs(freq(spNo,2) - freq(spNo,1)); 
    amp(spNo,1) = max1 - min1; % Amplitude of the signal 

determined as a sum of absolute values of positive and negative 

peaks’ heights 

end 

  
% Plot the phased spectra with marked peak positions 
for spNo = 1:1:NE 
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    figure; 
    plot(Hz,real(echoesph(:,spNo)),Hz,imag(echoesph(:,spNo))); 
    hold on;   

plot(freq(spNo,1),maxmin(spNo,1),'*r',freq(spNo,2),maxmin(spNo,2),

'*r'); 
    title(['Phased Spectrum ' num2str(spNo)]); 
    xlabel('Frequency, Hz'); 
    ylabel('Amplitude, a.u.'); 
    legend({'Re','Im'},'Location','northeast'); 
    axis tight; 
    grid on; 
    hold off; 
    x0 = 1400; 
    y0 = 555; 
    width = 500; 
    height = 400; 
    set(gcf,'position',[x0,y0,width,height]); 
        filename = ['spectrum' num2str(spNo) 'ph' num2str(degmax) 

'd.tif']; saveas(gcf,filename); 
end 

% After 15th spectrum, SNR drops dramatically, and it was 

impossible to determine peak positions adequately using the 

algorithm above. Therefore, peak positions were determined 

manually to find frequency difference between them. 
%% Save processed data in .txt 

pulse90 = 50; % length of 90° pulse in microsec 
pulse180 = 100; % length of 180° pulse in microsec 
tau = 

1000*[0.0002,0.0003,0.0004,0.0005,0.0006,0.0007,0.0008,0.0009,0.00

1,0.0015,0.002,0.003,0.004,0.005,0.006,0.007,0.008,0.009,0.01,0.01

5,0.02,0.05,0.1]'; % time interval between 90° and 180° pulses and 

between 180° and 54.74° pulses in ms 
taufull = pulse90/2/1000+tau+pulse180/1000; % preparation time τ 

 
% Save build-up curve 
Calc = zeros(23,3); 
Calc(:,1) = taufull; 
Calc(:,2) = amp2; % Peak amplitudes after manual correction for 

spectrum number > 15 
Calc(:,3) = omegaQ2; % Frequency difference between positive and 

negative peaks after manual correction for spectrum number > 15 
T = array2table(Calc); 
T.Properties.VariableNames(1:3) = {'Tau_full,ms','MaxInt','wQ'}; 
filename = ['60_lb150_tau_maxint_wQ.txt']; 
writetable(T,filename,'Delimiter',' '); 

  
% Save phased spectra 
Exper = zeros(N,NE+1); 
Exper(:,1) = Hz; 
Exper(:,2:NE+1) = echoesph; 
T = array2table(Exper); 
n = [1:1:NE]; 
colnames = "Spectrum" + n; 
T.Properties.VariableNames(1) = {'Time'}; 

T.Properties.VariableNames(2:NE+1) = colnames; 
filename = ['SpectraPh' num2str(degmax) 'd.txt']; 
writetable(T,filename,'Delimiter',' '); 
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Appendix B. 𝑻𝟐𝒔𝒉𝒐𝒓𝒕 and 𝑻𝟐𝒍𝒐𝒏𝒈 obtained from CPMG 

Table B.1. Values of 𝑇2𝑠ℎ𝑜𝑟𝑡 and 𝑇2𝑙𝑜𝑛𝑔 with their errors obtained from biexponential fitting 

of CPMG to eq. [3.8] for samples collected from the foot/leg and abdomen of control and 

diabetic patients. 

Patient Sample Location 𝑻𝟐𝒔𝒉𝒐𝒓𝒕, ms 𝑻𝟐𝒍𝒐𝒏𝒈, ms 

C1 1 abdomen 0.854 ± 0.086 13.216 ± 0.561 

C2 1 abdomen 0.776 ± 0.065 12.524 ± 0.387 

C2 2 abdomen 0.998 ± 0.120 13.186 ± 0.762 

C3 1 abdomen 0.882 ± 0.084 13.095 ± 0.538 

C3 2 abdomen 0.909 ± 0.118 14.216 ± 0.853 

C4 1 abdomen 1.186 ± 0.266 14.515 ± 1.760 

C4 2 abdomen 0.650 ± 0.103 13.587 ± 0.603 

C5 1 foot/leg 0.967 ± 0.126 14.573 ± 0.933 

C5 2 foot/leg 1.097 ± 0.147 15.996 ± 1.200 

C5 3 foot/leg 0.562 ± 0.228 13.197 ± 1.070 

C5 4 foot/leg 0.923 ± 0.109 14.596 ± 0.814 

C6 1 abdomen 0.748 ± 0.055 14.471 ± 0.389 

C6 2 abdomen 0.955 ± 0.063 15.125 ± 0.493 

D1 1 foot/leg 0.879 ± 0.062 17.030 ± 0.582 

D1 2 foot/leg 0.931 ± 0.096 18.113 ± 1.010 

D2 1 foot/leg 0.600 ± 0.177 17.897 ± 1.430 

D3 1 foot/leg 0.858 ± 0.072 18.065 ± 0.744 

D3 2 foot/leg 0.792 ± 0.132 16.854 ± 1.190 

D4 1 foot/leg 0.751 ± 0.123 18.991 ± 1.320 

D4 2 foot/leg 0.658 ± 0.025 19.824 ± 0.201 

D5 1 foot/leg 0.845 ± 0.040 18.557 ± 0.347 

D5 2 foot/leg 0.945 ± 0.060 19.983 ± 0.740 

D6 2 foot/leg 0.662 ± 0.035 21.305 ± 0.233 
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Appendix C. 𝑻𝟐𝒔𝒉𝒐𝒓𝒕, 𝑻𝟐𝒍𝒐𝒏𝒈 and 𝝎𝑸
′

 obtained from 

DQF-MA and TQF 

Table C.1. Values of 𝑇2𝑠ℎ𝑜𝑟𝑡, 𝜔𝑄
′  and 𝑇2𝑙𝑜𝑛𝑔 with their errors obtained from fitting of build-

up curves of DQF-MA (eq. [3.10]) and TQF (eq. [3.12]) experiments (Subsections 3.4.2.1-

3.4.2.2) for all samples collected from the foot/leg and abdomen of control and diabetic 

patients. 

Patient Sample Location 𝑻𝟐𝒔𝒉𝒐𝒓𝒕, ms 𝝎𝑸
′ , Hz 𝑻𝟐𝒍𝒐𝒏𝒈, ms 

C1 2 abdomen 0.711±0.063 33.2±20.2 20.47±3.95 

C2 1 abdomen 0.580±0.032 78.6±17.4 20.53±3.23 

C2 2 abdomen 0.642±0.057 0.0±16.5 23.73±2.94 

C3 1 abdomen 0.854±0.082 1.4±17.1 25.71±4.74 

C3 2 abdomen 0.978±0.079 1.2±13.8 25.60±5.20 

C4 1 abdomen 0.510±0.067 578±147 22.32±2.27 

C4 2 abdomen 0.961±0.126 142.0±43.2 21.48±4.75 

C5 1 foot/leg 0.991±0.116 96.3±32.4 25.69±5.08 

C5 2 foot/leg 1.234±0.088 41.4±15.1 24.62±5.16 

C5 3 foot/leg 1.086±0.065 128.8±18.3 25.46±4.60 

C5 4 foot/leg 0.899±0.052 30.8±12.1 27.47±4.26 

C6 1 abdomen 0.826±0.047 52.6±13.8 21.23±3.93 

C6 2 abdomen 1.134±0.067 117.1±17.2 29.74±7.72 

D1 1 foot/leg 0.891±0.037 51.4±9.8 27.65±4.82 

D1 2 foot/leg 0.621±0.060 137.3±37.3 24.91±3.98 

D3 1 foot/leg 0.786±0.047 62.7±15.6 33.77±2.52 

D3 2 foot/leg 0.952±0.086 0.0±15.5 28.75±4.10 

D4 1 foot/leg 0.480±0.072 239.2±90.1 21.33±2.39 

D4 2 foot/leg 1.149±0.063 9.2±9.6 28.43±6.40 

D5 1 foot/leg 0.544±0.072 137.4±54.9 27.24±1.54 

D5 2 foot/leg 1.062±0.083 66.3±18.8 27.28±5.99 
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