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STRESZCZENIE 

Rozprawa dotyczy zastosowania magnetycznego rezonansu jądrowego (MRJ) do badań 

nano- i mikrometrycznych układów porowatych w polu magnetycznym, którego gradient jest 

niejednorodny z powodu niedoskonałości sprzętu i/lub niejednorodnych właściwości 

magnetycznych próbki. Nadrzędnym celem tych badań jest polepszenie istniejących oraz 

znalezienie nowych aplikacji MRJ w badaniach mikrostrukturalnych układów porowatych 

spotykanych w biologii, medycynie, geologii i inżynierii materiałowej. Do tego celu użyto technik 

MRJ do pomiarów relaksacji i dyfuzji, a także zaimplementowano metody korekcji, takie jak „B-

matrix Spatial Distribution” (BSD) w obrazowaniu tensora dyfuzji (ang. diffusion tensor imaging, 

DTI). 

Prowadzone prace badawcze skupiały się na pokonaniu barier napotykanych w 

charakterystyce mikrostruktury: i) skala, ii) ilość materiału badawczego, iii) skład chemiczny 

próbki, iv) artefakty obrazowe, v) błędy pomiarowe (systematyczne i stochastyczne). W ramach 

rozprawy, do dokładniejszego opisu mikrogeometrii układów biologicznych in vitro 

zaproponowano w pierwszej kolejności zastosowanie metody pomiaru współczynnika dyfuzji 

zależnego od czasu dyfuzji na jednostronnym skanerze NMR MoUSE, operującym w stałym, 

bardzo silnym gradiencie pola magnetycznego. Opracowana na komórkach modelowych drożdży 

piekarskich metodologia została przeniesiona do układów mezenchymalnych komórek 

macierzystych i umożliwiła charakterystykę ich własności biofizycznych oraz mikrostruktury, 

w tym głównie wykrycie składowej w sygnale pochodzącej od jądra komórkowego. Dzięki temu 

wskazano możliwość rozróżnienia dwóch mechanizmów śmierci komórek (nekroza i apoptoza). W 

tych pracach badawczych pokonano barierę skali oraz ilości materiału badawczego. 

Rozprawa prezentuje również podejścia i zalety kliniczne dokładniejszego opisu 

mikrostruktury układów biologicznych in vivo- tkanek. Skupiono się na mięśniach szkieletowych 

podudzi w chorobie niedokrwiennej. Zbadano wpływ leczenia mezenchymalnymi komórkami 

macierzystymi w podwójnie zaślepionej próbie klinicznej, analizując zmiany mikrostruktury 

mięśni. Prawidłowa analiza i diagnostyka wymaga eliminacji błędów systematycznych, w tym 

przypadku z użyciem metody BSD. 

Ostatni obszar badań mikrostruktury stanowiły naturalne układy porowate- próbki rdzeni 

skalnych. Zaproponowano pomiary MRJ procesów relaksacji w niskim polu magnetycznym jako 

metodę do rozróżnienia czertów typu „bedded” i „nodular” tylko na podstawie cech mikrostruktury 

porowej w całym zakresie skali (od nano- do makro-), w tym efektów powierzchniowych. Jako 

metodę pomocniczą zaproponowano analizę składowych głównych. Dokładna analiza danych MRJ 

była możliwa dzięki dużej korelacji próbek z naturalnymi układami krzemionkowymi (zeolitami) 

oraz korekcji ze względu na skład chemiczny. Krokiem naprzód w charakterystyce mikrostruktury 

skał było zastosowanie techniki obrazowania tensora dyfuzji, co było możliwe dla próbek 

węglanowych. Pokazano sposób interpretacji wyników DTI, a na ich podstawie wyznaczono szereg 

parametrów geofizycznych, w tym jedną nową metrykę mogącą odzwierciedlać przepuszczalność. 
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ABSTRACT 

The dissertation concerns the application of nuclear magnetic resonance (NMR) for nano- 

and micrometric studies of porous systems in a magnetic field whose gradient is non-uniform due 

to hardware imperfections and/or inhomogeneous magnetic properties of the sample. The major 

goal of this research is to improve existing and find new NMR imaging applications in 

microstructural studies of porous systems found in biology, medicine, geology and material 

engineering. For this purpose, NMR techniques were used to measure relaxation and diffusion, and 

correction methods such as "B-matrix Spatial Distribution" (BSD) were implemented in diffusion 

tensor imaging (DTI). 

The research work focused on overcoming the barriers encountered in the characterization 

of the microstructure: i) scale, ii) amount of research material, iii) chemical composition of the 

sample, iv) image artifacts, v) measurement errors (systematic and random). As part of the 

dissertation, for a more accurate description of the microgeometry of biological systems in vitro, it 

was first proposed to use the method of measuring the time-dependent diffusion coefficient on 

a single-sided NMR MoUSE scanner, operating in a constant, very strong magnetic field gradient. 

The methodology developed on model cells of baker's yeast was transferred to the mesenchymal 

stem cells and enabled the characterization of their biophysical properties and microstructure, 

including mainly the detection of a component in the signal coming from the cell nucleus. This 

indicated the possibility of distinguishing two mechanisms of cell death (necrosis and apoptosis). 

In these research works, the scale and amount of research material barriers were overcome. 

The dissertation also presents approaches and clinical advantages of a more accurate 

description of the microstructure of biological systems in vivo-tissues. The focus was on the skeletal 

muscles of the lower leg in ischemic disease. The effect of mesenchymal stem cell treatment was 

investigated in a double-blind randomized clinical trial, through the analysis of changes in muscles 

microstructure. Proper analysis and diagnosis require the elimination of systematic errors, in this 

case using the BSD method. 

The last area of microstructure research were natural porous systems- samples of rock 

cores. NMR measurements of relaxation processes in a low magnetic field have been proposed as 

a method to distinguish between "bedded" and "nodular" cherts only on the basis of the features of 

the pore microstructure in the entire scale range (from nano- to macro-), including surface effects. 

Principal component analysis was proposed as an auxiliary method. Accurate analysis of NMR data 

was possible due to the high correlation of samples with natural silica systems (zeolites) and 

correction for chemical composition. A step forward in rock microstructure characterization was 

the use of diffusion tensor imaging (DTI), which was possible with carbonate samples. The method 

of interpreting the DTI results was shown, and on their basis a number of geophysical parameters 

were determined, including one new metric that could reflect the permeability. 
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THESIS ARRANGEMENT 

The doctoral dissertation consists of a collection of six articles describing the new 

applications of NMR imaging for the accurate quantitative characterization of microstructure of 

biological, medical and geological nano- and microporous systems, in which non-uniform magnetic 

field gradients are present. 

A1 Weronika Mazur, Artur T. Krzyżak, Attempts at the Characterization of In-Cell 

Biophysical Processes Non-Invasively-Quantitative NMR Diffusometry of a Model 

Cellular System, Cells 9, 2124. https://doi.org/10.3390/cells9092124 (2020) 

A2 Artur T. Krzyżak, Iwona Habina-Skrzyniarz, Weronika Mazur, Maciej Sułkowski, 

Marta Kot, Marcin Majka, Nuclear magnetic resonance footprint of Wharton Jelly 

mesenchymal stem cells death mechanisms and distinctive in-cell biophysical properties 

in vitro. J. Cell. Mol. Med. 26, 1501–1514. https://doi.org/10.1111/jcmm.17178 (2022) 

A3 Weronika Mazur, Małgorzata Urbańczyk-Zawadzka, Robert Banyś, Rafał 

Obuchowicz, Mariusz Trystuła, Artur T. Krzyżak, Diffusion as a Natural Contrast in MR 

Imaging of Peripheral Artery Disease (PAD) Tissue Changes. A Case Study of the Clinical 

Application of DTI for a Patient with Chronic Calf Muscles Ischemia. Diagnostics 11, 92. 

https://doi.org/10.3390/diagnostics11010092 (2021) 

A4 Weronika Mazur, Małgorzata Urbańczyk-Zawadzka, Robert Banyś, Rafał 

Obuchowicz, Mariusz Trystuła, Artur T. Krzyżak, Diffusion tensor imaging as a tool to 

assess the structure of lower limb muscles invisible on T1- and T2-weighted images in the 

course of the chronic phase of peripheral artery disease. Adv. Interv. Cardiol. w Kardiol. 

Interwencyjnej 18, 1–4. https://doi.org//10.5114/aic.2022.121343 (2022) 

A5 Artur T. Krzyżak, Weronika Mazur, Jacek Matyszkiewicz, Alicja Kochman, 

Identification of Proton Populations in Cherts as Natural Analogues of Pure Silica 

Materials by Means of Low Field NMR. J. Phys. Chem. C 124, 5225–5240. 

https://doi.org/10.1021/acs.jpcc.9b11790 (2020) 

A6 Artur. T Krzyżak, Weronika Mazur, Adam Fheed, Władysław P. Węglarz, Prospects 

and Challenges for the Spatial Quantification of the Diffusion of Fluids Containing 1H in 

the Pore System of Rock Cores. J. Geophys. Res. Solid Earth 127, 1–20. 

https://doi.org/10.1029/2021jb023299 

The dissertation starts with the list of acronyms, which are followed by 4 chapters. The first chapter 

presents the motivation and main goals of this thesis. The second chapter presents the introduction 

consisting of theoretical background of nuclear magnetic resonance phenomenon, signal detection, 



6 
 

three main processes occurring after resonant excitation of magnetization in isotropic and confining 

media, imaging principles, diffusion tensor imaging technique and B-matrix spatial distribution 

method. Third chapter includes reviews of papers A1-A6. In the last, fourth chapter, a summary of 

the entire dissertation and conclusions gathered during the research are included. In the following 

parts of the dissertation supplements and articles are attached. 
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LIST OF ACRONYMS 

2D Two-dimensional 

3D Three-dimensional 

BSD B-matrix spatial distribution 

CPMG Carr-Purcell-Meiboom-Gill 

DL Longitudinal diffusivity 

DT Transverse diffusivity 

DTI Diffusion tensor imaging 

DWI Diffusion-weighted imaging/images 

EPI Echo-planar imaging 

FA Fractional anisotropy 

FEM Force equilibrium model  

GM Gastrocnemius medialis muscle 

GPA Gaussian phase approximation 

KCU Kraków-Częstochowa Upland  

LF-NMR Low-field NMR 

MD Mean diffusivity 

MICP Mercury incjection capillary pressure 

MoUSE Mobile Universal Surface Explorer 

MRI Magnetic resonance imaging 

NMR Nuclear magnetic resonance 

PAD Peripheral artery disease 

PCA Principal component analysis 

PDT Principal diffusion tracts 

PGSE Pulsed-gradient spin echo 

PSD Pore size distribution 

r.m.s. Root-mean-square  

RCT Randomized clinical trial 

RF Radiofrequency 

SD Standard deviation 

SE Spin echo 

SGP Short gradient pulse 
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SNR Signal-to-noise ratio 

SOL Soleus muscle 

SPI Single-point imaging  

SPRITE Single-point ramped imaging with T1-enhancement 

ST Slice thickness 

T1WI T1-weighted image 

T2WI T2-weighted image 

TA Tibialis anterior muscle 

TDDC Time-dependent diffusion coefficient 

TE Echo time 

TR Repetition time 

uCT Micro-computed tomography 

WJMSC Wharton Jelly mesenchymal stem cells 

ZTE Zero echo time 
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I. MOTIVATION AND AIM 

“[…] the range of [NMR] microscopic applications  

is potentially enormous and, as yet, largely unexplored.” 

Paul T. Callaghan  

“Principles of Nuclear Magnetic Resonance Microscopy”, 1991 
 

The history of nuclear magnetic resonance (NMR) development is inextricably linked to 

the Nobel Prize-to-Nobel Prize path. It has all started in 1921 when Isidor Isaac Rabi, originally 

from Rymanów, currently Poland, presented a new method of measuring a nuclear magnetic 

moment. He passed a molecular beam of his sample through oscillating magnetic fields, for which 

he was awarded the Nobel Prize in 1944 (Boesch, 2004; Giunta and Mainz, 2020). Rabi’s work 

inspired and was transferred to the bulk solutions and solids by two independent researchers- Felix 

Bloch (Stanford University) and Edward Purcell (experiments in Harvard University, although 

originally connected to Massachusetts Institute of Technology). After successful experiments, they 

published their papers on NMR in 1946, although it was not immediately clear that they dealt with 

the same phenomenon. In 1952 they were awarded the Nobel Prize, and four years later the 

nomenclature was made consistent and to this day has been called nuclear magnetic resonance 

phenomenon. In the meantime, Nicolaas Bloembergen (Purcell’s postgraduate student), Purcell 

and Robert Pound published (in 1948) a theoretical and experimental considerations on the energy 

transfer between nuclear spins and their environment- spin-lattice relaxation, which was later called 

a “BPP theory” and become very important in the characterization of condensed matter. Two years 

after Bloch’s and Purcell’s discoveries, NMR gained a large attention in the research of a condensed 

matter and was applied in many fields of studies (science and technology) (Hennel, 1966), mainly 

to the analysis of a chemical and physical structure of molecules. 

About 40 years after the Bloch’s and Purcell’s Nobel Prizes, Richard R. Ernst won his 

Nobel Prize in 1991 in the field of chemistry for introducing a multidimensional spectroscopy using 

Fourier Transform. He gave, then, a very important Nobel Lecture in which he acknowledged many 

researchers, Nobel Laureates, who greatly contributed to the development of NMR, but never 

received a Nobel Prize- among others Bloembergen (for BPP theory) or Norman F. Ramsey (for 

introducing the concept of the chemical shift and J coupling). In 2002 Kurt Wuthrich received the 

Nobel Prize “for his development of nuclear magnetic resonance spectroscopy for determining the 

three-dimensional structure of biological macromolecules in solution” (proteins) (Boesch, 2004) 

and one year later the history looped the loop when in 2003 Paul C. Lauterbur and Sir Peter 

Mansfield shared the Nobel Prize for their impact on the medical magnetic resonance imaging 

(MRI). In 1973, they reported the first NMR image- proton spin density maps, and the relationship 
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between the spin density and the NMR signal, respectively (Callaghan, 1991). However, transfer to 

the practical medicine was not until 1986, when the first NMR micrographs were produced 

(Callaghan, 1991). Last but not least, the great appreciation should be given to the polish scientists. 

Andrzej Hrynkiewicz, Jacek Hennel and Olgierd Korybut-Daszkiewicz were the first, who obtained 

the NMR signal in Poland in 1953, here in Cracow. Thus, making the city the cradle of polish NMR 

research. The first NMR image was obtained by Andrzej Jasiński, who completed a scientific 

internship under the supervision of the Nobel laureate prof. Peter Mansfield. A. Jasiński group 

worked on the development of MRI equipment for the tomographic microscopy. They succeeded 

in 1993 and started research on the bee anatomy. The NMR tomographic microscope allowed them 

to study water diffusion in tissues, such as the spinal cord, for which they implemented diffusion 

tensor imaging (DTI) for the first time in Poland and almost along with the first DTI technique 

introduction reported by Peter J. Basser, James Mattiello and Denis Le Bihan in 1994. 

It has been nearly 80 years since the first NMR developments. The history shows that NMR 

research area is a Nobel Prize worthy, while between subsequent discoveries, numerous 

applications were found. The chapter opening quote was derived from the Paul T. Callaghan’s book 

pressed in 1991 (Callaghan, 1991), and after 30 years it seems still valid. Technical, electronical, 

material and computer science progress supports constantly emerging NMR techniques and new 

equipment. The possibilities they offer are enormous, in the laboratory as well as in the clinical 

research. The rapid pace of progress in the last 20 years has led to the point where by using NMR 

it is possible to study single molecules, in-cell processes, to image at very high spatial and temporal 

resolutions, moving objects such as heart, and use NMR metrics as disease biomarkers in clinical 

practice. This is due to the fact that although initially found exotic, NMR and MRI equipment have 

quickly become essential in modern laboratories and hospitals. Widespread access to the equipment 

has resulted in an increase in the number of applications in different fields of study besides 

chemistry and physics, such as geology, medicine and material science, but there is still more to 

explore. 

The motivation of this dissertation was mainly the NMR history briefly presented above. It 

can be seen how NMR- originally a physical tool, evolved into Nobel Prize worthy applications in 

chemistry and medicine. The growing interest and ubiquitous statements about the potential of 

NMR, as well as the experience and ideas of the Advisors of this work, were the motivation to 

contribute to bridging the gap between the possibilities and undiscovered applications of NMR. The 

development of the NMR hardware creates predispositions for applying MRI (mainly diffusion 

contrast) to describe biophysical processes and biochemical, time-related changes inside the cell on 

a smaller and smaller scale, as well as for a deeper insight into the microstructure of the examined 

system in a non-invasive way. It is worth noting that diffusion MRI, as a non-invasive technique, 

has found a number of applications in many fields of science, mainly in medicine. According to 
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PubMed, there is an exponential increase of publications for the keywords "diffusion" and "MRI" 

in the title or abstract. Moreover, according to SciVal, in the years 2011-2020, as many as 45 548 

articles were published in the thematic cluster "Magnetic Resonance Imaging; brain; Diffusion”, of 

which 3 984 under the theme “Diffusion Weighted Imaging”. In addition, according to PubMed, 

the number of articles with the keywords "microstructure" and "MRI" in the title or abstract doubles 

every 2.7 years (2 047 publications), and "cells" and "biophysical" doubles every 7 years for a total 

of 10 065 publications (Fig. 1). However, despite the huge development of the diffusion MRI 

technique, it is not fully explored in practice. For example, it can be seen that despite the increasing 

number of articles on diffusion MRI, their citation decreases each year (-10% for "Diffusion 

Weighted Imaging" in the years 2011-2020 according to SciVal). On the other hand, numerous 

national grants of the National Center for Research and Development can be cited, e.g.: 

"Regeneration of ischemic damage to the cardiovascular system using Wharton jelly as an unlimited 

source of therapeutic stem cells", and European ERC and Horizon 2020, e.g.: "Magnetic resonance 

imaging platform for probing fat microstructure", "Frontier research in arterial fiber remodeling for 

vascular disease diagnosis and tissue engineering", "MRI based mapping of microscopic brain 

composition in a mouse model of Alzheimer's disease", which were awarded in recent years for 

research using diffusion MRI. Therefore, the conclusion is that the applications of the method are 

constantly developing, more and more publications related to it are being published, but there is 

still a barrier to routine applications. To overcome the existing barriers, the development of new, 

more advanced models and methods, as well as additional experimental work are required. 

The aim of this doctoral thesis is the development of new applications of NMR in various 

porous systems encountered in geology, biology, medicine, as well as in synthetic porous materials. 

Special focus was put on the improvement of quantitative characterization of nano- and micrometric 

scale porous systems, where the main challenge is inhomogeneous magnetic field and non-uniform 

magnetic field gradients. The overall goal of the conducted research was to somehow overcome the 

existing barriers and at the same time to deliver tools or open the research paths for Scientists from 

other fields of study. 
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Fig. 1. Number of publications (according to PubMed) per year containing keywords (title and 

abstract) given in quotation marks. Power functions shown in the panels were fitted to the data, 

while “*” in the first panel indicates interval fitting of exponential functions. 
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II. INTRODUCTION 

1. NUCLEAR MAGNETIC RESONANCE THEORY 

1.1. Nuclear magnetization 

Atomic nucleus can have its own angular momentum called spin. From this spin arises the 

magnetic dipole moment, μ: 

 𝝁 = 𝛾ℏ𝑰,  (1.1) 

where 𝛾 is gyromagnetic ratio, ℏ is Planck’s constant, ℎ, divided by 2𝜋 and 𝑰 is quantum operator 

of a spin. For atomic nucleus with magnetic moment, μ, spin-up and spin-down states can be 

separated when it is placed in the static magnetic field, 𝑩𝟎, due to the splitting of the atomic energy 

levels, which is called Zeeman effect. The interaction energy of μ in the external magnetic field, 

𝑩𝟎 , (Zeeman interaction) is equal to −𝝁 ∙ 𝑩𝟎 . In 𝐵0  that is magnetic field oriented along the 

laboratory 𝑧 axis, i.e. 𝑩𝟎 = (0, 0, 𝐵0), the Hamiltonian- the energy operator, can be determined 

using classical potential energy formula (𝐸 = −𝝁 ∙ 𝑩𝟎), which gives 

 ℋ = −𝛾ℏ𝐵0𝐼𝑧,  (1.2) 

where 𝐼𝑧  is 𝑧 -th coordinate of 𝑰  and the eigenvalues, 𝑚 , of 𝐼𝑧  can be equal to −𝐼  to 𝐼 . The 

eigenvalues of the Hamiltonian in (1.2) are defined as 

 𝐸(𝑚) = −𝛾ℏ𝐵0𝑚,  (1.3) 

which is called the energy level of a nuclear spin in a magnetic field and 𝑚 is magnetic spin 

quantum number. For nucleus with spin quantum number 𝐼 , there is 2𝐼+1 energy levels. The 

distance between two adjacent energy levels (Δ𝑚 = ±1) is equal to 

  Δ𝐸 = 𝐸(𝑚 + 1) − 𝐸(𝑚) = −𝛾ℏ𝐵0.  (1.4) 

This thesis focused on the hydrogen nucleus (proton) resonance, for which 𝐼 =
1

2
 and 𝛾=267519000 

1

𝑇∙𝑠
. 

A macroscopic hydrogen-rich sample (e.g. 1 ml of water, which will have 6.68∙1022 

hydrogen nuclei) in a magnetic field will contain two proton populations in two different 

eigenstates. According to the Boltzmann distribution, there will be a surplus of protons on the higher 

energy level. This results in the resultant magnetic moment per sample’s volume, which is called 

magnetization, 𝑴. Magnetization can be defined in terms of the magnetic field induction as 

 𝑴 = 𝜒𝑩𝟎,  (1.5) 
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where 𝜒 =
𝜒∞

𝜇0
 is magnetic susceptibility, while 𝜒∞ is magnetic susceptibility in equilibrium and 

𝜇0 ≈ 4𝜋 ∙ 10−8 𝐻

𝑚
 is permeability of free space. 

1.2.  Larmor precession 

 Magnetic moment of a non-zero spin nucleus placed in the external magnetic field will 

experience a torque tending to align it. However, due to already existing angular momentum, this 

torque induces precessional motion instead. The phenomenon is called Larmor precession. Based 

on the quantum mechanics rules, magnetic moment’s eigenstate function can be presented as the 

product of time independent and time dependent factors. The latter describes the rotational motion 

of 𝑥𝑦 component of a magnetic moment in time with the angular velocity given by 

 𝝎𝟎 = 𝛾𝑩𝟎,  (1.6) 

called Larmor frequency, while the motion phase is equal to 𝛾𝑩𝟎𝑡, where 𝑡 is the time spent by the 

nucleus in a magnetic field. 

1.3.  Nuclear magnetic resonance (resonant excitation) 

 Let us consider a disturbance of a spin’s motion caused by the additional, oscillating 

magnetic field 𝑩𝟏 applied transversely to the main magnetic field, 𝐵0. The operator of the spin’s 

energy in a laboratory frame of reference is then dependent on the two magnetic fields interacting 

with this spin: 

 ℋ𝑙𝑎𝑏 = −𝛾ℏ𝐵0𝐼𝑧 − 2𝛾𝐵1 cos(𝜔𝑡) 𝐼𝑥,  (1.7) 

where 𝐼𝑥 is 𝑥-th coordinate of 𝑰. The Hamiltonian can be made time-independent if presented in the 

rotating frame of reference as given by 

 ℋ𝑟𝑜𝑡 = −𝛾 (𝐵0 −
𝜔

𝛾
) 𝐼𝑧 − 𝛾𝐵1𝐼𝑥. (1.8) 

The magnetic resonance occurs when 𝜔 = 𝜔0. According to the bracket in (7) such value of 𝜔 

causes 𝐵0 vanishing, so that at resonance spins precess around the 𝑩𝟏.  

 Macroscopically, the NMR signal in the receiver coil is built from the magnetization vector, 

𝑴, disturbed by 𝑩𝟏 transverse to 𝑩𝟎 and returning to the equilibrium. The time evolution of 𝑴 is 

described by 

 
d𝑴

d𝑡
= 𝛾𝑴 × 𝑩, (1.9) 

where 𝑩 is the effective magnetic field coming from 𝑩𝟎 and 𝑩𝟏. At the resonance: 



15 
 

 𝑩𝟏(𝑡) = 𝐵1 cos(𝜔0𝑡) 𝐢 − 𝐵1 sin(𝜔0𝑡) 𝐣,  (1.10) 

where 𝐢, 𝐣 and 𝐤 are versors of the laboratory 𝑥, 𝑦 and 𝑧 axes, respectively, and by using (8), the 

evolution of the individual components of 𝑴 are given by the following equations: 

 
d𝑀𝑥

d𝑡
= 𝛾[𝑀𝑦𝐵0 + 𝑀𝑧𝐵1 sin(𝜔0𝑡)], (1.11a) 

 
d𝑀𝑦

d𝑡
= 𝛾[𝑀𝑧𝐵1 cos(𝜔0𝑡) − 𝑀𝑥𝐵0], (1.11b) 

 
d𝑀𝑧

d𝑡
= 𝛾[−𝑀𝑥𝐵1 sin(𝜔0𝑡) − 𝑀𝑦𝐵1 cos(𝜔0𝑡)]. (1.11c) 

Assuming that in the time 𝑡 = 0 𝑴 = 𝑀0𝐤, the solution of equations (11) is 

 𝑀𝑥 = 𝑀0 sin(𝜔1𝑡) sin(𝜔0𝑡), (1.12a) 

 𝑀𝑦 = 𝑀0 sin(𝜔1𝑡) cos(𝜔0𝑡), (1.12b) 

 𝑀𝑧 = 𝑀0 cos(𝜔1𝑡), (1.12c) 

where 𝜔1 = 𝛾𝐵1. The manipulation of the magnetization vector via the radiofrequency (RF) pulses 

is the foundation of every NMR experiment. There is much experimental capacity in manipulating 

both 𝜔1 and RF duration. The latter determines the angle ϕ = 𝜔1𝑡, by which 𝑴 can be tipped. The 

most popular is to tip the magnetization by the angle of 90⁰ in order to obtain the maximal signal in 

the receiver coil, however, lower angles can be useful for fast imaging sequences. 

Nuclear magnetic resonance can thought as a quantum radiation absorption. If 𝛥𝐸 between 

two spin’s energy levels is given by (4), then resonant absorption of RF pulse energy will occur for 

RF quants with frequency of 𝜈 =
Δ𝐸

ℏ
. It can also be proved, that by using RF coils only Δ𝑚 = ±1 

quantum leaps are possible. 

1.4.  Relaxation 

Magnetization disturbed by the oscillating field, right after the RF pulse starts to release 

gained energy in order to come back to the thermal equilibrium given by the state 𝑀0𝐤. The 

equilibrium can be restored through the exchange of energy of magnetization and its environment, 

called “lattice”. The process of the restoration is therefore called spin-lattice relaxation and is 

described by the equation 

 
d𝑀𝑧

d𝑡
= −

𝑀𝑧−𝑀0

𝑇1
 (1.13) 

with solution 
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 𝑀𝑧(𝑡) = 𝑀𝑧(0) exp (−
𝑡

𝑇1
) + 𝑀0 (1 − exp (−

𝑡

𝑇1
)), (1.14) 

where 𝑇1  is the time constant of the process called spin-lattice or longitudinal relaxation time 

(restoration of the longitudinal to 𝐵0 component). 

The growth of the longitudinal magnetization is inherently connected with the 

disappearance of the transverse component. However, phase coherence of spin states in the 

transverse plane is lost faster than spin-lattice relaxation due to the dipole-dipole interactions 

between nuclear and electronic magnetic moments, as well as among nuclear moments. Hence, 

transverse relaxation is a process of returning to equilibrium among spins, and therefore is called 

spin-spin relaxation and is described as 

 
d𝑀𝑥𝑦

d𝑡
= −

𝑀𝑥𝑦

𝑇2
 (1.15) 

with solution 

 𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0) exp (−
𝑡

𝑇2
), (1.16) 

where 𝑇2  is spin-spin or transverse relaxation time, 𝑀𝑥𝑦  is the transverse component of 

magnetization and 𝑀𝑥𝑦(0) is the initial transverse component, i.e. the 𝑀𝑥𝑦 length right after turning 

off the RF pulse. This exponential behavior applies when the spin-spin interactions are weak, for 

example in liquid samples. Macromolecules or solids can exhibit more complicated transverse 

signal decay. 

1.5.  Diffusion 

Self-diffusion is a random translational motion of molecules having thermal energy, 

therefore occurs always in temperature higher than 0 K. According to Stokes-Einstein equation, 

macroscopically it is strictly dependent on the size of molecules: 

 𝐷 =
𝑘𝑇

6𝜋𝜂𝑟𝑆
, (1.17) 

where 𝐷 is self-diffusion coefficient, 𝑘 is the Boltzmann constant, 𝑇 is temperature, 𝜂 is viscosity 

of a solution and 𝑟𝑆 is Stokes (hydrodynamic) radius.  

As mentioned in the previous section, the existence of transverse magnetization is directly 

related to the spins phase coherence. Thus, the influence of diffusional motion on the spins phase 

will be presented. Diffusion NMR relies on the intended disturbance of magnetic field, i.e. on the 

magnetic field gradients. In the experiment, only diffusion along the magnetic field gradient, 𝑮, is 

measured and 
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 𝑮 = 𝛁𝑩𝟎 =
𝜕𝐵0

𝜕𝑥
𝐢 +

𝜕𝐵0

𝜕𝑦
𝐣 +

𝜕𝐵0

𝜕𝑧
𝐤. (1.18) 

The gradient reassures the spatially dependent spin precession frequency, 𝜔(𝒓), given by 

 𝜔(𝒓) = 𝜔0 + 𝛾(𝑮 ∙ 𝒓). (1.19) 

Microscopically, molecular self-diffusion can be pictured as the displacement composed of discrete 

hops separated by the time step 𝜏𝑠, so that in the time 𝑡 = 𝑛𝜏𝑠 molecule does 𝑛 jumps. If we denote 

𝜉 for the root mean square (r.m.s.) displacement in one dimension and 𝑎𝑖 for a random number 

equal to ±1, then the displacement along an arbitrary axis is 

 𝐿(𝑛𝜏𝑠) = ∑ 𝜉𝑎𝑖
𝑛
𝑖=1  (1.20) 

and r.m.s. displacement along this axis is 

 < 𝐿2(𝑛𝜏𝑠) >= 𝑛𝜉2. (1.21) 

Defining self-diffusion coefficient as  

 𝐷 =
𝜉2

2𝜏𝑠
 (1.22) 

ones obtain the formula on r.m.s. displacement, which is known as Einstein-Smoluchowski 

equation: 

 〈𝑍2(𝑡)〉 = 2𝑑𝐷𝑡, (1.23) 

where 〈𝑍2(𝑡)〉 is the r.m.s. displacement of molecules after the time 𝑡 and 𝑑 is number of diffusion 

dimensions. 

Next, local Larmor frequency in (19) can be presented as 

 𝜔(𝑛𝜏𝑠) = 𝛾𝐵0 + 𝛾𝐺 ∑ 𝜉𝑎𝑖
𝑛
𝑖=1  (1.24) 

and the cumulative phase angle change after time 𝑡 is 

 Δ𝜙(𝑡) = 𝛾𝐺𝜉𝜏𝑠 ∑ (𝑛 + 1 − 𝑖)𝑎𝑖
𝑛
𝑖=1 . (1.25) 

Phase modulation of transverse magnetization due to diffusional motion can be evaluated by the 

determination of the coefficient exp(iΔ𝜙) assuming Gaussian phase distribution, 𝑃(Δ𝜙), from: 

 exp(iΔ𝜙) = ∫ 𝑃(Δ𝜙) exp(iΔ𝜙)d(Δ𝜙)
∞

−∞
, (1.26) 

which yields 

 exp(iΔ𝜙) = exp (−
Δ𝜙2

2
), (1.27) 
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and assuming large number of steps, 𝑛, and by using (25) we get 

 Δ𝜙2 =
1

3
𝛾2𝐺2𝜏𝑠

2𝜉2𝑛3. (1.28) 

Substituting (22) and using (23) for one dimension case (𝑑 = 1), we obtain the signal attenuation 

due to the self-diffusion in the presence of steady gradient 

  exp(iΔ𝜙) = exp (−
1

3
𝛾2𝐺2𝐷𝑡3). (1.29) 

For the spin-echo pulse sequence in steady gradient (𝜋-pulse in the middle of the distance between 

𝑡 = 0 and 𝑡) the net phase shift is equal to  

 Δ𝜙2 =
1

12
𝛾2𝐺2𝐷(𝑇𝐸)3, (1.30) 

where 𝑇𝐸 is echo time, while for pulsed-gradient spin echo sequence (PGSE) (gradient pulses with 

duration 𝛿 on the both sides of the 𝜋-pulse and separated by the time interval of 𝛥 instead of steady 

gradient)  

 Δ𝜙2 = 2𝛾2𝐺2𝛿2𝐷 (Δ −
𝛿

3
). (1.31) 

Using (31) and (27) we obtain the attenuation due to self-diffusion in PGSE, which can be denoted 

as signal attenuated, 𝑆, to signal not attenuated by diffusion, 𝑆0, ratio 

 
𝑆

𝑆0
= exp⁡(−𝛾2𝐺2𝛿2𝐷 (Δ −

𝛿

3
) = exp(−𝑏𝐷), (1.32) 

which is known as the Stejskal-Tanner equation, where 𝑏  coefficient is called 𝑏 -value and 

determines the strength of the diffusion-weighting in the NMR signal. This equation was derived 

under the assumption that the magnetic field gradient is time-dependent and independent on the 

position in space, meaning that the gradient is homogeneous. However, numerous works showed, 

that magnetic field time-dependent gradients are non-uniform (Bammer et al., 2003; Doran et al., 

2005; Du and Parker, 1996; Janke et al., 2004; Krzyżak and Olejniczak, 2015). The theoretical 

description for non-uniform magnetic field gradients was proposed and called the generalized 

Stejskal-Tanner equation (Borkowski and Krzyżak, 2018), for which Stejskal-Tanner equation is a 

special case for homogeneous gradient. 

1.6.  Magnetization motion description: Bloch and Bloch-Torrey equations 

In 1946 Felix Bloch for the first time formulated the problem of the magnetization motion 

in the effective field coming from the static and oscillating fields. This was made under the 

assumptions that the magnetization motion is a superposition of a precession in an effective field 

and relaxation according to (13)-(16). The obtainment of the equations describing magnetization 
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motion can be commenced from the analysis of the velocity of the magnetization vector tip. In a 

rotating frame of reference, effective magnetic field is given by 

 𝑩 = (𝐵0 +
𝜔1

𝛾
) 𝐤 + 𝐵1𝐢. (1.33) 

Velocity coordinates in the precession motion can be determined using (9) and (33), which gives 

 [𝑀𝑦(𝛾𝐵0 + 𝜔1),𝑀𝑧𝛾𝐵1 − 𝑀𝑥(𝛾𝐵0 + 𝜔1), −𝑀𝑦𝛾𝐵1], (1.34) 

while in relaxation motion using (14) and (16), which gives 

 [−
𝑀𝑥

𝑇2
, −

𝑀𝑦

𝑇2
, −

𝑀𝑧−𝑀0

𝑇1
]. (1.35) 

Vector sum yields 

 
𝑑

𝑑𝑡
𝑀𝑥 = 𝑀𝑦(𝛾𝐵0 + 𝜔1) −

𝑀𝑥

𝑇2
,  (1.32a) 

 
𝑑

𝑑𝑡
𝑀𝑦 = −𝑀𝑥(𝛾𝐵0 + 𝜔1) + 𝛾𝐵1𝑀𝑧 −

𝑀𝑦

𝑇2
,  (1.36b) 

 
𝑑

𝑑𝑡
𝑀𝑧 = −𝑀𝑦𝛾𝐵1 −

(𝑀𝑧−𝑀0)

𝑇1
,  (1.36c) 

which are known as Bloch equations (Bloch, 1946). 

In 1956 Henry C. Torrey generalized Bloch equations (36) by adding the contribution of 

the self-diffusion of magnetization. He introduced diffusion current density of magnetization 

concept. First, in arbitrarily chosen 𝑥 axis of the laboratory frame general formula for diffusion 

current density was shown, which contained the drift velocity 𝑽. Applying formulas on the force 

acting on spins (derivative of potential energy of magnetic moments in external magnetic field 𝑩𝟎) 

and Einstein’s conductivity, 𝐾 =
𝑘𝑇

𝐷
, the diffusion currents parallel (+) and anti-parallel (-) to 𝑥 axis 

were given as 

 𝒋± = ±(
𝐷

𝑘𝑇
) 𝑛±∇𝐵𝑥 − 𝐷∇𝑛±,  (1.37) 

where 𝑛± denotes for parallel (+) and anti-parallel (-) to 𝑥 axis spins, 𝑘 is the Boltzmann’s constant 

and 𝑇 is temperature, and then, the diffusion current of the 𝑀𝑥 were given by 

 𝜇(𝒋+ − 𝒋−) = −𝐷∇(𝑀𝑥 − 𝑀0𝑥),  (1.38) 

where 𝑀0𝑥 is the 𝑥 component of magnetization in thermal equilibrium. 

Then, the rate of increase of the x component of magnetic moment in the volume element 𝛥𝑣 were 

calculated as 
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 ∫ (
𝜕𝑀𝑥

𝜕𝑡
)
𝐷

𝑑𝑣 = ∇ ∙ 𝐷∇(𝑀𝑥 − 𝑀0𝑥)∆𝑣.  (1.39) 

Dividing by the volume element and repeating the analysis for the two remaining axes yielded 

 
𝜕𝑀𝑥

𝜕𝑡
= 𝑀𝑦(𝛾𝐵0 + 𝜔1) −

𝑀𝑥

𝑇2
+ ∇ ∙ 𝐷∇(𝑀𝑥 − 𝑀0𝑦),  (1.40a) 

 
𝜕𝑀𝑦

𝜕𝑡
= −𝑀𝑥(𝛾𝐵0 + 𝜔1) + 𝛾𝐵1𝑀𝑧 −

𝑀𝑦

𝑇2
+ ∇ ∙ 𝐷∇(𝑀𝑦 − 𝑀0𝑦),  (1.40b) 

 
𝜕𝑀𝑧

𝜕𝑡
= −𝑀𝑦𝛾𝐵1 −

(𝑀𝑧−𝑀0)

𝑇1
+ ∇ ∙ 𝐷∇(𝑀𝑧 − 𝑀0𝑧),  (1.40c) 

which are called Bloch-Torrey equations. It can be seen, that besides the new, self-diffusion term 

added to each equation, the time derivatives of the magnetization components are partial. This 

means that they refer to a particular point in space (Torrey, 1956). 

1.7.  NMR signal 

Bloch-Torrey equations can be presented in a vector form as 

 
𝜕𝑴(𝒓,𝑡)

𝜕𝑡
= 𝛾𝑴 × 𝑩0 −

𝑀𝑥𝐢+𝑀𝑦𝐣

𝑇2
−

(𝑀𝑧−𝑀0)𝐤

𝑇1
+ 𝐷∇2𝑴.  (1.41) 

Transverse magnetization can be defined as a complex number, which in a rotating frame gives 

 𝑀𝑥𝑦 = 𝑀𝑥 + 𝑖𝑀𝑦  (1.42) 

and using 𝑩𝟎 = 𝑮 ∙ 𝒓, (38) yields 

 
𝜕𝑀𝑥𝑦

𝜕𝑡
= −𝑖𝜔0𝑀𝑥𝑦 − 𝑖𝛾(𝑮 ∙ 𝒓)𝑀𝑥𝑦 −

𝑀𝑥𝑦

𝑇2
+ 𝐷∇2𝑀𝑥𝑦.  (1.43) 

In the absence of diffusion, 𝑀𝑥𝑦 is damped by the 𝑇2 relaxation according to the formula 

 𝑀𝑥𝑦 = 𝜙 exp (−𝑖𝜔0𝑡 −
𝑡

𝑇2
),  (1.44) 

where ϕ represents the magnetization amplitude unattenuated by relaxation. Then, by using (43) 

and after dropping irrelevant term, one gets 

 
𝜕𝜙

𝜕𝑡
= −𝑖𝛾(𝑮 ∙ 𝒓)𝜙 + 𝐷∇2𝜙.  (1.45) 

The first component reflects the attenuation due to inhomogeneity, while the second due to 

translational self-diffusion. The solution is 

 𝜙 = 𝑀0𝐴(𝑡) exp(−𝑖𝛾(𝑮 ∙ 𝒓)𝑡),  (1.46) 
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where 𝐴(𝑡) is given by (48) (Torrey, 1956). The NMR signal received in a coil is produced by the 

motion of transverse magnetization, which is a function of position, r, and time, t, described by the 

general formula containing all kinds of attenuation shown above according to 

 𝑴𝒙𝒚(𝒓, 𝑡) = 𝐴(𝑡) exp [−𝑖𝛾𝒓 ∙ ∫ 𝑮(𝑡′)𝑑𝑡′
𝑡

0
] exp (−

𝑡

𝑇2
),  (1.47) 

where 

 𝐴(𝑡) = exp [−𝐷𝛾2 ∫ (∫ 𝑮(𝑡")𝑑𝑡"
𝑡′

0
)
2
⁡𝑑𝑡′

𝑡

0
].  (1.48) 

In experimental practice, signal averaging is intended to enhance signal-to-noise ratio 

(SNR). As a result SNR is increased by 𝑁
1

2⁡, where 𝑁 is a number of experiments. However, there 

is a limitation of how often can the experiment be repeated. This is due to the fact, that excitation 

(the first, magnetization tipping rf pulse) should be performed on a fully-recovered, equilibrium 

magnetization. If inter-experimental delay (repetition time, 𝑇𝑅) is too short, then the effect of 

partial saturation can be observed. In such case, longitudinal equilibrium magnetization is different 

than the thermal equilibrium magnetization, and is equal to 

 𝑀𝑧 = 𝑀0

1−exp(−
𝑇𝑅

𝑇1
)

1−𝑐𝑜𝑠𝜃 exp(−
𝑇𝑅

𝑇1
)
 , (1.49) 

where 𝜃 is the angle by which the magnetization is tipped by the exciting rf pulse. 
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2. MAGNETIC RESONANCE IMAGING (MRI) 

Magnetic resonance imaging (MRI) relies on the application of additional imaging 

gradients. At the heart of MRI lies the dependence of Larmor frequency on the location in space of 

imaged nuclei given by (2.20). Neglecting chemical shifting and velocities of moving spins, NMR 

signal coming from the small volume element of the sample, d𝑉, where the local spin density is 

𝜌(𝒓), is 

 d𝑆(𝑮, 𝑡) = 𝜌(𝒓)𝑑𝑉𝑒𝑥𝑝(𝑖(𝛾𝐵0 + 𝛾𝑮 ∙ 𝒓)𝑡).  (2.1) 

Given that in phase-sensitive detection rf signal is mixed with the reference oscillation at 𝛾𝐵0 

frequency and the signal is detected at the differential frequency, 𝛾𝑮 ∙ 𝒓 (heterodyne mixing), signal 

amplitude can be written as 

 𝑆(𝑮, 𝑡) = ∭𝜌(𝒓)𝑒𝑥𝑝(𝑖(𝛾𝑮 ∙ 𝒓)𝑡) d𝒓,  (2.2) 

where d𝒓 represents a volume integration. Such integration has a Fourier transformation form, 

which was more obvious after the introduction of the reciprocal space, described by the vector 𝒌 

 𝒌 =
𝛾𝑮𝑡

2𝜋
,  (2.3) 

which has the unit of m−1. The signal and spin density are conjugate variables, and in the formalism 

of k-space they can be described as 

 𝑆(𝒌) = ∭𝜌(𝒓)𝑒𝑥𝑝(𝑖2𝜋𝒌 ∙ 𝒓) d𝒓,  (2.4) 

and 

 𝜌(𝒓) = ∭𝑆(𝒌)exp(−𝑖2𝜋𝒌 ∙ 𝒓) d𝒌.  (2.5) 

2.1. Selective excitation 

Suppose that gradient is longitudinal to the 𝑧-axis of the laboratory frame and equal to 𝐺𝑧. 

The Bloch equations are now 

 
𝑑𝑀𝑥

𝑑𝑡
= 𝛾𝑀𝑦𝐺𝑧𝑧,  (2.6a) 

 
𝑑𝑀𝑦

𝑑𝑡
= 𝛾(𝑀𝑧𝐵1(𝑡) − 𝑀𝑥𝐺𝑧𝑧),  (2.6b) 

 
𝑑𝑀𝑧

𝑑𝑡
= −𝛾𝑀𝑦𝐵1(𝑡),  (2.6c) 

the solution of which yields the complex signal (2.39), 𝑀𝑥𝑦 equal to 

 𝑀𝑥𝑦 = −𝛾𝑀0 exp(−𝑖𝛾𝐺𝑧𝑧𝑇) ∫ 𝐵1(𝑡) exp(−𝑖𝛾𝐺𝑧𝑧𝑡) d𝑡
𝑇

−𝑇
,  (2.7) 
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where the integral is a Fourier transform (spectrum) of an excitation RF pulse with a duration from 

−𝑇 to 𝑇. Equation (2.7) tells us that i) the NMR signal is proportional to the amplitude of the RF 

spectrum at plane 𝑧, ii) spins at 𝑧 have the net phase shift of 𝛾𝐺𝑧𝑧𝑇. Due to its result on the NMR 

signal, 𝐺𝑧 is called slice-selective gradient. 

 In reality, selected slice will have a certain thickness of Δ𝑧, which will impose the usage of 

bandwidth term instead of a single frequency value. The bandwidth can be defined as 

 Δ𝜔 = 𝛾Δ𝑧𝐺𝑧,  (2.8) 

and if it is the same in case of an RF pulse, then the slice of thickness Δ𝑧 can be excited. 

2.2. Slice image reconstruction 

After the slice excitation, two-dimensional (2D) image reconstruction can be done by the 

𝒌-space sampling. Fourier transform of the 𝒌 -space gives the image. 𝒌-space sampling requires 

two additional gradients in the slice plane, 𝐺𝑥 and 𝐺𝑦, and is performed for finite number of points, 

which determines the image matrix. Matrix can be distributed based on the Cartesian or polar 

coordinates. In terms of the theory, Cartesian raster is simpler and known as Fourier imaging. In 

Fourier imaging 𝑥  and 𝑦  coordinates are the directions of signal readout and phase encoding, 

respectively. Therefore, 𝐺𝑥 and 𝐺𝑦 are called “read” (or frequency encoding) and phase encoding 

gradients. Those gradients encode the position of a group of spins by imparting the frequency and 

phase modulation to the NMR signal. Using (2.4), signal is 

 𝑆(𝑘𝑥 , 𝑘𝑦) = ∫ ∫ ∫ 𝜌(𝑥, 𝑦, 𝑧) exp (𝑖2𝜋(𝑘𝑥𝑥 + 𝑘𝑦𝑦))d𝑥 d𝑦
∞

−∞

∞

−∞
d𝑧

𝑆𝑇/2

−𝑆𝑇/2
,  (2.9) 

where 𝑆𝑇 is slice thickness. The image is reconstructed via inverse Fourier transformation of (2.9) 

 𝜌(𝑥, 𝑦) = ∫ ∫ 𝑆(𝑘𝑥 , 𝑘𝑦) exp (−𝑖2𝜋(𝑘𝑥𝑥 + 𝑘𝑦𝑦)) d𝑘𝑥 d𝑘𝑦
∞

−∞

∞

−∞
,  (2.10) 

where the one integral was omitted and 𝜌(𝑥, 𝑦) is the volume spin density averaged normal to the 

slice.  

In (2.9) and (2.10) 𝑥 and 𝑦 components of the k-space vector are defined as 

 𝑘𝑥 =
𝛾𝐺𝑥𝑡𝑥

2𝜋
,  (2.10) 

 𝑘𝑦 =
𝛾𝐺𝑦𝑡𝑦

2𝜋
,  (2.10) 

where 𝑡𝑥 and 𝑡𝑦 denote for the two different time periods and association with gradients in 𝑥 and 

𝑦 direction, respectively, and should not be understood as time coordinates. 𝒌–space vector’s 
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components determine spatial resolution of an image. It may be user-adjusted by setting number of 

points in readout direction and phase lines, together with the area ones want to image- field of view 

(FOV). For 𝑘𝑥  and 𝑘𝑦  from the range of −𝑘𝑥,𝑚𝑎𝑥  to 𝑘𝑥,𝑚𝑎𝑥  and −𝑘𝑦,𝑚𝑎𝑥  to −𝑘𝑦,𝑚𝑎𝑥 , 

respectively, 

  Δ𝑘𝑥 =
1

𝐹𝑂𝑉𝑥
,  (2.11) 

 Δ𝑘𝑦 =
1

𝐹𝑂𝑉𝑦
,  (2.12) 

where 𝐹𝑂𝑉𝑥 and 𝐹𝑂𝑉𝑦 are image spatial dimension along x and y axis, respectively. The volume 

element (voxel) size is⁡𝛥𝑥⁡ × ⁡𝛥𝑦 × ⁡𝛥𝑧 = 𝑆𝑇, where 𝑆𝑇 is slice thickness and pixel’s width and 

height can be defined using reciprocal space as 

 Δ𝑥 =
1

𝑘𝑥,𝑚𝑎𝑥−(−𝑘𝑥,𝑚𝑎𝑥)
=

1

𝑘𝐹𝑂𝑉,𝑥
,  (2.11) 

 Δ𝑦 =
1

𝑘𝑦,𝑚𝑎𝑥−(−𝑘𝑦,𝑚𝑎𝑥)
=

1

𝑘𝐹𝑂𝑉,𝑦
.  (2.12) 

 There are numerous 𝒌-space sampling schemes (Cartesian, radial, spiral, “zig-zag”) and 

acquisition techniques. The most popular is echo-planar imaging (EPI), which is a fast imaging 

technique and therefore, it is routinely used in clinical practice. It relies on multiple 𝒌-space lines 

(phases) sampling within a single shot. If the whole 𝒌 -space is sampled within a single shot, then 

the imaging sequence is called “single-shot EPI”, otherwise, if several pulses are used to sample 

the 𝒌-space, then the sequence is called “multi-shot EPI”. 
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3. EFFECTS OF RESTRICTIONS 

3.1.  𝑻𝟐 Relaxation 

The most common pulse sequence for measuring transverse relaxation is Carr-Purcell-

Meiboom-Gill’s one (CPMG), which relies on the RF pulse tipping the magnetization by 90°          

(
𝜋

2
-pulse) and a series of 𝑛⁡𝜋-pulses at times 𝜏, 3𝜏, 5𝜏, etc., following the 

𝜋

2
-pulse, up to the time          

𝑡 = 𝑛𝜏. For such pulse sequence, a natural consequence of equation (2.44) is the echo amplitude 

exponential decay with the effective (experimental) 𝑇2 relaxation time constant, given by 

 
1

𝑇2
=

1

𝑇2𝑏𝑢𝑙𝑘
+

1

3
𝐷𝛾2𝐺2𝜏2.  (3.1) 

When researchers noticed discrepancies between 𝑇2s of bulk liquids and in confided geometries, 

such as biological cells, a new theories were developed to correct for them. Initially, they relied on 

the necessity to change water properties in biological media in order to fit the experimental to 

theoretical values of transverse relaxation times. In 1979 Browstein and Tarr (Brownstein and Tarr, 

1979) presented a theory used to this day, which relied on two relaxation sink mechanisms, that 

encompassed diffusion (bulk volume sink) and bounding surface interactions (surfacelike sink). 

Their theoretical considerations resulted in the introduction of the transverse surface relaxivity, 𝜌2, 

concept used nowadays, that they originally called the mean sink strength density over the whole 

active surface. The theory greatly explained multimodal relaxation in restricted geometries in slow 

diffusion regime (meaning that the time window of the measurement is adequate for observing the 

effects of diffusion, otherwise the higher modes amplitude coming from diffusion and surface are 

too small in comparison to the ground mode associated with the transverse relaxation in the bulk 

volume). Hence, in restricting geometries spin echoes amplitude decays with the time constant 𝑇2 

given by 

 
1

𝑇2
=

1

𝑇2𝑏𝑢𝑙𝑘
+

1

𝑇2𝑠𝑢𝑟𝑓𝑎𝑐𝑒
+

1

𝑇2𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
,  (3.2) 

where 𝑇2𝑏𝑢𝑙𝑘 is 𝑇2 relaxation unaffected by sink mechanisms and for water (Coates et al., 1999) 

 𝑇2𝑏𝑢𝑙𝑘 ≅ 3 (
𝑇𝐾

298𝜂
),  (3.3) 

where 𝑇𝐾 is temperature and 𝜂 is viscosity,  

 
1

𝑇2𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=

𝜌2𝑆

𝑉
,  (3.4) 

where 𝜌2 is 𝑇2 surface relaxivity (the strength of the surface to cause additional spins dephasing 

and echo amplitude decrease) and 
𝑆

𝑉
 is surface-area to volume ratio of a confining geometry, and 

for CPMG the last component is equal to 
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1

𝑇2𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
=

1

3
𝐷𝛾2𝐺2𝜏2 =

𝐷𝛾2𝐺2(𝑇𝐸)2

12
,  (3.5) 

where echo time 𝑇𝐸 = 2𝜏. 

3.2. 𝑻𝟏 Relaxation 

𝑀𝑥𝑦  and 𝑀𝑧  magnetization components are mutually independent, since i) their initial 

values can be discretionary settled by the disturbance (such as RF pulse) and ii) their motion is 

governed by different rules (Hennel, 1966). Moreover, since 𝑀𝑥𝑦 visibility is governed by the spins 

coherence maintenance, its lifetime in the presence of disturbances was considered. In case of 𝑀𝑧, 

diffusion, convection and magnetic field inhomogeneity do not influence its decay and growth. The 

growth of 𝑀𝑧 depends on the surrounding (lattice) of the group of spins, and its ability to disperse 

kinetic energy through thermal motion (although in room temperatures the influence of longitudinal 

relaxation on the sample’s temperature has not been detected). Therefore, in confined geometries 

signal decays due to 𝑇1 relaxation occurs according to 

 
1

𝑇1
=

1

𝑇1𝑏𝑢𝑙𝑘
+

1

𝑇1𝑠𝑢𝑟𝑓𝑎𝑐𝑒
,  (3.6) 

where 𝑇1𝑏𝑢𝑙𝑘 is 𝑇1 relaxation unaffected by sink mechanisms and for water (Coates et al., 1999) 

 𝑇1𝑏𝑢𝑙𝑘 ≈ 𝑇2𝑏𝑢𝑙𝑘,  (3.7) 

and 

 
1

𝑇1𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=

𝜌1𝑆

𝑉
,  (3.8) 

where 𝜌1  is 𝑇1  surface relaxivity (the strength of the surface to speed up 𝑀𝑧  growth and echo 

amplitude decrease). 

3.3. Diffusion 

3.3.1. Spin echo free diffusion signal in reciprocal space 

The restrictions encountered by the diffusing molecule cause the changes in the 

displacement probability function (𝑃(𝒓|𝒓’, 𝛥)⁡may no longer be Gaussian, meaning that Gaussian 

phase approximation (GPA) is not fulfilled), but also impose time-dependence of diffusion 

coefficient and characteristic length scales. The total probability of finding a particle at location 𝒓’ 

at the time 𝑡 is given by 

 Ψ(𝒓′, 𝑡) = ∫Ψ(𝒓, 0)𝑃(𝒓|𝒓′, 𝑡)d𝒓, (3.9) 
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where Ψ(𝒓, 0) is the particle density, 𝜌(𝒓). Using Ψ(𝒓′, 𝑡) approach for the description of self-

diffusion seems a good alternative for Fick’s law, which describes the diffusion due to particle 

concentration differences, whereas Fick’s law description is possible using (9). If the Fick’s spatial 

derivatives are presented in terms of the displacement probability 

 𝑃(𝒓|𝒓′, 0) = 𝛿(𝒓 − 𝒓′), (3.10) 

where δ is Dirac’s function, then the Fick’s first law of diffusion is given by 

 𝑱 = −𝐷∇𝑃, (3.11) 

where 𝑱 is the “conditional probability flux” and 𝐷 is self-diffusion coefficient, whereas the Fick’s 

second law of diffusion: 

 
𝜕𝑃

𝜕𝑡
= −𝐷∇2𝑃. (3.12) 

The solution of (3.12) for the free (or unrestricted) diffusion gives 

 𝑃(𝒓|𝒓′, 𝑡) = (4𝜋𝐷𝑡)−
3

2 exp [−
(𝒓′−𝒓)2

4𝐷𝑡
]. (3.13) 

Equation (3.13) can be used to determine the “average propagator” function based on the concept 

of the dynamic displacement, which delivers the average probability for any particle to have a 

dynamic displacement 𝑹 over a time 𝑡 according to 

 𝑃(𝑹, 𝑡) = ∫𝑃(𝒓|𝒓 + 𝑹, 𝑡)𝜌(𝒓)d𝒓 = (4𝜋𝐷𝑡)−
3

2 exp [−
𝑹2

4𝐷𝑡
], (3.14) 

where 𝜌(𝒓) is particle density function. Introducing reciprocal 𝒒-space, so that 

 𝒒 =
𝛾𝛿𝑮

2𝜋
, (3.15) 

where 𝛾 is gyromagnetic ratio, 𝛿 is diffusion gradient pulse duration and 𝑮 is diffusion gradient 

vector, and assuming “short gradient pulse” (SGP) approximation (the assumption that during the 

diffusion gradient applied for a time 𝛿, the magnitude of diffusion is nonsignificant compared to 

the magnitude during 𝛥- diffusion gradients separation time, which can be denoted as 𝛥 ≫ 𝛿) the 

echo amplitude in PGSE sequence for unrestricted diffusion is given by 

 𝑆(𝒒) = ∫𝑃(𝑹, Δ) exp(𝑖2𝜋𝒒 ∙ 𝑹)d𝑹, (3.16) 

where Δ  is magnetic field diffusion gradient separation time, which in SGP can be assumed 

diffusion time. Solving (3.16) for PGSE of freely diffusing particles, one obtains the analogous 

formula for r.m.s. displacement, as that in 2.23. Thus, the statistical description of a motion of a 

spins ensemble is the second method for the derivation of the Einstein-Smoluchowski equation. 
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 This Fourier relation in 𝒒-space is in resemblance with imaging of spin density, 𝜌(𝒓), in 

𝒌-space (section 3). In this manner it was shown that molecular displacement due to self-diffusion 

can be an image contrast similarly to spin density. It can be seen that for unrestricted diffusion 

PGSE signal is sensitive to the averaged propagator, which is independent of the particle’s initial 

position, but the net displacement 𝑹 during 𝑡. This is obviously not true for confining media, where 

the influence of boundaries on the PGSE signal is expected and hence, 𝑃(𝒓|𝒓′, 𝑡)  should be 

analyzed. 

3.3.2. Spin echo attenuation functions for restricted diffusion 

 As shown by Tanner and Stejskal (Tanner and Stejskal, 1968), that adapting heat 

diffusional transport model and assuming boundary condition 𝑃(𝒓|𝒓′, 𝑡) = 0  at the edge of 

restriction, the diffusion propagator inside the laminar system (diffusion between two parallel, 

infinite barriers separated by the distance 𝑎): 

 𝑃(𝒓|𝒓′, 𝑡) = (4𝜋𝑎𝐷𝑡)−
3

2 exp [−
(𝒓′−𝒓)

||

2

4𝐷𝑡
] ×⁡ [1 + 2∑ exp (−

𝑛2𝜋2𝐷𝑡

𝑎2 ) cos (
𝑛𝜋𝒓′⊥

𝑎
) cos (

𝑛𝜋𝒓⊥

𝑎
)∞

𝑛=1 ],

 

  (3.17) 

where subscripts || and ⊥ denote for position vector in the direction parallel and perpendicular to 

the barriers. The attenuation of spin echo resulting from the diffusion in laminar system is 

 𝑆(𝒒) = exp(−4𝜋2𝒒||
2𝐷Δ) {

2[1−cos(2𝜋𝒒⊥𝑎)]

(2𝜋𝒒⊥𝑎)2
+

4(2𝜋𝒒⊥𝑎)2 ∑ exp (−
𝑛2𝜋2𝐷Δ

𝑎2 )
1−(−1)𝑛 cos(2𝜋𝒒⊥𝑎)

[(2𝜋𝒒⊥𝑎)2−(𝑛𝜋)2]2
⁡∞

𝑛=1 },

  (3.18) 

which is an exact solution for a given geometry. However, it is easier to analyze the problem of 

restricted diffusion using two diffusion limiting signal behavior: short-time (𝛥 ≪
𝑎2

2𝐷
) and long-

time (𝛥 ≫
𝑎2

2𝐷
) limits. The solution for different geometries are shown in table 1. 
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Table 1. Spin echo attenuation functions in short- and long-time diffusion limits in different 

geometries of size 𝑎 , for diffusion sensitizing gradient perpendicularly to the boundary and 

assuming SGP (laminar, rectangular) or GPA (spherical). 

Confining geometry Short-time limit (𝜟 ≪
𝒂𝟐

𝟐𝑫
) Long-time limit (𝜟 ≫

𝒂𝟐

𝟐𝑫
) 

Laminar 𝑆(𝑞) = exp(−4𝜋2𝑞2𝐷Δ) 𝑆(𝑞) =
2[1 − cos(2𝜋𝑞𝑎)]

(2𝜋𝑞𝑎)2
 

Rectangular 𝑆(𝑞) = exp(−4𝜋2𝑞2𝐷Δ) 𝑆(𝑞) =
2[1 − cos(2𝜋𝑞𝑎)]

(2𝜋𝑞𝑎)2
 

Spherical 𝑆(𝑞) = exp(−4𝜋2𝑞2𝐷Δ) 

𝑆(𝑞)

= exp(−4𝜋2𝑞2 (
1

5
𝑎2)) 

 

Long-time limit can be also investigated for small 2𝜋𝒒𝑎 ≪ 1 or 𝐺 ≪
1

𝛾𝛿𝑎
 (table 2). 

 

Table 2. Long-time limit for the further limit imposed on 𝒒𝑎 , so that 2𝜋𝒒𝑎 ≪ 1 in different 

confining geometries having size 𝑎. 

Confining geometry Long-time limit for 2𝜋𝒒𝑎 ≪ 1 limit 

Laminar 𝑆(𝑞) ≈ 1 −
1

12
(2𝜋𝑞𝑎)2 ≈ exp(−𝛾2𝛿2𝐺2𝐷𝑒𝑓𝑓Δ) , 𝐷𝑒𝑓𝑓 = 𝑎2/12Δ 

Rectangular 𝑆(𝑞) ≈ 1 −
1

12
(2𝜋𝑞𝑎)2 ≈ exp(−𝛾2𝛿2𝐺2𝐷𝑒𝑓𝑓Δ) , 𝐷𝑒𝑓𝑓 = 𝑎2/12Δ 

Spherical 𝑆(𝑞) =
9[2𝜋𝑞𝑎 cos(2𝜋𝑞𝑎) − sin(2𝜋𝑞𝑎)⁡]2

(2𝜋𝑞𝑎)6
 

 

Spin echo attenuation formula for all geometries can be summarized as (Åslund and Topgaard, 

2009) 

 ln(𝑆) = −2𝛾2𝐺2 ∑
1

𝛼𝑚
2 (𝛼𝑚

2 𝑅2+1−𝑑)
×

2𝛼𝑚
2 𝐷0𝛿−2+2𝐿(𝛿)+2𝐿(Δ)−𝐿(Δ−𝛿)−𝐿(Δ+𝛿)

(𝛼𝑚
2 𝐷0)

2
∞
𝑚=1 ,  (3.19) 



32 
 

where 𝐿(𝑡) = exp(𝛼𝑚
2 𝐷0𝑡), 𝑑 is the number of geometry dimensions (𝑑=1, 2 and 3 for planes, 

cylinder and sphere, respectively), 𝑅 is the half of the distance between restriction boundaries and 

𝛼𝑚 is 𝑚-th root of the⁡𝑛-th order Bessel function of the first kind given by 

 𝐽𝑑

2

(𝛼𝑚𝑅) − 𝛼𝑚𝑅𝐽
1+

𝑑

2

(𝛼𝑚𝑅) = 0.  (3.20) 

The restriction size can be obtained from the r.m.s. displacement < 𝑍(𝛿, 𝑡𝑑)2 > at weak gradients, 

where⁡𝑡𝑑 is diffusion time, obtained after inserting (3.19) to 

 < 𝑍(𝛿, 𝑡𝑑)2 >= −
2

𝛾2𝛿2 lim
𝐺→0

𝜕 ln(𝐸)

𝜕𝐺2 , (3.21) 

whereas some limits allowed the simplification of the exact solution: 

1) 𝛿 ≪
𝑅2

𝐷0
⁡⇒ ⁡ 〈𝑍(𝛿, 𝑡𝑑)2〉 = ⁡∑

1−𝐿(𝑡𝑑)

∝𝑚
2 (∝𝑚

2 𝑅2+1−𝑑)
∞
𝑚=1  (3.22) 

2) 𝑡𝑑 ≪
𝑅2

𝐷0
⁡⇒ 〈𝑍(𝛿, 𝑡𝑑)2〉 = 2𝐷0𝑡𝑑 (3.23) 

3) 𝑡𝑑 ≫
𝑅2

𝐷0
⁡⇒ 〈𝑍(𝛿, 𝑡𝑑)2〉 = 8∑

1

∝𝑚
2 (∝𝑚

2 𝑅2+1−𝑑)
⁡×⁡∞

𝑚=1
∝𝑚

2 𝐷0𝛿−⁡1+𝐿(𝛿)

(∝𝑚
2 𝐷0𝛿)

2  (3.24) 

4) 𝛿 ≫
𝑅2

𝐷0
, 𝑡𝑑 ≫

𝑅2

𝐷0
⁡⇒ 〈𝑍(𝛿, 𝑡𝑑)2〉 = 𝐶

𝑅4

𝐷0𝛿
 (3.25) 

5) 𝛿 ≪
𝑅2

𝐷0
, 𝑡𝑑 ≫

𝑅2

𝐷0
⁡⇒ 〈𝑍(𝛿, 𝑡𝑑)2〉 =

2

2⁡+⁡𝑑
𝑅2, (3.26) 

where in 4) 𝐶  is a constant dependent on the geometry, and 𝐶 =
8

15
,

7

24
 and 
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 for planar, 

cylindrical and spherical geometry, respectively. 

3.4. Time-dependent diffusion coefficient (TDDC) in porous systems 

3.4.1. Short-time diffusion behavior 

As shown by the Einstein-Smoluchowski equation diffusion coefficient is dependent on the 

observation time. The above formulas showed, that spin echo signal attenuation due to self-

diffusion is therefore also dependent on time. Preservation of SGP approximation allows the signal 

to be dependent on the diffusion time, which can be assumed to be 𝑡𝑑 = Δ. Finite pulse duration is 

possible, but then the echo amplitude attenuation is governed by the more complicated formulas 

with simplified long-time limits. Therefore, in this section the time-dependence of spin echo signal 

in diffusion-sensitive measurements will be analyzed in terms of general diffusion time, 𝑡𝑑, which 

also accounts for the finite magnetic field diffusion-sensitizing gradient pulse. 

Reflecting boundaries 

 Preserving 𝒒-space terminology, PGSE signal amplitude in a pore volume 𝑉 is 



33 
 

 𝑆(𝒒, 𝑡) =
1

𝑉
∫d𝒓d𝒓′ exp(𝑖𝒒 ∙ (𝒓 − 𝒓′)) 𝑃(𝒓 − 𝒓′, 𝑡), (3.27) 

where diffusion propagator satisfies equation (3.12), but for the sake of time-dependence analysis 

self-diffusion coefficient of a free liquid will be denoted as 𝐷0  and perfectly reflecting pore 

boundary will be assumed. The analysis of the spectrum and eigenfunctions of (3.12) delivers the 

information about the influence of restricting barriers. In short-time limit, √𝐷0𝑡𝑑 ≪ 𝑎, where 𝑎 is 

a pore size, only particles originating at 𝒓  close to the pore wall with surface area of 𝑆  will 

experience the contact with the wall (Fig. 2). Thus, the fraction of random walkers experiencing 

restricted diffusion instead of the free diffusion is 

 
√𝐷0𝑡𝑑𝑆

𝑉
.  (3.28) 

Due to this fraction, the observed TDDC, 𝐷𝑎𝑝𝑝(𝑡𝑑) slightly decreases according to (Mitra et al., 

1993) 

 
𝐷𝑎𝑝𝑝(𝑡𝑑)

𝐷0
= 1 −

4

3𝑑√𝜋

√𝐷0𝑡𝑑𝑆

𝑉
− (

1

4𝑑

𝑆

𝑉
𝐻⁡)𝐷0𝑡𝑑 + 𝑂 ((𝐷0𝑡𝑑)

3

2)⁡,  (3.29) 

where 𝑑 is again spatial dimension of confining geometry, i.e. pore, and 

 𝐻 =
1

𝑆
∫d𝜎 [

1

𝑅1
+

1

𝑅2
]⁡ (3.30) 

is the mean curvature averaged over the smooth parts of the surface, 𝑅1 and 𝑅2 are the principal 

radii of the curvature at each point on the solid-pore space interface. 

 

Fig. 2. Schematic representation of diffusion in a short- (a) and long-time limit (b). Random walkers 

paths are presented within a single circular pore. Based on the r.m.s. displacement of particles, 

diffusion (ℓ𝐷) and structural (ℓ𝑆) characteristic length scales are depicted.  
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Partially absorbing boundaries 

Partially absorbing pore walls can be depicted as boundaries with a certain surface 

relaxivity, 𝜌, due to which the number of random walkers is not preserved. The analysis of the 

surviving particles (those who did not experienced surface absorption) has to consider 

magnetization sinks. In this case, the short-time behavior is described as (Mitra et al., 1993) 

 
𝐷𝑎𝑝𝑝(𝑡𝑑)

𝐷0
= 1 −

4

3𝑑√𝜋

√𝐷0𝑡𝑑𝑆

𝑉
− (

1

4𝑑

𝑆

𝑉
𝐻 +

1

2𝑑

𝜌𝑆

𝑉
⁡) 𝐷0𝑡𝑑 + 𝑂 ((𝐷0𝑡𝑑)

3

2)⁡,  (3.31) 

where 𝜌 is surface relaxivity. 

3.4.2. Long-time diffusion behavior 

 Long-time regime is more complicated, since in a pore particles cannot diffuse freely. 

However, porous diffusion propagator can be thought as a Gaussian modulated by the presence of 

excluded regions (solid phase, for example rock matrix, grains, etc.), for which the ansatz was 

proposed (Mitra et al., 1992) 

 𝑃(𝒓 − 𝒓′, 𝑡𝑑) =
𝐶(𝑡𝑑)

(4𝜋𝐷1(𝑡𝑑)𝑡𝑑)
𝑑
2 ⁡

exp (−
(𝒓−𝒓′)

2

4𝐷1(𝑡𝑑)𝑡𝑑
)𝑆(𝒓 − 𝒓′),  (3.32) 

where 𝐶(𝑡𝑑) is a normalization constant,⁡𝐷1(𝑡𝑑)⁡is an effective width of the Gaussian propagator 

and 𝑆(𝒓 − 𝒓′) is the connected pore-space structure function defined as 

 𝑆(𝒓 − 𝒓′) =
1

𝑉
∫d𝑹𝜒(𝒓 + 𝑹)𝜒(𝒓′ + 𝑹), (3.33) 

where 𝜒(𝒓) is characteristic function equal to 1 and 0 for the pore and solid space, respectively. 

The ansatz was verified and proved to model the diffusion propagator in porous media for the whole 

range of diffusion time and all wavelength scales. 

In long-time regime, 𝐷𝑎𝑝𝑝(𝑡𝑑) approaches the asymptotic value 𝐷𝑒𝑓𝑓. In disordered porous 

systems, the long-time behavior was found to be (Latour et al., 1993) 

 
𝐷𝑎𝑝𝑝(𝑡𝑑)

𝐷0
= 𝛼 +

𝛽1

𝑡𝑑
+

𝛽2

𝑡
𝑑
3/2⁡,  (3.34) 

where 𝛼 =
1

𝜏
, where 𝜏 is tortuosity and coefficients 𝛽1 and 𝛽2 depend on the microgeometry detail 

and cannot be predicted. In geological systems, porous structure can be understood as a pore space 

in a rock matrix (or as a solution of fluid and reflecting grains). For such media, long-time diffusion 

coefficient 𝐷𝑒𝑓𝑓 ≅ 𝐷0𝛼 , and 𝛼 = (1 − (
𝑓

2
)) , 𝛽1 =

(𝑓𝑎2)

4𝐷0
 and 𝛽2 =

𝑓

4√𝜋
(
𝑎2

𝐷0
)

3

2
, where 𝑓  is the 

volume fraction of the spherical grains having a size of 𝑎 (De Swiet and Sen, 1996).  
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Other relations for 𝐷𝑒𝑓𝑓 have been proposed for biological cells systems, for example 

 
1

𝐷𝑒𝑓𝑓
=

1

𝐷0
+

1

𝑃𝑎
,  (3.35) 

where 𝑃 is permeability of a periodic array of parallel barriers with spacing equal to 𝑎. However, 

the inaccuracy of the model results from the fact, that 𝐷𝑒𝑓𝑓 → 0, when 𝑃 → 0. Therefore, the 

permeability of biological cells were rather determined by using alternative methods, such as 

Kärger model of diffusion (Kärger, 1985) or methods applying effective medium theory (Latour et 

al., 1994) or the analysis of time-dependent molar fractions. 

 

3.4.3. Intermediate-time diffusion behavior 

 Intermediate-time diffusion limit is connected to the localization regime (see descriptions 

below), which was revisited relatively recently. It turned out that localization regime is tricky, 

mainly it does not exhibit Gaussian phase behavior (Grebenkov, 2007). Since the short- and long-

time limits were easier to describe mathematically, the Padé approximant was used to cover the 

data in the intermediate-time limit (Latour et al., 1993)  

 
𝐷𝑎𝑝𝑝(𝑡𝑑)

𝐷0
= 1 − (1 −

1

𝛼
) ×

𝑐√𝑡𝑑+(1−
1

𝛼
)
𝑡𝑑
𝜃

(1−
1

𝛼
)+𝑐√𝑡𝑑+(1−

1

𝛼
)
𝑡𝑑
𝜃

⁡,  (3.36) 

where 𝑐 = (
4

9√𝜋

𝑆

𝑉
)√𝐷0 and 𝜃 has dimensions of time. 

3.5. Diffusion in systems with multiple regions 

It is very common that porous systems contain multiple regions, that have different size 

and/or diffusion properties. Mostly, such systems exchange spins after a certain lifetime of spins in 

a region. After adequately long time, spins from all compartments are mixed and in consequence, 

one effective, averaged self-diffusion coefficient, 𝐷𝑒𝑓𝑓, is obtained for the whole system from the 

single-exponential echo attenuation dependence in SGP 

 𝑆(Δ, 𝐺) = exp(−𝛾2𝛿2𝐺2𝐷𝑒𝑓𝑓Δ).  (3.37) 

This limit in multi-regional systems is also called motional averaging regime.  

In a short-time limit, echo attenuation is a linear superposition of a compartment molar 

fraction-weighted attenuations 

 𝑆(Δ, 𝐺) = ∑ 𝑝𝑖
𝑛
𝑖=1 exp(−𝛾2𝛿2𝐺2𝐷𝑖Δ),  (3.38) 
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where 𝑛  is a number of compartments, while 𝑝𝑖  and 𝐷𝑖  are molar fraction and self-diffusion 

coefficient of the 𝑖-th compartment. Gaussian dependence is true, when for a certain value of 𝛥 all 

compartments are in a so-called free diffusion regime. 

 Intermediate time behavior is more complex due to spin exchange between compartments 

occurring during diffusion time or due to magnetization localization effects (Moutal and 

Grebenkov, 2020). For a two-phase exchanging system Kärger model (Kärger, 1985) can be 

applied, which is given by 

 
𝜕𝑀1

𝜕𝑡
= −𝛾2𝛿2𝐺2𝐷1𝑀1 − 𝑘1𝑀1 + 𝑘2𝑀2, (3.39a) 

 
𝜕𝑀2

𝜕𝑡
= −𝛾2𝛿2𝐺2𝐷2𝑀2 − 𝑘2𝑀2 + 𝑘1𝑀1, (3.39b) 

where “–“ sign denotes for spins escaping from a given compartment, while “+” those entering this 

compartment, and⁡𝑘𝑖 is the exchange rate for 𝑖-th compartment, which is defined as 

 𝑘𝑖 =
1

𝜏𝑖
,  (3.40) 

where 𝜏𝑖 is a mean lifetime of spins in 𝑖-th compartment. The solution of equations (3.39) gives 

 𝑆(Δ) = 𝑝1
′ exp(−𝛾2𝛿2𝐺2𝐷1

′Δ) + 𝑝2
′ exp(−𝛾2𝛿2𝐺2𝐷2

′Δ),  (3.41) 

where 

𝐷1
′ =

1

2
{𝐷1 + 𝐷2 +

1

𝛾2𝛿2𝐺2 (
1

𝜏1
+

1

𝜏2
) − [[𝐷2 − 𝐷1 +

1

𝛾2𝛿2𝐺2 (
1

𝜏1
−

1

𝜏2
)]

2
+

4

𝛾4𝛿4𝐺4𝜏1𝜏2
]

1

2

}, (3.42a) 

𝐷2
′ =

1

2
{𝐷1 + 𝐷2 +

1

𝛾2𝛿2𝐺2 (
1

𝜏1
+

1

𝜏2
) + [[𝐷2 − 𝐷1 +

1

𝛾2𝛿2𝐺2 (
1

𝜏1
−

1

𝜏2
)]

2
+

4

𝛾4𝛿4𝐺4𝜏1𝜏2
]

1

2

}, (3.42b) 

 𝑝2
′ =

1

𝐷2
′−𝐷1

′ (𝑝1𝐷1 + 𝑝2𝐷2 − 𝐷1
′), (3.42c) 

 𝑝1
′ = 1 − 𝑝2

′ . (3.42d) 

3.5.1. Identification of a diffusion regime 

It can be seen that depending on a diffusion time, NMR diffusion-sensitive signal 

attenuation is described by different models. The choice of the appropriate model can be made 

based on the values of three characteristic scales: 

- diffusion length, 𝑙𝐷 = √𝐷0𝑡𝑑, (3.43) 
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- dephasing length, 𝑙𝐺 = (
𝐷0

𝛾𝐺
)

1

3
, (3.44) 

- restriction length, 𝑙𝑆. (3.45) 

The shortest of the lengths indicates that the system is in the associated regime. Free diffusion, 

localization and motional averaging regimes occur, when the shortest is the diffusion, dephasing 

and restriction length, respectively. In the presence of boundaries, one more characteristic length 

can be defined as 

 𝑙𝑅 =
𝐷0

𝜌
, (3.46) 

where 𝜌 is surface relaxivity. 𝑙𝑅 is called relaxation length and may be used instead of 𝑙𝑆, since it is 

a distance that the spin has to travel near the boundary to experience surface relaxivity, which 

results in a magnetization reduction. 
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4. DIFFUSION TENSOR IMAGING 

 Self-diffusion coefficient, 𝐷 , in the equations shown in the previous chapters carries 

different kind of information depending on the system for which it was determined. In isotropic 

media, single value of 𝐷 fully describes the diffusion of molecules in a fluid. Moreover, self-

diffusion is independent on the diffusion-sensitizing gradient, 𝑮𝒅, direction, since there is equal 

probability of molecules travelling in each direction and the r.m.s. displacement for diffusion time 

𝑡𝑑 → ∞ is equal for each direction (Einstein-Smoluchowski equation). This is in opposition to 

anisotropic systems, in which the r.m.s. displacement for diffusion time 𝑡𝑑 → ∞ is dependent on a 

chosen direction. Therefore, a complete description of a diffusion in anisotropic media requires the 

introduction of a diffusion tensor, 𝑫, defined as 

 𝑫 = (

𝐷𝑥𝑥 𝐷𝑥𝑦 𝐷𝑥𝑧

𝐷𝑥𝑦 𝐷𝑦𝑦 𝐷𝑦𝑧

𝐷𝑥𝑧 𝐷𝑦𝑧 𝐷𝑧𝑧

), (4.1) 

where 𝐷𝑖𝑗 are diffusion tensor components and 𝑥, 𝑦, 𝑧 are laboratory frame axes. It is symmetric 

3x3 matrix and therefore, it requires at least six diffusion-weighted images (DWIs) along non-

collinear 𝑮𝒅 directions. The diffusion tensor eigenfunction 

 𝑫𝜀𝑖 = 𝜆𝑖𝜀𝑖 = 𝜆𝑖𝐈𝜀𝑖, (4.2) 

where 𝑖={1, 2, 3}, 𝜀𝑖 is 𝑖-th eigenvector and 𝜆𝑖 is 𝑖-th eigenvalue, can be presented in a matrix form 

 (

𝐷𝑥𝑥 𝐷𝑥𝑦 𝐷𝑥𝑧

𝐷𝑥𝑦 𝐷𝑦𝑦 𝐷𝑦𝑧

𝐷𝑥𝑧 𝐷𝑦𝑧 𝐷𝑧𝑧

)(

𝜀1𝑥 𝜀2𝑥 𝜀3𝑥

𝜀1𝑦 𝜀2𝑦 𝜀3𝑦

𝜀1𝑧 𝜀2𝑧 𝜀3𝑧

) = (

𝜀1𝑥 𝜀2𝑥 𝜀3𝑥

𝜀1𝑦 𝜀2𝑦 𝜀3𝑦

𝜀1𝑧 𝜀2𝑧 𝜀3𝑧

) × (

𝜆1 0 0
0 𝜆2 0
0 0 𝜆3

) (4.3a) 

 𝑫𝑬 = 𝑬𝚲, (4.3b) 

where 𝑬 and 𝚲 are eigenvectors and eigenvalues matrices, respectively. Because three eigenvectors 

are orthonormal, then 𝑬 can be treated as rotation matrix, meaning that 

 (𝑬−𝟏 = 𝑬𝑻).  (4.4) 

This allows the determination of a diagonal tensor, 𝚲, using  

 𝑬𝑻𝑬𝚲 = 𝚲 = 𝑬𝑻𝑫𝑬, (4.5) 

which is diffusion tensor in a geometry-based frame of reference. The most popular diffusion tensor 

visualization is diffusion ellipsoid, which is constructed by encompassing the whole trajectory of 

moving molecules. The dimensions of the ellipsoid are given by the three eigenvalues, while its 

orientation with respect to the laboratory frame of reference by the eigenvectors. Eigenvalues are 

sorted in the way that the first eigenvalue, 𝜆1, describes the largest dimension and is sometimes 
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called longitudinal diffusivity (DL). The second and the third eigenvalue, 𝜆2 and 𝜆3, respectively, 

describe diffusion in a plane transverse to 𝜆1  and their mean is sometimes called transverse 

diffusivity (DT). 

 Assuming GPA, Stejskal-Tanner equation can be formulated for diffusion tensor 

 𝑆 = 𝑆0 exp(−𝒃:𝑫), (4.6) 

where 𝒃 is 𝑏-matrix  

 𝒃 = (

𝑏𝑥𝑥 𝑏𝑥𝑦 𝑏𝑥𝑧

𝑏𝑥𝑦 𝑏𝑦𝑦 𝑏𝑦𝑧

𝑏𝑥𝑧 𝑏𝑦𝑧 𝑏𝑧𝑧

), (4.7) 

and 𝑆 is a vector of diffusion-weighted signals (at least six). Recalling PGSE pulse sequence: 
𝜋

2
-

pulse, 𝑮𝒅,𝒏, 𝜋-pulse, 𝑮𝒅,𝒏, readout, where 𝑮𝒅,𝒏 is diffusion-sensitizing magnetic field gradient in 

𝑛-th direction; three time intervals, 𝑡1, 𝑡1
−, 𝑡1

+ and 𝑡 can be defined, which denote for the 𝜋-pulse 

moment, period before 𝜋-pulse, period after 𝜋-pulse and echo readout moment, respectively. Given 

that 𝒌-space vector in each moment of time, 𝑡’ 

 𝒌(𝑡’)=[𝑘𝑥(𝑡′), 𝑘𝑦(𝑡′), ⁡𝑘𝑧(𝑡′)]
𝑇 (4.8) 

and 

 𝒌(𝑡1
−) = 𝛾 ∫ 𝑮(𝑡")d𝑡"⁡

𝑡′

0
– ⁡2𝐻(𝑡′ − 𝑡1)𝒌(𝑡1

−), (4.9) 

where 

 𝒌(𝑡1
−) = 𝛾 ∫ 𝑮(𝑡")d𝑡"

𝑡1

0
, (4.10) 

𝐻(𝑡) is unit step, Heavyside function and 𝑮(𝑡") is the total gradient occurring in a given period. 

Then, the 𝑏-matrix can be calculated from 

 𝒃(𝑡) = ∫ 𝒌(𝑡′)𝒌𝑇(𝑡′)d𝑡′𝑡

0
, (4.11) 

which after substituting (4.9) gives 

𝒃(𝑡) = 𝛾2 ∫ [∫ 𝑮(𝑡")d𝑡"⁡
𝑡′

0
– ⁡2𝐻(𝑡′ − 𝑡1)𝒌(𝑡1

−)]
𝑡

0
× [∫ 𝑮(𝑡")d𝑡"⁡

𝑡′

0
– ⁡2𝐻(𝑡′ − 𝑡1)𝒌(𝑡1

−)]
𝑇
d𝑡′.⁡ (4.12) 

Neglecting magnetic field gradients other than diffusion-sensitizing ones, we can write: 

 𝑮𝒅,𝒏 =⁡(𝑔𝑥 , 𝑔𝑦, 𝑔𝑧)
𝑇

, (4.13) 

where 
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 𝑔𝑥
2 +⁡𝑔𝑦

2 +⁡𝑔𝑧
2 = 1 (4.14) 

and relative 𝑏𝑖𝑗 amplitudes can be calculated from the dot product of normalized amplitudes of 

gradients, 𝑔𝑖𝑔𝑗, where 𝑖, 𝑗 = 𝑥, 𝑦, 𝑧. Thus, 

 𝒈 = 𝑮𝒅,𝒏𝑮𝒅,𝒏
𝑻 = (

𝑔𝑥

𝑔𝑦

𝑔𝑧

) (𝑔𝑥 𝑔𝑦 𝑔𝑧) = (

𝑔𝑥
2 𝑔𝑥𝑔𝑦 𝑔𝑥𝑔𝑧

𝑔𝑦𝑔𝑥 𝑔𝑦
2 𝑔𝑦𝑔𝑧

𝑔𝑧𝑔𝑥 𝑔𝑧𝑔𝑦 𝑔𝑧
2

), (4.15) 

 𝒃 = 𝑏𝒈, (4.16) 

 𝒃:𝑫 = 𝑏𝒈:𝑫. (4.17) 

4.1. Systematic errors 

A true diffusion tensor is determined from a 𝒃-matrix given by (4.16) only when the total 

time-dependent magnetic field gradient from excitation (𝑡 = 0) to readout (𝑡 = 𝑇𝐸) is equal to 

𝑮𝒅, which is usually taken to calculations. In diffusion tensor imaging (DTI), in this period there 

are also slice-selective, frequency and phase encoding gradients, the so-called imaging gradients, 

𝑮𝒊. Moreover, some other types of unwanted gradient contributions may occur, such as background 

gradients (𝑮𝒃), eddy currents-driven gradients, non-linear parts of 𝑮𝒅 and 𝑮𝒊, etc. (which can be 

denoted as 𝑮𝒏 ). From the definition of 𝒃-matrix (4.11-4.12), all those components should be 

integrated and contribute to the 𝒃 -matrices. If not accounted, diffusion tensor is erroneously 

estimated. 

Due to multiple magnetic field gradient components, the total 𝒃-matrix is also composed 

of components associated with those gradients, as well as their cross-terms, which directly result 

from (4.11). Hence, the total 𝒃-matrix can be written as 

 𝒃 = 𝒃𝒅 + 𝒃𝒊 + 𝒃𝒃 + 𝒃𝒏 + 𝒃𝒅𝒊 + 𝒃𝒅𝒃 + 𝒃𝒅𝒏 + 𝒃𝒊𝒃 + 𝒃𝒊𝒏 + 𝒃𝒃𝒏. (4.18) 

Determination of 𝑫 from (4.6) is connected to the division of S and S_0 data, that were obtained 

with and without 𝑮𝒅, respectively while all the other components of the total gradient were present 

in both experiments. Therefore, the division should provide the elimination of 𝒃𝒊, 𝒃𝒃, 𝒃𝒏, 𝒃𝒊𝒃, 𝒃𝒊𝒏 

and 𝒃𝒃𝒏. Cross-term 𝒃𝒅𝒊 can be removed by the application of one of the methods: i) applying the 

refocusing gradients before and after each diffusion and imaging gradient; ii) conducting additional 

experiments with diffusion gradients having reversed polarity (denoted as 𝑆+  and 𝑆− ) and 

calculating geometrical mean from the two signals ((𝑆+𝑆−)1/2) before calculating the diffusion 

tensor. The second method requires two times more of the experimental time.  
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 Another aspect is that the abovementioned correction methods are not always implemented 

or not applied due to time restrictions. By default, the experimenter is provided the single 𝒃-matrix 

by the vendor for the whole imaged volume. Unwanted gradient contributions cause a spatially 

distributed 𝒃-matrices. Within this thesis the alternative methodology of reducing systematic errors 

was used based on the 𝑩-matrix spatial distribution DTI (BSD-DTI).  

4.2. 𝑩-matrix spatial distribution diffusion tensor imaging 

 BSD-DTI is a proprietary (Polish, American, European, Japan patents) calibration method 

used for the elimination of systematic errors in DTI (Krzyżak, 2008). It relies on the DTI of the 

anisotropic phantom with well-known diffusion properties using exactly the same protocol as for 

the target object. As described in the patent, in order to determine a single (for one diffusion gradient 

direction) 𝒃-matrix, at least six phantom orientations are needed (𝒃-matrix is also symmetric and 

thus, six components has to be estimated, for which six DWIs are required). The procedure begins 

with placing the phantom in such a way that the phantom's principal axes coincide with the axes of 

the laboratory frame of reference (diffusion tensor, 𝐷𝐸). A DTI is then performed for 𝑁 diffusion 

gradients. Next, the phantom is rotated by known Euler angles so that the tensor of the phantom in 

the laboratory frame is well known (𝐷𝐿 = 𝑅−1(𝛺𝐿)𝐷𝐸𝑅(𝛺𝐿), where 𝐷𝐿  is phantom’s diffusion 

tensor in laboratory axes system, 𝑅(Ω𝐿) is a rotation matrix and ΩL = (𝛼𝐿 , 𝛽𝐿 , 𝛾𝐿) are Euler angles 

that define orientations of the principal axes system with respect to the laboratory system) and DTI 

is repeated for the same 𝑁 diffusion gradient directions. The "rotation, DTI" procedure is repeated 

𝑀 − 1 times delivering 𝑀 ∗ 𝑁 equations, where 𝑀 is the number of phantom orientations and 𝑁 is 

a number of diffusion gradient directions (Fig. 3). 𝒃-matrices, 𝒃𝒏, for each direction, 𝑛, can be 

determined by solving a system of equations  

 𝜶𝒏 = −𝒃𝒏𝑫 

 ⋮ (4.19) 

 𝜶𝑵 = −𝒃𝑵𝑫, 

where 

 𝜶𝒏 =

[
 
 
 ln (

𝑆1,𝑛

𝑆01
)

⋮

ln (
𝑆𝑀,𝑛

𝑆0𝑀
)]
 
 
 
𝑇

, (4.20) 

 𝒃𝒏 = [𝑏𝑛𝑥𝑥, 𝑏𝑛,𝑦𝑦, 𝑏𝑛,𝑧𝑧, 𝑏𝑛,𝑥𝑦 , 𝑏𝑛,𝑥𝑧, 𝑏𝑛,𝑦𝑧], (4.20) 

 𝑫 = [

𝐷1𝑥𝑥 𝐷1𝑦𝑦 𝐷1𝑧𝑧

⋮ ⋮ ⋮
𝐷𝑀𝑥𝑥 𝐷𝑀𝑦𝑦 𝐷𝑀𝑧𝑧

    

𝐷1𝑥𝑦 𝐷1𝑥𝑧 𝐷1𝑦𝑧

⋮ ⋮ ⋮
𝐷𝑀𝑥𝑦 𝐷𝑀𝑥𝑧 𝐷𝑀𝑦𝑧

] (4.20) 
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and 𝑛 denotes for a given direction and 𝑛 = 1,… ,𝑁, where minimum 𝑁=6, and 𝑚 = 1,… ,𝑀, 

where minimum 𝑀=6. 

 

Fig. 3. Schematic representation of a B-matrix spatial distribution diffusion tensor imaging (BSD-

DTI) calibration method. Steps in the process chart on the left side correspond to their description 

or depiction marked by coloristically matching panels on the right side. The description of the 

symbols can be found in the text. 
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III. ACHIEVEMENTS OF THE THESIS 

The full characterization of porous media encompasses many aspects, such as fluid and 

compartment characterization, fluid transport, biophysical, biochemical and surface processes. 

They can be evaluated non-invasively by NMR methods with a proper adjustment of experimental 

protocol and analysis approach. However, the accuracy of the quantitative microgeometry 

characterization is diminished in the presence of unwanted effects resulting from the experimental 

issues, such as magnetic field and magnetic field gradients inhomogeneity or internal gradients 

resulting from the differences in magnetic susceptibility. They cause significant systematic errors 

and are intensified for decreasing resolution of geometry being described. Hence, nanoscale 

structures are more difficult to describe quantitatively than for example microscale ones.  

In vitro biological systems are a good research material for testing NMR methods for 

microstructure characterization, because they are heterogeneous (in terms of size and 

physicochemical properties), biophysical and biochemical processes take place in them and there 

are no ethical limits for experiments on them (such as magnetic field strength, test time, etc.). On 

the other hand, all tissues are also biological porous systems, but their in vivo characterization 

additionally includes physiological processes and also differs due to hardware capabilities. In 

addition, the properties of the in vivo microstructure may change in the event of a disease. More 

and more modern methods of disease treatment are based on scaffolds or cell therapies. Therefore, 

an inseparable element of modern medicine is the development of research on both of these paths, 

i.e. in vivo and in vitro, in parallel, so that they can meet at some point, for example as a matter of 

translational medicine. Especially important is the improvement of quantitative analysis, which is 

an inherent element for the precise tracking, identification and evaluation of the cells in vivo, as 

well as for the accurate monitoring of the effects of tissue treatment.  

Another type of natural porous systems are rocks, which are great research material for 

microstructure study by NMR. Their microgeometry is rather stochastically composed, which 

distinguishes them from tissues. In addition, rock matrix (the solid material that makes up the bulk 

of a rock) is composed of the minerals and other components, such as cements, micas, clay minerals, 

etc., which may introduce complex surface interactions with the pore-filling fluid and the induction 

of internal gradients caused by the magnetic susceptibility differences. This makes rocks very 

challenging NMR research material. However, with the proper methodology, many geoscience 

NMR applications can be found as an alternative research method for rocks, since:  

- it is non-destructive, meaning that the rocks can be studied without altering or damaging 

them,  

- it is fast, allowing scientists to acquire data quickly and efficiently,  
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- it can provide a wide range of information about the internal structure and composition of 

the rocks, including pore size and shape, total porosity, and saturation,  

- it is safe, because it does not involve any hazardous materials or radiation. 

Moreover, they can help with a general understanding of fundamental physical processes, as well 

as develop new mathematical formulas for earth science applications.  

Within this thesis, research was focused on developing NMR-based methodologies for 

a more accurate quantitative characterization of the microstructure, including abovementioned 

aspects. With the aid of those methodologies, new practical applications of NMR were proposed in 

the fields of medicine, biophysics, geosciences and image analysis.  

1. PROGRESS IN NMR IMAGING OF BIOLOGICAL POROUS SYSTEMS 

[A1]: Attempts at the Characterization of In-Cell Biophysical Processes Non-Invasively-

Quantitative NMR Diffusometry of a Model Cellular System 

 The aim of the [A1] work was the investigation of in-cell watery pools in a model cellular 

system of baker’s yeast (Saccharomyces Cerevisiae) applying time-dependent diffusion coefficient 

(TDDC) method and using Mobile Universal Surface Explorer (MoUSE; Magritek, Aachen, 

Germany) operating in a stray field produced by the permanent magnets in a Halbach configuration. 

 The motivation for this work was to explore the possibilities of MoUSE in the study of 

cellular systems. MoUSE works in a high magnetic field gradient (24 T/m) and at the same time 

allows short gradient "pulses" encoding/decoding diffusion. This allows to obtain very large             

b-values and shorten the diffusion time, while maintaining SGP conditions. This, in turn, makes it 

possible to study the dynamics of water in nanometric (sub-micrometric) structures and in 

compartments filled with more viscous/dense fluid or macromolecules solutions (slow diffusion) in 

all diffusion regimes. Hence, it was expected that cellular organelles may separately contribute to 

the diffusion signal, which would cause the state-of-the-art upgrade. It should be emphasized, that 

hitherto, cellular systems were characterized by the two compartments- extra- and intracellular 

ones. 

 Diffusion was measured in a 200 μm slice using stimulated spin echo (SSE) pulse sequence, 

allowing for storing the magnetization along the 𝐵0 magnetic field during the diffusion time (or 

mixing time), for 𝑏=0–597 000 s/mm2. Then, the applicability of a more parameterized diffusion 

model than bi-exponential was tested quantitatively and qualitatively (as statistical tests work in 

favor of a model with more fitting parameters). Both of them were in favor of the three-

compartmental model. Next, based on the literature values of organelles sizes and bulk self-
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diffusion coefficients in Saccharomyces Cerevisiae, TDDCs were simulated for the diffusion times 

used in experiment. In short-time limit Mitra’s relation was used. In the intermediate-time limit 

TDDCs were calculated from Einstein-Smoluchowski equation, where r.m.s. displacements inside 

the structures were simulated by Random Walking of 5000 particles assuming perfectly reflecting 

boundaries in Matlab (The MathWorks Inc., Natick, MA, USA). Step length was chosen to be 

dependent on the bulk self-diffusion coefficient found in the literature and it determined number of 

steps. Compartments identification was made by comparing the experimental and simulation data. 

In the last step, by using simulated TDDCs diffusion signal intensities in structures were simulated 

for all diffusion times and b-values in order to verify which water pool will not be visible in the 

total signal due to too low intensity or will not contribute to the signal attenuation. This allowed for 

the final modelling of the signal, in which either two exponents or two exponents with intercept 

were used in a certain b-value range depending on the diffusion time. 

 Adjustment of the signal attenuation due to diffusion model with the aid of Random Walk 

simulations helped to improve the characterization of the model cellular system. Very good 

agreement between literature (diffusion-based, but also biochemical reports) and experimental 

values was obtained for compartments sizes, self-diffusion coefficients, molar fractions, 

permeabilities and water lifetime. This study showed that diffusion-weighted spin echo signal 

obtained with MoUSE can be sensitive to extracellular space, cytoplasm, vacuoles, but also cell 

walls, nuclei and mitochondria, having sizes down to 0.0792 μm, non-invasively. The proposed 

methodology can be helpful in the identification and characterization of those structures, but 

requires more experimental and analytical effort, than the “extracellular/intracellular 

compartments” analysis. Mainly, in case when cellular organelles are seen experimentally, TDDCs 

for a given signal component cannot be associated with the same structures for the whole range of 

diffusion times.  

[A2]: Nuclear magnetic resonance footprint of Wharton Jelly mesenchymal stem cells death 

mechanisms and distinctive in‐cell biophysical properties in vitro 

 The aim of this work was the characterization of Wharton Jelly mesenchymal stem cells 

(WJMSC) in vitro for the purpose of translational medicine concerning regeneration of ischemic 

damage. Cells characterization is essential for in vivo identification and analysis, as well as for 

monitoring of the effect of cell-based therapies in tissues. 

 WJMSC were collected from the umbilical cords, cultured, evaluated and measured by 

NMR method in two low-field systems- with a bore aperture (longitudinal, 𝑇1, and transverse, 𝑇2, 

relaxation, diffusion-relaxation, 𝐷 − 𝑇2 , and 𝑇1 − 𝑇2  relaxation correlation measurements) and 

single-sided one (MoUSE; diffusion measurements of the culture in the Petri dish and cell 
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suspension in a cylindrical container). This complex approach allowed for in-depth insight into 

cellular compartments.  

 The results delivered a set of NMR parameters describing WJMSC. Based on the results 

from 𝐷 − 𝑇2 experiments on variable cell concentration it was possible to evaluate cells size. Based 

on the diffusometry of cell suspensions in a cylindrical container, two diffusion signal components 

were identified. The first one was a mean diffusivity in the extracellular space and in the cytoplasm. 

Concerning the second component, a good agreement was found between apparent diffusion 

coefficient for diffusion time equal to 20 ms obtained in the experiment and the one calculated using 

literature value of WJMSC nucleus radius and bulk self-diffusion coefficient obtained for nuclei in 

[A1]. This confirmed that the second component came from WJMCS nuclei having radius of 2 μm. 

This setting also enabled the identification of differences in the diffusional properties of WJMSC 

depending on the pressing forces proportional to the number of contacting 50 μm-thick layers of 

cells. In this way, it was shown that by using MoUSE it is possible to study biophysical processes 

in WJMSC. 

WJMSC in cylindrical container after the diffusion measurements were incubated for six 

days at the room temperature without any culture medium supply. After that time, diffusion 

measurements were repeated. Self-diffusion for the first component decreased by 1.5-3 times, while 

for the second one it remained unchanged. When it came to molar fractions, for the first component 

a visible decrease was again observed, while for the other almost 3 times increased was obtained. 

This simple analysis exhibited substantial time-related in-cell transitions, reflecting viscoelastic 

changes due to cell death. It was shown that self-diffusion coefficient can reflect the degree of 

necrosis and apoptosis, which indicated that diffusion can be proposed as a natural biomarker of 

cells viability. Apoptosis was reflected in the increase of nuclear component molar fraction, since 

in the process cells evacuate apoptotic bodies containing nuclear content (DNA). Necrosis was 

associated with the decrease of the first self-diffusion coefficient connected to extracellular fluid 

and cytoplasm (increase of density and viscosity of those fluids due to nuclear content evacuation 

resulting from nuclear envelope damage).  

Next, by using simulations of TDDC developed in [A1] it was possible to determine bulk 

intracellular and cytoplasm self-diffusion coefficients. This was achieved by comparing the 

simulated data with the experimental ones from the culture setting. Interestingly, cultured WJMSC 

are characterized by a visibly smaller intracellular self-diffusion coefficient in comparison to cells 

that WJMSC can differentiate to. The same concerned cytoplasm, suggesting that it is composed of 

the higher content of dry weight, ions or lipids compared to other cells. This can be a potentially 

important information and support their identification in vivo and exploring their functions, such as 

tracking the differentiation process. 
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2. NEW APPLICATIONS FOR MEDICAL NMR IMAGING 

[A3]: Diffusion as a Natural Contrast in MR Imaging of Peripheral Artery Disease (PAD) Tissue 

Changes. A Case Study of the Clinical Application of DTI for a Patient with Chronic Calf 

Muscles Ischemia  

Peripheral artery disease (PAD) is a widespread condition causing impaired muscle 

function and pain due to ischemia. The disease results from the obstructed arteries, which restricts 

the oxygenation and nutrition of the muscles. Ischemic muscle tissue evinces muscle cells 

degradation, protein denaturation, cytoplasm swelling, muscle cell membrane disintegration and 

hence, evacuation of fluids to the extracellular matrix and in the end gradual necrosis of the muscle. 

Regeneration of ischemic damages encompasses revascularization through surgical procedure or 

cell therapies. Within STRATEGMED 2 project, Wharton’s Jelly mesenchymal stem cells 

(WJMSCs) were proposed for the muscles regeneration. They have the ability to directly repair 

muscle tissue or to act indirectly on it by stimulating the collateral circulation. 

Skeletal muscles are composed of elongated muscle fibers surrounded by endomysium and 

arranged into fiber bundles wrapped by the perimysium. Such composition is a muscle unit- 

fascicle, while the whole muscle is built from several tightly arranged units surrounded by 

epimysium. In this way, muscle is a multicompartmental, anisotropic system. Diseased muscles, 

through the abovementioned effects, disorder the anisotropic structure, for example by the changed 

fiber density, increased endomysium space (edema) and impaired architecture caused by collateral 

circulation or fatty infiltration. Hence, in this article DTI was proposed as a technique for the 

evaluation of the calf muscles status in a patient with PAD in comparison to the healthy control. 

Muscles were reevaluated in the follow-up examination after the WJMSCs therapy in a double-

blind randomized controlled trial (RCT). 

76-year-old was offered an experimental method of treatment of the critical ischemia of the 

right lower limb using WJMSCs after endovascular and surgical methods of revascularization 

failure. Before medical intervention, 𝑇1 -weighted (repetition time, 𝑇𝑅 =440 ms, echo time, 

𝑇𝐸=10.8 ms) and 𝑇2-weighted (𝑇𝑅/𝑇𝐸=3800/70 ms) MRI with fat suppression by using a Fast 

Spin Echo (FSE) sequence, as well as DTI (𝑏-value = 350·103 s/mm2, 𝑇𝑅/𝑇𝐸= 5200/64 ms, field 

of view, FOV=59 × 39 cm2, Number of Scans, 𝑁𝑜𝑆=1, 384 × 300 pixels matrix; slice thickness, 

𝑆𝑇=8 mm) using spin-echo echo-planar imaging (SE EPI) were conducted (the first patient’s 

examination, E1). Next, the intraarterial and intramuscular injections of CardioCell based on 

WJMSCs were administered and after 83 days later 𝑇1-weighted and 𝑇2-weighted MRI and DTI 

were repeated with the same protocol (the second examination, E2). 𝑇1-weighted and 𝑇2-weighted 
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images were the reference for identifying anatomical structures and gaining complementary 

physiological information. DTI was calibrated from systematic errors by using B-matrix spatial 

distribution method (BSD-DTI). BSD-DTI metrics (fractional anisotropy, FA, mean diffusivity, 

MD and three eigenvalues, 𝜆1, 𝜆2, 𝜆3) were analyzed in three muscles: Gastrocnemius Medialis 

(GM), Soleus (SOL) and Tibialis Anterior (TA). BSD-DTI conducted in SOL and GM was analyzed 

qualitatively and quantitatively using also fiber tracts density (FTD) parameter defined as a number 

of tracts per voxel and averaged through the all voxels within the constant volume in the shape of 

cylinder. 

Results showed that BSD-DTI had an impact on the values of DTI metrics, the greatest one 

observed for FA, 𝜆1  and MD in healthy control where standard approach (sDTI, i.e. without 

calibration) delivered highly underestimated results. Based on the results, the application of BSD-

DTI seemed legitimate. For example, the analysis of sDTI would wrongly suggest that healthy 

control had lower muscles anisotropy than the patient. It was shown that in E1 patient had different 

course of disease in posterior (SOL, GM) and anterior (TA) compartments. Elevated values of MD, 

𝜆3  and 𝜆2  in SOL and GM suggested cytoplasm swelling and muscle fibers disintegration 

increasing endomysium space, respectively. Decreased MD, 𝜆3  and 𝜆2  in TA indicated muscle 

dehydration, loss, fatty infiltration or fibrosis confirmed by MRI. After the medical intervention 

(E2) BSD-DTI metrics changed- they approached the healthy control for TA and GM, while for 

SOL the difference is even higher than in E1. This again showed the difference in the course of 

PAD after treatment between deep and superficial muscles. Tractographic BSD-DTI visualization 

indicated improved GM and impaired SOL muscles architecture.  

Concluding, this article showed the possibility of BSD-DTI as a tool for non-invasive 

evaluation of calf muscle status in patients with PAD and in healthy control. Those results were 

based on the case study, hence, the compartmental course of PAD and effects of a double-blind 

RCT treatment were not verified at the moment of publication. However, the agreement between 

BSD-DTI metrics with the other MRI techniques outcome, as well as with clinical analysis 

suggested that diffusion can potentially be proposed as natural marker of PAD and its severity and 

status. 

[A4]: Diffusion tensor imaging as a tool to assess the structure of lower limb muscles invisible 

on T1- and T2-weighted images in the course of the chronic phase of peripheral artery disease 

 This article is a continuation of the study of the course of PAD based on BSD-DTI. The 

whole methodology is exactly the same as for the patient in [A3] (sequences, protocols and 

interventional procedure). The case study concerned a 76-year-old female patient that exhibited the 
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following physiological differences of the calf muscles on 𝑇1-weighted (T1WI) and 𝑇2-weighted 

images (T2WI): significantly smaller fatty infiltration and neoangiogenesis (not able to be seen with 

the naked eye), strongly hyperintense 𝑇2-weighted signal in all muscles except for GM and a part 

of SOL; and other differences: sex, follow-up examination after a longer period of time (almost 5 

times later than the patient in [A3]). 

 The main goal of this study was to connect the values of BSD-DTI metrics with the type of 

change of the muscle structure due to PAD that may be not recognized on T1WI and T2WI. In 

general, increased fat content in the muscles would be associated with decreased 𝑇1 and increased 

𝑇2, while edema with elevated both 𝑇1 and 𝑇2 in comparison to the healthy muscles. DTI, in turn, 

can deliver more detailed information about the muscle structure and the course of disease. In 

muscles, it is convenient to analyze the eigenvalues separately and FA, since 𝜆1  reflects the 

diffusion along the muscle fibers (thus, called longitudinal diffusivity, DL), 𝜆2 across the myofiber, 

𝜆3 across the endomysium and FA the overall muscle architecture (for example FA decrease would 

be associated with the increase of myofiber and endomysium cross-sectional area, but also structure 

disorder). Thus, DTI can potentially distinguish: intramyocellular (intramuscular) and 

intermuscular fatty accumulation, sarcoplasm swelling, development of collateral circulation, 

overall muscle dehydration and atrophy, myofiber necrosis (see Table 3). 

Table 3. The potential change of DTI parameters (𝜆1 - the first eigenvalue, 𝜆2 - the second 

eigenvalue, 𝜆3- the third eigenvalue, FA- fractional anisotropy) in the particular courses of PAD 

with respect to the healthy muscles. 

 𝜆1 𝜆2 𝜆3 FA 

Intramuscular fatty accumulation ↓/≈ ≈ ↓ ↑ 

Intermuscular fatty accumulation ↓/≈ ↓ ≈ ↑ 

Sarcoplasm swelling ≈ ↑ ↓/≈ ↑/↓ 

Development of collateral circulation ↑ ↑ ↑ ↑/≈ 

Overall muscle dehydration and atrophy ↓/≈ ↓ ↓ ↑/↓/≈ 

Myofiber necrosis ≈ ↑ ≈ ↓ 

In this article, DTI metrics were shown in comparison to the healthy control together with 

the values from the [A3] to show the differences in metrics that allowed the extraction of more 

sophisticated details on the disease. Using table 3 it could be seen, that in this case study the 

dominating effect of PAD during E1 was intramuscular fatty infiltration in SOL, development of 

collateral circulation in GM and myofiber necrosis and intramuscular fatty accumulation in TA.  
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Conventional MRI in the follow-up did not exposed visible muscle structure change except 

for the higher 𝑇1 signal intensity and lower 𝑇2 signal intensity (Figures 1 C and D, respectively in 

[A4]), which was associated with 𝑇1  decreasing and 𝑇2  increasing (for TA the 𝑇2  change is 

negligible). Based on these results, edema relief, muscle dehydration and fatty deposit were 

concluded. More sophisticated details could be potentially inferred from DTI: the progression of 

intramuscular and development of intermuscular fatty accumulation and dehydration in SOL, the 

reduction of edema in GM and TA. Fiber tractography showed visibly improved fiber tracts density 

and direction for TA and GM, while reduced density in SOL. This was in accordance with the DTI 

metrics.  

In conclusion, it was shown that different courses of PAD can be reflected by DTI 

parameters and confirmed by tractography that delivered information about the architecture 

integrity. This was possible by the profound analysis of different patients, while T1WI and T2WI 

did not provide too much details on the physiological mechanisms. Similarly to [A3], at the time of 

publication, the authors were not informed about the type of treatment used and the clinical 

assessment of the patient, and they cannot clearly indicate the cause of the improvement/worsening 

of DTI metrics and tractography in particular muscles. 

3. NEW APPLICATIONS OF NMR IMAGING FOR GEOLOGICAL POROUS SYSTEMS 

[A5]: Prospects and Challenges for the Spatial Quantification of the Diffusion of Fluids 

Containing 1H in the Pore System of Rock Cores 

In this article, a comprehensive overview of the prospects and challenges of using NMR 

and MRI to study the diffusion of fluids in rock cores was provided. Obtaining accurate 

measurements of the diffusion of fluids in rock cores can be difficult due to the complex nature of 

the rock pore system, which is tortuous and chemically complex. Moreover, NMR measurements 

can be affected by temperature, pressure, and the presence of other fluids. Nonetheless, NMR is a 

major method that can provide spatially resolved information about the diffusion of fluids in rock 

cores, which can be used to better understand the flow of fluids through the rock pore system. The 

spatial quantification of the diffusion of fluids containing 1H in the pore system of rock cores is an 

important area of research in the field of geosciences. This topic has been studied extensively in the 

past two decades, with numerous studies covering a wide range of fluid types, pore systems and 

rock core geometries. This article aimed to provide an overview of the current state of the art in the 

field of spatial quantification of the diffusion of fluids containing 1H in the pore system of rock 

cores and introduce DTI technique and its metrics for the more accurate description of pore 

microgeometry and rock core sample physical properties. 
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DTI was performed on a 9.4 T Bruker BioSpec 94/20USR scanner on a carbonate rock core 

sample from the Upper Permian, Zechstein Limestone (Ca1) formation of West Poland, the Brońsko 

Reef. High resolution (250 x 250 x 500 μm), reasonably short 𝑇𝐸=20 ms, long⁡𝑇𝑅=13 s, 4 scans, 

6 diffusion gradient directions and moderate 𝑏 -value, 𝑏=800 s/mm2, were chosen, which was 

possible thanks to high magnetic field ensuring reasonable SNR. Complementarily, mercury 

incjection capillary pressure (MICP), low-field NMR (LF-NMR) relaxometry and micro-computed 

tomography (μCT) were performed for DTI results verification. For comparison, two anisotropic 

phantoms with laminar and capillary pores (sizes of 20 and 30 μm, respectively) were examined 

(a  resolution of 470 x 470 x 2000 μm, 𝑇𝐸=20 ms, 𝑇𝑅=2.5 s, 2 scans, 6 diffusion gradient directions 

and 𝑏=800 s/mm2). DTI data were analyzed and visualized in the in-house software (BSD-DTI ver. 

2.0, AGH, Kraków). 

Based on the images with the null diffusion gradient, proton density alike images were 

obtained for 26 slices delivering three-dimensional (3D) porosity distribution- the first parameter 

from DTI characterizing rock core sample. Based on the very accurate LF-NMR 𝑇2⁡relaxometry, 

the total porosity was equal to 13.9%. Slight underestimation of the total porosity equal to 13.353% 

was obtained from DTI, which resulted from the signal loss of the species with 𝑇2 ≤ 𝑇𝐸. In the 

next step, DTI metrics were analyzed in 3D. The average mean diffusivity (MD), the first, second 

and third eigenvalue (𝜆1, 𝜆2 and 𝜆3, respectively) and fractional anisotropy (FA) were equal to 

1.16±0.25∙10-3 mm2/s, 1.58±0.29∙10-3 mm2/s, 1.14±0.27∙10-3 mm2/s, 0.76±0.37∙10-3 mm2/s and 

0.36±0.20, respectively. Standard deviations (SDs) well depict the heterogeneity of the sample. For 

example, SD of FA was slightly higher than for the regular, laminar phantom, while almost 5 times 

higher than for capillary phantom. DTI metrics were associated to the effective pore size and pore 

geometry (three orthogonal dimensions and the degree of anisotropy), which have the following 

geological meaning: i) they can distinguish among dissolution vugs/large voids (large MD) 

determining the storage capacity of a reservoir and zones subjected to dolomitization generating 

intercrystalline porosity (low, unimodal MD); ii) FA together with eigenvalues can distinguish 

among spherical, elongated and oblate pores, reflecting in carbonates spherical voids, fractures and 

dissolution channels. The last two types can determine the rock’s permeability. The last DTI metric 

was diffusion tensor tractography, which for rocks has slightly different meaning- tracts no longer 

reflect the connected pore network, but they rather depict the linkage of connected or unconnected 

pores along the direction of the most probable fluid escape path. Metric was called principal 

diffusion tracts (PDT) and is suspected to reflect the permeability tensor (mean FA for the voxels 

through which the tracts pass, was higher by around 20%, which may suggest the impact of 

fractures, that determine permeability). Thus, it adds the dynamic information to the proton density 

3D distribution. 
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In the next step, geophysical characterization based on diffusion tensor data was made. 

Firstly, the pore size distribution (PSD) was determined by using the following workflow: i) the 

identification of the diffusion regime by estimating 𝜉 =
 𝐷0𝑡𝑑

𝑑2 , where 𝐷0  is bulk diffusion 

coefficient of water, 𝑡𝑑  is diffusion time and 𝑑 is pore size. It can be seen that this process is 

dependent on the unknown value of a variable to be determined (pore size). ia) For the experimental 

parameters, 𝜉 was simulated for the wide range of 𝑑; ib) time-dependent diffusion coefficient, 

𝐷(𝑡𝑑), was calculated from the Mitra’s, Einstein-Smoluchowski and long-time limit formulas when 

𝜉 ≪ 1, 𝜉 ≈ 1 and 𝜉 ≫ 1, respectively; ic) 𝐷(𝑡𝑑) allowed the determination of diffusion regimes 

boundaries; id) Experimental 𝐷(𝑡𝑑) were compared with the simulated ranges of three diffusion 

regimes and assigned the appropriate one. ii) pore size for each experimental 𝐷(𝑡𝑑) was determined 

by using a proper formula describing the assigned diffusion limit; iii) PSD was determined as 

a histogram of 𝑑 values, with interval width corresponding with LF-NMR 𝑇2 relaxometry, with 

which a very good agreement was obtained. Secondly, the average diffusive tortuosity for the 

sample, 𝜏𝑑, was calculated using the formula 𝜏𝑑 =
𝐷0

𝐷∞
, where 𝐷∞ is long-time diffusion coefficient, 

with the following workflow: i) calculation of the mean pore size from PSD based on DTI; ii) 

estimation of an exemplary long-time limit diffusion time from 𝜉 =
 𝐷0𝑡𝑑

𝑑2  assuming 𝜉 = 10 (𝑡𝑑 

was equal to 500 ms); iii) determination of 𝐷∞ from the long-time limit formula; iv) verification of 

the calculated 𝐷∞  with the experimental values coming from the independent diffusion 

measurement in LF-NMR for 𝑡𝑑=500 ms; v) calculation of tortuosity. A very good agreement was 

obtained between calculated and experimental 𝐷∞  (1.17∙10-3 mm2/s and 1.13∙10-3 mm2/s, 

respectively). The obtained 𝜏𝑑=1.71, which was within the range of 1.46-2.33 obtained after the 

calculation by using different literature tortuosity models for the carbonates. Finally, electrical 

conductivity tensor was estimated assuming the correspondence of its eigenvectors with those for 

diffusion tensor. Then, the conductivity tensor, 𝐶 = 𝜂 ∙ 𝐷 , where 𝜂  is proportionality constant 

calculated from the force equilibrium model (FEM). The eigenvalues of the electrical conductivity 

tensor were equal to 0.152, 0.109 and 0.073 S/m, with a mean of 0.111 S/m and anisotropy of 0.36.  

The most important value of DTI for rock core samples is that it can deliver diffusivities 

and geophysical parameters that are rotationally invariant. This is in contrary to the most common 

diffusion or diffusion-relaxation correlation experiments in one dimension. However, some 

limitations were indicated for DTI of rocks connected to the lack of appropriate hardware. MRI 9.4 

T Bruker system is currently of choice due to the possibility of imaging with high resolution and 

reasonably high SNR and low 𝑇𝐸. However, the applied 𝑇𝐸 is not short enough for tighter rocks, 

such as sandstones or shales, that have significantly shorter 𝑇2𝑠. MRI of such rock types would 

require low magnetic fields (0.1-0.2 T) and other sequences, such as single-point imaging (SPI), 
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single-point ramped imaging with 𝑇1 -enhancement (SPRITE) or zero echo time (ZTE), which 

currently do not have diffusion-weighted imaging option. Moreover, high field cannot be 

successfully used for highly doped rocks, for which internal gradients induced by the differences in 

magnetic susceptibility would completely destroy magnetization in a short period of time and 

disturb a reliable diffusivity estimation. For carbonates like this used in the study, magnetic 

susceptibility of rock and saturating water were equal to -13 ppm and -9 ppm, respectively, which 

in conjunction to the complementary information about 𝑇2 and PSD from LF-NMR, did not have 

a significant influence on the diffusion coefficients.  

In conclusion, the article showed the possibility of the DTI technique to very accurately 

and widely characterize the rock core sample. It can deliver rotationally invariant diffusion 

parameters, from which many geophysical quantities can be determined. Moreover, 3D DTI metrics 

distributions can be successfully compared with the μCT, LF-NMR and MICP results, and deliver 

complementary information. Thus, DTI can enhance the insight into the interior of the sample and 

predictions according to the reservoir recovery. Tighter and more doped rock require the 

technological progress in the field of MRI. 

[A6]: Identification of Proton Populations in Cherts as Natural Analogues of Pure Silica 

Materials by Means of Low Field NMR 

 This article was written based on the research conducted against the geological problem- 

the origin of silica in bedded and nodular cherts from the Kraków-Częstochowa Upland (KCU). 

The established theory about the siliceous Hexactinellida sponges as a sole source of silica has been 

questioned for this part of stratigraphic column. The new hypothesis about radiolarians as the 

second potential source of silica was proposed and it requires many additional data. Due to different 

oxidation levels of silica, solid-state NMR was extensively used for cherts along with other physical 

methods. However, commonly thought non-porous, to date cherts were not studied by 1H LF-NMR. 

In the work, it was successfully used to characterize the proton populations in bedded and nodular 

cherts. 

 Three nodular and one bedded chert were characterized by using conventional methods- 

scanning electron microscope (SEM) and fusion-inductively coupled plasma (FUS-ICP). Next, LF-

NMR 𝑇1 (𝑇𝑅/scans/minimal 𝜋 −
𝜋

2
 pulses delay/maximal 𝜋 −

𝜋

2
 delay=5 s/24/0.05 ms/5000 ms), 

𝑇2  ( 𝑇𝐸/𝑇𝑅 /scans/number of echoes=60 μs/1500 ms/512/10000) and 𝑇1 − 𝑇2  ( 𝑇𝐸/

𝑇𝑅 /scans/number of echoes/minimal 
𝜋

2
− 𝜋  pulses delay/maximal 

𝜋

2
− 𝜋  delay =60 μs/1500 

ms/128/10000/0.1 ms/5000 ms) experiments were conducted for three sample states: native, dry 

(200 °C, 12 h, vacuum) and saturated (room temperature, vacuum). Moreover, the 1D and 2D 
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relaxation times distributions were also obtained for differential signal of saturated and dry samples. 

Parameters from 1D LF-NMR (relaxation times for modes, integral of modes’ distributions, 

logarithmic mean 𝑇1 and 𝑇2 and porosities) were taken to the principal component analysis (PCA). 

PCA reduces many original variables to several secondary variables called principal components 

based on the correlation among the primary variables. In this way PCA can group samples into 

clusters based on the similar properties. 

 First of all, results from LF-NMR were very surprising. Despite very low porosities 

(maximum od ~2%), 1D and 2D distributions were very complex having up to five modes. 

Moreover, native and dry samples were characterized by very similar distributions- peaks virtually 

coincided, differences only in the modes amplitudes. Therefore, 𝑇2 distributions were divided into 

regions encompassing individual modes: 0.05-0.2 ms (R1), 0.2−2 ms (R2), 2−12 ms (R3), 18−40 

ms (R4), and 90−300 ms (R5). After saturation some differences were noticed, mainly in the region 

which was the most saturated (bedded chert significantly saturated in R3 and R4, which was not 

observed for nodular cherts). Using additional information about 𝑇1/𝑇2 ratios from 𝑇1 − 𝑇2 maps, 

each region was identified as a certain proton population: R1- hydroxyl (OH) groups in silanol, R2-

R5- water in pores (R2- water bonded to the surface of open mesopores characterized by roughness 

(after comparison with standards) between MCM-41 and SBA-15; R3- water strongly bound to the 

rough surface due to very high 𝑇1/𝑇2  ratio; R4- water in pores with larger diameters, located 

between crystallites). Due to the fact, that relaxation times modes did not disappear after drying, 

the existence of the closed porosity was expected (the so-called inclusions). In turn, differential data 

describe open porosity. 

 Further analysis of porosity was made in comparison to the pure mesoporous silica systems 

(MCM-41, SBA-15 and pure silica simulated pores simulations encountered in the literature), 

which was possible because samples were composed in 98% from SiO2. It was shown that those 

systems have different surface roughness reflected in different 𝑇1/𝑇2 ratios. Comparing relaxation 

times obtained for cherts and for pure silica materials, it was hypothesized that inclusions contain 

the solution of mesoporous silica particles and water. Different 𝑇1/𝑇2 ratios suggested different 

surface roughness of particles and/or paramagnetic content.  

Next, pore size distributions (PSDs) were calculated for each saturation state using the relation on 

1/𝑇2 in pores, which after reformulation gave 

 𝑑 =
4𝜌2±√(−4𝜌2)2−4𝐶(−𝐹𝐷)

2𝐶
, (A6.6) 

where 𝐷  is diffusion coefficient, 𝜌2  is sample’s surface relaxivity (a weighted sum of surface 

relaxivities obtained in the literature for pure silica materials and iron (III) oxide), 𝐶 =
1

𝑇2
−

1

𝑇2⁡𝑏𝑢𝑙𝑘
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and 𝐹 =
(𝛾∆𝜒𝐵0𝑇𝐸)2

12
, where 𝑇2  is experimental time, 𝑇2⁡𝑏𝑢𝑙𝑘 =2.2 s, 𝛾  is gyromagnetic ratio,                         

∆𝜒 = 𝜒𝐻2𝑂 − 𝜒𝑆𝑎𝑚𝑝𝑙𝑒 is the difference between magnetic susceptibilities of water and solid phase 

of a sample (a sum of 𝜒𝑆𝑖𝑂2
=-10.55 ppm and 𝜒𝐹𝑒2𝑂3

=500 ppm weighted by their fractions in a given 

sample), 𝐵0=0.05 T and 𝑇𝐸=60 μs. (A6.6) formula accounts for the signal attenuation due to 

diffusion in an internal magnetic field gradient resulting from the differences in magnetic 

susceptibility. In the second approach it was omitted and PSD was calculated using a well-known 

equation 

 𝑑 = 4 ∙ 𝜌2 ∙ ⁡𝑇2⁡𝑠𝑢𝑟𝑓𝑎𝑐𝑒, (A6.7) 

where 𝑇2⁡𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is 𝑇2  relaxation time obtained in the experiment assuming surface as the 

predominant source of relaxation. In the literature, taking into account the diffusion was connected 

with the application of the bulk diffusion coefficient, 𝐷0. Besides this approach, we introduced 

a modified approach using simulation data from the literature, which suggested the decrease of 

diffusion coefficient in the nanopores (up to 10 nm pore size) from around 2.3∙10-3 mm2/s (𝐷0) to 

0.045∙10-3 mm2/s (pore size of 0.6 nm and less). The power function-based 𝐷(𝑑)  model was 

developed and used in the PSD calculation. In general, noticeable changes were visible in the pore 

size range of 1−10 nm. The effect of internal gradients outside this range is negligible. Based on 

PSDs of saturated samples, micro-, meso- and macroporosity (according to IUPAC) contributions 

to the total porosity were determined. 

The last part of the study was PCA, which automatically distinguished bedded chert sample 

from the nodular ones in each saturation state. On the presented biplots, vectors associated with 

original variables were grouped and each group was marked by a different color. Such presentation, 

helped to better visualize the variables which distinguished bedded chert from nodular ones. 

Moreover, since each mode is associated with different proton populations, further gathering on the 

geological differences between bedded and nodular cherts can be made.  

 In the paper it was shown that cherts, commonly thought non-porous, evinced very high 

porosity diversity for the total porosity not exceeding 2%. Conducted analysis delivered a complete 

set of parameters describing different types of porosity (micro-, meso-, macro-, open, closed, 

surface bound water, slits in the microcrystalline quartz). Dry state enabled the characterization of 

inclusions using diverse 𝑇1/𝑇2  ratio and 𝑇2  time pairs in comparison to pure silica materials 

(suggesting various geological processes of formation). The outcome indicates the possibility of the 

LF-NMR method for the noninvasive distinction of cherts types and effective characterization of 

porosity, which can help in the geological studies. 
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IV. CONCLUSIONS 

In the series of papers constituting the dissertation, new applications of NMR imaging in 

non-uniform magnetic field gradients were presented. The research materials were three types of 

nano- and micrometric porous systems- biological (Baker’s yeast and mesenchymal stem cells), 

tissues (skeletal muscles of thighs) and geological (cherts and carbonates). The aim of the research 

was to overcome barriers to improve the quantitative characterization of these materials and 

describe their microgeometry more accurately. For this purpose, each of them required unique 

methodology and equipment. The barriers encountered in the characterization of the microstructure 

were: i) scale, ii) amount of research material, iii) chemical composition of the sample, iv) image 

artifacts, v) measurement errors (systematic and random).  

The barrier of scale and the amount of the research material could be overcome by the 

application of the single-sided NMR MoUSE operating at high magnetic field constant gradient. It 

allows the obtainment of very strong diffusion weighting and thus, the examination of proton 

populations with the low diffusion coefficient. In the first two articles from the cycle, the application 

of NMR MoUSE was introduced for the biological systems in vitro. In the first one, with the 

application of time-dependent diffusion coefficient method, the evidence of nano- and 

submicrometric structures was shown and verified by using Monte Carlo simulations and 

characteristics coming from the literature. In the second article, the same methodology was applied 

to the interpretation of the diffusion-weighted data in the cultured mesenchymal stem cells. The 

main findings of this work were twofold. Firstly, the results showed that cultured MSCs are 

characterized by a visibly smaller intracellular self-diffusion coefficient in comparison to cells that 

MSCs can differentiate to. The other finding was supported by the successful identification of the 

nuclear component in the signal. Tracking the time-related changes of the molar fraction and 

diffusion coefficient of this component helped to distinguish two cell death mechanisms. Besides 

the full characterization of the mesenchymal stem cells microstructure and its time-related changes, 

NMR MoUSE proved the possibility to examine the biophysical properties of biological systems. 

The paper also presented the differences in the diffusional properties of MSCs depending on the 

pressing forces proportional to the number of contacting 50 μm-thick layers of cells. The studies of 

biological systems in vitro by applying NMR MoUSE opened the path for tracking cells’ transitions 

due to mechanical forces and consequently, cells’ differentiation process. Moreover, it evinced the 

possibility to support their identification in vivo, exploring their functions, localization and tracking 

in the human body without contrast agents, something that remains largely uncovered. 

Image artifacts and systematic and random errors are the main problem in the clinical 

imaging. Articles [A3] and [A4] presented new application of DTI corrected for systematic errors 

by using BSD method for the diagnosis and monitoring of the course of the peripheral artery disease 
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in ischemic patients. The DTI metrics and tractography were associated with the clinical status of 

the muscles, but also delivered information about intra- and interfiber microstructure. Elimination 

of systematic errors showed to be essential for the proper interpretation of clinical data. After the 

BSD correction, DTI metrics can be potentially used as biomarkers for muscle tissue condition. 

Currently, there is no other non-invasive technique for the evaluation of the actual muscle status 

and structure before surgical procedure. The application of DTI can be therefore used for the 

monitoring of the muscle structure change due to treatment, hitherto by using mesenchymal stem 

cells therapy. 

The problem of chemical composition of the sample appears mainly in geological materials. 

In the [A5] article, we firstly showed that 1H Low Field NMR can help to characterize and 

differentiate nodular and bedded chert rock core samples with the total porosity equal to around 2% 

or less. 1D-T2 distributions reflected physicochemical changes in the porosity structure due to 

saturation. T1-T2 maps were also incorporated, which delivered T1/T2 ratio reflecting the desorption 

energy of proton species, which helped to classify the peaks as resulting from different populations, 

including hydroxyl groups in silanols, water adsorbed on the surface of micropores or entrapped in 

the slits of microcrystalline quartz (probably creating hydrogen bonds with surface silanols) and 

water in micro-, meso- and macropores. Further quantitative analysis was possible after the 

association of the highly siliceous samples with pure silica materials (MCM-41 and SBA-15) 

examined in the previous work. The findings are relevant in that they show, that low field 

relaxometry can be used to investigate different physicochemical properties of low porosity rocks 

based on the following parameters: T1/T2 ratio, pore size distribution (corrected for the diffusion in 

the induced magnetic field gradients), relaxation times. Besides non-invasive probing of the 

porosity, adsorbed species and surface processes, this technique brings new light on the 

characterization of cherts as natural porous silica materials. It is expected that this work will 

contribute to the studies on silica sources in the bedded and nodular cherts. 

The last work introduced a new approach for measuring fluid diffusion in rock cores. The 

proposed method, based on a DTI technique, offers a spatial determination of the diffusion 

coefficients and derivative parameters in a truly quantitative manner that is related to the examined 

pore microstructure (rotationally invariant). This is a significant innovation in relation to numerous 

studies where the measurements of the diffusion coefficient in NMR/MRI experiments were 

determined in an ambiguous manner, namely depending on the direction of the diffusion gradient 

vector. This study is also within the scientific focus on the optimal determination and use of energy 

resources. This is largely due to the fact that the detailed geophysical parameters of the rock 

material, such as the geometry of pores controlling the migration of reservoir fluids, are the subject 

of our study. In other words, understanding the geometry and distribution of pores resolved via 

diffusion measurements has a critical impact on fluid migration, mineral dissolution or precipitation 
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and the capability of a reservoir to store injected fluids such as CO2. We therefore believe, that our 

approach will be vital for increasing the precision of the determination of the geochemical and 

geophysical parameters of rocks based on the measurement of diffusion coefficients using non-

invasive DTI technique. It should be emphasized that the proposed DTI can deliver metrics used in 

determining geophysical and geochemical parameters such as: pore geometry, pore size 

distribution, permeability, wettability, fluid structure, conductivity tensor, tortuosity (some of them 

shown in the work). These parameters are crucial for the precise determination and use of energy 

resources of oil, gas or geothermal deposits. 

Summing up, the dissertation consists of the six articles concerning the problem of the 

accurate quantitative characterization of the microstructure and biophysical properties of porous 

systems encountered in different fields of study. Workflow of each research consisted of the 

predefinition of the existing barriers based on the state-of-the-art, development of appropriate 

experimental protocol and analysis method, definition of the obstacles for the accurate quantitative 

analysis, correction for the unwanted effects and finding the possible applications of the proposed 

methodology. Thus, the dissertation presents different approaches for the solution of the same 

problem, but adapted for the research material. 
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