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STRESZCZENIE

Rozprawa dotyczy zastosowania magnetycznego rezonansu jagdrowego (MRJ) do badan
nano- i mikrometrycznych ukladow porowatych w polu magnetycznym, ktorego gradient jest
niejednorodny z powodu niedoskonatosci sprzetu i/lub niejednorodnych  wiasciwosci
magnetycznych prébki. Nadrzednym celem tych badan jest polepszenie istniejacych oraz
znalezienie nowych aplikacji MRJ w badaniach mikrostrukturalnych uktadéow porowatych
spotykanych w biologii, medycynie, geologii i inzynierii materiatowej. Do tego celu uzyto technik
MRJ do pomiarow relaksacji i dyfuzji, a takze zaimplementowano metody korekcji, takie jak ,,B-
matrix Spatial Distribution” (BSD) w obrazowaniu tensora dyfuzji (ang. diffusion tensor imaging,
DTI).

Prowadzone prace badawcze skupialy si¢ na pokonaniu barier napotykanych w
charakterystyce mikrostruktury: i) skala, ii) ilo§¢ materialu badawczego, iii) sktad chemiczny
probki, iv) artefakty obrazowe, v) btedy pomiarowe (systematyczne i stochastyczne). W ramach
rozprawy, do dokladniejszego opisu mikrogeometrii uktadow biologicznych in vitro
zaproponowano w pierwszej kolejnosci zastosowanie metody pomiaru wspdlczynnika dyfuzji
zaleznego od czasu dyfuzji na jednostronnym skanerze NMR MoUSE, operujacym w stalym,
bardzo silnym gradiencie pola magnetycznego. Opracowana na komorkach modelowych drozdzy
piekarskich metodologia zostala przeniesiona do ukltadow mezenchymalnych komorek
macierzystych i umozliwila charakterystyke ich wiasnosci biofizycznych oraz mikrostruktury,
w tym gltownie wykrycie sktadowej w sygnale pochodzacej od jadra komérkowego. Dzieki temu
wskazano mozliwos$¢ rozréznienia dwoch mechanizméw $mierci komorek (nekroza i apoptoza). W
tych pracach badawczych pokonano bariere skali oraz ilo$ci materiatu badawczego.

Rozprawa prezentuje roéwniez podejScia i zalety kliniczne doktadniejszego opisu
mikrostruktury uktadéow biologicznych in vivo- tkanek. Skupiono si¢ na migsniach szkieletowych
podudzi w chorobie niedokrwiennej. Zbadano wptyw leczenia mezenchymalnymi komorkami
macierzystymi w podwdjnie zaslepionej probie klinicznej, analizujagc zmiany mikrostruktury
mig$ni. Prawidtowa analiza i diagnostyka wymaga eliminacji btedéw systematycznych, w tym
przypadku z uzyciem metody BSD.

Ostatni obszar badan mikrostruktury stanowily naturalne uktady porowate- probki rdzeni
skalnych. Zaproponowano pomiary MRJ procesow relaksacji w niskim polu magnetycznym jako
metode do rozroznienia czertow typu ,,bedded” i ,,nodular” tylko na podstawie cech mikrostruktury
porowej w catym zakresie skali (od nano- do makro-), w tym efektoéw powierzchniowych. Jako
metod¢ pomocnicza zaproponowano analiz¢ sktadowych glownych. Doktadna analiza danych MRJ
byta mozliwa dzigki duzej korelacji probek z naturalnymi uktadami krzemionkowymi (zeolitami)
oraz korekcji ze wzgledu na sktad chemiczny. Krokiem naprzod w charakterystyce mikrostruktury
skal bylo zastosowanie techniki obrazowania tensora dyfuzji, co bylo mozliwe dla prébek
weglanowych. Pokazano sposob interpretacji wynikow DTI, a na ich podstawie wyznaczono szereg
parametréw geofizycznych, w tym jedng nowa metryke mogaca odzwierciedla¢ przepuszczalnosc.






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.






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
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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,



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.



LIST OF ACRONYMS

2D
3D
BSD
CPMG
DL
DT
DTI
DwI
EPI
FA
FEM
GM
GPA
KCU
LF-NMR
MD
MICP
MoUSE
MRI
NMR
PAD
PCA
PDT
PGSE
PSD
r.m.s.
RCT
RF
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SE
SGP

Two-dimensional
Three-dimensional

B-matrix spatial distribution
Carr-Purcell-Meiboom-Gill
Longitudinal diffusivity
Transverse diffusivity

Diffusion tensor imaging
Diffusion-weighted imaging/images
Echo-planar imaging

Fractional anisotropy

Force equilibrium model
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Gaussian phase approximation
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Mean diffusivity

Mercury incjection capillary pressure
Mobile Universal Surface Explorer
Magnetic resonance imaging
Nuclear magnetic resonance
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Principal component analysis
Principal diffusion tracts
Pulsed-gradient spin echo

Pore size distribution
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Spin echo

Short gradient pulse
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Signal-to-noise ratio

Soleus muscle

Single-point imaging

Single-point ramped imaging with T1-enhancement
Slice thickness

T1-weighted image

T2-weighted image

Tibialis anterior muscle
Time-dependent diffusion coefficient
Echo time

Repetition time

Micro-computed tomography

Wharton Jelly mesenchymal stem cells

Zero echo time



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 Rymanow, 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



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 Jasinski, who completed a scientific
internship under the supervision of the Nobel laureate prof. Peter Mansfield. A. Jasinski 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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I1.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, u:
p=yhl, (1.1)

where y is gyromagnetic ratio, # is Planck’s constant, h, divided by 2 and I is quantum operator
of a spin. For atomic nucleus with magnetic moment, x4, spin-up and spin-down states can be
separated when it is placed in the static magnetic field, By, due to the splitting of the atomic energy
levels, which is called Zeeman effect. The interaction energy of u in the external magnetic field,
By, (Zeeman interaction) is equal to —u - By. In B that is magnetic field oriented along the
laboratory z axis, i.e. By = (0,0, By), the Hamiltonian- the energy operator, can be determined
using classical potential energy formula (E = —u - By), which gives

H = —yhB,l,, (1.2)

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

eigenvalues of the Hamiltonian in (1.2) are defined as
E(m) = —yhBym, (1.3)

which is called the energy level of a nuclear spin in a magnetic field and m is magnetic spin
guantum number. For nucleus with spin quantum number I, there is 2/+1 energy levels. The

distance between two adjacent energy levels (Am = 1) is equal to
AE = E(m+ 1) — E(m) = —yhB,. (1.4)

This thesis focused on the hydrogen nucleus (proton) resonance, for which I = % and y=267519000

1

Ts

A macroscopic hydrogen-rich sample (e.g. 1 ml of water, which will have 6.68-10%
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 = XBO, (15)
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where y = );;” is magnetic susceptibility, while y., is magnetic susceptibility in equilibrium and
0

Uo = 4T - 10‘85 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
woy = )/Bo, (16)

called Larmor frequency, while the motion phase is equal to yByt, 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 B4 applied transversely to the main magnetic field, B,. 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:
Hiap = —YhByl, — 2yB; cos(wt) I, (1.7

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

rotating frame of reference as given by

w

Hror = =¥ (Bo = %) I, = ¥Bil. (1.8)
The magnetic resonance occurs when w = wq. According to the bracket in (7) such value of w

causes B, vanishing, so that at resonance spins precess around the B;.

Macroscopically, the NMR signal in the receiver coil is built from the magnetization vector,
M, disturbed by B4 transverse to B and returning to the equilibrium. The time evolution of M is

described by
dm
T yM X B, (19)

where B is the effective magnetic field coming from By and B4. At the resonance:
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B41(t) = By cos(wyt) i — By sin(wyt) 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:

% = y[My By + M,B; sin(w,t)], (1.11a)
aMy _
5 = Y[M;By cos(wot) — MyBo], (1.11b)
dM, .
o = ¥[~MBy sin(wot) — MyB; cos(wot)]. (1.11c)

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

M, = M, sin(w4t) sin(wyt), (1.12a)
M,, = M, sin(w;t) cos(wyt), (1.12b)
M, = M, cos(w;t), (1.12¢)

where w; = yB;. 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 w, and RF duration. The latter determines the angle ¢ = w;t, by which M can be tipped. The
most popular is to tip the magnetization by the angle of 90° 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 AE 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 v = %E. It can also be proved, that by using RF coils only Am = +1

guantum 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 Myk. 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

dM, _  M;—M,
o= (1.13)

with solution
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M,(t) = M,(0) exp (— Til) + M, (1 — exp (— Til)), (1.14)

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

(restoration of the longitudinal to B, 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

dMyy My
=TT (1.15)
with solution
My, (£) = My, (0) exp (— Ti) (1.16)

where T, is spin-spin or transverse relaxation time, M,, is the transverse component of
magnetization and M,,, (0) is the initial transverse component, i.e. the M,,, 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=L (1.17)

~ emyrs’

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

of a solution and g 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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a=v30=%i+%’j+?k. (1.18)

The gradient reassures the spatially dependent spin precession frequency, w(r), given by
o) =wy+v(G- 1) (1.19)

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

hops separated by the time step 7, so that in the time t = nt; molecule does n jumps. If we denote

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

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

L(ntg) =X éq; (1.20)

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

< L?(ntg) >= né?, (1.21)
Defining self-diffusion coefficient as
_ £
D= 270 (1.22)

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

equation:
(Z%(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
w(nts) =yBy +yG Xz {a; (1.24)
and the cumulative phase angle change after time ¢ is
Ap(t) = yGérs Y, (n+1—1a;. (1.25)

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

determination of the coefficient exp(iA¢) assuming Gaussian phase distribution, P(A¢), from:

exp(iAg) = [* P(Ad) exp(iAp) d(A¢), (1.26)

which yields
2

exp(iA¢) = exp (— AT)Z), (1.27)
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and assuming large number of steps, n, and by using (25) we get
Ap? = %yszrszfzrﬁ. (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
(A DY — 1 2,273
exp(iA¢g) = exp (—gy G-Dt ) (1.29)

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

t = 0 and t) the net phase shift is equal to
A$? = V26 D(TEY’, (1.30)

where TE is echo time, while for pulsed-gradient spin echo sequence (PGSE) (gradient pulses with
duration & on the both sides of the -pulse and separated by the time interval of 4 instead of steady

gradient)
ApZ = 2y2G%67D (A -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, Sy, ratio

SS—O = exp(—y2G?62D (A —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; Krzyzak and Olejniczak, 2015). The theoretical
description for non-uniform magnetic field gradients was proposed and called the generalized
Stejskal-Tanner equation (Borkowski and Krzyzak, 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 = (B, + %) K + Bji. (1.33)
Velocity coordinates in the precession motion can be determined using (9) and (33), which gives
[My(VBo + w1),M,¥yB; — My(yBy + w4), —MyVB1]a (1.34)

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

Vector sum yields
=My = My (yBo + ;) — ”Tl—zx (1.32a)
%My = —My(yBo + w1) + yB1 M, — 1:_:’ (1.36b)
% M, = —M,yB, — (MT‘_MO) (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 B)
and Einstein’s conductivity, K = %T, the diffusion currents parallel (+) and anti-parallel (-) to x axis

were given as

. D
ji = £ (&) nsVB, — DVn,, (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 M,, were given by
u(s —j-) = —DV(My — Moy), (1.38)
where M, 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 Av were

calculated as
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M,
(5 )D dv = V- DV(M, — Mo,)Av. (1.39)

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

OM,, M
oc = My(yBo + @) = TE+ V- DV(M, — Myy), (1.40a)
My = M (yBo + wy) + YBy M, — 2 + V- DV(M,, — My,)) (1.40b)
n x\VBo VT YEMz T y 0y J)r :
M = —MyyB, — MM 4y DY(M, - My,), (L40c)
at Ty

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

OM(rt)

— M X B,y — Myi+Myj  (My—My)k
at

T; T,

+ DV?M. (1.41)

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

M, = M, +iM,, (1.42)
and using By = G - 1, (38) yields
OM,, . . M,
—2 = —iwoMyy — iy (G- )My, — T—Zy + DV2M,,,. (1.43)

In the absence of diffusion, M, is damped by the T, relaxation according to the formula

. t
M,, = ¢ exp (—lwot — T_z)' (1.44)
where ¢ represents the magnetization amplitude unattenuated by relaxation. Then, by using (43)
and after dropping irrelevant term, one gets

Z—‘f = —iy(G - )¢ + DV?¢. (1.45)

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

translational self-diffusion. The solution is

¢ = MyA(t) exp(—iy(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

M,y (r,t) = A(t) exp [—iyr - [ G(¢')dt'| exp (— Ti) (1.47)

where

A(t) = exp [—Dyz fot ( fot'G(t")dt")Z dt']. (1.48)

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

(SNR). As a result SNR is increased by N§ , 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

1—exp(—%)

1-cos6 exp(—%) '

M, = M, (1.49)

where 8 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, dVV, where the local spin density is
p(r), is

dS(G,t) = p(r)dVexp(i(yBy + yG - 1)t). (2.1)
Given that in phase-sensitive detection rf signal is mixed with the reference oscillation at yB,

frequency and the signal is detected at the differential frequency, yG - r (heterodyne mixing), signal

amplitude can be written as

S(6,0) = [f p(r)exp(i(yG - P)t) dr, (22)

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=12 2.3)

2m’

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

of k-space they can be described as

S(k) = [[[ p(r)exp(i2nk - r) dr, (2.4)

and

p() = [[[ S(k)exp(—i2rk - ) dk. (2.5)

2.1.Selective excitation

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

The Bloch equations are now

dM,

a — YMyG2z, (2.6a)
dM,,
— = Y(M;B1(t) — M,G,2), (2.6b)
am,
cx = —yMy B, (D), (2.6¢)

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

, T .
My = —yMg exp(—iyG,zT) [, B;(t) exp(—iyG,zt) dt, (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 yG,zT. Due to its result on the NMR

signal, G, is called slice-selective gradient.

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

bandwidth term instead of a single frequency value. The bandwidth can be defined as
Aw = yAzG,, (2.8)

and if it is the same in case of an RF pulse, then the slice of thickness Az 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, G, and G,,, 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, G, and G,, 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(ky ky) = f_S;T//ZZ J2 12 plx,y,2) exp (iZn(kxx + kyy)) dx dy dz, (2.9)

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

pCey) = [ 17 S(ky ky) exp (—i2m(kex + kyy) ) dy dcy, (2.10)

where the one integral was omitted and p(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

_ VGxtx

ke = Yok (2.10)
_ YGyty

ky =122, (2.10)

where t, and t,, 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 k, and k, from the range of —kymax 10 kymax aNd —ky max 10 —kymax

respectively,

Ak, = ——, (2.11)

FOV,

1
Y~ Fovy’

Ak (2.12)

where FOV, and FOV,, are image spatial dimension along x and y axis, respectively. The volume
element (voxel) size isAx x Ay x Az = ST, where ST is slice thickness and pixel’s width and

height can be defined using reciprocal space as

Ax = ! =1 (2.11)

kx,max_(_kx,max) kFOV,x,

1 1

Ay (2.12)

ky,max_(_ky,max) kFOV,y.

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. T, 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°
(%—pulse) and a series of n m-pulses at times 7, 37, 57, etc., following the g—pulse, up to the time
t = nt. For such pulse sequence, a natural consequence of equation (2.44) is the echo amplitude

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

—=——+Dy%G%2 (3.1)

T, Tapulk

When researchers noticed discrepancies between T,s 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, p,,
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 T,

given by

= —— (3.2)

T; T2buik Tzsurface Tzdiffusion’

where T,k 1S T, relaxation unaffected by sink mechanisms and for water (Coates et al., 1999)

Topuik = 3 (22—:77), (3.3)

where Ty is temperature and 7 is viscosity,

) (3.4)

Tzsurface 14

where p, is T, surface relaxivity (the strength of the surface to cause additional spins dephasing
and echo amplitude decrease) and % is surface-area to volume ratio of a confining geometry, and

for CPMG the last component is equal to
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1 1 DY?G2%(TE)?
— — —D)/ZGZTZ _ oy
Tzdiffusion 3 12

, (3.5)

where echo time TE = 2t.

3.2.T4 Relaxation

M,,, and M, 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 M,,, visibility is governed by the spins
coherence maintenance, its lifetime in the presence of disturbances was considered. In case of M,,
diffusion, convection and magnetic field inhomogeneity do not influence its decay and growth. The
growth of M, 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 T; relaxation occurs according to

2=t 41 (3.6)

- 1
Ty T1buik Tlsurface

where T,y 1S Ty relaxation unaffected by sink mechanisms and for water (Coates et al., 1999)

Tipuike = Topuiks (3.7)
and
1L _pS
Tlsurface N v’ (38)

where p, is T; surface relaxivity (the strength of the surface to speed up M, 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’,4) 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

Y@@', t) = [Y(r, 0)P(r|r, t)dr, (3.9)
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where W(r, 0) is the particle density, p(r). Using W(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) =6(r —1"), (3.10)
where 6 is Dirac’s function, then the Fick’s first law of diffusion is given by
J = —DVP, (3.11)

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

& = -DV?P. (3.12)

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

3 _
P@rlr, ) = (4nDt) =z exp[- 22 (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,0) = [ P(rir + R, Dp(r)dr = (4mD6) 2 exp [~ 2 |, (3.14)

where p(7) is particle density function. Introducing reciprocal g-space, so that

q="% (3.15)

2n’

where y is gyromagnetic ratio, ¢ 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 &, the magnitude of diffusion is nonsignificant compared to
the magnitude during 4- diffusion gradients separation time, which can be denoted as 4 > &) the

echo amplitude in PGSE sequence for unrestricted diffusion is given by
S(q) = [ P(R,A) exp(i2mq - R)dR, (3.16)

where A 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 g-space is in resemblance with imaging of spin density, p(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(rir',t) = (4naDt)_% exp [_ %] x [1 + 2% exp (_ nzzznt) cos (nﬂ:l) cos (m;rl)],

(3.17)

where subscripts || and L 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

2[1—cos(2mq, a)]
(2rq a)?

S(q) = exp(—4n2qﬁDA){

nzcmDA) 1-(-1)"cos(2mq a) }
[(2mq a)?-(nm)?]? )’

4(27T‘IJ_a)2 Yn=1€Xp (—

a2

(3.18)

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

2
restricted diffusion using two diffusion limiting signal behavior: short-time (A 1G4 Z—D) and long-

2
time (A > Z—D) 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).

C f . - - - aZ - - - aZ
onfining geometry Short-time limit (A < 5) Long-time limit (A > 5)
. 2[1 — cos(2mqa)]
— —A2.2 —
Laminar S(q) = exp(—4m“q“DA) S(q) Znqa)?
2[1 — cos(2mqa)]
Rectangul = exp(—4m?q? =
ectangular S(q) = exp(—4m=q-DA) S(q) Zrqa)?
S(q)
Spherical S(q) = exp(—4m?q?DA) 1
= exp | —4n?q? (E az)

Long-time limit can be also investigated for small 2rga < 1 or G K w% (table 2).

Table 2. Long-time limit for the further limit imposed on ga, so that 2mqa « 1 in different

confining geometries having size a.

Confining geometry | Long-time limit for 2rqa « 1 limit

. 1
Laminar S(q) ~1— E(ana)2 ~ exp(—y?8%G?DepfA), Doy = a?/12A

1
Rectangular S(q) =1 —E(ana)2 ~ exp(—y?8%G*DepfA), Dosr = a?/12A
. 9[2 2 — sin(2 2
Spherical S(q) = [2mqa cos(2mqa) — sin(2mqa) |
(2rqa)®

Spin echo attenuation formula for all geometries can be summarized as (Aslund and Topgaard,
2009)

o 2p2%0 1 2a2,Dg6—2+2L(8)+2L(A)—L(A-8)—L(A+5)
ln(S) - 2]/ G Zm:l(l-,zn((l-,an2+1—d) (a.%nDO)Z ’ (319)
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where L(t) = exp(a?2,Dyt), 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
ap, IS m-th root of the n-th order Bessel function of the first kind given by

Ja(a,R) — amR]Hg(amR) =0. (3.20)
2 2
The restriction size can be obtained from the r.m.s. displacement < Z(§, t;)? > at weak gradients,

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

2 d1n(E)

< Z(6, td)z >= ~ 252 éli%w, (3.21)
whereas some limits allowed the simplification of the exact solution:
R? . 1-L(tg)
1) 0 K D_o = (2(6, td)2> = ZmleZil_d) (322)
2
2) ty < ’;—0 = (Z(8,t4)?) = 2Dyty (3.23)
R? 0 . 1 «Z, Dy~ 1+L(65)
3) td > D_o = (2(8: td) ) - SZmzlotfn(otfnR2+1—d) (‘:an05)2 (324)
8 68 B 576t = cEL (3.25)
Dy’ % p, » DS '
5) 6 <ty > 5 (2(6,t9)?) = —2—R? (3.26)
D," 47 by ' 2+d :
where in 4) C is a constant dependent on the geometry, and C =135,2—74 and 13725 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 t; = A. 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, t;, which

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

Preserving g-space terminology, PGSE signal amplitude in a pore volume V is
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S(q,t) = %f drdr’ exp(iq- (r — 1)) P(r —1',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 D, 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, \/m < 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

JDotaS (3.28)

v
Due to this fraction, the observed TDDC, D, (t4) slightly decreases according to (Mitra et al.,

1993)

Dapp(ta) _ 1__* JPotaS _ (

18 3
2 g —2H ) Dotg + 0 ((Dota)?) (3.29)

4dv
where d is again spatial dimension of confining geometry, i.e. pore, and
1 1 1
11=§fdab;+5j (3.30)

is the mean curvature averaged over the smooth parts of the surface, R; and R, are the principal

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

(a) (b)

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 (¥p) and structural (£5) 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, p, 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)

1pS

Dapp(ta) _ + 4 /Dotas _ (EVH . )Dotd n 0((D0td) ) (3.31)

Dy 3dvm vV

where p 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'ty) = C(ta) T exp (_ (r=r)’ )5(1' -r'), (3.32)

(47D, (tg)ta)Z 4D1(ta)ta

where C(t,) is a normalization constant, D, (t;) is an effective width of the Gaussian propagator

and S(r — r') is the connected pore-space structure function defined as
S(r—7") = [dRx(r + R)x(' +R), (3.33)

where y(r) is characteristic function equal to 1 and O 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, Dg,, (tq) approaches the asymptotic value D, . In disordered porous

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

Dapp(td) +ﬁ1+€_;2’ (3.34)
Do

where a = % where 7 is tortuosity and coefficients 8, and 8, depend on the microgeometry detail

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

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

3

and B, = 4\/_(612)5, where f is the

volume fraction of the spherical grains having a size of a (De Swiet and Sen, 1996).

coefficient Dos; = Doar, and a = (1 _ (_)) B, = (fa2)
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Other relations for D¢ have been proposed for biological cells systems, for example

L2141 (3.35)

Desf Dy Pa

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 D.s — 0, when P — 0. Therefore, the
permeability of biological cells were rather determined by using alternative methods, such as
Karger model of diffusion (Kérger, 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(ta) 1 c\/a+(1_%)t_d
et (1 - ;) X = ﬁ+(1f§)%' (3.36)

where ¢ = (%5) /Do and 6 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, D, is obtained for the whole system from the

single-exponential echo attenuation dependence in SGP
S(A, G) = exp(—y28%G*Derfh). (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(A,G) =Y, pexp(—y286%G2D;A), (3.38)
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where n is a number of compartments, while p; and D; are molar fraction and self-diffusion
coefficient of the i-th compartment. Gaussian dependence is true, when for a certain value of 4 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 Kérger model (Kéarger, 1985) can be
applied, which is given by

% = _y26262D1M1 - k1M1 + kzMz, (339&)
% = _y25262D2M2 - k2M2 + klMll (339b)

113

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

compartment, and k; is the exchange rate for i-th compartment, which is defined as
1
ki =—, (3.40)

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

S(A) = p; exp(—y282G2D]A) + pj exp(—y252G2DjA), (3.41)
where
_ ) L
r_1 _ 1 (o 1)_ _ 1 (r_1 4+ )
b, = 2 Di+ D, + y282G2 (11 t 12) »[Dz Dy + y282G2 (‘rl ‘rz)] t y484GrT T, | (3.42&)
_ ) L
r_1 1 (r.1 _ 1 (r_1 4+ )
b; = 2 D1+ D, + Y282G2 (11 t 12) + »[Dz Dy + y282G2 (1’1 ‘rz)] t y484GrTiT,| | (3'42b)
I 1 !
Pz = prpr (p1D1 + p2D; — Dy), (3.42c)
p1=1-—ps. (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, I, = /Dytg, (3.43)
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. _ (Do\3
- dephasing length, [; = (V—G) , (3.44)
- restriction length, L. (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
lrp ===, (3.46)

where p is surface relaxivity. I is called relaxation length and may be used instead of I, 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, G4, direction, since there is equal
probability of molecules travelling in each direction and the r.m.s. displacement for diffusion time
ty — oo 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 t; — oo 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

xx Dxy Dxs

D
D =Dy, Dy, Dy, | (4.2)
sz Dyz Dzz

where D;; 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 G4 directions. The diffusion tensor eigenfunction
DEi = Aigi = Ailgi’ (42)
where i={1, 2, 3}, ¢; is i-th eigenvector and 4; is i-th eigenvalue, can be presented in a matrix form
Dxx ny DXZ €1x E2x  E3x E1x  E2x  E3x /11 0 0
Dyxy Dyy Dy, <‘°’1y €2y 53y> = (Ely €2y 533/) X (0 1, 0 ) (4.3a)
€1z €2z &3z €1z &2z &3z 0 0 A3
DE = EA, (4.3b)

where E and A 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, A, using
ETEA = A =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, A;, describes the largest dimension and is sometimes
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called longitudinal diffusivity (DL). The second and the third eigenvalue, 4, and A5, respectively,
describe diffusion in a plane transverse to A, and their mean is sometimes called transverse
diffusivity (DT).

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

S =Sy, exp(—b: D), (4.6)
where b is b-matrix
bxx bxy bxz
b=|byxy, by, by | 4.7
bxz byz bzz

and S is a vector of diffusion-weighted signals (at least six). Recalling PGSE pulse sequence: %
pulse, G4, T-pulse, G4, readout, where G4, is diffusion-sensitizing magnetic field gradient in
n-th direction; three time intervals, t, t;, t{ and t can be defined, which denote for the 7-pulse
moment, period before -pulse, period after -pulse and echo readout moment, respectively. Given

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

k(t)=[kx (), ky (), k. (¢)]" (4.8)
and
k(tD) =y [, G(t")dt" - 2H(t' — t)k(t), (4.9)
where
k(D) =v [ G(t"dt", (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(K" (t)dt’, (4.11)
which after substituting (4.9) gives
b(t) =y*], [fot' G(t")dt" - 2H(t' — tl)k(tl‘)] X [fot’G(t")dt" - 2H(t' - tl)k(t;)]T dt’.  (4.12)
Neglecting magnetic field gradients other than diffusion-sensitizing ones, we can write:

Gd,n = (.gx: 9y, gz)T’ (4-13)

where

40



gi+ 95+ 97 =1 (4.14)

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

gradients, g;g;, where i,j = x,y, z. Thus,

9% 9x9y Yx9z

Ix
g= Gd,ncg,n = (gY) (gx 9y gZ) =1 9y9x 9321 Iy9z | (4-15)
9z 9:9x 99y 9%
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
G4, 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,
G;. Moreover, some other types of unwanted gradient contributions may occur, such as background
gradients (Gp), eddy currents-driven gradients, non-linear parts of G4 and G;, etc. (which can be
denoted as G,,). 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' (418)

Determination of D from (4.6) is connected to the division of S and S_0 data, that were obtained
with and without G4, respectively while all the other components of the total gradient were present
in both experiments. Therefore, the division should provide the elimination of b;, by, b,,, b;p, bin
and by,,. Cross-term b,; 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~)%/?) 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-DT]I).

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 (Krzyzak, 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, Dg). 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 (D, = R~1(2,)DgR(2,), where D, is phantom’s diffusion
tensor in laboratory axes system, R(€,) is a rotation matrix and Q;, = (a;, B;,v.) 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, b,,, for each direction, n, can be

determined by solving a system of equations

a, = —b,D
(4.19)
ay = —byD,
where
51n
.l
SMnJ
SoM
b, = [bnxx,bnyy, nz2 brxys b xz bnyz), (4.20)

Dlxx Dlyy Dlzz Dlxy Dlxz Dlyz
D= : : : : : : (4.20)
DMxx DMyy DMZZ DMxy Dsz DMyz
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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.

m=2:M

i M) =6

Dy = B 00R(0,)

g
/_/\ A
D, r D, D,

Sm. S, . Sn;‘ s; n SLunSS L] SLU- sl a Sos-ss » scu-se »

For n=1_ ..., N difusion gradient directions: m=1, 2, ..., M and min(M=6 arlentations

[ g = =baD

dy = —bND

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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I1l. 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. invivo 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 arock) 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,

- itis 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,

- itis 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
amore 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

[Al]: 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 um slice using stimulated spin echo (SSE) pulse sequence,
allowing for storing the magnetization along the B, magnetic field during the diffusion time (or
mixing time), for b=0-597 000 s/mm?. 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 um, 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
(WJIMSC) 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.

WJIMSC were collected from the umbilical cords, cultured, evaluated and measured by
NMR method in two low-field systems- with a bore aperture (longitudinal, T;, and transverse, T,
relaxation, diffusion-relaxation, D —T,, and T, — T, 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 WIJMSC. Based on the results
from D — T, 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 WIMSC 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 um.
This setting also enabled the identification of differences in the diffusional properties of WIMSC
depending on the pressing forces proportional to the number of contacting 50 um-thick layers of
cells. In this way, it was shown that by using MoUSE it is possible to study biophysical processes
in WIMSC.

WJIMSC 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 WIMSC
are characterized by a visibly smaller intracellular self-diffusion coefficient in comparison to cells
that WIMSC 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
(WJIMSCs) 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, T; -weighted (repetition time, TR =440 ms, echo time,
TE=10.8 ms) and T,-weighted (TR/TE=3800/70 ms) MRI with fat suppression by using a Fast
Spin Echo (FSE) sequence, as well as DTI (b-value = 350-10% s/mm?, TR /TE= 5200/64 ms, field
of view, FOV=59 x 39 cm?, Number of Scans, NoS=1, 384 x 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
WJIMSCs were administered and after 83 days later T;-weighted and T,-weighted MRI and DTI

were repeated with the same protocol (the second examination, E2). T;-weighted and T,-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, 14, A,, 13) 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, A, 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,
Az and A, in SOL and GM suggested cytoplasm swelling and muscle fibers disintegration
increasing endomysium space, respectively. Decreased MD, 45 and 4, 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 T;-weighted (T1WI) and T,-weighted
images (T2WI1): significantly smaller fatty infiltration and neoangiogenesis (not able to be seen with
the naked eye), strongly hyperintense T,-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 T1IWI and T2WI. In
general, increased fat content in the muscles would be associated with decreased T; and increased
T,, while edema with elevated both T, and T, 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 A, reflects the
diffusion along the muscle fibers (thus, called longitudinal diffusivity, DL), A, across the myofiber,
A3 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 (A, - the first eigenvalue, 1, - the second
eigenvalue, A3- the third eigenvalue, FA- fractional anisotropy) in the particular courses of PAD
with respect to the healthy muscles.

A A, A3 FA
Intramuscular fatty accumulation = < ! 1
Intermuscular fatty accumulation = ! = 0
Sarcoplasm swelling ~ 1 /= 11
Development of collateral circulation 1 1 1 1=
Overall muscle dehydration and atrophy /= ! ! /=
Myofiber necrosis ~ 1 = !

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 T; signal intensity and lower T, signal intensity (Figures 1 C and D, respectively in
[A4]), which was associated with T; decreasing and T, increasing (for TA the T, 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 TAWI 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 (Cal) formation of West Poland, the Bronsko
Reef. High resolution (250 x 250 x 500 pum), reasonably short TE=20 ms, long TR=13 s, 4 scans,
6 diffusion gradient directions and moderate b-value, b=800 s/mm? 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 (LCT) were performed for DTI results verification. For comparison, two anisotropic
phantoms with laminar and capillary pores (sizes of 20 and 30 pum, respectively) were examined
(a resolution 0f 470 x 470 x 2000 um, TE=20 ms, TR=2.5 s, 2 scans, 6 diffusion gradient directions
and h=800 s/mm?). DT data were analyzed and visualized in the in-house software (BSD-DTI ver.
2.0, AGH, Krakow).

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 T, 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 T, < TE. In the
next step, DTI metrics were analyzed in 3D. The average mean diffusivity (MD), the first, second
and third eigenvalue (1,, 1, and A3, respectively) and fractional anisotropy (FA) were equal to
1.16+0.25-10° mm?/s, 1.58+0.29-10° mm?/s, 1.14+0.27-10° mm?s, 0.76+0.37-10°° mm?/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 ¢ = D‘;’th, where D, is bulk diffusion

coefficient of water, t; 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, & was simulated for the wide range of d; ib) time-dependent diffusion coefficient,
D(t,), was calculated from the Mitra’s, Einstein-Smoluchowski and long-time limit formulas when
§K1,& =1and & >» 1, respectively; ic) D(t,) allowed the determination of diffusion regimes
boundaries; id) Experimental D(t;) were compared with the simulated ranges of three diffusion
regimes and assigned the appropriate one. ii) pore size for each experimental D (t;) 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 T, relaxometry, with
which a very good agreement was obtained. Secondly, the average diffusive tortuosity for the

sample, 74, was calculated using the formula t; = D—°, where D, is long-time diffusion coefficient,
o0

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 & = % assuming & =10 (t,4

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 t;=500 ms; v) calculation of tortuosity. A very good agreement was
obtained between calculated and experimental Do, (1.17-10° mm?s and 1.13:10° mm?/s,
respectively). The obtained 7,=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 =n - D, where n 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 T,s. 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 T; -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 T, 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 uCT, 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 Krakéw-Czgstochowa Upland (KCU).
The established theory about the siliceous Hexactinellida sponges as a sole source of silica has been
guestioned 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 *H 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 T; (TR/scans/minimal & — g pulses delay/maximal = — g delay=5 s/24/0.05 ms/5000 ms),
T, ( TE/TR /scans/number of echoes=60 ps/1500 ms/512/10000) and T, —T, ( TE/
TR /scans/number of echoes/minimal g—n pulses delay/maximal %—n delay =60 ps/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 T; and T, 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, T, 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 T, /T, ratios from T; — T, 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 T, /T, 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 SiO,. It was shown that those
systems have different surface roughness reflected in different T, /T, 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 T; /T, 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/T, in pores, which after reformulation gave

d= 4po+ (—40;22—4C(—FD), (A6.6)

where D is diffusion coefficient, p, is sample’s surface relaxivity (a weighted sum of surface
1

relaxivities obtained in the literature for pure silica materials and iron (I11) oxide), C = Ti -
2 2 bulk
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(YAxB,oTE)?

and F = , Where T, is experimental time, T, ,,;x =2.2 S, Yy is gyromagnetic ratio,

Ax = Xn,0 — Xsampie 1S the difference between magnetic susceptibilities of water and solid phase
of a sample (a sum of yg;,=-10.55 ppm and ., 0,=500 ppm weighted by their fractions in a given
sample), B;=0.05 T and TE=60 us. (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-p;- T, surface» (A6.7)

where T, gyrrace 1S T, 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, D,. 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° mm?/s (D,) to
0.045-10° mm?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 T, /T, ratio and T, 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 pm-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 technigue 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 *H 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-T, distributions reflected physicochemical changes in the porosity structure due to
saturation. T1-T, maps were also incorporated, which delivered T1/T- 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/T; 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 CO,. 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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Abstract: In the literature, diffusion studies of cell systems are usually limited to two water pools
that are associated with the extracellular space and the entire interior of the cell. Therefore, the
time-dependent diffusion coefficient contains information about the geometry of these two water
regions and the water exchange through their boundary. This approach is due to the fact that most of
these studies use pulse techniques and relatively low gradients, which prevents the achievement
of high b-values. As a consequence, it is not possible to register the signal coming from proton
populations with a very low bulk or apparent self-diffusion coefficient, such as cell organelles. The
purpose of this work was to obtain information on the geometry and dynamics of water at a level
lower than the cell size, i.e., in cellular structures, using the time-dependent diffusion coefficient
method. The model of the cell system was made of baker’s yeast (Saccharomyces cerevisiae) since that
is commonly available and well-characterized. We measured characteristic fresh yeast properties
with the application of a compact Nuclear Magnetic Resonance (NMR)-Magritek Mobile Universal
Surface Explorer (MoUSE) device with a very high, constant gradient (~24 T/m), which enabled us to
obtain a sufficient stimulated echo attenuation even for very short diffusion times (0.2-40 ms) and
to apply very short diffusion encoding times. In this work, due to a very large diffusion weighting
(b-values), splitting the signal into three components was possible, among which one was associated
only with cellular structures. Time-dependent diffusion coefficient analysis allowed us to determine
the self-diffusion coefficients of extracellular fluid, cytoplasm and cellular organelles, as well as
compartment sizes. Cellular organelles contributing to each compartment were identified based on the
random walk simulations and approximate volumes of water pools calculated using theoretical sizes
or molar fractions, Information about different cell structures is contained in different compartments
depending on the diffusion regime, which is inherent in studies applying extremely high gradients.

Keywords: constant gradient; time-dependent diffusion coefficient; in-cell diffusion

1. Introduction

Water in cells is very important for many processes, including cell division [1]. Water permeability
is an important feature of biological cells that can be used as an indicator of a cell’s condition and
death [2,3]. Nuclear Magnetic Resonance (NMR) diffusion imaging is a useful tool in studies on
membrane permeability because it is sensitive to molecular motion. It has been shown by Mitra et al.
that the time-dependent diffusion coefficient in the slow regime, i.e., when { << R2Dy~!, where tis a
time of diffusion observation, R is a cell radius and D, is a self-diffusion coefficient, is independent
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of microgeometry and membrane permeability [4] and can be applied to the determination of a
self-diffusion coefficient of a liquid confined in a compartment with a specific Surface-area-to-Volume
ratio, S/V.

Many works concern the application of a Pulsed Field Gradient (PFG) for studies on water
dynamics in biological cells (e.g,, [4-11] and references therein). However, in studies of porous systems
with very small pores containing fluids whose transverse relaxation time is very short (<1 ms}, the usage
of the PFG technique may be problematic, mainly due to time limitations concerning the adjustment of
sequence parameters. Fischer and Kimmich [12] discussed the problems associated with applying PFG
and presented the method of a secondary stimulated echo for measuring the self-diffusion coefficients
of polymers by using a constant gradient. The application of a constant gradient was also presented by
Rata et al. [13] for the determination of self-diffusion coefficients in water-saturated sandstone cores.

A widely used model of diffusion in biological systems is the two compartmental model in which
the exchange of water between the two pools occurs after a certain time, the so-called residence time
or lifetime, An assumption about the two fractions making a contribution to the signal is sufficient
for moderate gradient strengths and time parameters in pulsed techniques. This is due to the fact
that intra- and extracellular space sizes are comparable to the diffusion length scales obtainable by
systems with the mentioned features. This limitation may be overcome by the application of constant,
very strong gradients. As we will show in this work, by using a constant gradient strength of 24
Tm™! and Stimulated Spin Echo (SSE) sequence, it is possible to explore structures with length scales
lower than 1 um and self-diffusion coefficients significantly smaller than bulk water. In order to do
s0, a three-compartmental model was used to determine self-diffusion coefficients which were later
analyzed in regard to their dependency on time. Admittedly, three compartments were applied earlier
by Stanisz [14] to characterize diffusion in a bovine optic nerve, but one compartment was associated
with extracellular space, while the other two with intracellular spaces with different geometries. On
the other hand, Schoberth [#] studied small prokaryotic cells with sizes below 1 um (Corynebacterium
glutamicum bacteria having a diameter of 0.7 um), but the PFG technique allowed him to measure
intracellular water on the border between the localization and the motional averaging regime.

To the best of our knowledge, we applied the three-compartmental model of diffusion for the first
time, where one of the compartments is significantly smaller than 1 um and associated with cellular
organelles. We will also show that, depending on the diffusion regime, the time-dependent diffusion
coefficient will provide information on the biophysical properties of different structures. For this reason,
when using an extremely strong diffusion gradient, three compartments cannot be rigidly assigned to
specific spaces over the entire diffusion time range, as in the case of two-compartmental analysis.

2. Materials and Methods

2.1. Sample of a Model Cellular System

Fresh baker’s yeast (Saccharomyces cerevisine; Lesaffre Polska S.A., Wolczyn, Poland) was purchased
from a local market. Water content in the sample was equal to 24% of the total weight The yeast was
placed in a petri dish in its original form and its temperature was successively controlled. The experiments
were conducted after ~1 h, when the yeast’s temperature was equal to the ambient temperature of 25 °C.
The ambient temperature was maintained at a constant level. A referential measurement of a bulk water
sample yielded a bulk water coefficient Dy = (2403 + 0.044) < 107% m%s 1.

2.2. System

The 'H NMR diffusion measurements were performed on a Magritek Mobile Universal Surface
Explorer (MoUSE; Magritek, Aachen, Germany). This device is constructed with the application of
permanent magnets and allows measurements in a stray field. The construction scheme is presented in
Figure 51. The magnetic field gradient is constant, directed perpendicularly to the surface of the table
(marked as T in the Figure S1) and has an amplitude of 24 T/m. A slice can be chosen by an adequate



Cells 2020, 9, 2124 3of 17

movement of the high precision lift below the magnets. Due lo the constant gradient, radio-frequency
(RF) pulses can only excite a given slice of a sample at a chosen depth, compared to PFG techniques in
which the whole sample is excited. All experiments were performed at 2.5 mm from the table, which
was the depth in the lower half of the yeast. The slice thickness achieved for echo times (TEs) used in
our study (from 0.04 ms to 1.2 ms) was equal to 200 um.

2.3. Experiments

Diffusion was measured using the SSE pulse sequence (Figure 52). Time intervals 7 and £, are
analogues of 6 and A in the PFG techniques and denote for gradient duration and gradients separation
time, respectively. To register an echo attenuation for a particular diffusion time in PFG, the gradient’s
amplitude is usually altered. Since our system operates at a constant gradient, attenuation was
obtained via changing 7 in 20 steps from T, = (.02 ms {0 Ty = 0.6 ms. The range of 7, as well as
other parameters of the protocol, was kept the same for all the mixing times used in the experiments.
Diffusion was measured for 15 ¢, = 0.2-40 ms, which enabled the achievement of b-values from the
range of 0-5.97 « 10" sm™2. The values of the parameters of the SSE pulse sequence are summarized
in Table S1. The normalized echo attenuation for SSE is given by [15]:

E _ -t 4 Bilp-Z i
-E‘;—exp( VG t.,,+3'c)D P T,)' (1)

where y (T~'s7!) is gyromagnetic ratio, G (Tm™!) is gradient strength and Ty and T are the longitudinal
and transverse relaxation times, respectively.

T, and T, relaxation times were obtained from Ty and T, distributions. The T, relaxation curve
was acquired with the application of a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence for the
following parameters: TE/RD = 40 pus/6200 ms, number of echoes = 4096, No$S = 256. T} was measured
with the application of a saturation recovery sequence using TE/RD = 40 us/3500 ms, number of echoes
= 2048, NoS = 16.

2.4. Models for Diffusion in Cellular System

Three models of diffusion in yeast were tested on the collected data: a two-compartmental (Model
0 when fitted in the full range of b-values, Model OB when fitted in a given interval of b-values), a
two-compartmental with an intercept (Model 1) and a three-compartmental model (Model 2). All
of the models were fitted to the data in OriginPro2018b software. The overall formula for the echo
attenuation in the sample for a particular ¢, is:

E AN T Iy 2
E (e e 1F')'zv_-‘.!’f*"”’c llm + 3D+ o, (2)
jwl

where T and T relaxation times were taken from the distributions shown in Figure 1, i is i-th
compartment in the sample, n is the number of compartments, E is the echo amplitude for the given
T and t, and E; is the echo amplitude for the minimal © and #,, [13], p; is the molar fraction of i-th
populationand 1%, p; = 1, D; (m?s~!) is the apparent diffusion coefficient in the i-th compartment, and:

()'G‘r)z(tm + %r) =b, (3)

which is a diffusion weighting factor in units {(sm~2). vy is the intercept and is equal to zero for Model
0, Model 0B and Model 2.
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2.5. Time-Dependent Diffusion Coefficient (TDDC)

The multi-compartmental model of diffusion in yeast used further in this paper was based on
images obtained from Transmission Electron Microscopy (TEM) or Scanning Electron Microscopy
(SEM) reported in the literature (e.g., [16]), where at least one region of a significant size is visible,
regarding nucleus, vacuoles, mitochondria or cell wall. Each of these regions is characterized by the
self-diffusion coefficient dependent on diffusion time, which for ¢, = 1 is equal to ¢, and will be
hereafter called the time-dependent diffusion coefficient (TDDC). TDDC on the log-log scale evinces a
characteristic S-shape with three distinct regions (Figure S3): I-—free diffusion, [I—restricted diffusion
(localization regime) and [[I—hindered diffusion (motional averaging regime). Region [ is described
by Mitra’s relation [17]: _—

24 g
g Vi Vi

Di(tm) = 4

where W is the number of space dimensions in which diffusion occurs, Do,»(mzs") is the bulk

self-diffusion coefficient in i-th compartment for t,, — 0 and %-(#) is the Surface-area-to-Volume ratio.
In this region, diffusion signal is independent of microgeometry, meaning that all structures with
similar Dy contribute to one, i-th compartment. The arrow-marked region in II (Figure S3) can be
described by the Einstein-Smoluchowski equation [11]:

(77) = 2Dty (3)

where (Zf) (mz) is the root-mean-square displacement of water molecules during t, and d is the
number of dimensions. This equation concerns diffusion in a non-permeable confinement. In reality,
the power of diffusion time may be slightly higher than ~1 [1&] due to the permeable boundaries,
i.e., cell membranes [10]. In this region, the diffusion coefficient is dependent on the microgeometry,
whxch means that i-th compartment will be composed of structures having similar sizes. In the limit:

T < 5‘- bt 2 D" the root mean square displacement can be expressed as ([6] and references therein):

g2\ _ 2 pm2
() =57% (®)
where R (m) is a half distance between boundaries (e.g., radius of sphere). d is, again, the number of
dimensions, and inour cased = 1.

2.6. Simulations

In order to determine the contribution of each compartment to the signal attenuation during #y,
Monte Carlo Random Walk (RW) simulations were conducted in the cell, in which random walkers
reflected diffusing particles. Simulations were conducted in MATLAB (R2019b) (Natick, MA, USA,
The MathWorks Inc.). The modeled two-dimensional (2D) geometry consisted of a cell wall, nucleus,
mitochondrion, vacuole and intracellular space, in which we assumed completely reflecting boundaries.
A non-exchangeable system was assumed based on the lifetimes reported in the literature for yeast
(see Section 4.5). Particle jump duration was set to be t; = 5 us (slep length was dependent on the
self-diffusion coefficient, Dy, 0 = 3Dpf:). Number of RW steps depended on t,, based on the
relation N = f,/ts and was in the range of 40-8000, while the number of particles was equal to 5000.
From the root-mean-square displacements of each particle the mean displacements r,, in compartments
during ¢,, were calculated. By using r,{¢,,) and Equations (4) and (5), apparent diffusion coefficients
were calculated and plotted versus t,,. There was a certain time t,. at which D; from Equations (4) and
(5) were equal. To the left of this point we used D; from Equation (4), while to the right, we used D;
from Equation (5). From these D;(t,,) signal attenuations, E/Eq(b) in each compartment was simulated
using the Stejskal-Tanner equation, by the calculation of b for a priori taken E/Eg(from 1 to (1.01).
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2.7. Permeability

In the absence of osmotic gradients, no net water flux is observed during transmembrane water
molecule exchange. In this case, water exchange is described by the diffusional membrane permeability,
Pg, which for spherical compartments can be calculated as:

R.
Py = —,
3T, (7)
where 17; is the lifetime of water in i-th compartment. It can be determined from the curve fitting to the
time-dependent molar fractions, given by:

¢

pi=poe ™, ®)

where py; is the compartmental molar fraction for t,, — 0° and represents the normalized (to the
volume of the whole sample) volume of the compartment.

3. Results

The collected data in the diffusion experiments are a set of echo attenuations for different mixing
times. It contains information about TDDC and molar fractions for all the modeled regions, which are
treated as fitting parameters.

3.1. Relaxation Times

The Ty and T time distributions of a sample obtained in NMR-MoUSE are shown in Figure 1. Ty
s are apparent Ty relaxation times, decreased compared to the bulk fluid’s T, due to the high diffusion
impact resulting from the application of the high gradient. However, these T; s are visible in the
diffusion experiment in the same system. T, times of the peaks were found to be equal to 2 ms and
29.2 ms, while Ty = 215 ms. The peak with Tz = 2 ms can be neglected due to a very low contribution.
Peaks with T; = 29.2 ms constitute 99.63% of a whole relaxation signal, meaning all cellular structures
have similar relaxational properties, and come from the free fluids in the cell system. We can assume
thatin the diffusion experiment, the attenuation of a signal due to relaxation will be associated with T,
=292msand Ty =215 ms.

i A ' A 1 . A
0.14 ~  199.63% E i 1100% F
0,124 | . 0.06 -
0.10] 3 i

 fve = Lo 3

E0.06- e &

3 0.04- 0,37% 3 2o 3
0.02- ] - E
0.00 _/T\_ e |y 0.00 | |

T T B~ P T T e s
logieA Tz) (ms) logio(Ty) (ms)

Figure 1. T> (A) and T (B) distributions of a fresh yeast sample. Contributions of peaks to the whole
distribution are presented in percentages,

3.2. Choosing the Appropriate Diffusion Model

First, we adapted the most common, two-compartmental model (model 0, Figure 2ZA), in which
two non-exchangeable (¢, much smaller than water lifetimes reported for yeast) regions are associated
with extra- and intracellular water. However, even for the low t,:s, model 0 does not fit the data well
and for higher t,,s, it does not even converge on the data points for b values higher than approximately
1 %10 sm~2. To see whether this situation is due to systematic errors (resulting for example from
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inequality of T3s in the compartments [5]), a two-exponential model with intercept (model 1) was
adapted (Figure 2). Model 1 indeed fits the data better for the low t,,s, but the intercept y; consisted of
as much as 10% of a signal. Additionally, molar fractions p; from model 1 did not exhibit an exponential
decay; rather, they are randomly distributed. Furthermore, y, revealed a very strong discontinuity
at by between 1 and 2 ms (Figure 2C). A rapid increase of py in connection with a rapid drop of p
values al {,; = 2-5 ms is in accordance with the D; and D; discontinuity point (Figure 2B). It looks like
D, was composed of two decaying regions II (marked with arrow in the Figure S3) separated at t,, =
2-5 ms. In case of Dy, the points start to decay even for the very small ;s and then remain constant.
Considering that this component is associated with extracellular space, it is unlikely that region [l is
observed for very low t,:8, meaning that diffusion is restricted. Due to its size, extracellular space
enables water to diffuse freely for a relatively long time. On this basis, we can suspect that the third
compartment of slowly diffusing water is visible in the experiments, For very low #;,s (<1 ms), it gives
almost no attenuation to the total signal and appears as a high intercept vy, while for high #,s, it will
have high impact on the attenuation curve (especially for the second half of b-values for which the first
two compartments are rather fully attenuated, but the signal is still detectable).
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Figure 2. {A) Comparison of results from the fitting of the model 0 and 1. (B} Comparison of results
from the fitting of the Model 1 and 2, The lines are fitted to D;(f,) from model 2 with the application of
(4) and (3). (C) Molar fractions obtained from model 1 and 2 with fitted lines for f; = 10-40 ms.

The first qualitative analysis shows that three-compartmental is the most preferable. Assuming
that all of the three compartments will contribute to the signal attenuation for all t,,,s for a given b-values
range, model 2 was fitted. Next, a quantitative comparison of the model 1 and 2, was made. The
models were compared via statistical tests—Akaike’s (AIC) and Bayesian Information Criterion. Figure
S4 shows that for almost all cases, there is a higher probability (Akaike’s weight) that model 2 is a true
model. For extreme mixing times, Akaike’s weights are higher for model 1, but BIC is inconclusive.
These findings suggest that signal attenuation depends on the three components simultaneously, only
for some t,:5, while for the very short and long ts signal is attenuated mostly due to diffusion in two
compartments. Considering that D;s for t,, — 0 are of the order of ~1 x 1079, -1 x 10719 <1 x 10711,
itis supposed thal for short ¢,s, the signal is attenuated mostly by the fastest and the intermediate
components, while for long t,s by the intermediate and slowest ones.

To find out for which diffusion weighting, b, the signal from the fastest component is completely
attenuated and for which b the slowest one starts to contribute to the total signal attenuation, we
simulated diffusion signal behavior E/Eyy, Eo/Egp and E5/Egs in compartment 1 (the fastest diffusion,
extracellular water), 2 (intermediate diffusion, cytoplasm) and 3 (the slowest diffusion, different cellular
organelles), respectively. Then, E; 5 3/Ej was analyzed. However, a particle’s diffusive behavior will be
different in different geometries (i.e., planar, spherical or cylindrical). For this reason, compartments
had to be matched with a concrete water pools and their geometry characterized by size, shape, molar
fractions and self-diffusion coefficients. The preliminary information about compartments was taken
from the TDDCs resulting from the fitting of model 2.
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3.3. Relating Compartments with Cellular Structures

Firstly, the three compartments were characterized by the approximate self-diffusion coefficients
Dy; and sizes R;. Considering that Dy is rather constant and similar to Dy, the first compartment
was assigned to the extracellular water assumed earlier, with Dgg = Dy = 1 107 m?s~!, Since Dy =
const.,, E1/Eq; () obtainment did not require the simulation of random walks in extracellular space in
order to determine D (t,,) from root-mean-square displacement. Intermediate and slow components
show typical S-shape decay (Figure S3) and regions I and II can be recognized (Figure 2B}). Equations
(4) and (5) were fitted to the regions I and I, respectively. For the diffusion coefficient of cytoplasm, D;,
the two curves merge perfectly at ¢, = 5 ms. Do obtained from the fitting of (4) was equal to 0.676 +
0.041 % 1077 m?s7!, while compartment size Ry from the fitting of (5) was equal to 2.79 + 0.11 um. The
reason why the second’s compartment size is better determined from (5} than from the 53/V; will be
explained in Section £.4. For the slowest component, (4) was fitted in the range 0.2 ms to 2 ms, i.e., the
first point after the plateau in region I, which delivered Dy = 0.095 + 0.011 x 107 m?s™'. A linear part
of TDDC is clearly visible in the range of £, = 0.8-40 ms. The lines fitted in the region [ and IT merge
satisfactorily at t,, = 1.5 ms. As in the case of the intermediate component, an allometric function was
fitted that yielded a compartment size Ry = 0.277 + 0.048 um.

Molar populations, p;, in the range of 0.2-7 ms do not lie on the fitted lines. For t,, < 10 ms
they are chaotically distributed, which results from the application of model 2 in the whole range of
b-values and t,.. p;s tend to decrease mono-exponentially from 10 ms for all compartments, where
(8) was fitted. The poor fit of a mono-exponential function to the p3 suggests that p(t,) dependency
has a bi-exponential character. However, due to the erroneous py and pa, the short-time behavior
of the p;s form model 2 is not analyzed, and therefore, there is no need for bi-exponential fitting.
Mono-exponential fitting delivered approximate equilibrium molar fractions pgy = 0.3513 + 0.0073, pe
= 0.6501 + 0.0089 and peg = 0.0648 + 0.0037 for compartments 1, 2 and 3, respectively. The sum of py; >
1, which is due to the fitting three components for high t,,. This, together with short/intermediate-time
behavior, is further explained in the next subsection.

Identification of cellular structures associated with the third compartment was based on the comparison
of Ra, poz and Dgg with literature values shown in Table 1, Taking into consideration that pya/fp = 0.1, ratios
of total volume of structure and intracellular volume, f, as well as f-py are presented. Most of the structures
are characterized by the self-diffusion coefficient similar to that of the second component—cytoplasmic
water. Dy is of the same order of magnitude as D of a cell wall and nucleus. Considering the determined
Dyg and R3, it is possible that the third compartment contains an averaged signal coming from several
structures. RW simulations were conducted separately for cytoplasm, nucleus, mitochondrion, vacuole
and the cell wall. Calculated TDDCs are presented in Figure 3,

Table 1. Literature values of parameters characterizing cellular structures in yeast cell; Ny—number of
structures in a single cell, Vi—total volume calculated from geometrical calculations, f—total velume
and intracellular space volume ratio, Dp—self-diffusion coefficient of water in the structure found in
the literature, pop—equilibrium molar fraction of intracellular water.

Cell

Structure Size (nm) Ns Ve tum®) f Dy (x107% m¥/s) fra
Whole cell ~3 1 113 - = =
Intracellular
space {whole NP LA i 201t =
coll without 202 292 ! 93.9-14 1 05-0.7 [5,69,19] 0,65
CW)
~-0.01-0.1[22], 0.23
(erythrocyte) [23],
Nucleus 1[20,21) 1 4.19 0.04 0.4 0.026-0.029

(oligonu.cleoﬁdes)
[24]
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Figure 3. Time-Dependent Diffusion Coefficients (TDDCs) obtained in the experiments with comparison
to simulations conducted for cytoplasm and cellular organelles; the legend presents the name of the
structure with its size and literature value of self-diffusion coefficient in units 10 m*s™! put in

the bracket.

3.4. Simulation of the Diffusion Behavior in Cells

Diffusion coefficients simulated for different water pools in the sample are shown in Figure 3.
In the next step, with the use of these coefficients, we simulated signal intensities, which are shown
in Figure 4. As we can see, cellular structures do not significantly attenuate the total signal for b <
by (null attenuation from the third compartment), for b < by3 and for b < bg for #,; = 0.2, 0.4 and 0.6
ms, respectively. In these ranges, two-compartmental model 1 can be applied instead of the more
parametric model 2, where the intercept y reflects non-attenuating p;. However, for t,;, = 0.6 ms,
seven points seem to be too few (erroneous fitted parameters), thus, one of the parameters had to
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be constrained (in our case we arbitrarily chose 17;). The signal from extracellular space is rapidly
attenuated for #,, > 2 ms. Thissignal is virtually null for the fourth, third and the second b-value for {,,s
equal to 5-7 ms, 10-24 ms and 40 ms, respectively. This means that the first component obtained from
the fitting of model 2 to the experimental attenuation curves (Figure 5A) was fitted to only several
points. It is highly probable that for higher ¢, the first exponent was partly fitted to the points for
which in practice the attenuation came from the second compartment. As a result, fitling could deliver
D), but also py, which are associated partly with the first compartment and partly with the second (i.e.,
averaged [y and py). In consequence, Dj is underestimated, while py overestimated (therefore, the
sum of py in the previous subsection was higher than 1). Hence, for ¢, > 2 ms, it was reasonable to
exclude the first 2, 3 or 4 points from the data set and to perform the less parametric, two-exponential
fitting to the signal coming only from the second and the third compartment. This approach is called
model OB fitting, which delivered the experimental Dy and D3 values shown in Figure 3.
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Figure 4. Simulatex signal intensities in the given cell structure and extracellular space (E;/Eq;, where j
corresponds to the given pool (Cell Exterior, Cytoplasm, Nucleus, Mitochondrion, Vacuole and Cell
Wall, while E; and Ey, are signals registered with and without diffusion weighting) dependent on
b-value and mixing times, .

Attenuation of the signal coming from the cytoplasm is visible in the full range of £,,. For £, > 1
ms, the signal from cytoplasm is null in the second half of experimental data points. For these points
(b-values), the diffusion signals are still intensive for the nucleus, mitochondrion, vacuole and cell wall
that comprise the third compartment. Hence, the two-exponential fitting seems to be a good approach,
since the number of fitted parameters in each half is a few times lower than the number of data points.

In Figure 3 we can see that the experimental ;s coincide almost perfectly with the Dss obtained
in the simulations, which confirms that the second compartment is associated with cytoplasm. Figure 3
also shows apparent diffusion coefficients obtained in the simulations for the cell’s structures with
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comparison to the experimental third component, Dz. Considering the amounts of signal in the
organelles (Figure 4) and the alignment of the experimental D5 with respect to the simulated TDDCs
of organelles (Figure 3}, the third compartment is probably associated with all of these organelles;
however, in the experiment we can observe the averaged signal, D;. Moreover, the contribution of
each organelle will depend on their signal’s attenuation rate for a given £,,.

3.5. Extraction of Compartmental Characteristics from TDDCs

Based on Figure 4, it was possible to approximately identify the b-values for each ¢, for which
the signal from the first compartment is attenuated. Fitting the sum of two exponents in this range
was called model 0B fitting. The choice of this approach was explained in the previous section. The
sample’s microgeometry was characterized based on TDDCs and molar fractions decays obtained
from the fitting of model 0B for £, > 2 ms (Figure 5). This approach delivered compartment sizes Ry
= 2252 + 0,053 um and R3 = 0.277 + 0.058 um. The equilibrium of molar fractions calculated from
interpolation of lines obtained from the fitting of (8) were po; = const. = 0.2188 + 0.0075, pyp = 0.6959 +
0.0052, pa, = 0.070 + 0.021 and py3, = 0.060 + 0.028 (yielding total pgz = 0.130 + 0.035), while residence
times 72 = 390 + 56 ms, 13, = 3.3 + 2.0 ms and 133 = 39 + 28 ms. In the case of extracellular water, it
was not possible to genuinely determine water lifetimes from the (8) for ¢,.s for which the extracellular
signal is not completely attenuated (D (t,) and py(#y) are approximately constant there—see the red
lines in Figure 5). In practice, using model 0B over model 2 allows a more accurate determination of
D; and D3, which results in slightly different compartments sizes, as well as py and p3, which leads to
the obtainment of residence times that are up to two times higher.

A) D, (Model 1) ® D, (Mocel 0BA) B) ® p, (Model 1) ® p, (Model 08/1)
A D,(ModelOBM) 11 D, (Modal2) A p (Model 08/1) O p,(Model2)
104 ) D,(Model 2) D, (Mode! 2)  p;(Model 2) Py (Model 2)
14
1 e e o ©oocmes-o
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Figure 5. TDDCs (A) and molar fractions (B) of the three compartments obtained from the fitting of
model 0B in the range ty, == 7 for which #y is equal to diffusion time. Additionally, results from the
fitting of model 2 are presented.

4, Discussion

NMR diffusometry was performed for several mixing times, which were much smaller than
the lifetimes of water molecules in the extra- and intracellular space reported in the literature for
yeast [5,11,38]. Based on this knowledge, we assumed that there is no exchange between the interior and
exterior of the cell during the experiments. The very strong magnetic field gradient imposed very large
b-values (Table S1) that significantly exceeded 5 » 10% sm™2, above which it is said that the intracellular
signal can be predominantly detected [39]. Such a strong diffusion weighting led us to suppose that
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there was another, very slowly diffusing component to be detected. We qualitatively compared the
three diffusion models in yeast: two-compartmental (or Kirger model [40], which is a simple model of
diffusion in two compartments between which water exchanges; model 0), two-compartmental with
intercept {model 1) and three-compartmental (model 2). Madel 0 was not satisfactory, especially for ¢,,s
for which b values exceeded ~1 » 10!° sm~2, and was excluded from further analysis. In the next step,
model 1 and model 2 were qualitatively as well as quantitatively compared via AIC and BIC (Figure S4).
Inconclusive results for extreme f,,;s indicated that in our experiments different components influence
signal attenuation depending on the b-value range. Identification of those ranges was possible after
RW simulations (Figures 3 and 4) with the application of the literature values of sizes and self-diffusion
coefficients of yeast’s cellular structures (Table 1). Knowledge of the approximate b-values for which
extracellular water is attenuated allowed us to apply the simpler, two-compartmental model (model
0B) associated with the cytoplasm and cellular organelles.

4.1. Violation of the t,; == © Condition

TDDC analysis requires the fulfillment of the Short Gradient Pulse (SGF) or in other words- #;
= 1 condition. In our experiments, the condition was violated for some experimental points 1; for
t,, < 1 ms, where t,, was not equal to the real diffusion time, £; = (t.,, - %1) and f; was not constant
during the acquisition of the single signal attenuation curve. However, the fitting lines in the region |
and [l connect almost perfectly, while the points simulated based on the fitted parameters coincide
with the experimental data. Mean error in the short-time regime was equal to ~11% (¢, = 0.2-1 ms).
It is possible that taking into account all of the cellular organelles in the cellular geometry modeling
during the simulations of RW would reduce the mean error, More intracellular restrictions would
cause shorter root-mean-square displacements and, in consequence, slightly higher D;s, like those
obtained experimentally. More ambiguous values can be observed for the p;(t,) dependence, which is
a smooth, single exponential dependence only above the short-time limit. It is hard to say whether the
evident two-exponential p;{t,,) dependency or the points not lying on the fitted lines result from the
erroneous fit, physiological processes (namely diffusive exchange) in the system or the non-compliance
of the lime-related requirements (f; # const.). Based on these observations we can say that under
conditions of t,; == 7 violation causing t; # const., distortions are visible for the molar fractions, while
for Dy(t) they are minor.

4.2. Comparison of the Diffusion Models

As shown in the Results section, three compartments cannot be characterized in the full range of
b-values by using model 1, because the observations show that the 2% drop of signal coming from
an organelle with a molar fraction of several percent is already visible in the experiment with high
SNR (in this work-—128 scans). The intercept values in model 1 were equal to 10% of the total signal,
which is a significant amount considering the capabilities of a NMR-MoUSE system to detect very
slow (D~10"1% m?s1), low-populated components (even 1% of the total population according to
Williamson [41]). Model 2, which delivers smooth TDDC, but biased parameters, can be applied only for
the determination of approximate values of parameters. The results suggested that signal attenuation
results from the three different components depending on the ¢, range—fast and intermediate for
short tys (low b-values) and intermediate and slow for longer s (high b-values), forcing interval
fitting. Fitting the simpler model 1 in the interval of low b-values and low t,; yielded more accurate
values of D} 7 and p) > associated with extracellular water and cytoplasm. The second interval included
attenuation due to the diffusion in cytoplasm and cellular structures and embraced b-values for which
extracellular signal is fully attenuated. In this interval, the fitting of the simpler model 0B was beneficial
and delivered more accurate parameters in comparison to moedel 2 as mentioned in Section 3.5.

Interval fitting using model 1 and model 0B over model 2 was advantageous due to the less
fitted parameters and reduced risk of fitting a component to the points, for which this component is
attenuated in reality. The percentage differences between the fitted parameters from the models 2 and
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0B were equal to 0.1-21.3% with a mean of 7.7%, 0.7-22.6% with a mean 9.0%, 0.1-37.9% with a mean of
10.1% and 0.1-10.2% with a mean of 7.6% for Dy, D, pa and p;, respectively. In the case of parameters
obtained from model 2 and 1, the percentage difference was equal to 4.9-31.3% with a mean of 14.7%,
0.1-42.4% with a mean of 17.5%, 14.7-54.6% with a mean of 28.1%, 2.4-52.0% with a mean of 28.1%
and 0.1-10.2% with a mean of 7.6% for Dy, D, py, p2 and p3, respectively. The analysis shows that
model 2 can be incorporated into the signal attenuation curve fitting in the whole range of applied t,:s
and b-values yielding reasonable outcomes, especially when it is unable to identify the attenuation rate
or signal amount associated with a particular component in a given range. A significant improvement
due to the application of simpler models was observed particularly in the short-time regime and
especially for molar fractions. From an analytical point of view, the improvement relies on the fact that
by the elimination of 2/3/4 experimental points, the number of points per number of fitted parameters
increases from 3.33 up to 4.75, while the total number of points, N (= 18, 17, 16), is much higher than
the number of fitted exponents.

4.3. Characterization of the Compartments Based on TDDCs

Based on the TDDCs, compartment characteristics were obtained in Section 3.4. Additional
information can be inferred from Figures 3 and 4. The first compartment visible in Figure 5 is associated
with the extracellular water. For t,, = 0,2-1 ms, the mean diffusion coefficient Dy, = 1.64 + 0.15:1077
m?s~! (Figure 5A)), which is similar to the self-diffusion coefficient 1.6 x 107 m?s™! reported for
extracellular fluid [5]. Extracellular space size cannot be accurately determined from (4) (V/S; =R,
= 2.84 + (.36 um), because there are very few data points for which the extracellular signal is still
detectable, which means that the first exponent contains averaged information about the first and the
second compartment and the obtained D s are underestimated. It cannot also be successfully compared
with reported sizes, due to the significantly lower water content (~24% compared to 80% water content
in the work of Suh [11], who obtained extracellular space sizes equal to 15-20 um). Nonetheless, D,
can be slightly time-dependent and R; can be reduced, because fresh yeast's extracellular space size is
smaller than in commonly studied suspensions or sediments. Model 1 delivered pg = 0.2188 + 0075,
which is similar to the theoretical and experimental molar fractions of extracellular space reported by
Conway and Downey [42] equal to 0.26 and 0.22-0.24, respectively. On the other hand, they reported
that extracellular space can be increased to 0.33-0.34 and seen as a thick cell wall. This is in accordance
with our analysis.

The second and third compartments are associated with different structures depending on the f,,.
It is well-known that in the short-time regime (region I in Figure S3), the diffusion signal is independent
of the microgeometry (free diffusion regime). Therefore, D5 and Dj in this regime will encompass all
structures with a similar self-diffusion coefficient. In the short-time limit, the second compartment, D,
reflects the diffusion signal in the cytoplasm (Do qytopiasm equal to 0.5 x 1077 m2s7! [19], up to 1.0 x 1077
m?s~! [37]), vacuoles (if we assume a vacuolar size of 1 pm and Do gecuate €qual to 0.34 « 1077 m?s~! [36]
or 061102 m2s! calculated based on the Stokes relation [19] using a vacuolar viscosity equal to 2.52
cP [43] or 1.7.107? m?s~! [37]) and mitochondria (if we assume Dy mitachondrion = 0.58 x 107 m2s7! [23];
however, it is the apparent diffusion coefficient calculated for water-mitochondria suspension). Ds in
the short-time limit can be connected with the nucleus (Dp s = 0.01-0.1 % 1077 m?s71), cell wall
combined with cellular membrane (Do cwemembnme = 0.03 x 107% m%s~!) and mitochondrion (if we
assume Do mitaciondrion = 0.01-0.1 Dyy,i). This is well depicted in Figure 4, where experimental Dy in
the short-time regime lies near the nuclear (light and dark pink dots), cell walls (green dots) and
mitochondrion’s (red dots) TDDCs. The very low fraction of mitochondrion volume in relation to the
whole cell’s volume suggests that its signal is of minor importance.

In the region Il of TDDC (Figure S3), the diffusion signal becomes dependent on the confining
geometry (localization regime). Thus, TDDCs will be associated with structures having similar sizes.
First of all, D3 will no longer depend on the nucleus signal. This is due to the fact that the nuclear
pore complexes are relatively large (~100 nm [44]) and molecules up to 20-40 kDa can diffuse freely
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through them [45]. The high permeability of the nuclear envelope leads to water residence time in the
nucleus being very short {using the dependency of osmotic permeability versus permeant’s radius
obtained on the basis of the values presented by Paine for oocytes [46], nuclear water residence time in
the conditions of osmotic gradient is approximately 0.03 ms, while it is ~0.1-1 ms when considering
that the diffusive permeability is 4-70 times lower than osmotic one [47]). Hence, the t,, > 1 ms signal
coming from the nucleus will already be mixed with the cytoplasm signal (motional averaging) and
will contribute to the second compartment, Dy. D3 above the short-time limit will mostly depend
on the diffusion in vacuoles, but it is possible that their sizes are slightly smaller than those found in
the literature (Table 1), which can be seen in Figure 2 (blue dots representing vacuolar radius equal
to 0.5 um). The transmission electron micrographs presented by Baba and Osumi [48] {for example
Figure 5 therein) clearly show that vacuoles are significantly smaller than the nucleus and have a
diameter of ~1 um.

Incorporating theoretical py; = 0.2 and sizes of structures determined in this study (the exception
was the vacuole, for which we assume a radius of 0.5 um), we estimated the expected molar fractions
for each compartment. Based on the contributions to each compartment in the short-time limit, the
determined fractions were equal to 0.69 and 0.11 for the second and third compartment, respectively.
These values are in very good agreement with the experimental molar fractions obtained in the study.
In the case of ps(ty), similarly to the first compartment, bi-exponential dependence can also be seen.
Fitting the second component to the ps(t,,) in the short-time regime delivers pgz = 0.129 + 0,016, which
is even closer to the theoretical value of 0.11.

4.4. Characterization of the Sample’s Microgeometry

The cell radius obtained from the fitting of (5) in region II in the study was Ry = 2.252 + 0.053
um, which is in very good agreement with the cell radius calculated from S;/V equal to 2.35 + 0.40
um. Small discrepancies may result from the effect of different surface-area and volume of the second
compartment in the free and localization diffusion regime. Aslund reported a yeast cell radius of 2.48
um [6], Tanner and Stejskal obtained a yeast cell diameter equal to 4.1 um [9], while Cory obtained a
radius of 5 um [49] and Suh identified yeast cell radii equal to 2.3 + 0.2, 3.0 + 0.2 and 2.7 + 0.2 um for
incubation times equal to 9, 24 and 48 h, respectively [11]. As we can see, our values are in the range of
the abovementioned cell sizes. The difference between Ry obtained from the fitting of (5) and from the
S2/V5 results from the fact that signal from nucleus in the short-time limit is associated with the third
compartment, not the second one. A cytoplasm is characterized by the self-diffusion coefficient D =
0.692 + 0.060 % 10? m2s~!, which is similar to the value for the intracellular seli-diffusion coefficient
reported in the literature for the two-compartmental model. For example, Tanner and Stejskal obtained
avalue of 0.68 x 107 m2s~! [9], while Aslund obtained a value of 0.65 % 107 m?s™! [6]. The slightly
higher value may result from the SGF violation or from the fact thal it is associated with relatively high
diffusivity cytoplasm, not the whole cell interior.

The size of the third compartment in the short-time regime obtained in the study is a weighted
mean size of the nucleus and cell wall as mentioned in Section 4.3, Assuming a literature value of the
extracellular molar fraction pg = 0.2 (and correspondingly po2 = 1-pg; = 0.8), the molar weights of
cellular structures were determined. Applying these values in a short-time limit, we estimated the
weighted mean size Ry = 0.422 pm, which is in a very good agreement with R3 = 0.415 + 0.016 um
determined from 53/V3 from Mitra’s relation fitted to Ds(t,). In the analysis of the region Il of Dj, the
estimated Ry = 0.278 + 0.040 um, which reflects the weighted mean size of the cell wall and the average
vacuolar size. Based on the work of Baba [18] and our results, we can assume that S. cerevisiae cells in
the studied sample also contained vacuoles with a radius of 0.5 um or less.

4.5. Diffusive Permeabilities

The diffusive permeability of the vacuolar membrane P;; was determined based on (7) and was
equal to 2.38 + 0.66 um/s, This value is within the range of the two limiting values of permeability for
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sphingomyelin/cholesterol and phosphatidylcholine/cholesterolbilayer membranes at 25 °C equal to
0.81 and 5.73 umy/s, respectively [38]. The diffusive permeability of yeast cell membrane Py, determined
based on (7) was equal to 1.93 + 0.10 um/s, which is very similar to 0.92 um/s [38] and 0.185-1.35
um/s [50]. Interestingly these values are relatively low compared to the value of 6.3 + 0.6 um/s
estimated by Suh [11]. The same situation occurs for intracellular lifetimes reported to date, which
differ among papers. Exemplary values are 0.833 s [38], 0.240 s, 0.450 s and 0.400 s [11], which are very
similar to the value of 0.3%0 s determined in this work. All characteristic parameters for the model cell
system used in the work are summarized in Table 2.

Table 2. Characteristic parameters for three compartments obtained in the study; 1 means the i-th
compartment, [ is a self-diffusion coefficient, 5/V is the Surface-area-to-Volume ratio, py; is the
equilibrium molar fraction of compartment, 7 is the lifetime of water, R; is the compartment size, Py is
the diffusive permeability of the compartment’s boundary.

Dy;(10-¢

i mis-1) SifVi (um-1) Py ;i (s) R; (um) P, (um/s)
1 1.64 £ 015 - 0.2188 £ 00075 0.201 £ 0,039 - -
2 0.692 + 0.060 1.28 +0.22 0.6985 + 0,0068  0.390 + 0.056 2.252 + (.053 1.93 = Q.10

0.070 + 0.021 33+20

006040028 0039+0028 02770048  2.38x066

3 0.095 = 0.011 7.22+0.28

5, Conclusions

An NMR-MoUSE with a very high steady gradient {24 T/m) was used in the characterization
of living cells by means of diffusion NMR. The three-<compartmental model was tested and favored
for the diffusion in the middle range of applied t,,s. Accurate characterization of compartments was
supplemented by random walk simulations and theoretical calculations supported by an extensive
literature review, Complex analysis, including the theoretical behavior of diffusion and the analysis of
biophysical processes in cells, was necessary to understand the physical results reflected by signal
attenuations obtained in our system. This work shows that NMR diffusometry can be used to explore
biophysical processes occurring far below the extra- and intracellular level. A very good level of
agreement between the experimental and theoretical results proves that cellular organelles can be
studied in terms of their biophysical properties by the application of NMR-MoUSE, something never
previously achieved by diffusion NMR without the isolation of a given structure. Additionally, we
presented the signal behavior depending on the SSE sequence parameters in the work, which can
be used as a guide for choosing the appropriate values of b-values or f,, for measurements oriented
towards specific compartment studies.

In the MoUSE system, in which RF pulses are applied with a constantly present high gradient, the
excited slice thickness is of the order of 100 micrometers. Considering this fact, detecting a signal from
low-populated components such as water in nuclei is beneficial with regard to the small amount of
samples that scientists often have at their disposal. To sum up, self-diffusion coefficients, sizes and
molar fractions of extracellular water, cytoplasm and cellular structures can be obtained from the
analysis of a time-dependent diffusion coefficient using single-sided NMR-MoUSE.

Supplementary Materials: The following are available online at hitp://www.mdpi.com/2073-4409/9/9/2124/51,
Section S1. Materials and methods, Figure S1: The construction scheme of the NMR-MoUSE device, Figure S2:
The Stimulated Spin Echo (SSE) pulse sequence used in the experiment. Table S1: Parameters of the protocol used
in diffusion measurements. Figure 83: Log-log plot of diffusion coefficient dependency on diffusion time, Section
S2. Theory of model comparison based on Akaike’s (AIC) and Bayesian Information Criterion (BIC), Figure S4;
Results from the comparison of Model 1 and Model 2 based on Akaike’s weights and ABIC.
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1 | INTRODUCTION

Abstract

The importance of the biophysical characterization of mesenchymal stem cells (MSCs)
was recently pointed out for supporting the development of MSC-based therapies.
Among others, tracking MSCs in vive and a quantitative characterization of their re-
generative impact by nuclear magnetic resonance (NMR) demands a full description
of MSCs' MR properties. In the work, Wharton Jelly MSCs are characterized in a low
magnetic field (LF) in vitro by using different approaches. They encompass various
settings: MSCs cultured in a Petri dish and cell suspensions experiments- 1D-T;, 1D-
T,. 1D diffusion, 2D 7,-T, and D-T: devices- with a bore aperture and single-sided
one. Complex NMR analysis with the aid of random walk simulations allows the de-
termination of MSCs T, and T, relaxation times, cells and nuclei sizes, self-diffusion
coefficients of the nucleus and cytoplasm. In addition, the influence of a single layer of
cells on the effective diffusion coefficient of water is detected with the application of
a single-sided NMR device. It also enables the identification of apoptotic and necrotic
cell death and changed diffusional properties of cells suspension caused by compress-
ing forces induced by the subsequent cell layers. The study delivers MSCs-specific MR
parameters that may help tracking MSCs in vivo.

KEYWORDS
in vitro characterization, intraceliular self-dffusion, magnetic resonance parameters,
mesenchymal stem cells, singlesided NMR

lack of hematopoietic markers inchuding CD45 and CD34.° Wharton
Jelly MSCs, derived from human umbilical cord, represent promis-

Mesenchymal stem celis (M SCa) were discovered in the [ast century
by Friedenstein. He observed that bone marrow contains calls that
torm libroblast-like colonies In vitre.! Further studies revealed that
MSCs are able to differentiate into different cell lineages namely
osteo, chondro and adipe, They can be characterized by the ex-
pression of several markers like CD73, CD90 and CD1035 and the

ng source of stem celis able to differentiate into such cells types as
astrocytes, adipocytes, myocytes, cardiomyocytes and neurons.”~
Recently, MSCs attracted considerable attention in the bio-
medical field as they have been shown to amefiorate symptoms
in a number of diseases including nevrclogical and cardiovascular
anes % Most studies suggest that MSCs sacrete numbers of factors
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activating the regeneration processes in injured tissues® For that
purpose, MSCs will have to stay alive in the regenerating tissues
for a prolonged period of time. However, we are still unable to cffi-
ciently trace MSCs in patients after transplantation. Due to the lack
of tull knowledge about their biology and behaviour after injection,
the MSCs cannot be fully utilized in regenerative medicine. Thus,
new methods that help to solve these problems are urgently needed.
NWMR enables the study of porows material or biological systems in
a non-invasive manner and in vitro or in vive conditions,”” Tracking
the migration of transplanted stem celis with the use of NMR tech-
niques has several years of practice, However, most of the recent
research i based on contrast agents hbelling the cells” " T, re-
laxation times or diffusion coefficients, D, as biomarkers have only
been used in a few papers.

The long-term purpose of the study of live stem cells by means of
truly non-invasive NMR, that is also without contrast agents, is two-
fold, First of all, it concerns the determination of specific parameters
‘seen’ by low fleld NMR (LF-NMR), such as relaxation times T, T, T~
T, and 0T, maps, or diffusion coefficients, which are charactesistic
tor Wharton Jelly MSCs. The proposed muki-parametric characteri-
2ation & alse implemented to obtain a set of MR parametérs in order
to minimize the possibility of overlapping signals from other cells,
These parameters may be uzeful in-cell detection when studying an-
imal models or patients by means of MRI in vivo. A similar approach
was developed and implemented for porows and heterogencous
systems. " Secondly, NMR parameters characterizing in vitro cell
wmpensions ean be used to determine their guantitative and quali-
tative characteristics. such as size, self-diffusion coefficient and via-
bilky. For this purpose, besides results from the chasacterization of
MSCs by LF-NMR, a single-sided Mobile Universal Surface Explorer
(MoUSE) was used. MoUSE allows the study of a sample using an
extremely strong magnetic field gradient (-24 T m ') and short diffu-
sion times, which leads to higher diffusion weighting without coming
inta motional averaging between compartments, New promising cell
studies, carried out under these conditions and
signal components from cell samples, have appeared recently. 'V
Another advantage s the ability to test samples in open geometry
with the use of mobile apparatus,” which increases the potential of
future uses in the case of tinding optimal measurement protocols
and parameters dependent on cells characterstics.

dering several

2 | MATERIALS AND METHODS

21 | Experimental model

The umbilical cords were coflected after Caesarean sections.
Written consents were abtained from parents, The umbilical cords
were washed with phosphate-buffered saline supplemented with
antibictic-antimycotic solution, cut inte small explants and plated
into a plastic flask, Explants were cultured with a growth medum for
MSCs (DMEM Low Ghucose, Biowest), supplemented with the plate-
lat lysate in standard culture conditions under 21% of O, and 5% of

CO, at 37°C. Next, the explants were removed, and the cells were
passaged using the Accutase cell detachmant solution (BioLegend).
After reaching the appropriate number of celis, WIMSCs were used
for further experiments.

2.2 | WIMSCs characterization

The phenctype of WIMSC: was analysed according to the
International Society of Cellular Therapy standards. Briefly, cells
cultured at passage 3 or 4 were collected and stained with anti-
bodies against CD73, CD?0, CD105, CD3, CD45, CD34, CD14 and
CD19 (Becton Dickinson) for 30 min at 4°C in darkness. Appropriate
lmotype controls were used to exclude non-specific hinding. Cells
were analysed using Attune Nxt Flow cytometer (Thermo Fisher
Scientific, Waltham, MA, USA), and data were analysed using Attune
NxT Software v2.2.

WIMSCs were tested for their three-lineage differenti-
ation potential using MesenCult Adipogenic Differentiation
Medium, MesenCult Osteogenic Differentiation and MesenCukt
ACF Chondrogenic Differentiation Medium (Il from StemCell
Technologies, Vancouver, CA-BC, Canada). Far analysis, cells were
seeded into 12-well plate at a density of 1.3 « 10% cellafem” and eut
tured in the standard medium until the culture reached appropriate
confluence and the medium was replaced by differentiation medium.
At the end of differentiation, cell was stained with Oil Red O (adipo-
cytes) (Sigma-Aldrich) Alizarin Red (MERC) (osteoklasts) and Alcian
Blue staining (chondrocytes) {Sigma-Aldrich) according to standard
procedures.

2.3 | ExperimentsinaLF-NMR system with a
bore aperture

A suspension of MSCs from Wharton Jelly in a PBS buffer was
put into glass pipette and centrifuged. Then, the ghss pipette was
closed and so the prepared samples were examined on a Magritek
Rock Core Analyzer at a magnetic field of 0.05 T. Samples with 5
and 15 million cells in 3 volume of 0.5-1 ml were tested (suspen-
sions a-d, see Table 1) The Inversion Recovery (IR) and Carr-
Purcell-Melboom-Gill (CPMG) sequences were used for 1D-T,
(inter-experiment delay, 10 = 5 5, T, delay range: 0.1-5 s} and 7,
(ID = 7.5 5. echo time, TE = 200-400 y3, number of echoes in CPMG
encoding train, NoE « 50,000) measurements, respectively. 20 7,-
T, correlation maps were obtained with IR-CPMG sequence ID = 35
for butfer, ID = 350 ms for cells, T, delsy range: 0.1-55, TE = 400 s,
NoE = 20.000). In order to enhance the signal from cells, shorter
inter-experiment delays were applied for T,-T, (350 m3) than in
the case of 1D experiments. For 20 complementary diffusion ex-
periments. a diffusionrweighted pulsed-field gradient spin-echo
(PGSE) seguence was agplied with an increasing gradient ampli-
tude t0 0.5 T m ! and CPMG sequence far detection (ID = 350 ms,
TE = 400 ps, NoE = 10,000, gradient pulse length, 5 = & ms for
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TABLE 1 Peak positions trom 10-7,, 7. distributions (A) and 20 T,-T. (8) and D-T., (C) correlation maps

76
2275

2“03 2439.6 24796
wse  ameo 702
21664

Buffer () 0:1

| 208 200 -
Celsf %05 204 B0 093
Cells {d) 1505 219 2830 145

151

umpensions a and ¢, & = B ms for suspension d, interval between
two gradient pulses, 4 = 20 ms). The maximum b-value achieved for
suspensions 3 and © was equal to 11.6 = 10” sm ™" and 198 « 1075
m™ tor suspension d. All the experiments were conducted in seven
separste experimental series, and for each cell concentration meas-
wement with the same parameters was repested at least ance. In
the work, representative data were shown

24 | Experiments Ina LF-NMR single-sided system

For the NMR measurements in a constant time-steady gradient, a
single-sided MoUSE scanner (NMR-MoUSE, Magritek) was used
with a magnetic field, B, of 0.5 T and constant time-steady mag-
netic field gradient of 24 T m™ {1030 MHz mm '} et perpendicu-
larly to B, and longitudinally to slice thickness. A profile sequence
was used to localize the bottom of the Petri dish (repetition time,
RT « 25 TE « 128.5 us, 4 « 10 ms, number of echaes in CPMG
encoding train, NoE = 512_ slice thickness, ST = 10 pm) or cylindri-
cal container (RT = 6.2 5, TE = 50.5 us, A = 20 ms, NoE = 4098,
ST = 20 umj and the presence of the examined material. The pre-
cize lift in the MoUSE device allowed us ta 3ot the position of the
slices. Echo decays with tau from 0.01 to 0.05 ms for Petri dishes,
which corresponded to b-vakies from 0.04 t¢ 1.03 x 107 s m™
and 0.01 t0 0.2 ms (b-value in the range of 0.08-33.1 » 10° s m™)
for cylindrical container were registered, Then, the obtained data
were calculated using the lnverse Laplace Transform (ILT) {L&H

algorithm, Prospa software) and fitted independently using a one-
or bi-exponential model.

2.5 | Quantification and statistical analysls

The registeved data were analysed using ILT with Lawson&Hanson
and FISTA algorithms.'® allowing us to obtain 10 ditributions and
2D maps, respectively {Prospa software, Magritek), Data from
single-sided NMR-MoUSE were additionally processed by fitting in-
dependently a mono- or bi-exponential diffusion model (for descrip-
tions please see for example in the work of Mazur and KrzyZak' in
Statntica (TIBCO Software Inc.h

3 | RESULTS

3.1 | WIMSCs characterization

The WIMSCs show the minimal ¢riteria outlined for MSCs by the
International Society of Cellular Therapy. They adhere to plastic sur-
face in standard culture conditions and display fibroblast-like mor-
phelogy (Figure 1A). Cytametric analysis led high expression of
specific mesanchymal markers. More than 90% of celis ware CD73.
CD%0 and CO10S positive, whereas they do not express hemat-
opoietic antigens (CD45, CD14, CD19, CD24 and CDA) {Figure 1B).
We have alo confirmed multipotent differentiation potential of




KRZYZAK 11 a1

Isotype Carmol - 1

SELA(10%))
)

S0

o - [

A ()
L

UCA (10°3)
|

. SKA’(ID‘P)

COT . ft CDso - R COWo -f1
= - -
< < <
2 = e
- - - -
Adeas Pl 547 Almaa P ™ 4§47 Mesa Flene'™ 647
CoM - 03 -11 coM-8)1
.. ’ - -
£ g
2 -]
- - SR : -

FIGURE 1 Charactenzation of WIMSCs in standard culture conditions; light microscopy, magnification x100, bar =100 ym (A}, The
expression of surface markers characteristic for MSCs: CD73, CD90 and CD105 (over 90% positive cells), The cells are negative for
hematopoietic antigens: CD45, CD19, CD14, CD34, CD3; flow cytometry analysis (B). Trillineage differentiation potential of WIMSCs:
adipocytes (Ol Red O staining) (C). osteoblasts (Alizarin Red s staining) (D) and chondrocytes (Alcian blue staining) (E); light microscopy,

magnification x100. bar =100 ym

WIMSCs. These cells demonstrated strong capacities for differen-
tiation towards adipogenic (Figure 1C), osteogenic {Figure 10) and
chondrogenic (Figure 1E) lineages.

3.2 | T,andT, relaxation

In Figure 2, the T, and T, distributions for MSCs samples with vari-
ous amounts of cells in a specified volume are presented, and in
Table 1. the refaxation times at maximum and T, , log-mean values
are collected, In the case of T, distributions only one peak is visible,
for both the buffer and for the cell samples [see Figure 2, left panel),
having T, from 2.16 to 1.8 s for suspensions b to d, respectively, The
fack of a dearly separated peak derived from the cells is probably
caused by the cose values of I’1 for bulter and cells samples, which
makes it difficult to separate these two components using ILT.

On T, distributions (Figure 2 right panel). a separate peak for
MSCs can be seen even for the lowest cells concentration, T, of
MSCs was equal to 118, 228 and 311 ms for suspensions b, ¢ and

d, respectively {the difference Is caused by the effect of different
amount of MSCs signal on ILT). Suspension d probably contained
cells clusters with intercellular spaces resulting in additional compo-
nent with 7, = 1162 ms.

3.3 | T,T,andD-T, correlation maps

In Figure 3A-C. T,-T, maps are presented corresponding to the 1D
distributions from Figure 2 for suspension a, ¢ and d. A peak with an
Increasing intensity and area for the cell samples, located at T, about
130-350 ms and not present for the pure buffer sample. Is the main
observation for these measurements, Its T,/T, values were a few
times higher than for a free water, which is another confirmation of
the assumption that the signal originates from the restricted region
of the sample.

A comparison of D-T, maps for the pure buffer and MSCs sam-
ples is shown in Figure 3JD-F. It can be observed that for the used
PGSE parameters signal with T, from the range of 130-350 ms was
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FIGURE 2 Refaxation times 1D distributions. T, {lefL panef) and T, (right panel) relaxation times distributions obtained for different cells

concentration in the suspensions

separated into two components with different diffusion coetficients,
which was the most visible for the suspension d. For this concentra-
tion, the first component (Figure 3F) is characterized by diffusion
coefficient of 1,45 x 10°" m? ™, and the latter: 0,216 x 10 m? 5",
which is 1.5 and 10.1 lower than the ditfusion coefficient tor the
main peak, originating from free water within this sample. For the
lower concentration {suspension c), the corresponding components
have values of 0.93 x 107 m? s and 0.163 x 10™° m? s, respec-
tively. The lowest diffusion may be related to the water compart-
ment with the highest restriction—probably Intracellular spaces,
while the second component might onginate from the restricted
areas between cells, and may be the same as the signal at 1162 ms
of 1D-T, distribution.

3.4 | Diffusion measurements of cells cultured in a
Petri dish

In Figure 4A-D and F-1, diffusion distributions obtained for sam-
ples of stem cells cultured on Petr| dishes are shown and com-
pared with the results of pure water examined under the same
conditions. Four slices of 10 um were registered for two samples
prepared independently—bottom slices are assigned as “1' and
top slices as ‘4. Simultaneously, effective lie averaged for all of
the water pools) diffusion coefficlents were fitted using a mono-
exponential function (results shown in Table 2 and presented
In Figure 4E and J. Effective diffusion coefficients for the bot-
tom slices of the stem cell samples {slice 1, Figure 40 and |) were
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3.5 | Diffusion measurements of cell suspension in

a cylindrical container

n order to obtain the results of diffusion coefficients for cells less

L by water presant b entnfuged cell

of

nased etween them, samples of a ¢

suspension were examined in a cylindrical container. Distributions ¢

diffusion coefficient for four slices with width of 50 um are compared

In Figure 5A-D. Results of fitted val using bi-exponential model

are listed in Table 2 and visualized in Figure 5E. Measurements for

these samples were also repeated after & days (see | igures 2) and
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ton ma
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«10

MSC (15 min : 0.5 mi)

1 10° 10
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aps (A-C) and D-T. correlation maps (D-F) for buffer and MSCs

For samples measured immediately after preparation, signifi
cantly lower, 1.7-2.2 times, diffusion coefficients D, for all the
examined slices than the corresponding values for water can be no
ticed, Valuesfrom 1.36to114x10""m weare registered, in com
patison with 2.31-2.48 x 10" m* +™* abtained for water. Moreover

second diffusion 0,052 and

107"

omponent with D, ranging betwee:

0068 % m? s was possible to obtain. For samples examined

5

after 6 days of incubation at room temperature, a significant de

crease of diffusion coefficients was observed (1.5-3 times), The
lowest values of the diffusion coefficient for the bottom slice and

generally increasing values for higher located slices can be noticed

B DISCUSSION

ork, different NMR approaches were applied in order to

characterize MSCs, Each of them delivere fistinct information

which was complementary to the others, and all are discussed below
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TABLE 2 Results of fitting of mono-exponential functions for stem cells and water sample in a Petri dish for sfices of 10 um (Al and bi-

exponential functions for stem celks and mono-exponential for water samgle in a cylindrical container for slices of 50 um (B)

A

2 10 231 £007
3 10 2.28 + 0.06
10 2452+005

2.51 £+ 0,003

1 (bottom) 50 1,36 + 0.07

2z 50 247 3005 119 4+ 0.07

3 50 2.50 4 0.03 116 + 008

A (top) 50 248 4 0.03 114 £ 0,06

Mean 50 242 4 0.00 1.21 1 0.07
41 | Determination of the MSCs' size

Mesenchymal stem cells' diameter ranges from d, =~ 15 um to
d_ =30 um For these values and real suspension volumes, theo-
retical celular fractions were calculated and compared with the ones
from O-T, experiment {Figure 3), Fractions caincide for d_, =15 im,
which is assumed to be real MSCs size. Mote that MSCs size can-
not be determined from T,-T, maps, because extra- and intraceBular
water can have very simila relaxation times!® and they may combine
into a single peak disenabling fractions comparison.

4.2 | The Influence of MSCs cultured in a Petri dish
on an apparent diffusion coefficient

Mesenchymal stem cells cultured on a Petri dish were traced by
applylng a very small slice thickness, which was passible due to the
use of a single-sided NNMR-MoUSE device. The slice thickness of
10 um ensured 3 singie layer of cells to be examined in a single slice.
Duc to the considerable reduction of the effective diffusion cocf-
ficient in the bottom slice, the presence of a signdficant number of
cells is suspected. Results for slices 2-4 are similar to water diffu-
sion coefficients, suggesting that the diffusion coefficient is only
aftfected by the presence of cells in the first and the lowest layer on
the bottom of the Petri dish, Using D_,_(t, = 10 m3} from simula-
tions (s2e Section 4.4.), cells fraction an the bottom of a Petr dish
can be estimated to be in the range of 23-34%. Hence, celis did not
completely cover the surface and the proportion of water between
the cells strongly influenced the detection of a true intracelislar
self-diftusion coefficient. However, thess findings seem useful for

213 1 0.06

1.58 + 0.07 1.60 + 0,04
2154 0.06 227+ 0.08
232 £ 0.0% 21461005

238 =040 228+ 0.08

0,042 + 0,014

0.068 =+ 0.026 0.46 + 0,09
0052 + 0.0Z7 0.65 + 00% 0,082 + 0.015
0.064 + OL.030 0.56 + 0,03 0.031 « 0.015
0,055 + 0.026 078 + .03 0,084 + 0.023
0.05%8 + 0,027 0.61 1+ 0.046 0.05%78 « 0.017

understanding the impact of MSCs on the apparent (ie dependent
on diffusion time) diffusion coefficient of water in vive measured
in a clinical practice, The effective diffusion coefficient may re-
flect the amount of MCSs accumulating on tissue after 3 medical
intervention.

4.3 = Monitoring of diffusion and viabllity of MSCs
cultured in a cylindrical container

Values of D, for samples examined in the cylindrical container are
mwsch lower than those measured in Petrl dishes. This is probably
because of a lower proportion of water between cells in the samples
prepared in this way. This may suggest obtaining closer vakies of
effective diffusion coelficient to the true selt-diftusion intracelhdar
coctficients in MSCs. The second diffusion component may orig-
nate from structures located within the cells which cause greater
water restriction. Immedistely after the preparation of the cell sus-
pension, the dependence of the ditfusion coefficient on the slice lo-
cation is rather random and they can be averaged in order to obtain
more reliable values, Mean diffusion coefficients can be used for the
identification of the second component, D,

431 | Evidence of diffusion in the in-cell structures
The MSCs nuckaus is a large and round celiutar structure™ and was sus-
pected in the first place to contribute to the second diffusion compo-
nent. For example, in yeast, nuclear to cellular volume ratio & equal to
ahout 8%, which is associated with 4 nuclear radius of -1 im™? In the
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FIGURE 4 Two independent diffusion experiments in Petrl dishes. Data in the left column represent experiment 1, while in the right
column; experiment 2, conducted independently, Dffusion coefficient distributions for water and cells samples in Petri dishes, sequentially
for the layers from the highest ('4) to the lowest ('1') (A<D, F-I). Inset graphs present attenuation of signals, E/E,, vs. b-value. Column plots

comparing diffusion coefficients D, for cells and water sample (E), {(4)

mouse MSCs, the ratio of cell and nucleus diameters was reported to be
equal to about 63%° In human MSCs, the ratio of nuclear to celksar
dameters & equal to 26-31%.% Assuming the cell radius of 7.5 jim esti-
mated in Section 4.1, mucleus rmdiz, R, = equal to -2 ym. This =ize and
Dpy ey = 0095 1077 m? s reported by Mazur and KrzyZak™ yielded
D, Jt,=20ms)=0.0602 2 107" m* 5!, whichisin agood agreement with
the mean value of D, equal 10 0.06 % 10" m” 5%, Therefore, it is highty
passible that muclei in the examined cells have a radis of R« 2 pm.

4.3.2 | Celiviabllity reflected in the effective
diffusion coefficient

For samples examined after & days of incubation at room tempers:
ture. a significant decrease of diffusion coefficients was observed
{1.5-3 times) This may be related o structural damage to the cells
over time, as well as with partial water evaporation, The lowest values
of diffusion coefficient for the battom slice and generally increasing
values for higher located slices can be noticed. Lower values of dir-
fusion coetficients for the bottom slice may be caused by the gravi-
tational fall of cells and their squeezing due to the higher pressure
exerted by the shces located above them. The decrease of D, cannot
be counteracted by the partially or to a greater extent damaged inter
nal structure of celis.

Mean melar fractions f, and f, of D, and D.,, respectively. changed
after 6 days of incubation (Takle 2). Mean f, decreased from 0.97 to
0.8 withamean D, drop from 1.21 < 107 m’ s 1100461 <107 m’ s,
while f. increased from 0.0725 to 0.2 with ne change of a mean D,,.
If ro cellular death and onfy cell condensation occurred, f, would be
unchanged i favour of f,, only D; would change (higher cells frac-
tion with significantly smaller D). Therefore, the most possible sce-
nario is that some part of the cells died in the process of necrosis or
apoptosis. The part of apoptotic celis would release apeptotic bodies
with membranc-enveloped DNA tragments. They would have sim-
ilar properties to the mucleus and collocate with a nuclear signal,
gwving a higher molar fraction of & D, component. Both cell death
mechanisms result in BNA release and medium coagulstion leading
to the decrease of D, diffusion coefficient. Mence. it is suspected
that £, increase was mostly due ta apoptosis, while D, decrease was
associated with the rise of density and viscosity resulting from DNA
usued from cells destroyed by neceosis and partly by apoptosis.

4.4 | Determination of MSCs' self-diffusion
coefficient

In the previous work,'® it was propesed to use simulations of a time-
dependent diffusian coefficient {TDDC) fer the diffusicn times

applied n the real experiments to Identify cellular compartments.
Experimental TDDC & associated with a given cellular structure
it correspends with the simulated one for this structure (details of
simulations used in this study are presented in Section 51). However,
simulations require prior knowledge on the free fie for t, —0) self-
diffusion coefficient, D, associated with a given water pool Hence,
simulations for MSC3 are quite inconvenient duc to the lack of in-
farmation about in-cell D 3. This is in a total contrast to other cells
like yeast, which are well-characterized In the literature, Therefare,
acslightly different pattern was applied for the estimastion of intracel
lular seif-diffusion coefficients.

Firstly, this analysu derives from experiments conducted in a
constant time-steady gradient, from which the nuclear size and seif-
diffusion coefficient were determined {see Section 4.4.). Considering
that nuclear residence time, 1, . 5 significantly shorter than apphicd
diffusion times,'" peak 3 (Figure 3E,F) originates from the effective
diffusion cocfficient of exchanging water cytoplasm and nucleus,
Dyaalty) = fuwiBuualty) + Fpua Dbyl whete £ foye Dy 30d
D, are molar fraction of nuclear water, molar fraction of cytoplas-
mic water, diffusion coefficicnt in the nucleus and diffusion coetfi-
cient cytoplasm, respectively,

It I important that for ¢, < 7, . <ignal sttenuation due to
diffusion in nucleus would be so small that would require a very
high signal-to-ncise ratio to be distingushed 33 3 scparate com-
ponent, especially in small samples for which f__ is low {in this
study it is equal to ~0.24%-1.5% of a total signal), Practically, if
pulsed-field gradient {PFG) tachniques are used, most of the at-
tenuation will come from diffusion in cytoplasm, Therefore, for
ty > 1, cffectivefintracellular diffusion coefficients D, will
be observed, while for 6,0 Dy, ,-Dy .- Based on the fact
that intracellular self-ditfusion coefficients of 0.68 « 107 ms?
* and 0.65 » 1077 m” 571 ¥ were obtained for yeast cells, while

s 1* was obtasined

selt-dittusion coefficient of 0.69 x 107 m*
for yeast's cytoplasm, the D, -0, . approximation seems to
be justified for PFG in moderate gradient strengths, Since self-
diffusion coefficient of nucleus is known, D, () was extracted
from D {t,) and used for determination of O, ... Estimated
Dy o Wz equal t00.22 ¥ 107 m 5" and 0,29 © 107 m? 5 for
D, ft) « 0265 x 107" m* =™ and 0.219 % 107 m’ =%, respec-
tively (for details of estimation of Dy e required for simulations
see Section S2).

441 | Verificationof D, by comparison with
simulated TDDCs
For szeveral theoretical D, ore®  from  the  range  of

0210 m s 10 1.0 « 107 m’ s, TDDCs were simulated and
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FIGURE 5 Diffusion experiments in cyfindrical container. Bata in the left column represent samples measured immediately after
preparation, while in the right column: after 6 days. Diffusion coefficient distributions for water and celis samples within a cylindrical
container, sequentially for the layers from the highest (4) to the lowest ('1'){A-D, F~I). Inset graphs present the attenuation of signals, E/E,
va. b-value. Column plots comparing ditfusion coefficients D, and D, for cells and D for water samples (E), U)

experimental D, (¢,) were compared with them. In Figure 51C, it
can be seen that experimental O, (t ) lie close to the simulated
TDDC assuming Dy, = 0,22 % 10" m* 5" and 0.29 - 107 mis!
for D, (t,} = 0165 » 107 m” 5™ and 0.219 ¥ 107" m” &7, re-
spectively. Based on Figure S1C, it can be concluded that in
the restricting geometry with the diameter of @ = 15 um, for
D, 208 % 10" m’ 57! molecules arc in the free diffusion regime in
the rangeof t < 0.1-50 mz, where Mitra's relation is valid, Therefore,
more reliable D, ~D,,,, can be estimated from Mitra's formula
and is equal to 0.205 » 10°° m* = and 0.283 » 1077 m” 7 far
D, ltsh= 0165 » 1077 m? 5™ and 0.219 » 107% m*s™", respectively.
Taking into consideration that D, (t,) = 0.219 » 10" m’ 5
results from the higher cells concentration, it can be suspected
that ILT was more accurate in comparison with the three times
lower concentration and the real D,lm° can be assumed to he
equal to ~0.283 « 10" m 5. This value is in the range of 0.15-
062 « 10 m® 37 obtained by Tanner for the intracellular self-
diffusion coefficient of different calls in vitra.”” Such small diffusivity
indicates rather high cytoplasmic viscosity. For example, -3 times
higher viscosity of blood compared with water at 37 *C results in an
about two to three times smaller diffusivity (0.9-1.65 ~ 10" m’ 5!
8 Taking into considerstion that the viscosity of MSCs at 20°C
i equal to -2.71 Pa 5.7 O, of MSCs suggests that their cytor
plasm contains cither higher dry weight [resulting in a considerable
D, reduction), ions (brine shrimp celis in the work of Tanner” had
D,~0.35%10" m s Y or lipids (D, = 0.015 x 10 ¥ m?s 7 7)),

4.5 | New insights in the context of current MRI
applications for the investigation of MSCs

Daspite the ongoing investigations concerning MSCs (eg differentia-
tion, viabifity, ontogenesis), attempts at the clinical applications of
MSCs, especially tor the civilzation-driven conditions, are boosted,
Qver the years, many studies on the application of MRI ta MSCz
monitoring have been reported. Most of them were oriented to-
wards in vivo experiments, mainly related to the characterization of
treatment effects” ™ or tracking MRI-labelied cels. ™™ Treatment

ADC) in order to differentiste MSCs fram the tissue. The mean-
ing ot the characterization of bicphysical properties of MSCs
for their distinguishing from primary. cancer and differentiated
cells was peinted out, " Through cur approach, we provide
complementary parameters obtained non-invasively for MSCs
in vitro. The characterization of MSCs by means of 1D and 20
relaxometry revealed several MSCs-specific features, including
diffusional and relaxational behaviour. First af all, MSCs ace char-
acterized by a significantly smaller intracellular self-diffusion co-
efficient, O, .., = 0.2B3 10* m¥ s, In comparison with many
other human cell types, For example, a diffusion coefticient of
0.45 » 10" m? 5" was reported for astrocytes, 1.06 <107 m’ 3!
for cardiomyocytes,”’ 0.9-1.6 « 107! m” =™ for axens measured
longitudinally, while 0.3-0.5 » 10 m® 5™ for axons measured
perpendicularly,”™ -1 « 107 m” 57 tor glia,™ 1.38 x 107 m* 3!
for chondrocytes,*? -0.8 « 10" m" 57 for white matter and
1.2 < 10" m? 5" far grey matter,*! This gives potential to differ-
entiate MSCs in these tissues. As shown in Sections 3.2 and 3.3,
such a value strongly influences not enly the effective diffusion
coctficient in the layer of MSCs but also in the volume of sus-
pended cells, Therefore, it seems that diffusion can be used as
a potentlal biomarker for teacking MSCs non-invasively, without
the necessity of using CAs to change the intracellular properties
of the cells.

5 | SUMMARY

The study revealed the capability of a low field system to detect sig-
nals from celis in the samples with a low concentration of cells in the
suspensions or low amounts of the sample without any contrasting
agents. To sum up, based on the results from 10: T, 7. 0,20 T,-‘r_,'
D-T, measurements it was possible to

¢ determine specific parameters for WIMSC of T, relaxation times,
T, = 118-350 ms, and diffusion coefficients D, . = 0.0163-
0.0216 » 107" m* s and O,,,, = 0.93-1.45 ¥ 107 m” 5 corre-

ponding to intra- and extracellular water pociks, respectively;

effects are usually evaluated through the change of volume orsize of
a given region {eg tumour, infarct and cartitage} on MR images or T,
T, and apparent diffusion coefficient {ADC) mapping. MRI-hibelled
cells are tracked by shortened T or T, values, which result from the
uptake of nancparticlkes by the MSCs,

From the point of view of this study, tracking and differen-
tiation of MSCs are particularly meaningful. As mentioned, MR
usage forthis purpose is inextricably connected to the application
of contrast agents (CAz), such as iron-oxide ar gadolinium-based,
The role of CAs is to change MRI-derived parameters (T, T.,

» estimate MSCe' size equal ta -15 pm from D-7, measurements;

» nssess the effective diffusion coefficient for a singfe layer of MSCs
cultured in a Petri dish, D, = 1.69 % 107" m” ¢ allowing the de-
termination of cells fraction {-28%);

* find evidence of diffusion in the in-cell structures associated mamly
with the nucleus characterized by D, = 0.095% 10" m" s and
radius R, . =2 um

* determine cell viobility reflected in the effective diffusion coctfi-
cients (D, , = 046-0.78 » 107" m? 3V reflecting apoptosis and
necrosis of cells after & days of incubation;
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o register D s indicating changed physical properties of the sus-
pension due to celf destruction and the increasa of DNA-rich com-
ponents with properties similar to a nucleus,

» estimate  MSC:"  intraceflular  self-diffusion

. AP |
Dy =0:283 x 107 m¥s .

cocfficient,

In further research, the known spacific NMR parameters will be
wsed to estimate the location of stem cells in organs undergoing ther
apy in MRI diagnosis in vivo, as well as to learn about their quantitative
and qualitative characteristics in in vitro suspensions. A very important
#3ue that has to be addressed in the further, research on our method is
the possibility of distinguishing different fractions of cells in their mix-
ture in an in vitro exp it. Ancther challenge will be to try ta distin-
guizh MSCs from other cell types In viva through clinical MRI imaging.

6 | CONCLUSIONS

The determination of specific parameters for MSCs n LF-NMR
opens up the possibility of research on the detection of these cells
n vivo a5 well as attempts at the determination of their quantdy or
vitality in the source tissues, such as the umbilical card, in in vitro
studies. The application of a single-sided NMR device with a strong
magnetic field gradient allowed the attainment of very thin shces
and the detection of a singlke cell layer in the Paotri dish, This intro-
duces the possibility of examination of MSCs properties and their
differences at the individual cell layer. The cells setting in the Petri
dish also has the advantage of imitating the in vive environment. it
relies on the presence of a fimited number of cells in the watery
ambience, similarly to the case of ceils reposition on the tissue. In
thiz way, the character of diffuzivity change can refiect the presence
and amount of MSCs.

Exgeriments in the cyiindrical container enabled studying cell
viability through the change of the diffusion cocfficients and com-
ponents fraction. In order to determine the MSCs Efetime, the via-
bility curve has to be examined. The two surveys carried out within
a six-day interval were aimed at tracking any evidence of cell death
by the change of diffusivities, something which was accomplished.
This indicates that diffusion can be proposed a5 3 natural biomarker
of a cell viability. Based an the obtaiped results, & seems that ne-
crosts and apoptosis can be distinguished, which can be schieved
thanks to the ability of NMR-MoUSE device to detect low diffusivity
components, similar to a nucleus. This provides the opportunity to
trace tissue destruction or tissue remodeliing through the evidence
of elements of cell disselution. However, reference studies, such as
microscopy, are required.
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Abstract: This paper reports o first application of diffusion tensor imaging with corrections by using
the B-matrix spatial distnbution method (BSD-DT) for peripheral artery disease (PAD) detected in
the changes of diffusion tensor parameters (IJTFs). A 76-year-old male was diagnosed as having PAD,
sinee he demonstrated in angiographic images of lower legs severe arterial stonoesis and the presence
of lateral and peripheral circulation and assigned to the double-blind RCT using mesenchymal stem
cells (MSCs) or placebo for the regenerative treatment of implications of ischemic disenses, In onder to
indicate changes in diffusivity in calf muscles in comparison to a healthy control, a DTI methodology
was developed. The main advantage of the applied protecol was decreased scanning time, which
was achieved by reducing b-value and number of scans (to 1), while maintaning minimal number of
diffusion gradient directions and high resolution. This was possible due to calibration via the BSD
method, which reduced systematic errors and allowed quantitative analysis. In the course of PALD,
diffusivities were elevated acrass the calf muscles in posterior compartment and lost their anisotropy.
Different character was noticed for anterior compartment, in which diffusivities along and across
muscles were decreased without a significant loss of anisotropy. After the intervention involving
a series of injections, the improvement of DTPs and tractography was visible, but can be assigned
neither to MSCs nor placebo before unblinding.

Keywords: diffusion tensor imaging: peripheral artery disease; diffusion tensor tractography;
BSD calibration

1. Introduction

Peripheral arterial disease (PAD) is a condition in which blood supplied to peripheral
tissues arteries 15 obstructed, which leads to 1schemia of these tissues. In the chronically
progressive deficit in oxygenated blood inflow in the course of PAD, the muscle tissue that
uses the most oxygen during its work is the first to manifest this clinically. While walking,
pain in the calf muscles occurs; the greater the restriction of the inflow, i.e., the restriction
of oxygen supply, the faster it occurs. In extreme cases, if we do not improve blood flow,
all tissues, including muscles, are necrotized.

Daagrsostics 2021, 11, 92 htps:/ /doiorg/ 10,2390/ diagnostics1 1010092
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The main diagnostic methods before qualifying the patient for revascularization are
ultrasound examination with color imaging, angiography or compuled tomography angiog-
raphy. In patients with critical ischemia of the lower extremities, in whom revascularization
is not possible, in addition to imaging small yet patent arteries, the assessment of blood
supply to the muscles of the lower extremities may be helpful.

Healthy muscles have an anisotropic structure, Changes in the muscle tissue caused
by ischemia lead to gradual degradation of cell structures {including protein denatura-
tion), cytoplasm swelling, and disintegration of the cell membrane, and thus disrupt the
anisofropic structure of the muscles. As magnetic resonance (MR) diffusion tensor imaging
(DTI) 1s very sensitive to microgeometry, it can be used to detect muscle structural changes
caused by ischemia. So far, DTI has been used to detect nervous system injuries [, in
skeletal muscle injuries [2,3], heart muscle injuries [4,5] and in innervation disorders [6-8].
It has also been shown that the second (Az) and third (As) eigenvalues reflect the size of the
endomysium and myofiber, respectively [4-11].

Stem cells used in regenerative medicine are the primary cells of the body that have
the ability to multiply and transform into various, specialized types of daughter cells.

These, in turn, can become the starting material for damaged tissue or organ. They are

used for the regeneration of nerves, joints, skin, heart muscle and skeletal muscles by
acting directly on damaged tissues and indirectly by stimulating the formation of collateral
microcirculation (nec-angiogenesis), which in turn improves blood supply to the muscles
and allows regeneration,

In this case study, DT1 is used to examine the calf muscles of a patient with PAD who
have received intraarterial and intramuscular injections of CardioCell based on mesenchy-
mal stem cells (MSCs) or placebo which was produced according to GMP rules at PBTIK
UJ CM (license no. 145/0323/15), in a double-blind RCT, The aim of this report is twofold:
to outline the development of the approach for the non-invasive diagnosis of PAD by DTI
and to monitor the condition of the calf muscles after the administration of therapeutic
injections by detecting changes of the diffusion tensor parameters (DTPs) and tractography.

2. Case Study

The diagnostic approach described in the next section was tested on a patient selected
randomly from a group of 55 patients from N-O CLI clinical trial, registered under EudraCT
No. 2016-004684-40, conducted in accordance with GCP requirements. A 76-year-old male
was referred to the Cutpatient Clinic of the Vascular Surgery Department of the John Paul
1l Hospital in Cracow, due to critical ischemia of the right lower limb. This condition
was caused by atherosclerosis, diabetes mellitus and possibly also immune responses in
the course of rheumatoid arthritis. The patient was a heavy smoker in the past. These
conditions had caused the build-up of atherosclerotic plagues in the arteries, causing a
state of ischemia in many organs, but especially in his right lower limb. The symptom of
such a critical supply to the leg tissues of oxygen carried by the blood is pain, in the first
place in the muscles, not only during exercise, i.e., while walking, but even at rest. The
extreme stage of ischemia is tissue necrosis, and when the inflow of oxygenated blood is
not improved, necrotic changes require limb amputation,

During the last few years, this patient was operated upon many times, both by
endovascular methods {arterial recanalization with angioplasty and stent implantation),
and by performing open surgery (endarterectomy and by-passes). Due to the exhaustion of
all possibilities of revascularization, he was offered an experimental method of treatment
using mesenchymal cells (so-called stem cells) in a double-blind RCT. These cells were
isolated from Wharton's jelly of neonatal umbilicals. In this program, research was focused
on creating a new network in arterial microcirculation through stimulation with stem cells.
As a result, it would improve the blood supply to the limb and save it from amputation.

The intraarterial and intramuscular injections in a double-blind RCT intervention was
initiated following the first DTT examination (E1). Therapy encompassed three injections
every seven weeks and after the whole series (83 days after E1) the DTI examination
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was repeated (E2; first follow-up). One healthy volunteer was enrolled in the study
(control). The study protocol was designed according to the guidelines of the Declaration
of Helsinki and Geod Clinical Practice standards and conducted at the Vascular Surgery
Department with Endovascular Procedures Subdivision, John Paul [T hospital in Cracow,
Poland, The Institutional Ethical Committee on Human Research approved the studies
and the publication of anonymized medical images. Informed consent was also collected
from the patient.

3. DTI Procedure Developed for the Diagnosis and Intervention Monitoring

Both DTI examinations were performed on a 3T MR system (Siemens Skyra 3 T,
Erlangen, Germany) with the application of an eight-channel TORSO body coil. Lower legs
were examined axially in terms of Ty-weighted MR images (repetition time, TR = 440 ms,
echo time, TE = 10.8 ms) and Tr-weighted MR images (TR = 3800, TE = 70 ms) with fat
suppression by using a Fast Spin Echo (FSE) sequence. The images were primarily used
to depict the anatomical structures and detect muscle edema, DTl were acquired using
the Echo Planar Imaging (EPI) sequence with six diffusion gradient directions. In the DTI
protocol b-value = 350-10° s/mm?, TR/TE, 5200/64 ms, FOV = 59 » 39 cm?, Number
of Scans, NoS = 1, 384 « 300 Px matrix; slice thickness was equal to 8 mm, while no
interleaved slices were assured. Each DTT acquisition lasted about 2.5 min.

Additionally, since the analysis is quantitative, the B-matrix spatial distnbution (BSD)
method was applied in order to eliminate the systematic errors in DTI[12,13], The approach
relies on the determination of real B-matrices on a voxel-by-voxel basis with the application
of anisotropic phantoms. After the BSD calibration of a gradient field, the diffusion
tensor can be more accurately determined, while the bias due to systematic errors is
eliminated [14]. The application of this method is especially important in fiber tracking, in
which fiber tracts are more reliably determined, and changes can be better detected [15].

[mages were analyzed in terms of mean diffusion tensor parameters {(DTPs} and fiber
tracking using the in-house BSD-DTI software (BSD-DTI ver. 2.0, AGH UST, Cracow,
Poland). DTPs analyzed in the study were fractional anisotropy (FA), mean diffusivity
(MD) and three eigenvalues (A, Az, Aa). ROIs were selected in the regions of three mus-
cles: Gastrocnemius Medialis (GM), Soleus (SOL) and Tibialis Anterior (TA), which were
identified basad on T)-weighted images. ROIs were circles with a radius consisting of
four pixels.

Fiber tracking was performed by applying seeding ROTs (with each seed step equal to
1 voxel) allowed for bidirectional tracking with the integration step set to 0.1 voxel. The
seeding ROIs were drawn based on the T;-weighted images in the SOL muscle. FA range
was equal to (151, and an angle change was set to be smaller than 45 per integration step.
In the images, seven slices were subjected to analysis, in which the seeding ROIs were
circles having a radius equal to eight pixels. The location of the ROl was chosen on the
basis of cuts made on a frozen cadaver (Visible Human Project U.S National Library of
Medicine). The obtained fiber tracts were analyzed qualitatively and quantitatively via the
fiber tracts density (FTD) parameter. This is calculated as the ratio of the number of tracts
per volume of voxels in a cylinder obtained from stacking ROIs from all slices,

4. Results and Discussion

The BSD-DTI method eliminates systematic errors present during the calculation of
a diffusion tensor. The method relies on the Generalized Stejskal-Tanner equation; the
importance of the application to nervous system diagnostics based on diffusion tensor
tractography was pointed out recently [12-15]. The effectiveness of even the lean approach
was also shown (in relation o the BSD method), where the effective value of the B-malrix
was calibrated on the basis of isotropic phantom measurements [19]. There is also an
alternative approach to correct the DTI images based on the knowledge of the coil tensor,
L, obtained from the manufacturer or experimentally [20]. Currently, however, it is not
possible to apply this approach in praclice and there is no clear evidence of ils effectiveness
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(the impact of factors other than heterogeneity of the gradient coils on the distribution
of gradient fields for different diffusion sequences), In our study, the observed effect
of the calibration using the BSD method is not the same for all of the subjects, It can
be seen in Figure 1, that FA and A; are significantly underestimated for control, while
overestimated for the patient when calculated from the uncalibrated tensor. Considering
that the differences determining muscle status can be subtle, the application of BSD-DTI
seems essential for the use of diffusion as a disease marker.
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Figure 1. Diffusion tensor parameters: fractional anisotropy (FA} (A), Ay (B), Az (C), A3 (D), mean
diffusivity (MD) (E) and fiber tracts (FT) density (F) obtained for the patient before (E1) and after (E2)
the intervention and the control (C) with and without the calibration of a gradient field using the

B-matrix spatial distribution (BSD) method.
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As shown in the Section 1, DTPs can reflect muscle status, Increased MD may indicate
broadened spaces within an analyzed volume of interest, Increased Az and A; indicate
elevated diffusivity across the muscle’s long axis, which means that the cross-sectional areas
of the muscle and endomysium are extended. In the case of PAD, it is expected that fatty
accumulation, newly-formed vessels (collateral circulation), fibrosis and undernourished
muscles (see Figure 2) will cause changes in the abovementioned parameters. These
changes are clearly discernible in Figure 1. In the diseased muscles, the partial loss of
anisotropy compared to the healthy ones can be seen, especially in the SOL (Figure 1A)
Transversal diffusivity (reflected in Ay and A;) in SOL is increased, possibly due to fatty
accumulation. Longitudinal diffusivity (Ay) is very similar to the healthy muscle, which may
be caused by the presence of multiple blood vessels, that can increase diffusion coefficient
in the direction of a blood flow. In GM muscle, differences in diffusivities correspond to
SOL, but they are more subtle due to fewer blood vessels and lower fatty infiltration. In the
anterior compartment the character of changes is different than in the posterior one. In TA
muscle all diffusivities {\y, A2, As and MD) are decreased, with FA almost not affected, This
may result from fibrosis in the muscle (Figure 2). It was hypothesized by Sanz-Requena
et al. [21] that the fat content in lower leg muscles would cause a decrease of apparent
diffusion coefficient. Therefore, decrease of diffusivities in the patient’s TA muscle may
also indicate its dehydration

Figure 2. Ty-weighted (A} and Tr-weighted (B) images of the patient’s calf acquired before the intervention (following the

E1 diffusion tensor imaging (D11) examination), Red, green and yellow arrows indicate fatty accumulation in muscles,

fibrosis and blood vessels, respectively.

Comparing E1 and E2 examinations with the control, it can be seen that in TA and
GM the DTPs from E2 become closer to the values obtained for the control. In SOL,
the differences are higher after the intervention, However, fiber tracts (Figure 3) evince
improvement in terms of the fiber tract directions in both SOL and GM. It is clearly visible
that tractography for E2 contains more vertical {(blue), organized fibers than for E1, and
becomes more similar to the tractography for healthy legs. The density of fibers is only
improved for GM (Figures 1F and 3). However, considering that this paper is based on the
prefliminary results from an ongoing project, it is as yvet unknown whether these results
reflect the patient’s actual condition.
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Figure 3. Fiber tructs obtained for the soleus (SOL) (upper row) and gastroenemius medialis (GM)
(lower row ) muscles for the patient in the lirst exanunation (A, D), for the pabient atter the intervention

{B,E) and for the healthy control (C,F)

5. Conclusions

In this paper, diffusion was proposed as a natural marker of skeletal muscle condition
in PAD. Diffusion tensor parameters and tractography after the correction by using the
BSD method were compared for examinations conducted for patient before and after the
injections in the double-blind RCT, and with a healthy control. This case study shows
that in the course of PAD, both anterior and posterior compartments are distinguished
by the change of DTPs in comparison to control, while the character of these changes
is compartment-dependent. Moreover, diffusivity and anisotropy changes are different
for the muscles containing fibrosis, fatty accumulation, and depend on the degree of the
angiogenesis. After injections, a very good improvement was observed for ID1Ps in the
A muscle, and a discernible improvement was scen in the GM muscle. In the SOL, the
differences between the patient and the control increased in the follow-up examination. In
terms of fiber tracking, the tracts in E2 were more similar to the control in terms of directions
(SOL, GM} and density (CGM). This may indicate the progression of muscle anisotropy and
structure, respectively. The progression will be assigned to the MSCs therapy or placebo
after the unblinding,
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Image in intervention

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
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A patient with peripheral artery disease (PAD) was
selected randomly from a group of 55 patients from
the N-O CU clinical trial, registered under EudraCT No.
2016-004684-40, conducted in accordance with GCP
requirements, A 76-year-old woman was referred to the
Qutpatient Clinic of the Vascular Surgery Departrnent of
the John Paul |l Hospital in Krakow, due to critical isch-
emia of the right lower limb. She was offered an exper-
imental method of treatment using mesenchymal stem
cells (MSCs). The patient was submitted to magnetic
resonance imaging (MRI) examination before (E1) and
after (E2) the intraarterial and intramuscular injections
of CardioCell based on mesenchymal stem cells (MSCs)
ol placebo which was produced accarding to the rules of
good manufacturing practices at Jagiellonian University
Collegium Medicumn, Pracownia-Bank Tkanek i Komorek
(PBTIK) Zaktadu Transplantologii U) CM (license no., 145/
0323/15), in a double-blind RCT, Therapy encompassed
three injections every seven weeks and after 398 days
after E1 the condition of the lower extremities was
once again checked by MRL. The study was conducted
according o the guidelines of the Declaration of Hel-
sinki and approved by the Institutional Review Board
of John Paul Il hospital in Krakow. Positive apinion no.
1072.61201.17.2017 dated on 21/12/2017 was issued
by the Bioethics Committee of the Jagiellonian University.

Muscles’ condition was evaluated based on T,- (TTWI)
and T -weigthed images (12Wl; Higure 1), obtained trans-
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versely on a 3T MR system (Siemens Skyra 3 T, Erlan-
gen, Germany) using an eight-channet TORSO body coll
with the application of turbo spin echo (TSE) and turbo
inversion recovery magnitude (TIRM) with fat suppres
sion pulse sequences, respectively. Complementarily,
diffusion tensor Imaglng {DT1) was performed using the
Echo Planar Imaging (EPI) sequence with six diffusion
gradient directions, In the DTI protocol, Bvalue = 350 s/
mm?, number of scans, NoS = 1, while slice thickness was
equal to 8 mm. The BSD-DTI calibration methad [1, 2]
was applied before the quantitative analysis, for which
it was shown recently to have substantial applicability
[3]. The following DTI parameters were analyzed: the
second and third eigenvalues (4, and A, respectively),
mean (MD), longitudinal (DL} and transversal (DT, mean
of 2 and ) diffusivity, and fractional anisotropy (FA), by
using the in-house BSD-DTI software (BSD-DT1 ver. 2.0,
AGH UST, Krakow, Poland). For comparison, mean param-
eters for 3 healthy volunteers were presented {control, C),
A single muscle from each compartment was chosen as
representative: tibialis anterior (TA), soleus (SOL) and
gastrocnemius medialis {GM).

Recently it was shown that the BSD-DTI method is
crucial for the quantitative evaluation of the muscle con-
dition and intervention effect in PAD. In this study we
found that diffusion can also reflect different disease
courses. MRI of the patient from this work revealed
chronic muscle denervation that resulted in atrophy with
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ABSTRACT: Recent theories about the sources of silica in
bedded and nodular cherts do not fit the origin of cherts from the
Krakow—Czestochowa Upland. Since siliceous sponges as a single
source of silica is questionable, assumptions about additional
sources have to be venfied. In order to do so, three samples of

T/T,— 10 21 Roughness A Si0y: Roughness B

'H sources:

Inclusions
‘Open Porosity

nodular cherts and one reprcscr:utivc sample of bedded chert were g Surface H,0 - ,7 o .

studied by means of '"H LF-NMR 1D and 2D relaxometry and = OH ac@%s 3 .56 24

complementary geochemical methods. The results were compared = 0o it 020 0% o
. > - (%]

with the literature and standard silica materials which helped to
identify five types of 'H signal. The very distinct 1D-T, spectra of
the dried samples indicated the existence of dosed pores which, 2 & Poo®s T Py o
after comprehensive analysis, were identified as inclusions filled T, (ms) £=H,0 9204 @=si
with different types of siliceous materials. Saturation revealed the

differences between nodular and bedded cherts that were visible mainly in the amount and size of open porosity. The principal
component anafysis of NMR parameters showed the excellent separation of these two groups of samples and this is well visible on
the biplots. Additionally, the estimated pore size distribution revealed that the total porasity of around 2% consisted primarily of
mesopores (2—50 nm in diameter) and macropores (diameter =30 nm). In bedded cherts, open porosity 1s dominated by
macropores, while the share of mesopores and macropores is simifar in nodular cherts.

1. INTRODUCTION the literature."™"" However, the origin of silica in bedded

Cherts are a type of sedimentary, nonporous, highly siliceous cherts hosted In calciturbidites from the Oxfordian/Kimmer-

rocks composed of quartz. Silicon in cherts may occur in idgian tum _has‘;only been discussed in a single publicarion lby
various forms, sach as silica or silanols (in the magnetic Matyszkiewicz,  who suggested the accumulations of radio-
resonance nomenclature Q, or Q;, Qu, Q; Qs where an index larians abruptly buried in sediments by density flows as the
corresponds to the number of oxygen atoms). Two forms. of source of silica, in accordance with the model after Bustillo and

% ~ el e g
cherts exist, nodular (concretions) or bedded, and their origin Ruiz-Ortiz.© Recently, the concept of siliceous sponges

is sometimes problematic to discern. However, the differ- skelctons as m‘ﬁ‘“"" the sole source of f“"‘“_r"' chert
entiation of cherts is important from the geological, “°d"‘l°5. hosted in ‘d\e Upper Jurassic microbial-sponge
archeological’ ™ and petrological” point of view. The origin mcgnfaacs of the K(.lf‘ {as a part of the Telh).’an northern
of both the chert nodules and the bedded cherts in the ~ margin) has been questioned due to three facts: (i) the lack of
Fanerozoic sediments has attracted the attention of many a clear corvelation bem:_sf_:r‘n‘lhe abundance of siliceous sponges
authors. Generally, these rocks are interpreted as the products in bedded limestones™ ™" and the accumulations of chert
of synsedimentary, or carly- to late-diagenetic, or epigenetic nodules, which only °‘f““‘°““"y form horizons :::.‘t)he Muddle
processes (see, eg, refs 7-32). One of the regions of the Oxfordian bedded, biostrome-like llrnestfmcs. . (i1) the
occurrence of cherts is the Krakdw-Crestochowa Upland occurrence nl chert nodules within the calaturbidites from the
(KCU). The KCU is located in southern Poland and is a part Oﬂordlnp.-' ‘““‘W""S{'“‘ tum, whereas tl'w share of “]'_C“’“’
of the Silesian-Krakow Homodine—the regional tectonic unit Sponges i in sifu scd.xmcnts of that. age 1s l""_"" than in the
built up of the Trassic, Jurassic and Cretaceous sediments M'dd"' Oxfordian “'d““"“ﬁ’ and "’*“"‘; “d'F"f'“a'}f A present
deposited unconformably onto the Precambrian and Paleozoic in marly sediments overlying the calciturbidites, ™" and (iii)
formations, and transected by the major the Krakow-Lubliniec

Fault Zone."' Various assumptions as to the origin of silica in Received: December 20, 2019

bedded and nodular cherts have been made. The assumption Revised:  January 30, 2020

that siliceous skefetons of sponges were the main source of Published: February 7, 2020
silica for chert nodules forming horizons in biostrome-like
Oxfordian bedded limestones has already been presented in
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Table 1. Chemical Composition (Major Elements) of the Samples Obtained from FUS-1CP Analysis

S0 Al Fe 04T MnO M
N S
AK1 954 0.L3 0ne2 0.01 LI
AK2 9824 nio 1.26 0oL 0
AK3 9820 0.L3 L37 0.0L 0oL
AK4 9793 [LRE ) Las 0.0L4 0.02

€0 NaO KO Tio, r(o‘ LO8 total
)

(%) (%} (%) (%) (%) (%)
(RNt oo 003 000 <001 oy L00.1
ni4 aas nos 001 001 a9 100.8
009 005 0.04 002 <001 0s7 00s
008 0s 0.05 00 <001 1 1008

the just documented, multistage silicification of the Uppcr
Jurassic neptunian dykes cutting through these sediments.’’
These facts imply the contribution of additional sources of
silica related to the appearance of radiolarians, as well as the
periodic transfer of hydrothermal solutions along deep fracture
zones generated by an extensional tectonic regime. The
occureence of chert nodules and bedded cherts in calciturbi-
dites from the Oxfordian/Kimmeridgian turn cannot be related
exclusively to the presence of Hexactinellida sponges since
these organisms formed rather limited accumulations in that
part of the stratigraphic column. However, these sediments
contained radiolarians which may have provtded a potential
source of silica for bedded cherts,” """

Apart from the full mineralogical and petrographic character-
ization suppotted by specialized analytical methods, the genetic
concepts of cherts should be confronted with 4 comprehensive
sedimentological, paleontological and tectonic characterization.
In the literature, we may encounter numerous reports about
rescarch on their identification and characterization by means
of instrumental methods ranging from Infrared spectroscopy
(IR}, X-ray dufn.cuon (XRD),” emisslon and atomic
absorption spectroscopy. “ and eneegy-dispersive X-ray fluo-
rescence (EDXRF)™ to neutron activation analysis {NAA).™
The development of nuclear magnetic resonance (NMR}
techniques over the fast 50 years has meant that NMR has
been applied as an alternative method for geological purposes.
Due to the high abundance of silicon and their crystal
structure, solid state NMR {magic angle spinning NMR, MAS
NMR) has been widely used for the study of cherts.”' Tn
contrast to other sedimentary rocks, such as sandstones or
shales, cherts have been poorly analyzed by proton nuclear
magnetic resonance ('H NMR). We propose 'H low field
NMR as a nondestructive tool for distinguishing cherts of
different types or with varying provenances. Low field NMR i
commonly used for the investigation of sandstones, shales, and
carbonates, and it can also be applicable for studies on cherts
as it has a number of advantages. Primarily, it is noninvasive
and nondestructive to rock core samples, and thus, the analysis
is repeatable. Second, we obtain a signal from the water
(protons) present in several forms, including microporosity
free water, adsorbed water or even protons in the crystal lattice.
These types of "water” have very shoet relaxation times due to
their strong interactions with adsorbent surface or bonding,
Also, every magnetic susceptibility difference causes the
induction of internal gradients that arise in higher magnetic
fields and distort the interpretation of obtained data. A low
field helps to overcome these problems, because we can attain
low values of echo time and operate at a low mageetic field
strength. This enables us to register short relaxation times and,
when the difference between susceptibilities of water and rock
matrix is small and pores are nanometric, ignore the diffusion
impact from internal gradients (which we will show in the
work), respectively.

Silicon is present In various forms in geology, but also, due
to its wide range of properties, in technology. Many silica
structures, such as mesopores, nanotubes, silicagels, silicate
glass, and cherts, have been investigated by NMR. Results
show that different proton populations are possible to identify
in these materials. ‘'H low field NMR relaxometry revealed that
in MCM-41 and SBA-15 mesopores, three water populations
can be seen and they are .modated with inner bulk water,
surface water and OH groups.” T and T, relaxation times
measurements in low field enabled adsorbed water to be
distinguished on the surface of silica nanotubes which helped
to estimate the number of functional groups with which a
nanotube can bond.’’ Relaxation times and diffusion
cocfficients also enabled three types of water to be detected
I silica gels that were related to free water and the first and
second layer of water.” Protons from OH groups and
molecular H,0 demarcation by 'H wide-line and MAS NMR
experiments helped to determine water content In hydrouns
silicate glass that alters in the presence of specific cations and
changes the physical properties of the glass.™" It is also possible
to investigate the chemical properties of slica, T, and T,
distributions from 'H MAS NMR of nonporous silica yielded
information about melecular dynamics and interactions of fluid
particles with the adsorbent’s surface (different relaxation times
for subsequent layers of water, cross-polarization}.” These
colloidal silica pasticles can be used as 2 model of water- or 1-
heptanol-bearing rocks. NMR spectroscopy (*'Si MAS NMR)
also helped to trace the depolymerization process of
amorphous silica due to ASR (alkali sifica reaction) reaction
on the grounds of dominant peak location (the Qq peak
disappeared and a Q, Q, or Q, peak appeared}.” The same
experiment allowed the identification of protons associated
with silanal (Q,) on the surface of structural defects in flints
and the estimation of water and OH protons content thal can
change the physical and chemical properties of rocks.”'

In this work, 'H-LE-NMR is applied for the fist time to
chert studies. This technique allowed us to characterize the
differences in porosity (including size and distribution of pore
spaces) of chert nodules and bedded cherts.

2. MATERIALS AND METHODS

2.1. Characterization of Samples. Four chert core
samples from different places from the KCU are the subject
of the study, and in the paper, we distinguish between them by
using the form AKj, where i = 1, 2, 3, 4 is the number of a
sample. The samples vary in color, Samples of nodular and
bedded cherts were studied in thin sections and examined
using a scanning electron microscope (SEM). In the
description of samples, a dassification after Folk and Pittman™"
has been used. It was assumed that the limit of the diameter for
distinguishing between quartz and microgquarty is 20 pm,
Within the microquartz there are equant and fibrous quartz
types. Microflamboyant quartz {flamboyant futecite after Folk
and Pittman™" or quartz with flamboyant spectral extinction

Iringe/ e doioeg! 10100 S e 901 700
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Figure 1. Schemes of sequences used in the experiments: (A) 1D-7,,
inversion recovery free induction decay (IR-FID); (B) 1D-T',, CPMG
with N echoes; (C) 2D 1, =T, correlation experiment that delivered
T=T, maps.

after Chowns and Elkins™) has a fabric which is between the
equant and fibrous quartz types.

The AK! sample is the typical bedded chert, forming
regular, flat, or lens-shaped horizons up to 1.2 m in length and
0.5 m thick with distinguished zonation. It occurs in
calciturbidites,” characterized by the excellent sorting of
carbonate grains within the Bouma sequence. The groundmass
of the cherts is mainly composed of microcrystalline quartz. In
the SEM view, it is a dense, nonporous mass. Rare relicts of
bioclasts are filled with megaquartz. Chalcedonic and opal
aggregates are absent.

The AK2—4 samples are nodular cherts forming irregular,
flat or regular lens shaped nodules up to 20 cm in diameter.
The groundmasses of the cherts are mainly composed of opal-
CT, but microcrystalline quartz and chalcedony also occur.
Inside the cherts, microflamboyant quartz aggregates cutting
the fossils were also found, The textures of the host rock are
recognizable, especially in the outermost parts of cherts, and
are composed of wackestone or packstone. Carbonate fossils

are replaced by megaquartz, and quartzine and chalcedony
occur as & cement,

2.2. Chemical Composition of Samples. The geo-
chemical analyses were carried out at the Activation
Laboratories Led. (Actlabs) in Ancaster in Canada. The
major element in the composition was analyzed using fusion-
inductively coupled plasma (FUS-ICP). Samples are prepared
and analyzed in a batch system. Each batch contains a method
reagent blank, certified reference matedial and 17% replicates.
Samples are mixed with a flux of lithium metaborate and
lithium tetraborate and fused in an induction furnace. The
molten melt is immediately poured into a solution of 3% nitric
acid containing an internal standard and mixed continuously
until completely dissolved (about 30 min). The samples are
run for major oxides on a combination simultancous/
sequential Thermo Jareell-Ash ENVIRO 11 ICP. Results are
shown in Table I

2.3. NMR Experiments. NMR experiments were carried
out using 4 Magritek Rock Core Analyzer {Aachen, Germany)
spectrometer with a 0.05 T (2 MHz) magnetic field. Inversion
Recovery (IR) and Camr—Purcell-Mciboom—Gill {CPMG)
sequences were applied to obtain 1D-T), 1D-T, and T,-T,
maps. The schemes of the applied sequences are shown in
Figure 1, 1D distnibutions were calculated using Inverse
Laplace Transform (ILT), Hanson and Lawson method, while
T,=T, correlation maps used the FISTA algorithm. Table 2
shows the protocol used i cach experiment.

All of the experiments were performed for three saturation
states of rock core samples: native (N), dry (D), and saturated
(8). Native samples were measured and then dried for 12 b in
200 °C in vacuum conditions. Dry samples were measured and
then saturated with water in vacuum conditions. The saturated
samples were wrapped tightly in plastic foil in order to prevent
the evaporation of water prior to measuring, 1D-T, and 1D-T,
distributions of signal coming from hydrogen species in the
samples in three saturation states (N, D, §) delivered relaxation
times (peaks locations) and relative contributions (peaks
integrals) of each hydrogen population. Additionally, we
subtracted raw data from the measurements of saturated and
dry samples and obtained differential data (SD). Peaks in the
1D-T, distributions were numbered Ny, Di, Si, and SDi, while
in the 1D-T, ni, di, si, sdi, where i = 1, 2, 3, 4, and § is the
number of a peak beginning from the left side on a time axis
and corresponds to a given time range, Ri. It should be noted
that for 1D-T, distribution, lowercase was applied to highlight
the fact that DI and d1 do not necessarily come from the same
hydrogen population. The integrals of peaks were called I, and
I, for peaks concerning 1D-T), ID-T, distributions, respec-
tively. In addition, we determined the total porosity, ¢, and
logarythmic means of T, and T, distributions called T ,fm and
T,lm, respectively. Peaks in the T, =T, maps were matched to

Table 2. Protocols Applied in the Experiments”
Fxperiment name IF-delay (ms)

1T, W00 -
DT, 1500 & 512 10000
=T, 1500 &0 125 10000

TH=2r(us)  No§ Nof

min delay {ms) max delay (ms) mmn t (ms) max ¢ ()
s 5000 - -
= - 0l SO0

“IE-delay is an inter-experiment delay, Le., time between subsequent scans, NoS is the number of scans, NoE bs the number of echoes, min./max.
delay ik the minimum/maximum time between 180 and 90 pulses in IR sequence, min./max. 7 is minimum/maximum time between 90 and 180

pulkses in CPMG sequence.
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Figure 2. ID-T, and 1D-T, distributions for different saturation states of samples: (A) T, dry state; (B) T, dry state; (C) T native state; (D) T,
native state; (E) 7, saturated state; (F) T, saturated state; (G) T, differential distribution of saturated and dry states; (H) T, differential
distribution of saturated and dry states. The mumeration of peaks was taken from the left to the right side of a distabution. It should be noted that
for ID-T, distribution, lowercase was applied to highlight the fact that, e.g, D1 and d1 do not necessarily come from the same hydrogen
population. The corresponding T, and T, times for the population should be taken from T\ =T, maps.

those from 1D-T, distributions and marked with the same
number.

2.4, Principal Component Analysis (PCA). The 1D data
was analyzed qualitatively by using PCA in PQStat software,
PCA is a procedure that enables the transformation of a set of
correlated vaniables to another set of new vamables, called

5228

Principal Components (PCs), that are no longer linearly
correlated. This transformation usually leads to the reduction
of vanables and simplifies the process of finding samples that
have similar features.

The original variables in the PCA were relaxational
parameters, i.e. Ty, Ty I, T, of peaks Ni, Dy, Si, SDi, ni, di,

Pettn ide con o 101001 e pes S 11700
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s, and sdi. PCA transforms this relaxational data into new
vanables, PCs, which the onginal vamables have a certain
contributions in. The number of PCs is always less or equal to
the number of original variables, and the trandormation
ensurcs that the first PC explains the largest percentage of the
total variance of the data. In our case, the number of PCs was
equal to 3, however, the first two PCs, PC 1 and PC 2,
explained the satisfactory percentage of the total vanance and
results of the analysis for these two PCs will be presented on
the biplots. For a more detailed deseription of the PCA, the
reader is referred to Supporting Information,

2.5. Pore Size Distribution (PSD). In porous systems, the
T, relaxation time determmed exper tally is dependent on
three components:™

1__1 1 1
1 ‘l llﬁh‘ ‘lnﬂo\l 'Imt =
D(mm’

'[Tx] ( ) (1

where 4 is a constant dependent on fluid type, 7 is viscosity
(Pas), Ty is temperature (°C), p; is the surface relaxivity of

the pore walls (m/s), (%) is the surface-to-volume ratio of a
pore

pore (m™'), D is diffusion coefficient (m?/s), y is gyromagnetic
ratio (MHz/T), G is magnetic field gradient (T/m) and TE is
echo time (s).

PSD was estimated based on I'; distributions of saturated
samples. The calculations were conducted assuming cylindrical
pore geometry, for which

(i) ak
Viewe d (2)

where d is a pore diameter (m). Surface relaxivity for a given
sample in the second component in (1) is assumed to be
P1 Sonph™, -'.\'.q P, oo, Piroy which is a sum weighted
by the fractions of S0, and Fe,0, showed in the Table 1,
where p Prp, =0-18 um/s is 2 mean value of surface relaxivities
for pure silica mntemls MCM-41 and SBA-15 reported by
Krzyzak and Habina® and p Pop 08 the additional contribation
from Fe,0; to surface tclmvlty calculated from the relation-
ship proposed in ref 61. In practice, the surface relaxivity is
dominated by the impact of iron(IT1) oxide. We can

Cm ==l and F= 200 o ghoain the quadratic
? e o
equation for d:

' —apd —FD =0 {s)
which has two roots

4p, £ |J(=4p,) - 4C(=FD)
d=
2C (6)

Only positive roots will be considered. The diameter of a
pore for a given time step was calculated assuming T, 4 =
22s

In the second approach, typically assumed to be valid for
small B, and short echo time, TE" the diffusional
component in (1) was omitted and & pore size was calculated
as

d= 4"’1'T&|wlmr (7)

The amplitude of the PSD consists of a normalized
amplitude in the time step from the 1D-T, distribution.

3. RESULTS AND DISCUSSION

3.1. 1D Distributions. Different types of porosity were
estimated from the 7, distributions shown in Figure 2, The
total recorded porosity value for dry samples ranges from
0.63% for AK2 to 1.31% for AK3 and AK4. For the native
state, we observe an increase in porosity by 0.3-04% on
average, and in most cases the maintenance or slight decrease

Table 3. Coordinates of Peaks from 1D-T, Distributions
Shown in Figure 2, Parts A, C, E, and G”

that magnetic field gradient results from differences between
magnetic susceptibilities, Az, of water and a matrix of samples,

BY = 24,0 = Keanple (3)

where Xyg.0 18 @ magnetic susceptibility of water equal to —9.02
X 107 and y. 18 @ magnetic susceptibility of a sample.
Xyt value was calculated as a sum of x,wxmd X0, weighted

by their fractions in a given sample, The volume magnetic
susceptibility of $i0, was assumed to be equal to —1053 X

107", while 500 X 107 for iron(I11) oxide. In pore of size d,
the induced gradient i

ArB,
d (4)

where By is a magnetic field induction (T) and in our case B, =
0,08 T. Substituting for {2) and (4) in (1), and introducing

G=

e Lugars thinic
Sl Sumple | Ty echaxtion e () | Mean. Ty lm r.:?"
(ms)
22 1,22 = 008
>
Z 14 0,65 4 0.04
12 131 = 006
13 101 2 006
u _ 2l LN
é 2 0.92 4 0.02
7 (K] 179000
12 1.5 4 004
g 52 M4 008
Il 0.5 108+ 0.06
g ; 062 200010
A AKE |00 051 73 | 314 [2805] o6l 108 + 008
& SDI_{SD2 ] S0 §°SDd | SDS
g AR | 008 | 148 [ 10,73 2833 3R 1,204 0.10
§§ AK2 | 008 | 105 ] 554 .12 044 = 009
= AK3 | 0.05 | 105 010 100+ 020
z AKE | 0.08 [120] 68 | S1at| 663 00 0,004 010

“Peaks were located in the Ave regions, for which T, was
consecutively one oeder larger, and numbered from 1 to S, from
the left to the right side of the distributions. In addition to the
number, the peaks have 3 letter that corresponds to the saturation
state for which the distnibutions were obtained: dey, D, native, N,
saturated, S and for differential data of sat 1 and dry samples, SD,
The Tast two columns consst of T, Jogarithmic means (Tydm) and
total porosities () calcnlated from 1D-7 distributions for the
ples in each ion state.
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Table 4. Coordinates of the Peaks from 1,—T, Correlation Maps for Different Saturation States”
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“Ty and T, are transverse and longitudinal relaxation times, respectively, and T,/ T} is the T', to 7 ratio; if 2 given peak does not accur on the map,

it ks marked by a dark gray cell

in Tylm: from 2.1 to 2.2 ms for AK1, and from 1.2 to 1.4 ms for
AK2 and AK4, Only for AK3 there is a clear decrease of Tylm
from 1.2 to 0.7 ms. In the saturated state we observe a further
increase in porosity, the largest for AKI by 12% to the
maximum observed value of 2.32%. A further decrease in the
Tibn value to 0.5-0.6 ms was also recorded, with the
exception of AK1, where we noticed a clear increase in value to
3.2 ms (Table 3).

T, experiments revealed very similar distributions for all
samples, with peak coordinates virtually coinciding (Table 3;
coordinates of peaks from 1D-T, distributions are shown in the
Table 81). Each peak number, i (ranging from 1 to 3),
represents the same region regardless of saturation state, In the
distributions of dry and native samples (Figure 2A,C) four
different peaks (# = 2—5) can be seen. After saturation, we can
additionally distinguish another peak S1 with the shortest T,
time, in the order of 0.06—0.1 ms (Figure 2E). The least
significant peak, with ( = 5, that has the highest T, does not
occur for AK3. Peaks D2-D35 are slightly shifted toward
shorter T, times with respect to N2-NS. Sample AK1
distinguishes itself in the saturated state. Since it was not
possible to separate modes to five peaks, we observe trimodal
distribution. Figure 2G shows distributions of differential data
of saturated and dry samples, which reveals areas where water
migrates after saturation, The most significant contribution can
be observed for the SD1 and SD2 having maxima between 0.06
and 0.1 ms and 0.4—1 ms, respectively, These peaks are very
distinct and almast coincide for all samples, except for AKI Tn
addition, SD3 and SD4 appear and cover for most samples,
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however, they have a negligible contribution to the T,
distribution.

Thus, based on the obtamed 7T distributions, we made a
fairly obvious division into § hydrogen signal regions RI-RS.
The regions are characterized by the maxima of peaks that are
in the following ranges: 0.05~0.2 ms (R1), 022 ms (R2), 2=
12 ms (R3), 18—40 ms (R4), and 90-300 ms (R3).

T, distributions provide complementary information (see
Figure 2, parts B, D, F, and H). The connection of the peaks
with those from the T, distnbutions is possible after taking into
account the data from the T,—T, maps.

3.2, T,-T, Maps. The T =T, maps correlate T, and T,
times observed in 1D expeniments, enabling a better
ment of relaxation centers. The association of the T,/T, ratio
with the T, relaxation time provides important information
about the strength of hydrogen bonding and its source. The
recorded T\ /T, values, depend on the region, R (R1-RS), and
the degree of water saturation, and range from ~2 to nearly
300 (Table 4). This suggests the existence of water confined
tightly in the pores, as well as very strongly bound and the
existence of a signal from OH groups.

The T,—T: correlation maps of dred samples (Figure 3)
revealed four distinct peaks that are shown in Table 4. The
peaks D1 and D2 are usually combined in one averaged spot
(seen as D1 or D2), except for the AK4 sample, where five
peaks are visible on the map. D1 did not occur on the 1D-T,
distributions at all. Tt is likely that D2 on 1D-T), distributions
represents the average of D1 and D2 from the map (see for
example T, times of D1 and D2 for AK4 in Table 4, their
average is very simifar to the T, of D2 from the 1D

fetteasdectouong/ 10 1001 sacs ypee S0 170G
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experiments, Table 3). For the native state, associated with a
higher degree of water saturation, we obscrve a pattern of N1—
NS spots similar to the dned samples, with a tendency to
average or overlap in areas of N1 and N2 (Figure 4). The
impact of the further increase of water saturation visible on the
maps of saturated samples (Figure 5) indicates that chert rock
core samples are able to absorb water, causing an increase in
porosity by 0.4=1.2% (Table 3). Regions that are reflected by
peak 2 on the maps are refilled with water, which we observe as
the appearance of 82 or an increase in its amplitude. Hydrogen
populations reflected by peaks 4 and S also absorb water,
SA), which additional
averaging of signals assocrated with peaks 84 and 85 occur for

Differential maps of saturated and dried samples (Figure 6)
additionally help in the interpretation of maps for different

mainly m the case of ARl (Figure

saturation states and deliver information about open porosity.
Saturation effects for AK2~AK4 samples are seen mainly in
regions R1 and R2 (SD1 and SD2), and for AK1 in R4. On
these maps, peaks lie close to the red-dotted line and have T/
I'; equal to 11-24 for SD2 and 13~6.7 for SD3. Only AK4
(Figure 6D} absorbs water in bigger spaces reflected by SD4,
which has T,/T; = 2.1 and corresponds to poorly bound water

21

in the pores. Differential maps, especially for AK2 (Figure 6B)
and AK3 (Figure 6C), show a trail for very short Ts, which
extends to the wide range of T',. Thus is probably related to the
formation of new OH groups (this kind of pattern on the maps
for the observed T, times is characteristic to hydroxyls)

After the initial characterization of samples based on 1D and
2D experiments, the following chapters will discuss the issue of
porasity distribution and its types

3.3. Estimation of Pore Size Distribution in Cherts. As
demonstrated in ref 60, at low B, and for short value of echo
time in the CPMG measurement, PSD can usually be

calculated from 7, and in practice, it s dominated by

surface relaxation. This approach has been repeatedly venfied,
but rather on rock cores which have much larger pore
diameters™
study. That is why we decided to analyze the possible impact
of diffusion on PSD for cores with a large popuiation of pores
having diameters of several nanometers. For comparison, both
1 | and 7 were applied.

I'he diffusion coefficient D was estimated based on
thearetical” ™ and experimental™*”
these, the D of water confimed in silica

" in comparison to the cherts examined m our

eqgs |
results. According to
nanopores varies

1 . b1
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strongly for pore size between 0.7 and 4 nm (Table 5). Below
and above this range it is almost constant and equal to 045 X
107" (the most strongly bound first water monolayer) and 2.3
X 107" m*/s (bulk water), respectively. The obtained PSD's
based on the T, distributions of saturated and dried samples as
well as thewr dilference are shown in Figure 7. At the same
time, they correspond to the total, closed and open porosity
distribution, respectively. The influence of diffusion and
induced gradients on PSDs 15 additionally shown for a fow
pore diameters in Table 5. In general, noticeable changes are
visible in the range of 1=10 nm. The effect of gradients outside
this range is negligible. As we can see in our case, PSDs are
completely dominated by the influence of surface relaxivity.
However, as we show in theoretical considerations for an
identical PSD system, in the absence of iron(111) oxide or its
negligible amount, the dependence on diffusion would be
significant if one does not account for the decrease of the

diffusion coefficient of water confined in nanopores (Figure §1

in Supporting Information). Although in our case (diffusion
that
differences between volume magnetic susceptibilities of water

coeflicient is smaller for nanometer pores, small
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and sample) the use of a lincar relationship (eq 7) for PSD
estimation s sufficient in practice.

3.4, Porosity in Cherts. As mentioned in subsection 3.2,
I',=T, Maps, the T /T, parameter reflects the strength of
hydrogen bonding™
assume that in the R1 region s a signal from OH groups and
water, while in the R2—-RS regions, the source is water in

Combming 1D and 2D data, we can

various pore systems. Although we also note high T',/T,, values
in the R3 region, taking into account the results of other

researchers, ™ ™" we are inclined to ascribe to the thesis that
the hydrogen population in R3 comes from water that is
strongly bound to the surface rather than chemically bound
hydrogen. In the study of water adsorbed on silica gel, two
hydrogen relaxation centers were recorded. The hirst, strongly
bound to the surface, with a T, of 0.06~0.2 ms and T,/T,
400-500, assigned to OH in silanol™
strongly, with a T, of 1~6 ms and T /T, ~ 4-100,"""
our case, this suggests the existence of water bound on silica

~

"and the second, less

|
In

surface with a very high roughness. The above considerations
regarding the sources of proton signals are supported by recent
reports describing the processes of hydroxylation of quartz

{ Phyx. Chm € 20
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surfaces as well as the creation of preferred hydrogen
bonds. ™

Based on the PSDs (Figure 7), we can conclude that total
porosity consists primarily of mesoporosity (R1—-R2) and
macroporosity (R3<R5) (according to JUPAC classification )
We can also extract trace amounts of microporosity (R1)} and a
clear signal (R1) for very short T, (0.05—0.1 ms} and very
hgh T,/T, (>200), as mentioned comesponding to com
pounds containing hydroxyl groups.

The total porosity, which varies from 108 to 2.32%
depending on the sample, can be divided Into closed and
open. Closed porosity (0.65-1.31%) is composed of inclusions
perfectly visible on T), distributions registered for rock cores in
the “dry” state. Duning the drying process (12 h at 200 “Cin a
vacuum) we got nid of both physically and chemically bound
water, therefore the observed signals (D2-D5) come from
water in inclusions. Open porosity (0.4~1.2%), revealed in the
saturation process, is located in different regions. In the case of
AK1 (bedded chert) we observe the largest increase in total
porosity (1.2%), associated with an increase of T,lm (from 2.2
to 32 ms), in & very wide range from Rl to R4 and four
maxima: SD1, SD2, SD3, and SD4, which comrespond to the

dominance of macropores (Figures 2G and 6A). In the case of
nodular cherts (AK2~4), the signais in areas R1 and R2 (SDI,
SD2) dominate, with a simultancous decrease i the TyIm
values from 1.2 to 1.4 ms to 0.55-0.65
to the formation of open porosity by microporosity, a few
nanometer mesoporosity and newly formed hydroxyl groups
(Figure 2G, 6B-D) 6 sums up the values of different
types of porositics.

We provide further information on the PSD of chert cores
by comparing them with model porous systems built of pure
silica particles with mesoporosity in the following sections

3.5. Standards of Mesoporous Systems Made up of
Silica. Considering that the studied cherts consist of up to
98% of silica, it is reasonable to analyze them m comparison to

ms, which corresponds

Table

standard porous systems structured from Si10,, assuming that
magnetic impurities will have a fine or identifiable impact on a
signal. Such standards can be, for example, synthetic systems
MCM-41 and SBA-15, made from pure silica with a 100 nm to
1=2 um particles size. The particles contain pores with
diameters equal to 3=4 nm and 8~10 nm for MCM-41 and
SBA-15, respectively. These kind of standards were studied by
LF-NMR in regard to their relaxational properties (T, T,

1 . b1
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Table 5. Comparison of Pore Sizes Determined Using T'wo Approaches—with and without Diffusional Component in

Equation 1

d,(nmii”(‘l(l"lu‘.‘n: -

o (nm) (enlcutated based on (6))

= _dinm) (cabeulated based on (7))

AN AN2 ARS AR4 AKI AK2 AR A4
03 | ooss S lIE | il = 3
06 | 0AMS 0.59 : Il' i 0,59 ; 7]
| 024 | | .06 |02 0 0.96 0.99 0.94
4 Ko .16 | 40) .09 4.05 44 3.99 404
w | 238 | 1022 | 9x8 | 1001 | o8 | 102 | oz | 99
) 23 s0.38 | 48.62 49,29 1864 5036 5358 4924 18.6
1O} : 23 100.89 : 97.33 ' 98.66 _ 97.37 | 100 87 ‘ 9729 A 9861 : 97.33
“Diffuston coefficlents D for exemplary, theoretical pore sizes, d, are shown
relaxation times, T,=T, maps) for different water content.” A effects among water molecules and/or between water

signal was detected for water volume, ranging from a value that
exceeded the calculated pore volume several times, to a value
lower than required for the total surface of all pores to be
covered by a single layer of water. These extreme water
contents correspond to the different relaxation mechanisms
that dommate the signal, i.e. interparticle water relaxation and

intrapartacle surface relaxation associated with dipolar coupling
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molecules and OH groups. T, and T, distribations and T',~
I', maps presented in ref 52 revealed significant changes when
decreasing water content evincing the domination of bulk,
surface and chemically bound water (OH groups) in the signal
It is worth noticing that, despite the information provided by
the producer that both MCM-41 and SBA-15 are pure silica
samples, T,/T, ratios reflecting the desorption energy, te. the

i Py Chem € 2000, 124, 5205 %040
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Figure 7, PSD calculated based on T, distributions of saturated (A)
and dry (B) samples and differential data of saturated and dry samples
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porosity, respestively, Pore size was determined from eq 6 assaming
that samples are composed of SO, and Fe,0y, and that diffesion
coeffickent 1 s influenced by the size of confinement up to d = 10 nm,
for which D s equal to the diffusion coefficient of a bulk water.

bonding energy with the surface,”” are much lugher for $BA-15
even though it has larger pores compared to MCM-41. It 15
probably connected with different surface roughness and
associated with the existence of stronger interactions between
hydrogen atoms and the surface."” Results from the study on
MCM-41 and SBA-15 which are relevant to this paper are
shown in Table 7, while for further details the reader is referred
to ref 32,

Table 7, Values of T, T, Times and T,/T, Ratios for the
Different Hydrogen Populations in the Reference Silica
Porous Systems: MCM-41 and SBA-15 (Based on Reference
52)

T, (ms)
sample OH groups  surface water  [illed pores  ovestilled pares
MCMAI LUEE) 14 4 o=3il4
SHA1S (.05 2 H.6 9~65.1
T, ()
ample OH groups  surface water  filled pores  overfilled pores
MOM-+] 5= 104 2506 1o-94
SBA-15 2-25 175 o78 67T9—1835
7T,
sample Ol goups  sarface water  filled pores  overfilled pores
MCM41 0N SN 74 44 433
SBA-15 A00—500 8735 788 T54-282

3.6. Comparison of Chert Rock Core Samples with
Standard Systems. Studies on pure silica systems deliver
valuable mnformation for the interpretation of results from the
measurements conducted on the chert rock core samples. A
first glance at the T, times (Table 3 and 4) and T,/T, (Table
4) ratios from the experiments on cherts supgests that the
studied systems are constructed from silica particles with a
mesoporous stracture. Moreover, dry chert rock core samples
are charactenized by distinet T, and T, distnbutions with four
coinciding modes. On the basis of this observation, it is
possible that samples contain inclusions, in which different
amount of water and silica occur (the reasoning is explained in
section 3.7 Inclusions in Cherts). High, but different, 7,/T,
ratios suggest the strong bonding of water in mesopores that
have surfaces with different roughness and/or content of
paramagnetic compounds. Of particular interest is the fact that
T, distributions are very similar for all of the samples, despite
that they have different origin (two sampling sites). This might
be evidence of potentially similar conditions of rock formation.
After saturation, a new peak {S1, Figure 2C) appears in the
region of T, = 60—100 us, which, according to the literature,
together with high T,/T, (of an order of several hundred;
Table 4} corresponds to OH groups. Tt is especially visible in
Figure 2D, which shows the distribution of differential data of
saturated and dry samples. Peak S1/8D1 is associated with a
signal probably orginating from SIOH that forms after

Table 6. Different Types of Porosities Determined Based on the PSDs of Saturated (Microporosity, ..., Mesoporosity, ¢,
Macroporosity, ..., Total Porosity), Dry {Closed Porosity), and Differential Data of Saturated and Dry Samples (Open

Porosity)
porasity value (%)
porosity type pore size range AK1 AK2 AK3 AK4
microparosivy, o, <2 om am 002 om am
miesoporosity, 4, =50 nm .63 053 92 095
macroporosity, .. 50-280 nm 0.44 0.27 069 052
Q2H0=1.4 pem 0z 021 [iR)} 058
14=4 ym 0.32 005 (05 ol
+=40 pum 0009 o O 0.007
0—40 um (total ¢....) 1.691 0.331 1056 1015
total prcosity 040 pm %34 10 199 194
closed porosity O=40 ym 1.22 0.65 131 131
open paresity 0=40 um 12+ 01 044 + 009 10 4+ 02 07 + 00
5235 hettronsrdn st cmgy 10,1001 s ype Sb11 200
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Figure 8. Schematic model of inchisions. Inclusions may differ in the type of silica as well as its quantity and water solution content.

Table 8, Average Values of T, and T/T, from Tables 3 and
4-‘

inclusson Ty (nw) o {nm) T/T, roughness
1 045 i6 2 comparable to SBA-15
2 AR 9x 0w greater than SBA-15
3 245 1.9 % 10" 10 between MOM-41 and SBA-
15
4 108 o1 x 10 15 comparsble to MCM-31

“The estimated value of the pore diameter, d, is the average apparent
porosity for various mixtures of silica particles and water. The
roughness, which is reflected by the 7',/ 7', ratio, is compared with the
standards MCM-41 and SBA-15 from the Table 7,

satutation in the open porosity of the arystal lattice. On the
same distribution (Figure 2D) we can sec the rise of the signal
in the range of I ms marked as SD2. In relation to T,/T,
20-30 we can suspect that this signal comes from water
bonded to the surface of open mesopores characterized by
roughness (after comparison with standards) between MCM-
41 and SBA-15. Tt 1s likely that water forms a H-bonding with
surface silanols and gives rise to this peak in such a form. A
similar T, was observed for the surface water in pure silica
pores (Table 7). Peaks $1/8D1 and $2/8D2, despite having
different amplitudes depending on the sample number, occur
for all of them. For AK1, the more visible differences appear for
peaks SD3 and SD4. A significant rise of T, signal i the range
of 530 ms, with practically no signal in this region for other
samples having been observed (Figure 2E, G). This indicates
that open porosity in the rock core sample appeared in the
form of slits in the microcrystalline quartz. Thus, except for the
mesoporous water signal, we can observe a signal originating
from water in pores that have larger diameters, located
between crystallites. This situation is similar to the overfilled
pores state of standard systems (Table 7).

3.7. Inclusions in Cherts, Distinct, regular T, distributions
of chert rock core samples, after heating in 200 °C and
vacuum, clearly indicate closed melusions, It is very interesting
that regardless of the core sample (ie, sampling site), we
observe four aligned peaks (Figure 2A). Due to the fact that
inclusion size is stochastic and would impact T, time in the
same manner (T, scales with the pore size), the occurrence of
four identically localized peaks has to be triggered by
something else. The most plausible explanation scems to be
that the inclusions are filled with different proportions of silica
and water which leads to different T, and T /T, values. This
statement is based on the previous studies on MCM-41 and
SBA-15 (Table 7),* since the T, (‘Table 3 and 4) and T,/T,
(Table 4) obtained in this work suggest a similar situation.
Additionally, four clearly separated peaks that align for all the
samples of different types of chert (Figure 2A) suggests that
different formation conditions (temperature, pressure, and the
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composition and origin of the fuid), rather than origin, were
responsible for this mutual feature, The above statements lead
to the model describing inclusions (Figure 8 and Table 8). Tt
should be noted that for the system of natural nanometric
inorganic pores, we recorded water signals characterized by
unusually high T,/T, values. """ Tn the case of inclusions, it is
even up to 100. In contrast, for open pores the ratio is of the
arder of 20. This suggests the existence of the structures shown
schematically in Figure 8 and Table 8.

3.8. Differentiation between Bedded and Nodular
Cherts. Figure 9 shows biplots for different saturation states
obtained from PCA. The first two PCs make the coordinate
system, and axes labels include a percentage of a total variance
that is explained by the particular PC. Vectors on the biplots
are vather divided imto groups which have different colors,
Table §2 shows original variables that are incorporated into
each coloristic group. As we can see, sample AK! stands out
for cach saturation state, but for the saturated state (Figure
9C) or differential data (Figure 9D) there is a clear division of
samples into two coberent groups. For these two states, AK1
has the mmimal value of PC 1, which indicates that onginal
variables that have the highest contribution to this PC
differentiate this sample.

The results of the PCA analysis correspond well with the
observations of T, distributions and T,~T, maps, AKI is
always characterized by the highest Tidm and T,lm, which
indicates that the distributions are shifted toward higher Ts
that result from the biggest pores among the samples.
Additionally, it has the highest porosity independently on
saturation state. The most noticeable difference is the type of
pores that saturates most preferably, For AK2-AK4 we
observed a significant increase in the signal from OH-groups
and mesoporosity, while for AK1 this was from macropores,

3.9. Summary.

e T, distributions and T\=T, maps revealed that chests
contain protons associated with hydroxyl groups (R1: T,
~ 0.06-0.2 ms) and molecular water (R2-R3: T, >
0.4-2 ms) with total porosity varying from 108 to
2.32%.

PSDs, determined based on the T, distributions, indicate
that the rock core samples contain a wide range of pores
size, including mainly mesopores (R1—-R2: T,< 2 ms)
and macropores (R3=RS: T,> 2 ms) with a very low
content of micropores (R1: Ty < 0,03 ms).

Very distinct peaks on the T, distributions and the T,~
T, maps in the dry state of the samples revealed the
existence of the kind of closed porosity (0.65-1.31%)
associated with inclusions possibly filled with different
amounts of silica particles and water,

Types of inclusions are characterized by a large diversity
of T,/T, and T, parameters, which is probably

Ptz de dpuong/ 10 1001 /s pes V11740
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associated with various geological processes accompany-
ing their formation.

e The registered open porosity (0.4-1.2%) is composed
of a considerable volume of macropores in bedded
cherts and mesopores in nodular cherts and, in addition,
a visible increase in the signal from the newly formed
OH groups (probably in silanols) in both cases.

e Existence of unusually high T, /7T, values (inclusions: up
to ~100, open pores: ~20) for water in inorganic
nanometric pores suggests the occurrence of pores that
may dilfer in the type of silica as well as its quantity and
water solution content (Figure 8, Table &),

e PCA helped to distinguish AK1 (bedded chert) from
others, yielding a set of variables which differentiate the
sample the most.

o Finally, LE-NMR relaxometry in the three saturation
states delivers a complete and sufficient st of
information, based on which bedded and nodular cherts
can be distinguished.

4. CONCLUSIONS

The analysis of natural inorganic porous systems showed that
we were dealing with samples that have porosity at the level of
1-2%, consisting of several clear hydrogen signal sources. A

significant part of the pore volume was inaccessible and were
considered to be inclusions. Depending on chert type, different
pore types were saturated. Bedded chert seems to have bigger
pores in a fairly wide range and hence higher porosity than
nodular cherts, Therefore, saturation leads to the filling of a
considerable number of macropores in bedded cherts and
mesopores in nodular ones and, in addition, a visible increase
in the signal from the newly formed OH groups in both cases.
Moreover untypical for inorganic pores high values of T,/T,
factor equal to ~100 and ~20 was registered for T, in the
range of several and over a dozen milliseconds, respectively.
The identification of pore types was possible due to the
chemical analysis of the elemental compasition of rock core

ples, which revealed that they consist of at least 98% pure
silica. With this information it was possible to compare them
with standard models built from pure silica, MCM-41 and
SBA-15, as well as making an estimation of PSD wsing its
relationship with 1D-T, distribution, The analysis of PSD
showed that for samples contaming Fe,0;, the influence of
diffusion on transverse magnetization decay is negligible.
Hence, PSD can be sufficiently accurately determined from the
linear refationship between pore size and surface relaxation
time. In addition, the performed experiments delivered a
sufficient set of variables for PCA, which tumed out to be the
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right tool for the clear division of cherts inte two groups. This
means that the differences between the parameters obtained
from relaxometry for bedded and nodular cherts were
statistically significant. The outcomes indicate the possible
use of the LEENMR method for the noninvasive and effective
distinction of cherts types expected by geologists, archeolo-
gists, and petrographers.
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Principal component analysis—theory and interpreta-
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Abstract Nuclear magnefic resonance (MR) (NMR) is commynly used foe 1he desermination of ek
porosity, 25 well s pore slze distribution (PS1D) and tortuosity. required 1o baadle hydrocarbon exploitation.
Emerging technologies for NMR equipment pow enable the visualtzation of porosily using magnelic resonance
Imnging (MRI). Currently, single-point Imaglog Is the most common MRI technique employed, bur diffusion-
weighted imaging bas been attracting the atiention of geologisis and geophysicivs. In this study, 3 more
advanced technigque, diffusion tensor imaging (DT, is proposed for the characterization of rock core samples,
The main purpese of this puper is to demonstrate the uselulness of DT1 in the petrophysical characterization
of rocks and discuss ils strengths. As an example, & carbonate core sumple was examined using DT The
diffusion ténsoe (DT) was obtained and DT paramolers (mean diffusivity, MO: fractioaal aslsotropy, FA: theee
eigenvalues: DT components; und proton densily, PD) were visuulized in 2D ard 3D, Each parameter was
deseribed and It urility in werms of pore space characterization wis analyzed. In sddition, a new parameser,
principal diffusion tracts, was introduced based on the DT ractography performed in the stidy. The apalysis is
summarized in & set of DT parameters and a resaltant ellipsoid that delivers complementary information ubout
the sunple's pore network microgeometry, incloding referestial measurements of anisotropic phantoms. The
apptications of DTI for the determination of pore size disteibution, tortuasity and conduciivity are also shown,
The study eods with 2 consideration of the potential prospects and challenges for DT1-based examination of
rock core samples,

Plain Language Summary Ao advanced nuclear magnetic resonance techigue, dif fusion Lensor
imaging (DT1), is proposed bere for the charaoterization of rack cone samples. As an example, o carbonste

core sample was subjected 10 DT examingtion, from which the diffusioa tensar (DT) was obtained and DT
parameters (mean diffesivity, MIY, fractional anisatrapy, FA; three eigenvalues; DT compenents and proton
density, £1) were visuzlized (o 2D and 3D, Poreatial exampies of the peactical applicatlons of the data obtaloed
rom the DTT experiment ure demonsirated, Tmpociantly, we can now provide spatial and quuntiative data
which is closely refated 1o the sindied microstructuse esing DTL The application of DTI for the determination
of pore size distribution, tortuosity and conductivity are also sbown, The study ends with a conslderation of the
potential prospects and chalkenges for the DTI-hased examination of rock core samples,

1. Introduction

Resenrch on the diffusion of flulds filling rock pores with the application o techniques using nuclesr mugnetic
resonance (NMR) is mainly related to the measusoment of the diffusion coefficient, D, In one- or two-dimen-
stonal correlation experiments (-7, D-T.; Hitrlimann & Venkatarumanan, NX12; Mitchell et al., 2015) and, in
recent years, diffusion-weighted imaging (DWT; Frieed et al., 2020). In the former, where -1 5 the most popalar
and will be central W vur further considerations, the NMR xignul is analyzed aflter the trunsformation by Inverse
Laplace Teansform (ILT) instead of Fast Fourier Transform (FFT) a5 in the case of DWL After the calculations
by means of ILT or FFT. peojections of the diffusion coefficiear maps are obtained along the experimentally
defined dif fusion gradient vector (Dale et ul., 2015), Bolh methods deliver different information und ure comple-
mentay. First of all, D-T), enables distinctions 1o be drawn between various Lquids (waler. different types of oll
and gus), us well as the estimation of poce size distribution (PSD) and permeabifity by analyzing the 7, relaxation
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of a reservoir sample (Fheed et 21, 2020), In both cases, the obtained diffusion coefficients of water or hydro-
carbons contain information about diffusion along a specific gradical direction. meaning that thelr values are
ambigoous and different, depending not oaly on the gradient direstion, but also on the orientation of the sample
within 2 magnet bore. In fzel DT und DWI deliver 2 profection (simplification) of a symmwelrical tensar of the
second oeder. In unisoropic medis, the diffasion iensor is a correct, full representasion of the diffusion of fluid
molecules, which unambigaously describes the microstraciure of the sampie, regardless of the refenence system
(its position in the magnet bore or the diffusion gradient veetor scheme used). To obesin full information about
the sensor, o diffusion tensar imaging (DT experiment has to e pevformed (Kingsley, 2006), This teshnique
Is well-Known aed vsed exteasively in the blomedical sphiere, but kis yet 10 be applied Lo geology or peophysics
(Alexander, 2006),

Bath hydrocarbon recovery and underground gas siorage require detsiled knowledge about the internal rock
structure which controls the movement of fluids through the reservair, In the case of carbonate rocks, the ullimate
pore network i€ a product of & complicated course of both sedimentary and diagenesic processes (Hogel. 2004).
Therefore, it seems that bridging the gap between geotogy aod DTH is worth considering, In particulaz, the use
of quantizative values of diffusion teasor offered by DTI In petrophysical aspects could belp to determine the
degree of pore space connectivity more precisely, The archilecture of the pores controls the permeability of
rocks and thus e potentla] rate of ofl and gas production (Zhaog e al., 2020) or optimal esergy extraction
from geshermal environment (Watanabe et ol 2020: Yosuhara e al., 20061, The DTT resulis could be further
compured with permezbility tersors, defined similarly W the DTE approach and thus enshling polentisl refations
between diffusion and permeabliity to be vevealed (Lang et al., 2014). Another potential applization of DTI coald
be the sclection of sites for the officient underground storage of CO,, an applicasion which is currently enjoying
o considerable amount of [ntevest (Ajuyi et 2l 2019 Ardf et 21, 2017; Razs et al. 2017). In this case. the paran-
cters describing the DT and related to pore size apd geometry would facilitate the selection of such Jocations,

Despite the petrophysical poteatial of DTI related to its ability to deliver dircet information oa pore size andfor
geomelry, there are only few references denling with some sspects of this technigue, Purthermore, none of these
wurks shows the vetual meantng of DTL that s, the reglstration of spatlel maps of the diffusion tensar fmost
often waler) in un examined obiect (see the Hwerature review below), This is related o the copsiderable diflicul-
liex in using mugnelic resonance imaging (MR1), and especially DTI in these oreas. due 1o the shorteaing of 75
reluxation times and local differences in magnetic susceptibilities in samples, with greater complications with
incncases in the magnetic fiedd (Hidimann, 1998; Krzyzak, Mazur, ¢ al., 2020). This work documents the s
of DT1 to examine o carbanate rock core for the flest thove. Quastitative diffusion tensor (DT) parameters such as
fractional unisomopy (FA). mean diffosivicy (MD) and three DT cigeovalues (4,,,.,) are provided, The main tracks
of the diffusion tensor, which are solely depeadent on the microstructune of the tested sunple (Mocl et 21, 1999),
wre also visuatized. In addition, also discussed ure the current stse of the art, potential geophysical or geological
applications, und the challenges of developing 1his technique for the purposes of imaging a fluid diffusion teasor
In roek cones.

L.1. From Diffusion-Weighted NMR to DTI

To dare, the diffusion pheromenon has been frequently utilized in NMR-based reservoir characterization (Coates
ef al. 1999). As highlighted earlier, besides porosity investigation, the majority of the rescarch concentrales
around fluid typing using diffusion-weighted NMR (Loo et al., 2015; Matenoglow et al., 2016} -1, correlation
naps are commonly used to Jocate different reservoir fluids within szmples {Ahr et al., 2005: Luo et al., 20135).
The pessistent interest in this field of study hes receatly promoted the development of more complex fluld typing
worklows, For instunce, by compariog the funclions of diffusion-relaxation distributions, Muting and Hurli-
mann (X008} showed he existence of obvious differences corresponding Lo the umderlying structures of the tested
fuids and proved that the -1, measurements cun trice the paths of complex (uids.

Diffusion-weighted NMR was abso frequently utilized to derive the absoluce pore size distribution, so that the
T, relaxation limes are assigned specific pore sizes, typically using the pulsed field gradieat muethods (Mitrs
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¢l al., 1992; Pomeramz ¢ al., 2007), Other quthors have also wtilized diffusson-related NMR research 10 study
[ore space geomelry, Weiaosity, of the degree of His communication (Delgado, NX6: Wang ¢ 21, 201K).

Papers dealing with or deseribing the use of DTI for petropbiysical purposes sre few and far berweea, Moreover,
there has been & teadency 1o misise the lerm difficion tersor imaging, since some articles refecring o DT in fact
o not implement (ull lemor imaging. To the best of our knowledge, only two works have demonsiruted some of
the uselul aspects of DTEin geosclences (Matenoglou et ul. 2016 Purfon e al, 2018), The work of Mawenoghou
¢ al, {2016) provides i complete workTow for studying the weltability of rocks, especially when more than one
reservolr fluid is peesent. These sesearchers used an EPL sequence with several values of the diffusion-weighting
factor (i-~value) in ceder to facilitate the separation of the signal coming from oil and water, based on differeat
diffusion coefficients. However, because Matenogiou el el. (2016) only applied & siagle (axial) diffusion gradieat
direction during the messurements, it should be clarified that DTT was not fully implemented 2nd the methodol-
ogy cun be downgraded 1o DWT in ope direction. Moving forwand, Foeed el al. (2070} proposed the implemen-
Lation of DWT in three vethogonu] dirsetions o study the dynsmics of flud motions bn narrow chunpel pocusity.
Similarly. however, a DTT appeoach was not yet folly implemented,

Porion ot al, (2018) presented a different application of the spatially resolved diffusion coefficients, The authors
poposed utiliziag pulsed-fleld gradient spin echo NMR (PGSENMR) [a six diffusion gradient directions nnd
single point imagiog (SPI) to characterize te mobility of water is @ dense clay sedimenr with respeot 1o the
compression uxis, Even though the sell<diffusion wosor was caleuluted, the utitization of & speciromeler only
allowed 1he determination of & mean tensoe representing the whole volume of the sample. For spatinlly heteroge-
neous samples such as porous ocks, the information obtained in this manner is very general. Nonetheless, this
work utilized more than one diffuston gradient direction and the determination of & diffusion wnsor.

The emerging popularity of diffusion-based NMR imaging techniygues in geosciences and related branches i u
promising tresad, Although unrelated to rocks or fossilized material, the paper of van Schadewijk et ul. (2018)
can be mentoned 25 an example here. The authors employed DWI with six, isotropically distributed gradient
directions o realize an in-vive sody of green algac. Xeown to bave the capability of producing oils ia their lipid
bodies, Thanks to DW1 aod other supplemestary stisfies, the researchers managed to visualize the main routes
of oll migration aed reveslad the microstructune of algae, the andogue of which s frequently fousd in fossilizsd
museriad (el Ruceydski et &1, 2017)

As we have seen, none of the abovementioned papers covers the full implementation of voxel-hased DTI to
2udy the geometry of pores in focks. Therefore, our proposal of employing the DT procedure oa carboeate rock
samples seems to be boch novel and jostified.

1.2, Theory

As already mentiooed, D-T, and DWI messurements deliver apparent diffusion coefficients {0, s, that depensd
on the chosen grodlent direction and sumple orlentation. This is elegaatly depicted |n Figure 1. where four general
pore Lypes are schemitically presenied and some possible displacement vectors of (he molesle ane marked.
For fully isolropic pores (types A und B), displacement vectors have the same length (r, and ry} urd neither the
sample orientation nor the gradient divectian influence D). However. for anisotropic pores (types C and D),
potential molecule displacement pathis have different lengths, and therefore D varies with sample orientation
and gradient direction. Moscover, the higher the asisotropy. the higher the differences between particular D 5.
This means, thot D, from D-T; and DW1 are rorationally variant aod give ambiguous information about the pore
geomelry.

I contrast, IXTY relies on the application of diffuston-weighted fmpulses of magnesic fleld gradiens in at leaxt 6

directions, Based on the & diffusion-weighted and 1 baseline (no diffusion-weighting) images, the elements of a
diffusion weasor:

D. D, D,
b= pn., p, D, ({1}]
Dy Dy Dy
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Cunw 1 Fiest ocientation of & sample, o © Second on i of s sample,  Cuae 3: First onentation of a sample,
gradient direction gradient direction (, gradient direction G,

D = (r*) * Root mean square displacement along diffusion prodient direction
“"‘W’ 2nty = Apparent diffusion coefTscent aloeg diffusion gradient direction
g Rotationally variant:
(a] ‘
... III l. . Dependent on ssmple orientution
s Depenilont un grudient dirvction
Pore A Toee B Pore C Pote D

SCme]l ®Cmed ®Cer3

Figure 1. Scheme viseallzing the changes in sppacent diffusson coefficients () In D7, aox! & slegle DWL resuhing
from the choice of sampie oricntation and different gradient dicectioas. The relation for D ins p mandt,
fepresonting the beor of spatial df loews bey which diffuslon oceus aod diffusion time. repectively.

ure culeulased from the generalized Stejskal-Tanner Equation 2 for eoch voxel of o magnetic sesonance (MR)
image (Borkowski & Krzvzak, 2015

Sen '\ _ XY 2
In (m) =-br): D=~ zm Z'_I b, AriD, ()

where S(b(r)) and S{i4r)) are MR signals in & voxel with spatial coordinates r =[x, v, ] obtained with and with-
out diffusion-weighting, rexpectively; b.(r) are spatially dependent components of the diffusion gradient matrix
iry; D, ure components of the diffusion tonsor I the colon designates the generalized dot product, As shown
in Figure 2, sample rofation influences the diffusion tensor components. However, DTT has some advantages
over DWEn three orthogonal directions in a laboestory frame. First. D, D, and D in DTU are caleulutod basd
on the six diffusion-weighted images, while in DWI one image serves for the determination of one coeffizient.
This means that the sigaul-10-aoise ratio (SNR) in DT1 s higher and orthogonal coefficients cun be more accu-
rately determined. Second, the only derivative from orthogonal methods is MD, calculuted & u mean of the
three orttogonal diffusion coellicients. Since the of (-diagonal tensor’s element s are calculated tn DT, sdditional
geometric porymeless can be oblalned.

Io order so determine the rotationally invariant geomerry descriprors solely related 1o the microstructure of a
sample, the teasor |s diagonalized. Afler disgonalization, three eigesvalues und axsociated elgenveciors ane
obtalted. The dingonnlized tensor has the following foem:

i 0 0
Al o & o (3
0 0 4
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Cnse 1: First orientation of a sample, Cuse 2 Second oricatation of a sample,
First geadient scheme First gradient scheme

Femsor L 1),

Temsor 11, Dy,

Pores A & B:
Tensor I = Temsor 11

Diy= "uuv Lj=123
Pores C & D:

Temsor 1 # Temor 11
Dy #Dy i j=1,2,3

s

Rotationally variant:
Dependent on sample
arientation

DIAGONALIZATION = Ellipsoidal representation

Diagonalized tensor 1, A, Pores A & B:

A=Ay,

Ly =0 = const,
By~ gy i= 12,3
Potes C & D:
A=A,

by =2

Diagooutized temsor 1L A

uttnsi=1,2,3

3

Rotationally invariant:
Independent on sample
orientation

Figure 2, Schemae visuallzing the effect of tessor diagooalization. Pores A-D are described a3 ellipsokls with dinwnsioes
represented by elgenvalues £, 4, and 1. with arlentation with respect w the lborssory frame indicated by eigenvecson ¢ . ¢,
and ¢, Disgooalization delivers three diffusion coefficients 2kong the orthogonal aves associuled with pore geometry.

where sigenvalues 4. 4, and 4, represent the anount of diffusion in esch of three orthogonal directions In 2
coordinate system associated with peometry of o diffusion mediom (¢, ¢ and ¢,) und are sorted from the highest
(4,) 10 the lowest (2,) diffusivity. Eigenvectons indicute the dicections of three orthogonal diffusion paths with
respect 1o the laboratory fmume of reference. Busod on the diagonalized tensor, A, diffusion can be visuallzsd in
the shape of an ellipsoid, The orientation of the ellipsoid with respect to the laboratory frame is indicated by the
elgenvectors, while its shape ix shown by the elgenvalues (see Figure 2). From o muthemutical point of view, this
corresponds 1o the probability deosity function of the position of the Muid molecules ufter the diffusion time.
Moxt importantly, the coefficients of the diffusion lemor, 2s well ax the parumeters computed from them (vee the
results), are actually quantitative, This makes @ significant difference in relation to diffusion-based DT, or DWI
messurements, for instapce. Simultuncously, it is o source of potential progress and represents the iptroduction of
o new, moce precise method of studylag fuld diffusion in rocks,

2. Materials and Methods
2.1, Sample Collection and Evaluation

Io this study we focus on one carbonate sample, The sampie was used for all of the experiments presented in this
paper, The details of sample extraction, preparstion and evalugtion using transmitted-light microscopy (TLM)
and complementary meshoxds are elaborated in Section §1 in Supporting Information $1. The studied sample s
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u part of the Upper Permian, Zechsiein Limesione (Cal ) formasion of West Poland and comes from the Broriske
Reef (see Fheed et ol 2022: Peryt ¢t al., 2012).

Complementary information aboul the sumple was obtalned by meany of mercury intrusion caplllary pressure
(MICP) und 1D-T, NMR experiments (for details see Section S1in Supporting Infocmation $1). According
o MICP research, permeability and porosity of the sample were equal 10 22 ml) apd 14.63%, respeclively.
1D-1; NMR delivered porosity of 1390 = 0.01% and logarithmic mean 1 time. 15, ., of 362 ma. By using
MICP and ID-1, data, it was possible to determine the transverse surface relativity, o for the sample which
was equal 0 744 pafs. The characterlstc parameters of the sample 2re sunumarized Lo Table S1 s Suppeeting
Information S1.

12, Anisotrople Phantoms

Reference DT me weze carrled outon Layered and capillary anisceropic phastoms (Mazur et al., 2019).
The fabrication of the Jayered phantom was as follows: 99 squire glass plates, with o thickoess of about 180 pm,
were stacked in a2 x 2% 2 em cube, The plites were separated [n order 1o ensure planas, longltedingl, equidistan
pores with sizes of 20 pm, A capillary phontom was made of 824 quartz photonic fibers, 21 mm long and 830 ym
in dismeser. Bach fiber contains 300 tubes, which are cylindrical, Jongiludinal porex with i dinmeter equul o
30 pm. Finally, the anisoteopic structures were placed in cylindrical, plexiglas enclosares. 46 mm In diamerer, und
filled with water, The magnetic susoeptibilities of the arisotropic phantoms weee matched with the one for waser,
dlninlshing the induced gradients (Klodowsk: & Krzyzak, 2016).

20 DTl

The DT1 of the rock core snmple was condocted on a 9.4 T Bruker HioSpos 94/2USR scanner using @ spin
cel DriStandand pulse sequence with the following acquisition parameters: echo time, T5 = 20 ms: repetition
time, TR = 13 5. pumber of averages, NoA = 4: number of slices, n, = 26; slice thickness, 7' = 500 ym: number
of diffusion seasitizing gradiest directions, N = 6; bvalue, b = 800 vioun’: diffusion encoding time, 8 = § my:
diffusion gradients interval. A = 8,52 ms: [Teld of view, FOV = 32 x 32 mm®; matrix size 128 x 128 pixels,

For the DTI of the anisotropic phantoms, the peotocol foe the spin echo DtiStandand sequence was as follows:
TE =20 ms, TR = 2500 ms, ST =2 mm. my = 11, & = 10 ms, § = 6 my, N = 6, NoA = 2, FOV = 30 X 30 mm’,
mukrix size 61 x 64 pixels.

Tensor visaalization and wactograply were perfoemed using in-bouse software (BSD-DT1 ver. 2.0, AGH Krakdw ).

24, X-Ray Microtomography (pCT)

The purpose of implementing pCT was 10 verify the taternal pore structure of the sample and obtain basic infoe-
mation vegarding the size and shape of pores, The details of pCT method are shown in Section 82 in Suppocting
Information S1.

3. Results
Images from DT experiments provide o sevies of spatial data deseribing the rock core sample, Due o 1he appli-
cation of multiple slices. the data can be p | in three dimensions, as depicted in Figure 3. From the PD

imnges, the porosity distribution ¢an be obtained. Foe the determined porosity, maore compechensive data can be
inferred after the calculation of a diffusion tensor, Besides the distribution of the diffusion tensor, other parnm-
eters derived from the teasor. such s MD, FA. as well s e distributon of the maln diffusion patbis, thal Is, the
privileged diffusion directions of te testexd (luid molecules, can be analyzed spatially. Briel descriptions ol the
parumelens obluined, including their petrophysical importunce, are presenied helow,

RN B

PD images store informaizoen abeut the amount of fluid costaining hydrogen. The inteasity of the signal in PD
images Iy propoctional w this amount within a voxel. Hence, & higher intensity will be ussocizted with reglons of
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Figure 3. 3D Sstritutions obtained froem the JilToslon tensar {a) proton densily repeesonting pocosity distribution
ipsoidul representation of the dingonalized diffusion

jetters A, B, C. D and E)

b mean dLTosivity; (¢) fracilonal anlsropy
el Nasla)e

eresrr, for which one slice was chosen in order o depict vanoos shapes of ellipsoads (yellow
hat are sssociated with differest difTusive prope s within o yosel

higher por

ity —either more voids or larger pore spaces, Thx

efore, the primary information that can be inferved

from DTT is the spatia) distribution of porosity in a sample (Figure 3u

Aller the elimination of all pixels wilh intensity equal 1o the backgroand values, the basic images wene generated
(Figure 4). 3D (for all shices ) porosity distribution in the sample was normalized 1o the vilue of 1390 &£ 0.01%
obtained from 1D-7, experiment conducied in a low ma

tic field (008 T: see Section S|, Table S1 and Figure
S4 in Supporting Informution S, which [s the method of cholee for tt

irate determination of total porosity
(Krzvzak, Habina-Ssrzvniarz e ul,, 2020; Muk

el

nova et al, 2021), The images in Figure 4 widitionally
depict shiceto-shice porosity distribution, which after normalization 1o 1D-7, can be characierized quantitatively

(soe Section 4.2} There is only one reservation regarding such normalization, that the contribution to
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Figure 8. Distribetions of diffusioa coefficients from diffusion weighied imaging {DWT) and diffasion tensor imaging (IDTT) in the poce space; (x) comparison of I«
from DWI(D1-D6 foe eoct of the six diffasion gradients) with mes diffusivity (MD) from DTE (b) compatison of ortbogeet diffuskn coefficients in the laboratory
frame (D), D, and 3 with the oethogoea) ones in the ssenple axis franwe (4, £, a0d 4 : (o) comparivon of MD with the aggregate disteib of the theoo eipenvaly
Golted 4, 4,4,

relutively low standard deviation of MD for all analyzed voxels may thus indicate low degree of lieterogeseity in
terms of pore size. In the case of carbonate rocks, the largest pores with bigh M may correspond (o dissolution
vugs or sintllar Large wids which have a considesshle [nfluence on the storage capacity of & reservalr. The MD
values may also be belpful in depicting the zopes subjected to dolomitization - the process by means of which
calelte transforms o doll hence g ing additional intercrystalline poroxity. Such voids may accur when
the poee size is relutively smell and unimodal.

Additionally, we would like (¢ draw attention w the wuthentically quantitative nature of the MDD distribution,
related only (o the microstructural characteristion of the lested semple. In the case of M7, or individual DWI
pletures, subjective [nformation related to the direction of observation of diffusion changes is always provided.
This is well illustratex in Figare 5, where the distributions of the diffasion coefficients obtained in the DTT(MD)
und single DWIL(DL ¢ = 1-6) experiments are shown.

AR
FA Is a coelficsent that provides mformation about the degree of anlsotropy. The coeflicient Is caleulutex! from
diffusion 1ensor eigenvalues (Bguation 4) and therefore it is rotatipnally invariant, meaning it is only sssociued
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From a pberomenological point of view, this parameter defines the racts which may be undersioad as lines
Joining two regions in space. characterized by coberent properties of adjecent voxels. In this case. the cohérency
is related 10 the fact that each immediately sdjacent voxel has to have the same dominative diffusion dicection.
In petropaysics, this means that such tracts would repeesent optimal routes of conumumication among local pore

y Tiodiog highly ¢ ed regloas is of primary iaterest when thinking about the peraecability of a reses-
woir (Daigle & Dogan, 2011), Unfortanately, natural pore systems. and especially those of curbonate rocks, teod
1o be exiremely complex. To put it simply, i can be assumed thal some pore spuces in rocks are & superposition
of two types: capillary and laminar, wilh the emphasis on the former, Figures 8o and 8¢ show coresponding
reference phantoms along with the parnmelers obtained from the DT experiments, While the determination of
the course of the main tracts for capillary systems can be carried out in a similar mannes to neeve fibers in medi-
cine, the determination of the main diffusion direction in the case of laminar systems is ambiguons. Therefore,
in assessing the cocrectoess and usefulness of the POT course foc & glven pore systen. the shape of the ellipsoids
charocterizing a given pore system must be taken into secount (Figure 8), Nevertheless, fiber tracking enriches
uny static model, such ay proton density distridution, with dynamic information regarding 1he uid motion possi-
hilities, thus allowing for better menagemen: of reservoir's exploitution. It seems thut PDT should be most uselul
for tracking the vourse of fractiures or other efongated pore types (Chun ef al., 2004; Clavaud ¢ al,, 2008; Isakoy
et ad. 2H0H ; Méheust & Schmittbubl, 2001),

L5 Cluracterization of the Sample Based on DTT

The studied sumple is a hioclastic iimestone whose mineralogical composition is dominaled by calcile, The
sample Is shown in Figure 81 in Supporting Iaformation S1. Texturally. it can be defined &8 a bryozoan-rich
packstone or grainstone, comented with drusy calcite, Porosity in the sample follows clearly marked, sometimes
chaotcatly distributed paths, probably reflectiog the dissolution of cacrusting foraminifess and other fossils.
including & possible contribution of microbialites, The pore system largely consists of amalgamasted moulds
showing n bigh degree of communication. The majorily of pores zre small, commonly less thon 0.1 mm in dium-
etier. Single pores spproosch the size of even | mm, but they muay be Invisible w the NMR equipasent if they ure
isolated and not (THed with waler,

For the porosity distnibution shown in Figure 4, further analysis of the sumple properties was copducted. All of
the 3D distributions supply complensenlary infortnation. High valoes of PD Indicae & Lepe amount of water, and
thus an increase in Jocal porosity (Figures 3a and 4), These regions are represented by a red color und comply
with regions having high MO values (Figure 3b). As can be roted from the PP distnibution, the pores are mainly
well-cannected in the sudied case (Figures 3a and 4), This is mainly because the studied plug was taken from a
conventional carhonate réseryair, where the distri bution of fossils and their alteration had & significant impact on
porosity enianceament (Foed, 2019}

Most of the pores fiave a MO below 1.49 x 10-* mm?*#s (Figures 3b und 3), but several spots with higher values
are also visible. These regions are probably associated with larger voids. No intercrystalline woids (pores accom-
modated hetween dolontite erystals doe 1o dolomitizaton process) were recognized, which is coasistent with
microscope analyzes. Where Larger pores are concerned, it is worth roting that high M does not always corre-
spopst with very Jow FA (black to dark blue vexels [n Fgure 3c). This means that the pores are to some extent
unisoropic, Thevefore, it is worth comparing eigenvalue distributions for the ideatifieation of their expected
shape. 4, is ralher high for all poves {ul least i high as 4,; Figures 3¢ und ), and (he shupe will be dependent on
the other two elgenvalues. Voxels that bave high 4, and 4, (vellow to red spois In Figures 3¢ and 37) are associ-
ated with spherical pores, Regions for which 4, is high, hat 2, is abscrvably spialler correspanid to oblate voids.
The higher 1he diffecence betweea A, and 4, the miore the el lipsoid is {1 d-in one direetion. In the sample
of inweeest, the pores have a diversificd degree of anisotropy (shapes). A very high FA observable in Figure 3¢ &=
rather sparse (red spots). Most of the pore spaces have a FA avovnd 0.5 (grees regions) o7 Jower (blue regions).
Mean FA for potes is equid to 0.36 (with a mode equal to 0.204), but te standard deviation [s comparable Lo the
mean (0.20), suggesting o very belerogeneois pore space in the sample, which s typical for reef carbonmes und
is im agreement with the charscteristios of the studied plug (see Section §3 und Figare 88 in Supporting Informa-
tion St with pCT visualizations).

It s wlso interesting 1o examine the distributions of diffusion coefficients shown in Figure § obained for vinels
through which the POT pass (Figure §2 in Supposting Information S1) First of 21, the mean FA for ihese voxels
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w4 5= 1.166 £ 0.085 x10% m’s"!
25=1.145 1 0.081 x10" m's"'
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' FA=0.301 £ 0.042
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Flgure 7. (8) Rock core sample's parameter set (mean di (fusivisy, MO thiee elg lues. 4, . ;: fractioeml anl . FA) cormesponiding to the descriptors of the
ge ¢l lipsond reg ing the mean sensor for the whole plag. For comparisan, sets and ellipsosdy are preseared for the laminar (b and capillacy (¢) misotropic

phantoens with o well-known structure a! alignmeat in o magnet bove. that have poce sizes equal 10 20 and 30 o respectively.

is higher and equals 0.44 & 0.2). Moreover, 4, and 2,, unlike 4. are shifted toward the Jeft with respect 10 the
distributions from Figure . MD distribation also has o peak for the lower value, which stems from the decreased
A and 4, vilues. This analysis supports the understanding of the information delivered by PDT. As shown quan-
titatively, PDT are developed in regions that have higher FA in refation to the whole pore volume and have the
lighest impact on the determination of the macroscopic anisotropy for the whole sample.

4. Discussion
4.1, Parameler Set From DTH o Evaluate the Pore System

We propose @ set of panumeters that quantify the pore system (Figure 7). Here we want 10 indicale the eigenvalues
of the diifusion teasor (4. 4, 4,), slong with & visual description in the wem of an ellipsold (the thisd column
in Figure 7). In sidition, these are the FA sod MD paramesens that describe the system anisotropy, us well as the
guentitatively aversged diffusion value for 1he pore system, The PDT will be espacially useful for the analysis of
cupillury pore spaces.
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Figwie 8. Three-&mensional

ore slee distribution ob)

Ji ffusion sensor muging patumeters: 4 (al, 4, (b, A, (e, M ()

o order 10 betler visualize the meaning of these parameters, we show thelr values o two standan! phanions

representing the capillary and laminar pore systen, respectively {(Figures 7b ansd 7o), It should be emphasized

he ach, spart from addé

ona! purameters such ss FA snd POT, includes difTusion coefl e

N, NOW I

i truly guantitative veesion. Thus, this work
diffusion coeffi «; PSD, pore g
Mitra el o : Mutina & Hilelimuann, XX

precision und regardless of the location of the ssmple i the laborstory frame, The challenge is 10 use the work-

v ullows typical geophysical par 5 10 be det

mined using

nt rineability, wettability, fluid structore,

metry * {Maerks et al, 2004

8: Watanabe et al., 202); Zhang et al., 2020), with muc

Oow for sanopore rocks such ss shales (Krayzak, Mazur, et al., 2000 Saif e al., 2017), Thes issue s described in

more detadl Tn 1he following paragraphs

4.2, Geophysical Quantities Derlved From DT

The poteatial examgdes of pructical applications of the data obtalsed from the DT experiment are demonstruted
below,. There are more potential applications relatedd 1o sphieres where geophysicists or petrophysicists explore

diffusion o

el

mine virioos parimedens and | » of rock cores. Emportuntly, thanks (o 1he we of DT, we

pow provide soutial ond quun v daza which is closely related 10 the microst e uncder stixly
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4.2.1. Poresity Distribution

In Section 3.1, the porosity disiribution in each slice was shown and the quantitative analysis of the pocosity cin
be reslized by sormalization (o the very nccuraie porosity value oblained by 7, NMR equal 1o 13.90% (Table S1
in Supporting Information $1). By DT it is possible (o analyze pocosity locally, qualitatively, but wlso guantics-
tively. We presented slice-1o-slice porosity distribation, for which the conjributions to the lotal porosity sre shown
in Tahle §2 in Supporting [nformation S1, bat techniczlly it can e doae in any direction throagh the sample,

4.2.2, PSD

[n contrast 1o bulk volumes, in which diffusion is free, diffusion in porous systems s restricted by the pore bound-
ares, This is observed by the reduction of diffusion coetficient from i balkfree value, D, (m¥s), depending
on the diffusion time. 7, {+). However, the churacies of changes of o dilfusion coefficienl varies acconding 1o the
diffuslon regime or, in other wonds, time limit, In the short-sime Himit, only u few molecules which are near the
pore surface experience restriction from 1he pore walls, which is notenough for the diffusion coefficient 10 rapidly
decrease (free diffusion regime). This carresponds ta the condition d* < 1)1, where d (m} is.a pore length. In
this regine, diffusion Is al ndepeadent of the microg v, while the time-dependence of the diffusion
coefficient. IX1y, tollows Mitra's relation sccordlng 1o (Equation 3; Mitra et al., 1992), Increasing 1, results in
i = Dy, and 2 higher number of water molecules to contact pore walls and consequently » larger decrease in
Ihe diffusion coellickent (intermediate time-limit or restricled diffusion regime). Then, the IN1) dependence
follpws the Finstein-Smoluchowski equation (Equation 6; Eslum, 2004), for which 1he slope is proportional w
the pore size, For very long ¢ (long-lime limit), 1, = co. d” 3> Ds,. which means that all melecules iraveled
the poee several times and further 1, increzse does ot influence the valoe of 1. This is called the hindered diffu-
sion regime, in which diffusion cocfficient appeoaches the corstant value £ Theve is no consensus on the 13
formula, but several equatloas have beea proposed for different models of a porous system. such as persodic array
of parallel. permeable barriers andd solution of reflecting spheres as desaribed by (Equation 7; Latour et al., 1994)
and (Bauatton §: De Swiet & Sen, 1996), respectively. In our cuse, we used (Bquation 7) for o single pore ax an
individual compartment und (Equation 8) for (he sample gs 4 MECroseopic porous system,

S . 4 1
D)= D wv.;(y),__”" Vie )

where W is the mumber of space dimensioas in which diffusion oocurs, Dy, (m?/s) is the bulk self-diffusion coef-
ficient for £, - O, and (SIV),, (m~"} is the Surface-are-to-Volume ratio of a pore.
<>
Dity} = W (6)

where <2> (i) is o root-mean-square displacement of water molecites dusing J. st <2°> ~ ",

b. D 'Pa o
where P (mis) is permeability and o (m) is pore diameter.
Dity) ] r
—--n' -‘¢+"+l§+... (5

where a, fi, y ure assumed 1o epend on the microgeometry of pores. They cannot be predicted, but some wuthors,
for example, de Swiet and Sen. found (heir retation W the pore characteristics, where a = (12 F = (d21714D,).
¢ = (AT A2 ID,, while fis a volume fruction of reflecting phase (solid phase).

In order to determine pore size from experimestal Dz, it would be pecessary 1o identifly the diffusion regime
by estimauting & = Dy /d®. &2 1 indicases that the measuresent wis conducted in a short-Hme Hmit, while in an
intermediate- end fong-time limit when & = 1 and § 3 1, respectively. Since the pore diameter, o, is unknown, we
simulaled £ for a wide range of d and then Di2 ) for the lime conditions apphied in the DTT experiment. Simula-
tions deliverad X1 s for each diffusion regine boundaries. By comparing the experimental £(r,) with the simu-
lated ones, it was possible 1o identify a regime and determine average pore size in cach voxel from the appropriate
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formula (Equations 5=7). The 31 PSD t= shawn in Figure X, while 11D PSDs for the whole volume and each slice
are presented in Figure 83 in Supporting Information 81,

4.2.3, Tortuosity

Tortuosity In geoscience is o term rellecting the complexily of @ porous system und determines the fluld [low
paths, Thus, it 3 one of the fundamental quantities describing o rock core sample’s yoid architecture and is very
useful for the determination of other geophysical parameters, such as conductivity. There are many methods for
determining tormosity, while no conseesus has been established for the best choice of model or methodology for
cither analytical or empirical approaches. Therefore, oltalniag (nformation on tortuosity remains challenging.
One way. is to use the diffusion data to caleulate diffusive wortuesity. ¢

Dy
e o 9
whese Dy, (m?) is free diffusion coefficient and D, (m?fs) i long-time dilTusion coelficxent for the whole pore
sysiem, that i, the whole ssmple.

Bused on PSD obtalned from DT, the mean pore dinmeter, o, was determined. Koowing that long-1ime
diffuslon limit starts 10 apply when £ % 1. sssuming £ = 10 diffusion time, &g = £ - d5,,, /Do, wats caleulated
for which D_ for the sampie was simulated using {(Equation §) and sssunsing D, = 2 - 1077 /s, The obeained
d, . =99 pmand ¢, = 300 ms delivered D = 117« 10~ s, which was consistent with N1, = 300 ms) from
i referential, independent PGSE measurement of the sample, that yickded D = 113+ 10" m?s. All parnmeters
delivered diffusive tortuosity of 5, = 1.71. This value is within the range of 1.46-2.33 extimuted by using different
models adopting poroslty (Allen & Sun, 2017),

4.24. Electrical Conductivity Tensor

The physical relationship of the conductivity tensor C with the water diffusion tepsor £ is based on the assumption
of the existence ol the sume elgenvectory (Sen & Torquate, 1989} This leads to a lineur relationship bétween the
diffusion end conductivity teasors € = oD (Tuch 1 al., 2001), Severul methods for caleulating the i coelficient
have been proposed, peimarily for blomedicsl purposes related 1o beain research (Katoch et al, 2021), The epti-
mal solution is the fiest approsch is the Force Feuilibeium Modei (FEM) where, from the equilibeium condition
berween electric and viscous forces and from the Stokes-Einstein equation showing the relationship between the
viscosity and the diffusion coefficient, it can be shown (Katoch et al, 2021) that the proportionality coafficient
1 = 076 Nik, T, wheee &, (WK Is Boltzmana's constant. T{K) s the absolute wemperatre, ¢ = Loe107* C ks
elementary electric charge, and N = 2610% 10", Thus, the distributions of the diffusion tensor D and the parame-
ters based on |1 presented [n Figure 3 correspond directly, alter scallog, 1 the conductivity teasoe C. Notably, the
tensors provide spatinl and quantitative information solely depemient an the pore microstruciure,

4.2.5. The Application of the Sct of Tensor's Parameters

The new parameter sel of the diffusion tensor 1 to characterize the rock core proposed in parzgraph 4.1, tukes
on u new meaniog. The values of MD. (4. 2, 4,} sed FA now correspond (o the mean value of the conduciivity
tensor €, its eigenvalues and the unisutropy coellicient, equal (o 0.111 S/m, 0,152 $/m, 0,108 Sfm. 0.0673 S/m and
0,36, respectively. These values were obisined using the FEM model. The described procedure for determining
the miln tracts of the diffusion tensor (paragraph 3.4) is also gaining new significance, These tracks also copnect
the voxels with the highest clectrical conductivity of a water-saturated rock core.

4.3, DT1 Data Comparison Possibilities

It is possible o compare DT dara with the results from supplementary methods, for instance the Sow-field
NMR reluxation measurements {see Figure 84 in Supporting Information §1). Low-fickt NMR is currently the
first selection technigue for the precise derermination of PSD distribnition, regandless of the dominaat pore size
and type (n the sample (Kieinberg & Homsfield, 1990), PSD is an impornt addition to the PD raw daty, while
not showlng quantitatively resolved pore sizes. Besriog [n mind thit low-Teld NMR relsxometry is the optimal
solution [or the determination of PSD and is un unatiainable benchmark for MRI-hased imaging wechniques, we
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focused exclusively on the latter in order 10 verify and identify their srengths. For this purpese. we have put
together o wealth of DT capabilities (including P and DW1 images, diffukion lensor components maps, and
corresponding parameters such as FA or MD) with the naturally complemestary imaging modality — 4CT. In
Section S3 in Supporting Information S1, the DTH results are compared to the results obtained from pCT, yiekding
additional information regarding the analyzed poee aetwork,

4.4. Existing Restrictions for MRIin Rock Cores

Carbonates are a special case in terms of the rock types which are suitable tor DTI examioation, The main limi-
tations of the wider application of MRI for the study of other rock types are relased 10 the sigaificant reduction
of T, time for fluids in the pore spaces due (o the presence of large magoetic (eld grodients (Hurlimann, 1993).
In saldition, strong effects of type 11 scalar relaxation can be observed, where 1he decixive role & played by the
extremely short relaxation 1ime of the spin of the electron shell of ferro- or paramagoetic dopants (Kleinberg &
Hoesfiekd, 19901 These phenomena make it peactically impassible to image u signilicant part of the rack popu-
lation. In practice. the NMR signal, doe o 7 relaxation, decays earlier than when the MRI sequence becomes
recordable or the image is distorted doe o strong, induced local magnetic field gradients, rendering it unsuitable
for analysis. We experieaced this for most tight rocks (shales. saadstones). although MRI ks successful with
some of them (Weglarz et al.. 2016, 2013), For carbonate rocks, on the other hand, which constitute about half
of the reservoirs which are impartant {rom the petrophysical (hydrocarbon exploitation) or geothermal point of
view (Montunurd e al, 2017), this problem is much less fmporiant due e the relatively lower doping and similus
mugnetic susceptibility of carbonates and waler (Fheed et al., 2018), This is confirmed by the verv good agree-
ment between the porosity values obtained from DT and gCT i this study. In our case, we performed o full DT1
imaging of the rook core sample for the first time, as a continuation of the previously initiated research on DW1
applications (Ficed et al,, 2020: Matcsoglou et al., 2016). The emerging interest in DWI in geoscience-relatod
literature is an promising sign for DTL s DT1is nothing more than the simuoltancous analysis of data from several
(minimum 7) DWI images recorded for different directions of the diffusion gradient vector. Theeelore, in 1he case
of the meationed publications (Matenoglou el ul., 2016, DTT could also be used. OF course, the problerms with
the destructive infleence of local gradients on the image are nol entirely eliminated. 1 is also true that there is
# puper showing the potentisl for imaging in o curvilirear space (e, one in which the gradieat distribution is
constant), however, this application reuires further theoretical wirk and experimental verification {Borkowski
& Krzyzak, 201%), Currently, in ovder o perform MRI on rock coves, we have to limit ourselves 1o the existing
technical solutions, which uafoerunately significantly confine the applicability of DTI to a limited range of rocks,
as well as prevent quantitative and comparative noalyzes. Formerly, the resull depended more on the type of
duplng with paramagnetic 2nd ferromugnete minerals wnd on Induced gradients than on pore distribution (Welges
& Pruessmunn, 2019: Weglarz et al., 2016, 2048), This type of imaging i therefore more illustrutive than guan-
litalive, bul cerbanate rocks are an exceplion hese,

The core sumple studied from o e jonal curb reservoir whene the rocks ure characterized by the
peevalent part of the 7', distribution above 10 ms and huve & similar magnetic susceptibility t water (—13 ppm und
=9 ppm for calcile and wales, respectively), which prevents the induction of lasge magnelic (leld gradients, and
thevefore this type of lithology was chasen for diffusion tensor imaging. In this. work, the DTEof the carbonate
rock core sample was successfully conducted despite the high magnetic field induction (9.4 T), 1o which induced
gradlents are direetly proportional, This conclusion, which justified further woek with the acquined data. was
based on several factors including: (a) the aceepeable signal level based va the peelimingry results obtaiged for the
lower resolution (pores having sizes large enough for the diffusion measurements without the total vamishing of
the signal due to tramsverse. numely surfoce. relaxation): (b) a satisfactory level of slgnal for the high-reselution
images; und (0] no recognized deformations (that might result from the broud baseline or resonance Tine-shape
distortbons due to short 17, Moreover, the MR-derived porosily was in o very good agreement with 1he value
obtained from pCT.

A5 Perspectives

This study bs based on experiments conducted in a bgh magnetic feld (9.4 T), which may cause the generulion of
large internal magnetic ficld gradients in the sample. However, the applicd system is currently the ane of choice
for rocks, because it affords the opportunity to obtain a very short TE io MRIEand 4 high SNR. In addition, based
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om the pCT resulis (Figure §5 in Supporting Information S1), it could also be seen that the sample contains
considerable aumber of volds with submilimeter Sizes, for which induced gradients sre diminished. One should he
aware that in the wery small poees in the sample, a significant part of the signal can be lost. bat taking into account
the enrrent technical passibilities in MR1, and particularly DWI or DTI, this barrier is cirrently insurmountable.

Al present, the simplest development path in this area seems 10 be the use of the existing imaging sequences
in magnetic fields of 0,102 T (~10-2) MHz foe 'H), which will allow the nse of very shoet TE echo times.
Natural candidates bere are the SPLor SPRITE (Adair ot al,, 2021) sequences, or the relatively new ZTE (Weiger
& Pruessawna. 2019, Weglez et ul., 2016, 2018), which currently do not have o diffusion-weighted sersions.
Thesetore, traditional SE or STE sequences with the use of strong gradient amplifiers might be an option {Cotts
el ul., 1989). However, the technological limitutions here are considerable, since an increase of the-rule of (e
gradients’ rise cuuves the induction of strong eddy currents, which strongly diswort the image (Chan et ul., 2014).
As a consequence, we have 10 use longer rise limes, and thereloee increuse the echo time. Thus. the problem of
short T, times Hendts the number of practical, petrophysical applications.

To summarize. the currently availuble technical solutions enable DTEimaging primarily for weakly doped rocks.
characterized by the presence of relatively Targe pores, uften met in the case of carbonate rocks. Extending the
application of DT to a wider range of rock cones (sandstones. shales. ete.) requises technological development.
It seems possible in the fight of theoretical works (Borkowski & Krzyzak, 2018) and the current state of the art,
sequences of the SPE (Adair et al,, 2021) and ZTE (Fheed ¢ al., 2NE; Welger & Pruessmane, 2019: Weglarz
et ok, 2016, 201¥) types. However, it requises further theoretical and experimental efforts. Advances in the fiekd
of widening the applications of DTI will be associated with the involvement of the geoseientific community nod
[inding 1he snswer 1o the guestion of whether. for example, the distrlbautlons of anlsotropy based on the diffuston
tensor proposed by DTE will be of a sulTicient importance from the perspective of petrophysical research i
related, induxirial applicstions.

5. Conclusions

The imaging of the diffusion tensor of 'H-contalning Muldy s currently possible peimurdly for carbonute rock
corex, Hghtly doped with paramagnetic and ferromagnetic minerals, and with relutively large pore spaces. In clas-
sie 1T, or DWIexperiments, the distribution of the projection of the diffusion fensor on 2 given axix is abserved
in peactice. The projection is defined by the direction of the magoetic field gradient vectoe used in a givean MR
sexquence. The obtained result for an anisotropic sample is equivocal. By chasging the direction of the gradient,
o rotatlng the sample lo a MR scanner., diftereat distributioas of diffusion coefficleats (D ) are obiained. The
solution is 1o introduce » full diffusion tensor and unalyze the parameters based on its camponents, such us FA
o MD, which are dependent only on the microstruciure of 2 sample. Afler moving to 15e principal axes system,
the problem of the umbigulity of resulis based on the diffusion phenomenon dissppears. In thiy case, spatial
distributions of the anisotropy of the system {FA), the mean value of the diffusion tlensor (M), or the main diffu-
sion traets (D), can now be analyzed in an uaambigaous manaer, which is & sigaificant step towasd the moee
dotailed characterization of reservoir rocks, and carborates in particular.

The propased term of POT is an analogy to the existing fiber tracking technispue known from hinmesdical research,
espectally regarding the visualization of nearat tracts ia beain. In the case of rock cores. it is ressonable 1o refee
to the spatial distribution of PDT. meaning that for cach voxel the direction of the greawest probability of a fluid
diffusion la the tested object can be determined. If we add the MDD and FA values to this, which provide us with
information ebout the tocal value of diffusion end the degree of nuisotropy of 2 given anea (voxel, oz distribution
for the entire sumple), as well 43 the recondes] PI) images showing the spatial distribution of porosity, a very
valuable set of quantitative duto desceibing the Jocu) pore microstruciure appears. The whole set can also be
distributexd for the entire rock core sample, while the distributions will reflect the average peopervies of o corre-
sponding pare system.

Importustly, b seemy that @CT and DT data can be successfully combined to enhunce Insights (nto the Interfor
of u sumple. The quantitative data decived [ mm DTI uppears 10 have many geologicu upplications. These include
deciphering the distribution of fi s, % the g v of pores, o drawing preliminary conclusions an
the potential permeability of reservolr rocks. (wncnlly such parametess ane crucial for the precise determination
and exploitation of energy resonroes related to crude oil. natural gas and geothermal water, The use of sandstone

KRZYZAK ET AL

17 of 20



Arvey

Bt Journal of Geophysical Research: Solid Earth 10.1020/20211H023299
ABET WACE JCEMES
o shale rock cores and samples with pore disiributions of nanometric diameters for analogous research, however,
requires further lechnological progress in the field of MRIL
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