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Streszczenie

Praca doktorska opisuje zastosowanie roznorodnych technik badawczych na systemie
do obrazowania magnetyczno-rezonansowego (MR) w polu 94T w celu badan proceséw

demielinizacji w modelu mysim stwardnienia rozsianego (tac. sclerosis multiplex, SM).

Wiele istniejgcych chordb neurologicznych jest obecnie diagnozowanych w pdznych
stadiach rozwoju. Spowodowane jest to brakiem metod umozliwiajagcych diagnoze na
wczesnym, pre-symptomatycznym etapie co pozwolitoby na efektywne leczenie.
Obrazowanie magnetyczno-rezonansowe (ang. MRI) dostarcza wysokiej jakosci obrazow z
bardzo dobrym kontrastem tkanek miekkich dzigki réznicy w czasach relaksacji pomig¢dzy
tkankami co zwigzane jest z ich réznym skladem chemicznym. Poniewaz SM powoduje
zmiany w ilosci i strukturze mieliny (gléwny sktadnik istoty biatej), obrazowanie
magnetyczno-rezonansowe potencjalnie mogloby wykry¢ te zmiany bazujac na pomiarach
zmian czasOw relaksacji a w konsekwencji umozliwi¢ wczesng diagnoze tej groznej 1 do tej

pory nieuleczalnej choroby.

Do skutecznego obrazowania mieliny, a stad diagnozy SM, potrzebny jest jednak
odpowiedni kontrast pomi¢dzy bialg a szarg istota. Niestety czasy relaksacji istoty biatej i
szarej, w szczegolnosci czas T, sg bardzo krotkie 1 pordwnywalne ze sobg co powoduje
trudnos$ci natury technicznej w ich obrazowaniu i zréznicowaniu na uzyskanych obrazach
MR. Dlatego, aby otrzyma¢ najwyzszy mozliwy kontrast, wymagany jest bardzo dobry
stosunek sygnalu do szumu (ang. SNR) oraz wlasciwa 1 zoptymalizowana sekwencja
impulsowa. W pracy zastosowany zostal system do obrazowania oparty o magnes
nadprzewodzacy o nat¢zeniu pola magnetycznego 9,4T wyposazony w cewke kriogeniczna.
Tak wysokie pole oraz chtodzona cewka pozwolity na otrzymanie maksymalnego sygnatu i
stad maksymalnej rozdzielczos$ci obrazu. W celu pomiaréw krotkich czaséw relaksacji T2
mieliny badane byly sekwencje obrazujace oparte o echo spinowe (SE) oraz dwu- i
trojwymiarowe sekwencje tzw. ultra short echo time (UTE). W dalszej kolejnosci
zastosowana zostata sekwencja inversion recovery ultra short echo time (IR-UTE), ktora

dodatkowo wprowadzita wazenie czasem T1.

Wyniki badan pokazaty, ze technika obrazowania IR-UTE pozwala na pomiary
czasoOw relaksacji T1 i T2 mieliny w modelu zwierzecym ale nie umozliwia obrazowania
wielowarstwowego in vivo ze wzgledu na dhlugi czas pomiaru. Dlatego zostata takze

przetestowana sekwencja o nazwie “segmented magnetization prepared rapid gradient echo



(MP-RAGE)”, ktora pozwolita na otrzymanie wysokiej jakosci obrazow 3D istoty szarej i
biatej w akceptowalnym dla badan czasie akwizycji. Co wigcej, testowane byty roznego typu
impulsy selektywne radiowej czgstosci (rf), np. Version S, Mao oraz Levitt-Freeman, ktore
pozwalajg na odpowiednie ogniskowanie magnetyzacji w niejednorodnym polu Bo
generowanym przez magnes i podatno$¢ magnetyczng probki oraz w niejednorodnym polu B
produkowanym przez cewke powierzchniowa uzyta w badaniach. Impulsy te pozwalaja na

zmniejszenie artefaktow zwigzanych z echami stymulowanymi.

Badania in vivo poprzedzone byly badaniami fantoméw w celu znalezienia
optymalnych parametréw sekwencji, ksztattu impulsu rf oraz odpowiedniego utozenia cewki
powierzchniowej. Wyniki badan in vivo zostaly potwierdzone badaniami ex vivo MRI o

wysokiej zdolno$ci rozdzielczej oraz badaniami histopatologicznymi.

Do badan zmian zawartosci mieliny zastosowany zostal kupryzonowy model MS, w
ktorym zmiany w istocie bialej odzwierciedlaja zmiany wystepujace u cztowieka. W wyniku
prac otrzymane zostaly trojwymiarowe obrazy mozgu przy uzyciu zoptymalizowanych
sekwencji IR-UTE oraz MP-RAGE, ktore umozliwity detekcj¢ mieliny i jej zaniku. Nastepnie
zostaly obliczone $rednie wartosci sygnatu w wybranych obszarach mozgu reprezentujacych
szarag 1 biala materi¢ oraz plyn moézgowo-rdzeniowy. W celu kwantyfikacji wynikéw
wykonano histogramy r6znych warstw moézgu u myszy zdrowych i poddanych diecie
kupryzonowej. Histogramy pokazaty, ze zawarto$¢ mieliny w ciele modzelowatym i korze
mozgowe] jest statystycznie rézna u zwierzat chorych w pordéwnaniu z grupg kontrolng.
Wyniki badan pokazaty, ze zastosowane metody obrazowania (IR-UTE oraz MP-RAGE) z
uzyciem krio-cewki w polu 9,4T uwidaczniajg kontrast pomi¢dzy biatg i szara materia,

przewyzszajac obecne metody oceny demielinizacji w mozgu mysim in Vivo.

Cele pracy byly nastgpujace: 1) ocena wartosci badawczej obrazowania magnetyczno-
rezonansowego w wysokim polu magnetycznym mikrostruktur mézgu zawierajacych rozne
ilosci mieliny w modelu mysim MS; 2) zbadanie czy obrazowanie rezonansowe w wysokim
polu magnetycznym przy uzyciu krio-cewki oraz odpowiednich sekwencji impulsowych
moze pokaza¢ uszkodzenia mieliny wystepujace w kupryzonowym modelu zwierzgcym MS.
Cele te zostaly osiagnigte i wyniki pokazaly, Zze zoptymalizowany system pracujacy w polu
9.4T, moze istotnie by¢ uzyty do oceny ubytkéw w zawartosci mieliny w mozgu myszy w
modelu zwierzecym MS. Wyniki pokazujg potencjal zastosowania zaproponowanych metod
obrazowania MR w przysztych badaniach klinicznych stwardnienia rozsianego.

Wszystkie badania na zwierzgtach zostaty przeprowadzone za zgoda Komisji Etyki.



Summary

The thesis contains description of the application of the 9.4T MRI system using
various pulse sequences and a radiofrequency (rf) cryo-coil to study demyelination in the

animal model of multiple sclerosis (MS).

Many neurodegenerative diseases, among them MS, are currently diagnosed in late
stage due to the lack of proper technique that could enable pre-symptomatic diagnosis, hence
efficient treatment. MRI provides superior contrast that depends not only on tissue density
and water content but on tissue relaxation times, hence their chemical composition. Because
MS is associated with changes in myelin (the major part of white matter) structure and its
content, MRI could potentially detect these alterations based on relaxation measurements
providing early MS diagnosis. However, for efficient imaging of myelin, and thus potential
detection of MS, high contrast between white matter (WM) and gray matter (GM) is needed.
Unfortunately, their relaxation times (in particular T>) are short and comparable to each other,
causing difficulties in their differentiation. Furthermore, very short T, of myelin makes its
direct visualisation difficult. Therefore, to obtain maximum contrast, high signal-to-noise ratio
(SNR), a proper and optimal pulse sequence must be selected. We applied the 9.4T MRI
system equipped with a cryo-coil for maximum sensitivity hence image resolution. To detect
short T» values of myelin we investigated application of spin echo (SE) based and ultra short
echo time (UTE) pulse sequences. To further enhance capability of the method to detect
myelin we applied the inversion recovery UTE (IR-UTE) pulse sequence with non-selective

inversion rf pulse to provide additional T1 weighting.

The studies showed, the IR-UTE pulse sequence is indeed suitable for T1 and T»
myelin measurements in the animal model, but it requires long acquisition time for multi-slice
MRI. Therefore, we applied the segmented magnetization prepared rapid gradient echo (MP-
RAGE) pulse sequence that provided high quality 3D images of white and gray matter.
Furthermore, we also investigated refocusing efficacy of various types of selective rf pulses,
such as Version S, Mao and Levitt-Freeman. These pulses allow improved spin refocusing in
inhomogeneous B1 produced by the surface RF coil and inhomogeneous Bo generated by the

magnet and susceptibility of samples, hence avoiding artifacts caused by stimulated echoes.



In vivo experiments were preceded with phantom studies to find the optimal
parameters of the pulse sequences, shape of the rf pulse and rf coil configuration. The in vivo
results were confirmed with high resolution ex vivo MRI and with histopathology.

A cuprizone mouse model of MS was used to mimic myelin lesions (demyelinisation)
occurring in MS patients. The 3D MR images of the brain were obtained using the IR-UTE
and MP-RAGE pulse sequences with optimized parameters for myelin detection and changes
of its content. The average signal intensities of different brain regions representing white
matter (WM), gray matter (GM) and cerebro-spinal fluid (CSF) were calculated. To quantify
the results, histograms of different slices in control and cuprizone treated animals were
calculated. The histograms showed differences in the control and cuprizone treated animals,
in particular, they showed that loss of myelin in the corpus callosum (cc) and cerebral cortex
was statistically significant between healthy and cuprizone-treated animals. We concluded
that the application of the IR-UTE and MP-RAGE methods provided excellent WM/GM

contrast improving the current assessment of demyelination in a mouse brain in vivo.

The aim of the thesis was to: 1) assess the capability of high field MRI to image brain
microstructures containing various amount of myelin in the mouse brain; 2) investigate if high
field MRI can be optimized to assess myelin lesions occurring in the cuprizone mouse model
of MS. These aims were accomplished and the thesis results show that the 9.4T MRI system,
when the cryo-coil is used and the pulse sequences are optimized, can be indeed used to asses
myelin losses in the animal model of MS, showing potential for future clinical applications of

the proposed method for MS diagnosis.

All animal experiments were approved by the local Ethical Committee.



Publications and peer-reviewed conference materials used in the thesis:

W. Piedzia, K. Jasinski, K. Kalita, B. Tomanek, W.P. Weglarz. White and gray matter contrast
enhancement in MR images of the mouse brain in vivo using IR UTE with a cryo-coil at
9.4 T; Journal of Neuroscience Methods; 232:30-35, 2014.

W. Pigdzia, K. Jasinski, K. Kalita, B. Tomanek, W.P. Weglarz. MRI of myelin as a potential
tool for early diagnosis of multiple sclerosis; Proc. 6™ Congress of the Pan-Asian-Committee-
for-Research-and-Treatment-of-Multiple-Sclerosis (PACTRIM), Kyoto, Japan, Nov 6-8, 2013,
Multiple Sclerosis Journal, 20(7):920, 2014.

W. Piedzia, K. Jasinski, K. Kalita, B. Tomanek, W.P. Weglarz. Detection of myelin changes
in vivo using high field MRI; Proc. 8" Congress of the Pan-Asian-Committee-for-Research-
and-Treatment-of-Multiple-Sclerosis (PACTRIMS), Seoul, South Korea, Nov 19-21, 2015;
Multiple Sclerosis Journal, 22(3):413, 2016.

W. Piedzia, K. Jasinski, K. Kalita, B. Tomanek, W.P. Weglarz. T1 relaxation measurements in
the mouse brain in vivo using Variable Flip Angle - UTE with a cryo-coil at 9.4 T; 23" Joint
Annual Scientific Meeting Intl. Soc. Mag. Reson. Med. — European Int Soc Mag Res Med Biol
(3238), Milan, Italy, May 10-16, 2014.

W. Piedzia, K. Jasinski, K. Kalita, B. Tomanek, W.P. Weglarz. Enhancement of the myelin
rich regions in MR images in the mouse brain in vivo using IR-UTE with a cryo-coil at 9.4 T;
21 Annual Scientific Meeting Int. Soc. Mag. Reson. Med. (2392), Salt Lake City, UT, USA,
April 20-26, 2013.

W. Pigdzia, K. Jasinski, K. Kalita, B. Tomanek, W.P. Weglarz. Application of a cryo-coil and
modified pulse sequences for relaxation study of the mouse brain in vivo at 9.4T; 30" Annual
Scientific Meeting ESMRMB (527), Toulouse, France, Oct 3-5, 2013. MAGMA,; 26(Suppl 1),
2013.

W. Pigdzia, K. Jasinski K, W. Weglarz. Comparison of different MRI pulse sequences for
quantitative T, measurements in preclinical studies; 29" Annual Scientific Meeting ESMRMB
(708), Lisbon, Portugal, Oct 4-6, 2012.

Piedzia W, Bock N, Jasinski K, Kalita K, Stanisz G, Weglarz WP, MR imaging of the
mouse brain using cryo-coil at 9.4T - histology in vivo? Abstr. of the XLV Polish
Seminar on Nuclear Magnetic Resonance and Its Applications, 1-2 December 2014,
Krakow, in IFJ Report, 2077/AP 2014, p. 37 (not peer-reviewed)



Content:

P AN o] o] (=YVAF: L ([0 4 TR 10

1. Introduction

1.1 Detection of the MR signal.............oooiiiiii e, 11
1.2 Relaxation tIMES. . ...t e e 15
1.3 Principles of MR IMaging..........oooiiiniiii e 18
1.4 Selective and non-selective rf pulsSes...........coooeiiiiii i, 20
1.5 MR Imaging techniques for detection of multiple sclerosis........................... 21
1.6 In vivo measurements of short T relaxation times................cccooviiiiiiiinin. 28
1.7 Identification of small brain structures in MRI..............ocoiiiiiiiiiiii, 33

2. Multiple sclerosis (MS)

2.1 Etiology and diagnostic methods of MS.............oooiiiiiiiiee, 39
2.2 Immunology and pathophysiology of MS.............coooi i 41
2.3 Treatment of MS and myelin detection methods....................ocooiiiiiinii, 43
2.4 Application of MRIto diagnosisoOf MS...........oooiiiiiiii e, 44

3. Experimental Section
3.1 ANIMaAl MOdel Of MG ..o e, 49

3.2 Selection of the MRI techniques for the study of demyelination in the animal
model Of MS. ... e D1

3.2.1 Application of modified spin-echo pulse sequences for quantitative T»

T To 1o PN 52
3.2.2 Application of the IR-UTE pulse sequence............cccooeveviiiennnnnn. 55
3.2.3 The Method of classification of the brain structures........................ 57



3.2.4 Identification and quantification of the brain structures in the

mouse brain in vivo using the IR-UTE pulse sequence..................... 59

3.2.5 Application of the MP-RAGE pulse sequence for in vivo imaging of
demyelination in the mouse model of MS.......................ccenel 65

3.2.6 Quantitative evaluation of demyelination volume in

ex vivo MP-RAGE images of the mouse brain.............................. 72

3.3 Histological assessment of demyelination in the brain of

the MS mouse model 75

4. Discussion and Conclusions 77

5. References



List of used abbreviations

AC — cerebral aqueduct
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CSF — cerebrospinal fluid

CX — cerebral cortex

DG — dentate gyrus

FH — fimbria hippocampi

GE — gradient echo

GM — gray matter

ic — internal capsule

EC/IC - extra and intracellular water)
IR — inversion recovery

LV/RV - left/right ventricles

MRI — magnetic resonance imaging
MS — multiple sclerosis

OP — optic nerve layer of the superior colliculus
PAG - —peri-aqueductal gray matter
PD — Parkinson’s Disease

SE — spin echo

SNR - signal to noise ratio

TE — echo time

Th — thalamus

TI — inversion time

TR — repetition time

UTE — ultra short echo
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1. Introduction

Multiple sclerosis (MS) is a neurodegenerative disease of the central nervous system
(CNS) leading to disorder of higher brain functions such as memory, speech or abstractive
thinking. MS is associated with changes in myelin structure and composition within the CNS
(Weinshenker, 1996). The disease is diagnosed mostly based on symptoms or examination of
the cerebrospinal fluid (CSF). MS cause is unknown and typically presents in adults 20 to 45
years of age (Cree, 2007). It is the most common cause of disability among young adults
(Ebers, 1993; Kobelt, 2017). About two third of MS patients are women. Unfortunately, there
is no efficient cure for MS, treatment is symptomatic and aimed at maintaining quality of life
(Brunton, 2005).

There was 2.8 miIn people affected by MS in 2020 worldwide (Walton, 2020) and over
46 000 in Poland alone (NFZ, 2021). The incidence of MS in both developed and developing
countries is rising (Browne, 2014). Considering huge impact of MS on our society and lack of
early and suitable diagnostic techniques, research (such as the one presented in the thesis)
focusing on new methods of early and non-invasive detection of demyelination is justified.
Should such method exist, MS could be possibly treated at early stages providing
opportunities for efficient therapy. Therefore, the overall aim of the thesis was to develop and
propose a method based on MRI enabling early detection of demyelination in the brain hence
early MS diagnosis.

1.1. Detection of the MR signal

Magnetic Resonance Imaging (MRI) has been developed in 1970-ties and soon after
found clinical applications. It is based on the nuclear magnetic resonance (NMR) phenomena,
discovered by Isidor Rabi in 1938 (Rabi, 1938), who was awarded the Nobel Prize in Physics.
In 1941, Yevgeny Zavoisky also observed the phenomena of nuclear magnetic resonance.
Felix Bloch and Edward Mills Purcell expanded the Rabi’s approach developed in atoms in
vacuum and applied it to liquids and solids showing application of electromagnetic fields to
chemical analysis (Purcell 1946; Bloch, 1946). They shared the Nobel Prize in Physics in
1952 "for their development of new methods for nuclear magnetic precision measurements
and discoveries in connection therewith”. Further work by Erwin Hahn who discovered spin
echo (Hahn, 1950) provided basis for progress in NMR (Abragam, 1961; Andrew, 1955,
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Torrey, 1956, 1960). This work was continued by Carr and Purcell who applied a series of
180° refocusing pulses (Carr, 1954) and showed their applications for diffusion
measurements. Further works in the area was conducted by Richard Ernst, who introduced the
Fourier Transform to NMR (Ernst, 1965) and was awarded the Nobel Prize in Chemistry in
1991 ““for his contributions to the development of the methodology of high resolution nuclear
magnetic resonance (NMR) spectroscopy”. Finally, Paul Lauterbur and Peter Mansfield
introduced modulation of the external magnetic field by applying time dependent gradients of
the main magnetic field that enabled MR Imaging. This discovery was awarded with the
Nobel Prize in Medicine to both Lauterbur and Mansfield in 2004 (Lauterbur, 1973;
Mansfield, 1973).

The principles of MRI arise from the interaction of a proton spin with an external

magnetic field (§0). Proton spins with a magnetic moment (i), when placed in the external

magnetic field (§0) precess along the direction of §O with the angular frequency w according

to the formula:

@ =—yB, [Eq 1]

where v is called the gyromagnetic ratio, and the frequency w is called the Larmour

frequency.

When placed in the magnetic field small fraction of spins aligns parallel to the field.

The sum of these spins creates a net magnetisation Mg (Abragam, 1961):

2h2
M, = %Bo [Eq 2]

where po is the spin density (number of protons per unit volume), #=h/2z, where h is

the Planck’s constant, K is the Boltzmann’s constant, T is the absolute temperature.

To observe the NMR signal, the magnetisation is moved out of equilibrium by the
application of an external pulse with the frequency corresponding to the Larmour frequency.
As this frequency is in the order of 100 MHz it is called a radiofrequency (rf) pulse. The rf
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pulse that tips the magnetisation by 90° is called 90° or m/2 pulse. This rotating magnetisation
is detected by rf coils as the voltage induced by the electromotive force (emf) (Hoult, 2011):

emf = —§ = (MB,y) dv [Eq 3]

where §rf is the field produced by the rf coil with a unit current.

Combining [Eq 2] and [Eq 3] we get formula for the NMR signal S:

5~ k0 [Eq 4]

As noise in an NMR experiment is proportional to the frequency (hence Bo) the signal
to noise (SNR) is proportional to Bo:

SNR ~ B, [Eq 5]

The above equation explains the tendency of applying stronger magnetic fields to

increase NMR sensitivity hence image resolution

Beside electronic noise the major noise contribution comes from the rf coil due to its
resistance. Neglecting radiation losses, the noise picked up by the receiver (N) is proportional

to the sum of the effective resistance of the sample (Rs) and the resistance of the coil itself

(Re):
N~ R;+ R, [Eq 6]

The resistance of the sample comes from two sources: dielectric losses (that can be
minimized using distributed capacitance and proper capacitor shielding) and inevitable

inductive losses associated with rf induced eddy currents within the sample.
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The noise originating from the rf coil depends on temperature and is expressed by the

Johnson-Nyquist equation (Pierce, 1956):

N~/4kTR(T,)Af [Eq 7]

where k is Boltzmann constant, Af is the receive bandwidth and R(T¢) is the resistance
of the material which the coil is made of. This relationship allows to increase SNR by

decreasing temperature of the rf coil as its resistance is proportional to temperature:

R = Ry(1 + aAT) [Eq 8]

where o is temperature coefficient of resistance (copper a = 3.9 x 10°%/°C).

This phenomenon was used by Bruker, producer of preclinical MRI systems, to make
so called cryo-probe (Fig 1.1) that is kept in gaseous helium at temperature —253°C (20K). As
electronic noise also decreases with temperature, preamplifier is also kept at low temperature
of 77K. Furthermore, the quadrature configuration of the coil allows additional gain in SNR
by V2 (Hoult, 1984). This design allowed 3- to 12-fold (depending on the slice position) SNR
increase in mouse brain imaging when compared to a volume rf coil (Piedzia, 2014). This
increase corresponds to 9 to 144 times reduction of the acquisition time with the same SNR

when using a room temperature coil.
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Fig. 1.1 Bruker cryo-coil (cryoprobe) used in the thesis: radius 11mm, temp. 20K,
preamplifier cooled to 77K. (https://www.bruker.com/en/products-and-

solutions/preclinical-imaging/mri/MRI-CryoProbes/rat-array-mri-cryoprobe.html)

1.2 Relaxation times

For the consideration of relaxation times let’s assume the external Bo field is applied

along Z direction, such as:
Bext = BoZ [Eq. 9]

Then behaviour of the magnetisation can be described by the Bloch equation:
at

am - - 1 L, 1=
— = ¥YM X Bey; +T_1(M0_MZ)Z_T_2ML [Eq 10]

where M, = M, % + M,y , T1 is the spin-lattice relaxation time, T2 is the spin-spin

relaxation time.
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Fig. 1.2 Trajectory of the tip of the magnetisation vector after applying 90° pulse along y axis
showing return of the magnetisation to equilibrium. Decay of the transverse

magnetisation is visible (Haacke, 1999 with permission)
The solutions of the [Eq 10] are:

M, (t) = e~t/T2(M,(0) cos wyt + M, (0) sin wyt)
M, (t) = e™t/T2(M,,(0) cos wet — M, (0) sin wt)

M, (t) = M,(0)e™tT + My(1 — e~t/™) [Eq. 11]

The regrowth of the magnetisation M, with the time T (Fig 1.2 and Fig 1.3a) is caused
by the interaction of the spins with their atomic surroundings, namely the lattice, hence the

name spin-lattice relaxation time. For example, following 90° pulse the M regrowth is given

by:

M,(t) = Mp(1 —e~t/T) [Eq 12]

and for the transverse magnetisation:
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M, (t) = M, (0)e "t/ [Eq 13]

The transverse relaxation (T>) is caused by spin-spin interactions causing dephasing of

spins due to variations of the local magnetic field.

The above equation [Eq. 13] is true for a perfectly homogeneous magnetic field ES In

a more realistic case of inhomogeneous magnetic field [Eq 13] must be rewritten to:

M, (t) = M (0)e "™ [Eq 14]

where:
—==4— [Eq 15]

T, T, VYAB

AB expresses inhomogeneity of the main field associated with imperfections of the

magnet design and with the sample. The inhomogeneity increases relaxation.

M,(t)| _
( ) II M_L(t)

— M, (0)e /T2

slope = (M,-M,(0))/T,

M0 ., L
T, 2T, 3T, T, 2T, 3T,
time time
(a) (b)

Fig. 1.3 (a) The return of the longitudinal magnetisation from the initial value M,(0) to the
equilibrium Mo. (b) The decay of the transverse magnetisation from the initial value

(Haacke, 1999 with permission).
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1.3 Principles of MR Imaging

To obtain an MR image the NMR signal in time domain must be converted to provide
information about spatial spin density p(7). To achieve this, three orthogonal linear external

time-variable gradients of the magnetic field along with rf field are applied:

B(# t) = By + #G(¢) [Eq 16]
where
_ 95;
G =2 [Eq 17]

For spins placed along z direction their frequency depends on their position as follows:

wg(z,t) = wy +yzG(t) [Eq. 18]

If the gradient is applied only after the rf pulse for the time tthe spins will accumulate

the phase:

®,(z,t) = — fota)c(z,t’)dt’ = —yz fOtG(t')dt’ [Eq 19]

Then the NMR signal is given by:

S(t) = [ p(z)e "9V dz [Eq 20]

The above equation can be rewritten as:

S(k) = [ p(z)e~i2™z 4z [Eq 21]

where:
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_ Y t 1 /
k= — J, GNadt [Eq 22]

If the gradient G is constant over the entire time t, the [Eq 22] can be written as:
=X
k=_-Gt [Eq 23]

As seen signal S(K) is the Fourier transform (FT) of the spin density of the sample.

Therefore, the spin density can be found using the inverse FT of the signal:
e(2) = [ S(k)e?™ dk [Eq 24]

While the above equations describe 1D case, they can be expanded into 3D imaging by
applying 3 gradients of the magnetic field:

S(kx ky, kz) = [If p(x,y, 2)e”2rlax*ioy*ia2) = FT[p(x,y, 2)] [Eq 25]

Collecting the signal S when the gradients are applied allows the entire 3D k-space to
be filled up and the spatial distribution of spin density 5(#) (an image) can then be obtained

by the inverse FT of the collected data:

P = FTTYS(K)] = [ S(k)e2™ a3k [Eq 26]

The above equation enabled application of various pulse sequences comprising single
and multiple spin excitations and various configurations of gradients, such as spin echo (SE),
gradient echo (GE), fast spin echo (FSE), ultra-short echo time (UTE) etc.
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1.4 Selective and non-selective rf pulses

There are two major types of rf pulses used in MRI: slice selective (known as “soft”)
and non-selective (known as “hard”) pulses. The frequency spectrum of a hard pulse is very
broad (Fig 1.4a) not allowing selection of a specific slice or volume. The spectrum of an ideal
soft pulse is rectangular and allows slice selection when applied simultaneously with a
gradient of the magnetic field. An example of a soft pulse (sinc) is shown in Fig 1.4b.

(@)

= rect (%) z = Tsinc (RTf)

b=

. A
T F§
time Sfreq

1
: 2 = — rect (Tf)
b= st (?) g 2

ral~
o)~

i
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\/ ~ time
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Fig. 1.4 Visualisation of rf pulses and their Fourier Transforms (FT): (a) rectangular (non-

JSreq

1=
~—

selective) pulse, (b) selective (sinc) pulse (FT applied to the sinc pulse assumed to be

infinite) (free non-commercial licence from Research Gate).

A perfectly rectangular spectrum is produced only by an infinite soft pulse (note: Fig
1.4b shows limited pulse length). In practice this is impossible because the acquisition of an
MR image must be as fast as possible therefore the pulses must be as short as possible. The
frequency spectra of such non-infinite pulses are not perfectly rectangular and produce

frequency modulations at the edges of their spectrum (Fig 1.5). Application of these selective
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rf pulses causes image artifacts and errors in MR data quantification, such as T»
measurements. While there are methods (e.g. Bottomley 1984; Henning, 1988) minimizing
these effects, they remain obstructive in imaging of samples with very short T, such as myelin

as discussed in the following sections.

1
75 1
U 75
5 5
25 25
0
O Al )
-25 -25

freq

Fig. 1.5 The finite selective (“soft”) sinc rf pulse (left) and its Fourier Transform (right). The
imperfections of the rectangular spectrum are visible due frequency modulations.

(Seppo Ayriviinen Hut, free licence)

1.5 MR Imaging techniques for detection of multiple sclerosis

It was shown that MRI can be used for detection of MS in different stages
corresponding to different degrees of demyelination (Pigdzia, 2013). MRI techniques enabling
imaging of the myelin-deficient brain areas hence MS, are mainly based on Tz-weighting
(Larson, 2006; Piedzia, 2014). The pulse sequences used for this type of measurements
include: spin echo (SE) and gradient echo (GE) with short and ultra-short echo time
(Wilhelm, 2012). The T1 and T2 contrast in these sequences can be further utilized and
enhanced by the application of the magnetisation prepared rapid acquisition gradient echo
(MP-RAGE) (Fellner, 1996) and using inversion recovery ultra-short echo time (IR-UTE)
sequences (Tyler, 2007). These techniques allowed contrasting different brain structures
associated with WM and GM in animals and in humans (MacKay, 1994; Chavez, 2012,
Piedzia, 2014, Pirreda 2020; Filippi, 2021; Piredda, 2021).

The most common pulse sequence used in standard MRI is based on the spin echo
(SE). It consists of the slice selective 90° rf excitation pulse applied simultaneously with the
“slice” gradient, allowing spin excitation only within the selected slice, followed by the 180°

selective pulse (Fig 1.6). These pulses create an MR signal, called “spin echo”. The echo
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occurs at the exactly the same time after the 180° pulse as is the time interval between 90° and
180° pulses (Hahn, 1950). Application of the phase encoding gradient and read gradient
allows spatial distribution of the spins to be calculated using the Inverse Fourier Transform
(Eq 26; Hutchison, 1978). The major advantage of the SE pulse sequence is the ability to
obtain any contrast weighting: T1-, T2- or proton density by manipulating echo time (TE) and
repetition time (TR) values. This capability allowed high contrast MR images of soft tissue to
be obtained in early 80-ties (Hendrick, 1984; Perman, 1984). The SE pulse sequence is less
sensitive to inhomogeneities of the magnetic field caused by imperfections of magnet
shimming or susceptibility effects than other pulse sequences, such as gradient echo (GE).
This is caused by the application of the 180° pulse that refocuses off-resonance effects,
reducing possible image artifacts caused by magnetic field inhomogeneities. Other
consequence is the possibility of using long TE allowing strong T2-weighting, despite short

To*, that is not possible in the gradient echo pulse sequence.

/ L

PHASE 7/

wee JT\ N\ 1L
I=
=
/\

FREQUENCY

SIGNAL 4\* / /

TE

TR

Fig. 1.6 The spin echo (SE) pulse sequence with selective 90° and 180° rf pulses: TR —
repetition time, TE — echo time. The sequence is repeated for each phase encoding step
with TR time. (Author’s drawing based on open access https://www.intechopen.com/)
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SE based MR imaging can be obtained with a single echo or multiple echoes using one
or multiple 180° rf pulses respectively. Each echo can be used to create an MR image with
different TE hence different To-weigthing. To obtain T»-weigthed image both TR and TE
must be long, that causes long imaging scanning. For example, to collect an MR image with
resolution 256 x 256, typical TR is 5000 ms, TE = 50 ms, that leads to the total acquisition
time of over 21 min (256 x 5 sec). While SE imaging allows multiple images to be obtained
within TR, the major disadvantage of the sequence remains long total acquisition time.
Moreover, in practice, to obtain high enough SNR, signal averaging is needed further

increasing total scan time.

To deal with long SE scan time a pulse sequence based on gradient echo (GE) was
introduced (Frahm, 1986). The gradient echo pulse sequence uses gradient reversal along
frequency encoding direction instead of a refocusing pulse to produce a gradient echo. The
echo creating gradient first dephases the spins and then rephrases them when applied in
opposite direction. This pulse sequence may be used with rf selective pulses as well as in a 3D
version using hard pulses (Fig. 1.7). The GE pulse sequence is much faster than SE because
lower than 90° excitation pulses may be used and refocusing pulse is not required. This allows
application of short repetition times as magnetisation recovery is much faster than after 90°
and 180° pulses. Typical GE pulse sequences use 5°-30° flip angle and TR of 3-50 ms, that
gives total acquisition time for 256 x 256 images of ~0.8 - ~13 sec. However, as no refocusing
pulse is used, GE provides T>* weighting (unlike SE that provides T2-weighing) and as such
depends on inhomogeneities of the magnetic field. Due to low flip angle it also provides
lower SNR than SE. However, it can be utilized to obtain susceptibility weighted imaging
(SWI1) (Haacke 2004) and can be used in functional MRI (fMRI) (Logothetis, 2008)
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Fig. 1.7 The 3D FLASH pulse sequence: TR — repetition time, TE — echo time. The read
gradient is used to create a gradient echo and for frequency encoding. (Based on

Frahm 1986, with permission)

Imperfections of 180° refocusing pulses (for example due to their non-infinite length)
used in the SE pulse sequence cause stimulated echoes (Hahn, 1950) creating image artifacts.
To minimize these unwanted spurious echoes application of a spoiler gradient and non-
selective refocusing pulses was proposed (Fig 1.8). A spoiler gradient consists of two lobes
with the same direction applied before and after the rf refocusing pulse. The amplitudes of the
gradients and their polarities may differ for multiple rf refocusing pulses to effectively reduce
unwanted signals by manipulating the phase coherence of transverse magnetisation (Poon,
1992). The other option is to use phase-cycling by applying rf pulses with different phases

causing dephasing of unwanted signals (Bain, 1984).
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Fig. 1.8 Spin echo (SE) based pulse sequences reducing artifacts using spoiling gradients and
a selective rf 90° pulse, for example the “Version S” (base on Poon, 1992, with

permission).

While the above listed pulse sequences are suitable for soft tissue imaging they cannot
be used for tissues with very short T2 (<~1ms) such as bones or some structures in the brain
(e.g. myelin). To address this need, pulse sequences with small flip angle, so called ultra-short
echo time (UTE) were developed (Tyler, 2007; Robson, 2003). The UTE pulse sequences use
half excitation pulse and radial data acquisition (Robson, 2003) (Fig. 1.9). The application of
the half pulse allows signal detection even from tissues with very short T, while radial k-
space sampling maximizes available SNR. The rf pulse is truncated, applied with the negative
slice selection gradient in the first half and positive in the second half of the pulse sequence,
and it is followed by the rapid acquisition and simultaneously applied phase and read

encoding gradients for radial acquisition (Tyler, 2007; Robson, 2003).
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Fig. 1.9 The ultra-short echo time (UTE) pulse sequence diagram (based on Tyler, 2007, with

permission)

The UTE pulse sequence may be preceded by other rf pulses, such as variable-rate
selective excitation (VERSE), inversion recovery pulse (IR-UTE) eliminating signal from
tissues with long T1 or suppression recovery (SR-UTE) eliminating long T> components.

To combine Ti-weighted fast imaging with short TE allowing short T tissue detection
the three-dimensional, magnetization prepared rapid gradient echo (MP RAGE) pulse
sequence (Fig 1. 10) was introduced (Brant-Zawadzki, 1992; Fellner, 1996). The MP-RAGE
pulse sequence comprises a 180° inversion pulse, to obtain T1 contrast, followed by a 3D
FLASH sequence with very short TR and TE, and very low flip angle. Following the
inversion pulse all 3D phase encoding steps are performed by changing the slice-selection
gradient (Gs) step by step, keeping the 2D phase encoding gradient (Gp) constant. After the
recovery period the whole procedure is repeated changing Gp for the next 2D phase encoding

step.
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Fig. 1.10 The MP-RAGE pulse sequence diagram (Fellner, 1996 with permission). The

gradient echo imaging is preceded by a magnetisation preparation (180° pulse).



1.6 In vivo measurements of short T» relaxation times

The method of measurement of the T relaxation time is well-known particularly in
NMR spectroscopy. It is relatively straightforward using the CPMG pulse sequence (90°-
180°-180°-180°-...) with non-selective (“hard”) pulses for a sample with a single T»

component (Fig 1.11).

90° 180° 180° 180° 180° 180°
RF- RF- RF- RF- RF- RF-
pulse pulse pulse pulse pulse pulse

transmitter

time

receiver

time

Fig. 1.11 CPMG pulse sequence diagram used for T> measurements. The figure shows non-
selective pulses, but both selective or non-selective (90° and 180°) can be used for
imaging. (Appel, 2011, with permission).

The CPMG pulse sequence is usually (particularly in NMR experiments) used to
calculate T of various solid samples based on hundreds of echoes requiring long acquisition
time, while in vivo MRI imposes limitation on total acquisition time. In addition, slice
selection must be used disabling application of rectangular (“hard”) pulses (compare Fig 1.5).
Application of selective pulses causes many artifacts associated with phase modulation of k-
space data caused by various reasons, such as stimulated echoes, eddy currents, field
inhomogeneities or improper refocusing of magnetisation due to imperfections of soft 180°
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pulses (Reeder, 1997). Furthermore, low SNR and limited acquisition time, hence limited
number of echoes, introduce errors in fitting procedures of the echoes. Finally, signal from
living organs is lower than from phantoms and comprises tissues of various T2 relaxation
times bringing additional complications to data acquisition and its analysis. In particular,
multi-exponential fitting must be used, that is sensitive to SNR, number of collected data

points and their acquisition rate.

Other errors in T> measurement are caused by inhomogeneities of the main field Bo

and variations of the amplitude and phase of the rf field (B1) produced by rf coils (Fig. 1.12).

Fig. 1.12 An example of an artifact caused by the phase modulation of k-space data that may

occur in a multi-echo pulse sequence (Reeder, 1997, with permission).

Considering the above points, the criteria to ensure proper T2 measurements in vivo
are: 1) 180° pulses should refocus the entire magnetization within the selected slice; 2) there
should be no T: weighting in the collected data (TR>5T1); 3) there should be as many as
possible echoes collected for proper fitting, particularly for multi-exponential fitting; 4) rf
pulses should be insensitive to Bo and B1 inhomogeneities. To address these requirements,
composite rf pulses are usually applied for quantitative T, measurements, albeit with the price

of longer TE.

Although Bo inhomogeneities are eliminated by the application of spin echo, this is
only the case if selective pulses are perfectly 90° and 180°, which in practice is never
accomplished mostly due to hardware imperfections (e.g. rf coils producing inhomogeneous

B1 field, such as a surface coil) and time constrains (e.g. short time of echo train). These are
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the sources of additional dephasing of echoes hence the measured T is shorter than the true

one.

To ensure the proper echoes formation the profiles of the refocusing pulses must be as
close to rectangular as possible. While standard sinc pulses could be used, they do not have
perfectly rectangular spectra due to their limited time length (Fig 1.5). To generate ideal
frequency-selective rf pulses, with perfectly rectangular spectra, composite rf pulses were

proposed.

Composite pulses are composed of closely spaced rf pulses and have an equivalent
effect on magnetisation as conventional single pulses but are less sensitive to the above
mentioned imperfections (Levitt, 1979, 1982, 1983, 1985; Freeman 1980). In the 1980-ties the
composite pulses were used mostly in high-resolution NMR (Levitt, 1979; Freeman, 1980).
Most composite pulses was developed based on computer simulations of spins behaviour in

the presence of the rf pulses (e.g. Levitt, 1982).

So far, no perfect selective rf pulse suitable for multi-echo spin-echo pulse sequence
has been designed, however there were many attempts to reduce spurious signals due to rf
pulses and field imperfections. For example, Levitt and Ernst (Levitt, 1981, 1983) proposed to
replace the refocusing 180° pulse in a Carr-Purcell spin-echo experiment with a composite of
three pulses: 90x-180y-90x, where X,y denote the phase of the rf pulses. The authors showed,
using an analysis of rotation operators, that this pulse compensates the effects of pulse length
errors caused by inhomogeneity of the rf field and it corresponds to a “perfect” 180° pulse.
The most commonly used variation of this pulse, known as the Levitt-Freeman pulse, is the
pulse 900-18090-90o.

Further improvement in this type of the composite pulses was proposed 10 years later
by Poon et al (Poon, 1992). The authors proposed a new 180° refocusing pulses comprising
the following pulses:  5523049265933349611413810323735213321871221624619812223324886649
6623572604222 that were referred as the Version S pulse (Poon, 1992). The report analysed in
details impact of spoiling gradients, B1 and Bo inhomogeneities on the measurement of the T»
relaxation times for the Version S pulse. Fig 1.13 shows the results of T> measurements using
the Version S, 90018090900, sine-modulated slice selective, and standard rectangular pulses in
the presence of rf and Bo variations. As seen, the Version S is the least sensitive to the B:

fields variations hence the most suitable for T> measurements with a surface rf coil.
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Fig. 1.13 Experimental comparison of the Version S, 90018090900, Sine-modulated slice
selective, and standard rectangular pulses for T, measurement in By and Bo field

inhomogeneities (left and right respectively) (Poon 1992, with permission).

While the shape and the composition of the rf pulses are important factors in proper
quantification measurements, slice selection is also an important factor in quantification MR
imaging experiments. Mao et al. (Mao, 1988) analyzed the relationship between slice edge
and slice thickness. They showed that there is a minimum ratio of the width of a slice edge to
the thickness of the selected slice at a certain slice thickness. Therefore, both the desired slice
profile and the corresponding rf pulse must be optimized. The authors showed, that to obtain a
slice with a sharper edge at a certain pulse length, an optimal selective pulse with a higher

peak amplitude is required (Fig 1.14).
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Fig. 1.14 The spectra of the Mao pulse (left). Dependence of the pulse bandwidth (BW) on its

amplitude is shown (right). Triangles — BW, circles — profiles (Bruker Manual,

Paravision ver 5.1)

Finally, when the optimal parameters of the pulse sequence are selected, such as the

“Version S” rf pulse and spin echo based pulse sequence (Fig.1.8), major structures of the

human body can be associated with T relaxation times as shown in Fig 1.15.
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Fig. 1.15 Comparison of T> histograms for the brain and the pelvis region MRI using the

Version S composite rf pulses (marked as “present work™) and the pulse sequence

shown in Fig 1.8 (Poon 1992, with permission).
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1.7 Identification of small brain structures in MRI

There are three major water compartments in the brain that can be relatively easily
identified in MRI due to different T> relaxation times: white matter (WM), gray matter (GM)
(extra and intracellular water (IC/EC)) and cerebrospinal fluid (CSF) (Figs 1.16 — 1.17).

Fig. 1.16 The three major water compartments in the brain: WM, GM, CSF. 1. Hippocampus
(GM); 2. Caudate nucleus (GM); 3. Corpus callosum (WM); 4. Lateral ventricle
(CSF); 5. Third ventricle (CSF); 6. Interpeduncular cistern (CSF). (modified based on
Schnack, 2001; with permission)
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Fig. 1.17 (A) Two different T, values corresponding to two water compartments: myelin
water and GM (extra and intracellular water (IC/EC)) obtained from the brain at 9.4T.
Their calculated T, values were ~20ms and 70-90 ms respectively. Location of myelin
water and intra/extracellular water in vivo shown in (B). (C) shows anatomy of myelin.
(A - MacKay, 2016, open access; B, C — drawings by the author based on free access
https://www.researchgate.net/figure/Overview-of-the-blood-brain-barrier-and-blood-
cerebrospinal-fluid-barrier_figl 262693056)
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Many neurodegenerative diseases are associated with changes only in tissues with
short T, and Ti relaxation times such as myelin (Wilhelm, 2012). In contrary to relatively
simple measurements of WM, GM and CSF, high resolution and fast MRI of tissues with
short Ty and T2 is challenging, particularly using conventional MRI techniques (Larson,
2006). Degeneration of myelin is associated with various neurological disorders, including
multiple sclerosis (MS). WM is composed of millions of axons covered by myelin sheath. The
name “white” matter comes from the white color of myelin (electrical insulation) that coats
axons (see more in chapter 2). As T, and T; relaxation times depend on myelin content, MRI
could be potentially used for detection of myelin degeneration due to MS or other
neurological disease (Wilhelm, 2012; Piredda, 2020; Larson, 2006, Pigdzia, 2014).

Previous MRI studies (de Graaf, 2006) allowed identification of various brain
structures based on T relaxation times (Figs 1.17, 1.18), despite very short T, and low water
content (Fig. 1.19) implying very low signal and fast signal decay. As seen in Fig 1.17 - 1.19
the following structures can be identified based on differences in T relaxation times: corpus
callosum, cerebral cortex, olfactory bulb, hippocampus, cerebellar white matter, cerebellar

gray matter, stratum, thalamus and mid-brain.

Table 1
Water T, and T, Relaxation Time Constants for Rat Brain at 4.0, 9.4, and 11.7 T

Structure

cc CX ob hec oW cg st th mb

40T

T, (ms) 1096.8 1285.8 1640.6 13341 1046.9 1352.6 1288.2 1169.4 1064.4

SD (ms) 493 77.0 20.8 97.4 53.3 82.6 87.3 69.5 17.3
94T

T, (ms) 1752.1 1948.4 21291 2059.7 1660.3 2097.2 1927.0 17931 1786.5

SD (ms) 521 51.9 63.7 66.1 79.3 68.2 54.7 64.3 81.9
M7T

T, (ms) 1861.3 2073.4 2304.3 2222.8 17451 2109.4 2046.5 1903.2 1893.2

SD (ms) 73.5 100.7 63.4 63.2 36.0 95.0 55.3 61.2 443
40T

T, (ms) 57.9 65.2 80.2 72.0 58.8 65.3 69.7 61.7 60.6

SD (ms) 1.6 2.4 2.0 1.3 1.5 2.0 2.0 21 1.9
94T

T, (ms) 35.8 421 481 45.4 37.2 41.7 43.5 40.6 40.3

SD (ms) 1.2 1.2 1.9 1.8 2.0 1.6 2.4 1.2 14
M7T

T, (ms) 30.7 36.2 38.9 38.9 271 37.3 36.4 33.8 33.8

SD (ms) 1.0 1.0 1.1 1.3 1.3 2.3 2.2 1.6 1.9

cc = corpus callosum, cx = cerebral cortex, ob = olfactory bulb, hc = hippocampus, cw = cerebellar white matter, cg = cerebellar gray
matter, st = striatum, th = thalamus, mb = mid-brain.

Fig. 1.18 T1 and T relaxation times of different brain structures in the rat at various magnetic
fields (de Graaf, 2006 with permission).
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Fig 1.19 Metabolite and macromolecule longitudinal T relaxation and (b) transverse T»
relaxation in rat brain in vivo at 4.0T, 9.4T, and 11.7T. Metabolite T: and T>
relaxation times were obtained at TE > 100 ms to avoid contamination from
macromolecular resonances. Myo-inositol, taurine, and MM4 could not be reliably
determined at 4.0T with simple integration. Error bars represent the SD over five

animals (de Graaf, 2006 with permission)
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Fig. 1.20 (A) T2 distributions for the water standard and the five white matter locations in the

brain of one volunteer at 1.5 T. (B) T distributions for the six gray-matter locations in

the brain of one volunteer. (C) Mean water content in g/ml for the 11 structures

examined. Circles and triangles correspond to white and gray matter, respectively. (D)

Mean myelin water percentage for the 11 structures. Circles and triangles correspond

to white and gray matter, respectively. (Whittall, 1997 with permission).

In addition, the dependence of relaxation times of the brain structures on the magnetic

field strength makes animal experiments at 9.4T even more demanding when compared to the

lower fields (Fig 1.19). The differences are smaller at 9.4T than at the lower field causing

further decrease of the CNR between brain structures. Due to various brain components with
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very short T, the precise T, measurements are crucial for detection of myelin in the brain.
Despite these challenges, some authors (e.g. Wilhelm 2005, Filipii, 2021) state that MRI of
myelin has the potential to characterize its loss and reveal axonal integrity and function, hence

provide information on early neurodegenerative development.
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2. Muultiple sclerosis (MS)

2.1. Etiology and diagnostic methods of MS

Multiple sclerosis (MS) is associated with demyelination in the brain and spinal cord
(McGinley, 2021). Myelin is an insulating structure surrounding axons fibers. It increases
electrical conduction velocity along the nerve cells. Damaged myelin causes interruptions of
electrical communication between cells that impact higher brain functions causing
neurological symptoms. Myelin is a lipid—protein bilayer that extends from the outer
membrane of glial cells (i.e., oligodendrocytes in the CNS) and winds around individual
axonal fibers. These deficiencies in oligodendrocyte function may lead to axonal degeneration
causing in turn neurodegenerative disorders, such as multiple sclerosis or schizophrenia (van
der Knaap, 2005; McGinley, 2021). Therefore, assessment of myelin may reveal
abnormalities of the CNS (Wilhelm, 2012).
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Fig. 2.1 Morphology of a normal and damaged axon: myelinating Schwann cells support
neurons, that wrap around axons to form the myelin sheath, a lipoprotein layer

surrounding the axon. (Author’s drawing based on https://www.medicinenet.com

/image-collection/nerve_fibers_and_myelin_attack_in_ms_picture/picture.htm)

As shown in Fig. 2.1 myelin is a lipoprotein layer surrounding an axon and is
important in transferring reflexes. Therefore, its loss or alteration is associated with

neurodegenerative diseases such as MS, that is associated with chronic inflammation of CNS.
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The processes associated with MS include lymphocyte and macrophages infiltration, and local

demyelination (Fig. 2.2).

SYNAPSES

Fig. 2.2 The processes involved in the demyelination due to MS include partial injury,
damaged or total removal of myelin. (Author’s drawing based on
https://pl.pinterest.com/pin/362328732501544415/)

There are 2 major types of MS. About 85-90 % of MS cases are relapsing-remitting
(RRMS) while 10-15% are primary progressive MS (PPMS) (Lublin, 1996; McGinley, 2021).
Relapsing-remitting MS is a type of MS when relapses (symptoms getting worse) are
followed by recovery (“remitting”). In other words, symptoms do not get worse between
relapses but after each relapse they can be worse than before. Frequently, after 10-15 years,
RRMS develops into a secondary progressive form of MS (SPMS), characterised by
progressive loss of neurological functions, that resembles PPMS (Confavreux, 2005). RRMS
is characterised by periods of acute relapses of focal inflammation in the brain or spinal cord
WM with neuronal demyelination and axonal loss. Neuronal lesions can provide no symptoms
hence their clinical detection may be problematic. They are various symptoms of MS
including limb paresis, impaired or double vision, vertigo (causing loss of balance and
difficulties of performing daily tasks), bladder symptoms, cognitive impairment or fatigue.
The acute MS attack generally diminishes within a few weeks or months, but it leaves various

residual symptoms. The average relapse-rate in untreated RRMS patients is approximately 0.5
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per year (Confravreux, 2005) while recovery time varies. In the early stages of MS, recovery
is rather significant, most likely due to the plasticity of the brain. In the later stages of MS,
recovery is often incomplete due to the progressive myelin loss (Chard, 2021; Cooke, 2006).

2.2 Immunology and pathophysiology of MS

The cause of MS is unknown. However epidemiological and genetic studies showed
both environmental factors and genetic predispositions may trigger inflammation leading to
MS. For example, MS development was associated with Epstein—Barr virus, sunshine (UV),
smoking, obesity and vitamin D (Ascherio, 2013; Vandebergh, 2021). Interestingly, migration
is a secondary factor to an environmental exposure (Kurtzke, 2013).

The histopathology of MS shows CNS inflammation, mostly located in white matter
around a central blood vessel. Macrophages and T-lymphocytes (T cells) are the major
component of the inflammatory cells, although B-lymphocytes and plasma cells are also
present (Kutzelnigg, 2005; Lucchinetti, 2000). Animal models of MS indicate, that
inflammation is an autoimmune reaction directed against CNS antigens, mostly myelin
components (McGinley, 2021; Modin, 2004; Oksenberg, 2004). Circulating myelin-reactive T
cells are common in healthy individuals and MS patients, but are more active in the cells of
MS patients (Zhang, 1994; Lovett-Racke, 1998; Bielekova, 2004). There are few models that
attempt to explain how the myelin-reactive T cells become activated in MS patients (He,
2002; Banerjee, 2005; Fujinami, 2006). For example, the molecular mimicry model associates
activation of T-cells with viral infection (Wucherpfennig, 2001). The super-antigens model
postulates, that some viral or bacterial antigens are capable of cross-linking the major
histocompatibility complex (MHC) class Il molecule on the Antigen Presenting Cells (APCs)
with the T cell receptor complex, resulting in polyclonal T cell activation (Wucherpfennig,
2001). However, none of these models has been proven responsible for the pathogenesis of
MS.

The most common model of MS (Fig 2.3) assumes that the inflammation is preceded
by systemic activation of myelin-reactive T helper (Th), that involves APC (antigen
presenting cells) that recognize T lymphocytes. These cells migrate into the CNS, that is an
area unreachable to immune cells. In the CNS the Th cells are reactivated by their antigen
produced in perivascular cells. This secondary activation causes the release of

proinflammatory cytokines, chemokines, and other mediators, that in turn attract and activate
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other immune effector cells (CD8+ T cells, B cells, and microglia/macrophages). Finally,
these cells initiate the inflammatory lesion and cause demyelination and hence axonal damage
mostly though cytotoxicity (Hemmer, 2002; Holmes 2005).

Neuronal damage/Demyelination/Axonal transsection
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Fig. 2.3 Simplified biomolecular model of MS. Immunological processes causing
inflammation target myelin sheath, initiating demyelination. This eventually leads to
axonal loss, dysregulation of ion channels and in consequence resulting in death of
oligodendrocytes and neurons. The TRAIL ligand (tumor necrosis factor (TNF)-
related apoptosis-inducing ligand) appears to be responsible for apoptosis of cells not
related to tumor development, e.g. CNS cells. The first step in the MS related
inflammatory plaque formation is the activation of T cells, which no longer undergo
normal immunoregulatory mechanisms. The following steps include expansion of T
cells and their transmigration through Blood Brain Barrier (BBB). Once T cells
autoantigens are recognized, they are reactivated inside the CNS. Myelin sheath
lesions and neuronal death may then occur due to TRAIL receptors presented by
cells targeted to undergo apoptosis, which is an antigen-independent process that
appears through TRAIL system. It has been shown that astrocytes remain ‘immune’
to the TRAIL apoptosis mechanism, in contrary to other cells that are part of the
inflammatory autoimmune response. (Author’s drawing based on Aktas, 2007, open

access).
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2.3 Treatment of MS and myelin detection methods

Although some treatment for MS exist, currently there is no effective cure for this
neurodegenerative disease. Among various drugs, a corticosteroid, methylprednisolone and
interferon have been used for treatment of MS. In particular, methylprednisolone was used for
treatment of acute relapses in MS. Interferon (IFN)-f targeting the immune system, became
the first disease-modifying treatment for MS, reducing the overall relapse-rate by
approximately one-third (Jackobs, 1996). Although the exact mechanism of action of IFN-f is
not known (Zhang, 2002, 1994; Hartung, 2004), MRI studies using contrast-enhancing lesions
of the central nervous system (CNS) showed that IFN-f treatment also reduces disease
activity. Following this research, other drugs have been introduced, such as glatiramer acetate,

intravenous immunoglobulins, and mitoxantrone (Hartung, 2004)

Currently the most common method of studying myelin is histological staining (Laule,
2006). Myelin structure has been also investigated with X-ray diffraction (Avila, 2006) and
Raman optical techniques (Wang, 2005; Fu, 2008). These techniques are however destructive
thus limited to animal studies. Recently, myelin-specific contrast agents for MRI and
positron-emission tomography (PET) that selectively bind to myelin have been developed

(Frullano, 2011; Wei, 2020), but their toxicity may prevent clinical applications.

So far, MRI is the only technique allowing non-destructive and non-toxic myelin
assessment capabilities in both animals and humans based on endogenous protons and hence
not requiring any agent injections. The most common MR techniques applicable to studies in
vivo that have demonstrated histologically correlated sensitivity to myelin are magnetization
transfer (MT) and T1 and T. relaxometry (Dousset, 1992; MacKay, 1994). The T values
ranging from 10 to 50 ms have been assigned to restricted myelin water (MacKay, 1994) and

showed correlation with myelin-specific histological staining (Laule, 2008).
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2.4 Application of MRI to diagnosis of MS

Many neurodegenerative diseases including multiple sclerosis (MS), Alzheimer’s
disease (AD) and Parkinson’s disease (PD) are associated with changes in the relaxation times
of diseased tissues. Specifically, MS has been associated with small changes of T relaxation
time within water fractions related to myelin in animal models and humans (Fu, 1998; Laule,
2004, 2006; Gareau, 2002; Bartzokis, 2003, 2004; MacKay, 1994; Whittall, 1997; Lancaster,
2003; Grenier, 2002; Neema, 2007).

However, when designing studies of MS, substantial differences between animal
models and humans must be considered, including weight, size, respiration rate and heart beat
rate (Fig. 2.4). The most important variations in MRI research are large differences in
relaxation times of brain tissues within species as well as differences due to the magnetic
field. While human MRI is usually performed at 3T, animal studies are carried out at 7T or
higher fields to increase resolution hence to improve visualisation of small structures. For
example, as seen from Fig 2.4C T and T of gray matter (GM) and white matter (WM)
change almost two-fold between 4.0T and 11.7T in a rat brain. Furthermore, the differences in
T1 and T» for both WM and GM become smaller with the increasing magnetic field. To make
research even more complex the reported T1 and T values vary significantly (10 to 50%) as
stated by Weijden (2021) depending on the imaging method, selection of the region of interest
and data analysis. Therefore, quantification of the data and translation between different fields

is even more complex.
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A) Characteristic parameters of a mouse, rat and human

Average Ave brain | Heart rate Resp Temp [°C]
weight [kg] | weight [g] [1/min] [1/min]
Man 62 1300 70 17 36.6
Rat 0.4 2 330-480 85 35.9-37.5
Mouse | 0.025-0.035 0.4 310-840 80-220 36.5-38.0

B) MRI images of the brain of a mouse, rat and human (image size selected for

comparison purposes)

Brain MRI: mouse (7T)  rat (9.4T)

human (3T)

C) Relaxation times at selected fields for mouse, rat and human brain.

Rat (based on Fig.1.18):

Field [T] T1 [ms] T2 [ms]
WM GM WM GM

(cc) (th) (cc) (th)

4.0 1097 1169 58 62
9.4 1752 1793 36 41
11.7 1861 1903 31 34
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Human (Wansapura, 1999):

Field [T] T1 [ms] T2 [ms]
WM GM WM GM
(cc) (th) (cc) (th)
3.0 832 1331 79.6 110

Mouse (Guilfoyle, 2003):

Field [T] T1 [ms] T2 [ms]
WM GM WM GM
(cc) (cortex) (cc) (cortex)
7.0 146 1588 35 38

Fig. 2.4. Comparison of the mouse, rat and human brain anatomy and MR parameters:

(A) Characteristic of the species (https://web.jhu.edu/animalcare/procedures/).

(B) Examples of MRI images of the mouse, rat and human brain.

Mouse (Guilfoyle, 2003): Spin-echo, TE=15ms, in-plane resolution 200 um x 200 pm
and slice 0.2 mm, field 7.0T;

Rat (Kirsch, 2010): Spin-echo, TR /TE=2000/13, FOV 64 x 64 mm, matrix 256 x 256,

slice 3 mm;

Human (3T) (Wansapura, 1999): T.-weighted MRI, 3mm transverse slice through the
level of the basal ganglia in a healthy volunteer. ROIls are indicated by the squares
(WM) and circles (GM). Numbers correspond to: 1 - frontal gray matter; 2 -
parasagittal frontal gray matter; 3 - insular gray matter; 4 - parietal gray matter; 5 -
parasagittal occipital gray matter; 6 - gray matter; 7 - frontal white matter; 8 - parietal

white matter; 9 - occipital white matter.

(C) T1 and T2 relaxation times of selected WM and GM brain structures at different

fields for mouse, rat and human.

Note: 1) strong dependence of Ty and T. of WM and GM on the magnetic field, 2) the
small differences in Ty and T at 9.4T; 3) major differences in size, weight and heart

beat rate among species. (Standard deviations were omitted for clarity.)

(Published with permission from: Wansapura, 1999; Guilfoyle, 2003 Kirsch. 2010.)
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As myelin water T, is very short (order of 10 ms at 9.4T) (McCreary, 2009) the
detection of changes due to disease is challenging and requires application and optimization
of both pulse sequence and rf coil design to obtain maximum SNR, enabling detection of
miniscule changes in T» (Kozlowski, 2008). The pathological processes associated with MS,
Alzheimer’s or Parkinson’s Diseases have been attributed to the distribution of iron and
myelin in brain white matter (Bagnato, 2011; Dobson, 2019; Frisoni, 2010; Watanabe, 2012;
Baudrexel, 2010; Du, 2011). Changes in the content of water bound to the myelin lipoprotein
bilayers, due to the appearing myelin sheath plaques as well as increase of the iron content
cause decrease in the T1 and T relaxation times were also reported (Rahmanzadeh, 2021,
Neema, 2007). Therefore, it was postulated that measurements of relaxation time changes in
the brain may allow in vivo diagnosis of various neurological diseases (Wilhelm, 2012).

White matter is formed predominantly by axons surrounded by the myelin sheaths,
which dramatically shortens the relaxation time of adjacent water. Gray matter has usually
significantly smaller amount of myelin as it consists of neuronal cells, neuropil (dendrites and
unmyelinated axons), glial cells and capillaries, thus has longer T. (Barkovich, 2000;
Mottershead, 2003; Koenig, 1990; Does, 2002). Myelin which has very short T, although
potentially important as a marker for pathologies, is normally invisible in conventional MRI
due to relatively long echo time (TE) when compared to T used in clinical imaging. To deal
with this shortfall Poon at al. attempted to collect data with short TE and selective rf pulses
using the multi-echo pulse sequence (Poon, 1992) aiming to obtain information on
distribution and changes of short T. water components within the brain. The effectiveness of
this approach has been limited, mostly due to long selective pulses required for slice selection,
disabling short enough TE, causing imperfections in the slice selection, and generating
unwanted stimulated echoes and in consequence further MR images degradation (MacKay,
1994; Whittallet, 1997). As T, decreases with the raising magnetic field strength,
measurements of the signal from myelin water components are even more demanding at the
high fields that are typically used in preclinical studies (de Graaf, 2003; van de Ven, 2007;
Kara, 2012). This issue is especially important in mouse MRI studies, where the small size of
the brain requires high resolution imaging, hence very strong magnetic fields (usually 9.4T or
higher). An alternative for the assessment of very short T> components is to use a 2D ultra-
short echo time (2D UTE) pulse sequence (Du, 2001, 2012; Gatehouse, 2004). However, in
this case very short echo time leads to proton density rather than T» weighted MRI.
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Although the majority of water within the brain has a Ti of the order of 1-2 s,
depending on its location and field strength (Guilfoyle, 2003; Bjarnason, 2005; van de Ven,
2007; Deoni, 2008; Kara, 2012), several authors have indicated the presence of a shorter T
component in myelinated regions of the brain (Lancaster, 2003; Herndon, 1996; Labadie,
2014) and spinal cord (Wilhelm, 2012). This revelation brings opportunity to utilize T
contrast or combine both T1 and T> contrasts in the areas of very short T». Therefore, to
achieve maximum myelin contrast in our study we applied a non-selective inversion recovery
(IR) pulse before UTE (IR-UTE) (Du, 2012; Larson, 2007) allowing further enhancement of
the contrast in the brain regions with short T, and T1. Considering the small amount of tissue
with short T, a strong MR signal is essential to provide sufficient SNR for quantification
measurements. To fulfill this requirement, we compared several radio-frequency (rf) coil
configurations. While volume coils provide good rf field homogeneity, surface coils deliver
higher SNR, but only close the body surface as their rf field drops significantly with the
distance from the coil. As SNR can be increased by the application of rf coils with low
resistivity, because reduced resistance of the coil reduces electronic noise (Ratering, 2008;

Baltes, 2009), to further increase SNR, the cryo-probe was used in the presented research.
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3. Experimental Section

The application of animal models that simulate as close as possible human disease in
the terms of physiology and response to therapy is a necessity for bench-to-bedside translation
of research. Much of the research in human diseases relies on animal models and various
animal models are well known and are frequently used. Due to low costs, size and handling
the most often used are mouse models. These models allow to study in vivo brain function and
animal behaviour to better understand molecular interactions, pathways and functional
mechanisms. Furthermore, the small size of a mouse allows the MRI study in magnets
generating very strong magnetic field within small magnet bore size (~20cm), such as the
available at IFJ/PAN 9.4T system.

3.1 Animal model of MS

There are various animal models of MS, such as experimental autoimmune
encephalomyelitis (EAE), that can be induced by the active sensitization to CNS tissue,
myelin or different protein antigens of the CNS or by the passive transfer of auto reactive T-
cells (Madsen, 1999). Chronic virus-induced inflammation and demyelination in the CNS is
an alternative model of MS (Bieber, 2004) but the Theiler’s virus encephalomyelitis appears
to be the most reliable and most frequently used virus-induced MS model (Kim, 2021).
Despite differences in the animal models of MS, similar patterns of demyelination and

remyelination suggest common basic mechanisms of tissue injury and repair (Bieber, 2004).

In our studies cuprizone was used to induce MS-like symptoms in a mouse. Cuprizone
(bis-cyclohexanone oxaldihydrazone) induces reproducible demyelination mostly in mouse
brain white matter structures (also in gray matter). This experimental approach has been
extensively used as a rodent model of MS and to study demyelination and remyelination
processes in the central nervous system (CNS) (Blakemore, 1973; Ludwin, 1978; Hiremath,
1998; Stidworthy, 2003; Komoly, 2005). In this model, the orally administered copper
chelator cuprizone (bis(cyclo-hexanone)oxaldinydrazone) causes a highly reproducible
demyelination of certain brain regions, including the corpus callosum (CC). The CC
represents the most frequently investigated white matter tract in this model. The extent of
demyelination depends on mouse strain, cuprizone dosage and animal age and is characterized

by: 1) the loss of the myelin-forming cells oligodendrocytes (OLG); 2) myelin sheath
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degeneration (from the third week of intoxication); and 3) recruitment of microglia and
astrocytes to the lesioned area. Acute demyelination is followed by spontaneous
remyelination during subsequent weeks when mice are fed normal chow. In contrast,
remyelination is highly restricted after chronic demyelination. Demyelination has been
evaluated based on myelin structure, biochemical parameters, myelin staining techniques and
Lin- markers analysis (Teunissen, 2005). As cuprizone susceptibility depends on strain, age
and weight of the animals (Irvine, 2008; Herder, 2011), different drug concentrations have
been used to induce disease, although the most common is 0.2% weight mixed into a standard
powdered rodent chow (Stidworthy, 2003; Kumar, 2003; Mason, 2004).

Similarities between MS lesions in people and cuprizone-induced demyelination in
animals were observed with some differences, such as inflamed blood vessels and the
presence of CD3 T cells (Herder, 2011). As demyelination caused by cuprizone includes
processes such as spontaneous remyelination during acute demyelination, the model may
distinguish acute and chronic demyelination. The model may also distinguish gender
differences because animal model shows the contribution of some growth factors and

cytokines during and after cuprizone intoxication (Teunissen, 2005).

As shown by Torkildsen (2008) the MR images of the cuprizone model of MS
correlate well with histopathological data. The authors also showed that this model allows
studies of de- and remyelination using MRI. They indicate the use of the C57BL/6 strain
offers the potential for future studies on transgene and knockout mice. They also showed that
MRI of the cuprizone model offers capability of MRI to follow the disease progression and
monitor treatment. Wu et al demonstrated that MRI can be used as a reliable marker of the
extent of pathology in this model (Wu, 2008). Torkildsen (2009) and Veto (2007) showed
reduced brain lesions in T»-weighted MR images of a cuprizone model in week 5, that
correlated with increased water content in brain parenchyma and less severe demyelination of

CC at week 6 and 1 week after recovery.

More advanced MRI techniques, such as Magnetization Transfer MRI (MT-MRI) and
Diffusion Tensor MRI (DT-MRI) have also been applied to the study of MS. MT-MRI was
used for evaluation of de- and remyelination (Chen, 2007) in MS. DT-MRI was applied to
assess pathology and recovery in the cuprizone model (Harsan, 2008). The loses in the myelin
content in the animal model were detected using combination of in vivo DT-MRI and
histology allowing an assessment of demyelination (Harsan, 2008). Injection of

triiodothyronine (T3) hormone after 3 weeks of cuprizone withdrawal progressively restored
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the normal DT-MRI corresponding to remyelination. Furthermore, DT-MRI allowed
assessment of the T3 hormon as an inducer of oligodendrocyte progenitor cells in the mouse

brain following demyelination.

Interestingly, MRI was also used to study spinal cord lesions as they correlate with
disability in MS patients (Rovaris, 2001; Agosta, 2005; Tench, 2005). Beside differences in
the development of gray and white matter lesions in MS, in vivo MRI studies demonstrated
also that spinal cord lesions arise probably independently from brain lesions. However,
underlying mechanisms resulting in region-specific disease manifestations remain
undetermined (Agosta, 2007; DelLuca, 2006).

3.2 Selection of the MRI techniques for the study of demyelination

in the animal model of MS

Pulse sequences used for imaging of the myelin-deficient brain areas include T»-
weighted MRI, such as SE and GE with short TE and ultra-short echo time (UTE) (Wilhelm,
2012; Larson 2006; Piedzia 2013; Piedzia 2014). The T1 and T2 contrast in these sequences
can be further enhanced by the application of the magnetization inversion using the IR-UTE
pulse sequence (Pigdzia, 2014). These techniques allowed contrasting different brain
structures associated with WM and GM in animals and in humans (Chavez, 2012; Piedzia,
2014). However, the most suitable pulse sequence for MS detection remains unknown.
Therefore, we investigated feasibility of using various pulse sequences for myelin detection.
The studied pulse sequences included: SE, GE, CPMG, IR-UTE and segmented
magnetization prepared rapid gradient echo (MP-RAGE) (Brandt-Zawadzki, 1996; Fellner,
1996; Marques, 2010; Bock, 2013). These techniques were tested considering minimum echo
time, total acquisition time, available rf coils, SNR, B: field homogeneity, spatial resolution
of imaging of the mouse brain, especially imaging of cortical WM and GM with high contrast.
Various rf pulses, such as standard selective and composite rf pulses, were also investigated in

each pulse sequence.

In our studies, to obtain maximal SNR, we used a cryo-coil along with the selected
pulse sequences. This configuration allowed optimal WM/GM contrast and capability of T,
and T quantification of the structures in the mouse brain in vivo, in healthy mice as well as in
cuprizone mouse model of demyelination. In order to select the most reliable and robust MRI

pulse sequence considering time efficacy, high resolution 3D imaging of demyelination
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processes, the three imaging techniques were tested in phantoms, ex vivo and in vivo mouse
brains: modified CPMG, ultra-short echo time (UTE) and MP-RAGE. As shown below in
details, the MP-RAGE technique and the rf cryo-coil were selected for further studies of the
cuprizone induced demyelination in the mouse model of MS, as it met most of the above

listed requirements.

3.2.1. Application of the modified spin-echo pulse sequences for

quantitative T, imaging (Piedzia, 2014).

As the first approach to myelin imaging at 9.4T we applied two To—weighted imaging
methods: 1) custom implemented Spin-Echo Multi-Echo (SEME) pulse sequence composed
of the Carr-Purcell-Meiboom-Gill (CPMG) sequence with Levitt-Freeman rf pulse and
decaying crusher gradients pattern (Poon, 1992, see chapter 1.4); 2) standard Multi-Slice
Multi-Echo sequence using Mao selective refocusing pulse (Fig. 1.14). As a reference the
well-established non-selective CPMG MR spectroscopic sequence composed of non-selective
90° and 180° pulses was used in order to evaluate performance of the pulse sequences and to
compare T values of the samples with the gold standard, namely CPMG with non-selective
pulses.

Phantoms with two different concentrations of CuSOs4 were used to compare the
measurements using the three mentioned pulse sequences. The concentrations were chosen to
obtain the T, values close to the expected values in brain tissue. To ensure relevant
comparison, the same repetition time and echo time (TR = 10 s, TE = 10 ms) were used for
each pulse sequence. The number of echoes was 64 for the imaging methods with selective
pulses and 512 for the non-selective CPMG spectroscopic method. The mono-exponential
fitting was used for T calculations in phantoms as only one component was expected while
bi-exponential fitting was applied to in vivo data due to presence of various brain structures.

The Levenberg-Marquardt algorithm implemented in Matlab was used for the data fitting.
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Mao Levitt-Freeman CPMG
High conc. CuSO4 — 17.6 £0.9 17.3+1.0 17.8 £0.5
short T
Low conc. CuSO4 — 76.7+1.4 72.4+2.0 75.8+0.9
long T>
Distilled water 583+£2 824 + 10 2300 + 50

Table 3.1. The T, relaxation times (in ms) obtained from phantoms with two different
concentrations of CuSO4 using three different rf pulses: Mao, Levitt-Freeman and
hard pulse with standard CPMG. The T. value of distilled water is shown for

comparison.

The results (Table 3.1) showed that for both, short as well as long T» relaxation time
components in CuSOs4 solution phantoms, simulating brain tissue, different imaging pulse
sequences performed similarly providing relatively small deviation from the reference (e.g.
spectroscopic CPMG). The differences in T, values were smaller than 2% for short and
smaller than 5% for long components. However, the water T»> was substantially shorter for
both pulse sequences comparing to the reference value of 2300 ms, although pulse sequence
with the Levitt-Freeman rf pulse provided closer to CPMG results. The results illustrate
difficulties in proper quantification of long T2 values, when using various spin echo-based
imaging pulse sequences. The major reason of this discrepancy is the non-ideal profile of the
rf pulses applied simultaneously with the slice gradient. Furthermore, the presence of strong
pulsing gradients, required for selective rf pulses, causes additional dephasing of
magnetisation and therefore faster echo train decay than in purely spectroscopic pulse

sequence without presence of the magnetic field gradients and soft pulses (Hurlimann, 2000).

In addition to experiments with phantoms, ex vivo MRI experiments were performed
using fixed mouse brains. The brains were imaged with the standard multi-slice multi-echo
(MSME) pulses sequence using sinc selective rf pulses and the composite refocusing pulse
(Levitt-Freeman). A volume rf coil (birdcage coil, 3.5cm diameter, 4 cm long) was used in all
studies. As brain contains various structures, bi-exponential T fitting was used. The volume
rf coil was used to ensure homogeneous rf (B1) excitation, that is of particular importance

when selective pulses are used as the refocusing is consistent throughout the sample providing

53



spatially independent relaxation values. The volume rf coil also allowed homogeneous

excitation of the entire sample providing uniform imaging of the entire brain.

The results of imaging and analysis using bi-exponential fitting showed that the
sequence with the composite rf refocusing pulse performs better at first few echoes than
standard MSME allowing more reliable assessment of the short T> component (Fig 3.1).
However, the obtained contrast between WM (high myelin content) and GM (low myelin
content) was relatively small. In addition, the application of the pulse sequence with the
composite rf pulse is limited to single slice acquisition, which significantly increases the total
time of experiment in case of 3-D imaging. We thus concluded these pulse sequences are not

suitable for reliable myelin studies in vivo in practical experimental conditions.

Fig. 3.1 Maps of short (top row) and long (middle row) T> components in the ex vivo mouse
brain obtained using a standard multi-echo spin-echo (left column) pulse sequence and
spin-echo imaging using the composite refocusing pulse (Levitt-Freeman) (right
column). Color scale corresponds to T2 values in ms. Slightly better contrast for the
short component is visible in the image obtained with the pulse sequence utilizing the

composite Levitt-Freeman refocusing rf pulse.
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3.2.2 Application of the Inversion Recovery UTE (IR-UTE) pulse
sequence (Piedzia, 2014)

As shown above, pulse sequences based on short echo time (e.g. Ultra-short Echo
Time (UTE)) allow high quality imaging of the tissues with short T, times and T:
quantification. Unfortunately, the MR signal from these tissues is obscured by a large signal
from tissues with longer T» and T times originating mostly from CSF or non-myelinated gray
matter compartments (Wilhelm, 2012; Larson, 2006). Therefore, we considered application of
the UTE pulse sequence with an inversion pulse, called IR-prepared UTE (IR-UTE) allowing
to null the long T1 component (Du, 2010) (Fig. 3.2).

ShortT1

Fig. 3.2 Application of the inversion recovery (IR) pulse to remove unwanted signal from
long T: component (non-myelin, eg CSF or non-myelinated gray matter).
Magnetisation along z direction (M) from the tissues with short T1 (blue line) and
long T1 (red line) relaxation returns to equilibrium after application of the IR 180°
pulse at time TI. The optimal time for removing signal from long T: tissue is marked
at T12 when there is no signal from long T1 component while there is a signal from
“blue” tissue (marked with the dotted line). The imaging pulse sequence (e.g. SE)
starts at this point. Dashed line represents actual signal decay detected by the rf coil

(Author’s drawings based on Haacke, 1999).
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As shown in Fig. 3.2 signal from a tissue with long T1 can be nulled when proper Tl is
used. At this point an imaging sequence may start, for example with a 90° or shorter pulse
depending on the technique. However, IR pulse sequence reduces SNR, as only part of the
magnetization is used for imaging, therefore to obtain high resolution images, which is crucial
for myelin imaging, we used the cryo-coil. This coil takes advantage of both lower resistivity
at lower temperature and high sensitivity of the quadrature surface coil (Baltes, 2009). Beside
increase of SNR, the quadrature reception of the coil partly compensates inhomogeneities in
MR images and improves performance of selective rf pulses caused by inhomogeneous Bi
field produced by a standard surface coil. The combination of optimal IR-UTE and the cryo-

coil allowed to obtain sufficient image contrast of the mouse brain structures with short Ta.

Although benefits from using the cryo-coil and the inversion pulses before UTE-based
sequences are already known (Baltes, 2009; Du, 2011; Guilfoyle, 2003), the combination and
preclinically relevant optimization of these components in vivo, aiming at imaging of tissues
with intrinsically short T is still a topic of active research. Therefore, the aim of this work
was to show that the optimized pulse sequence, based on IR-UTE pulse sequence, when
combined with the cryo-coil and the proper inversion pulse and time selection allows
improved discrimination of short T» regions in the mouse brain within a total experiment time
suitable for in vivo experiments. A standard birdcage coil was used for SNR comparison
(room temperature, 35 mm diameter, 40 mm length).

For the comparison of SNR for both coils the following IR UTE parameters were used
for the study: repetition time (TR)/echo time (TE) = 2500/0.350 ms; field of view(FOV) = 1.5
cm x 1.5 cm; 128 x 128 matrix; slice thickness of 1 mm, number of averages (NA) 1 and
coronal orientation. In addition, SNR for both coils was assessed based on the manufacturer
(Bruker, Germany) recommended quality assurance (QA) procedure (multi-slice, spin echo,
TR/TE = 500/15 ms), with a cylindrical phantom (2 cm diameter x 2 cm length). Water in the
phantom was doped with 1 g/l of Cu>SO4 and 4.31 g/l of NaCl simulating a typical load of the
mouse brain in the rf coil. The results based on QA tests showed that the maximum SNR was

11.6-fold larger for the cryo-coil.

Fig 3.3 shows a comparison of the coronal MR images of the mouse brain in vivo
obtained using the 2D UTE pulse sequence with the quadrature birdcage coil (Fig 3.3A) and
the Bruker cryo-coil (Fig 3.3B). The marked regions indicate areas of the image used for the
SNR assessment. For the birdcage coil, the measured averaged brain SNR was 4700/mm?,

while for the cryo-coil, the signal distribution from the brain is very inhomogeneous
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(Fig. 3.3B) due to signal excitation and detection by the surface coil. Based on the signal
values from the two brain regions marked in Fig 3.3 (blue circles), SNR was calculated to be
within the range of 14300/mm?3 at the position ~7 mm from the surface of the coil (bottom of
the brain) up to 55300/mm?3 close to the coil surface (top of the brain — within 1 mm). This
corresponds to substantial, ~3- to ~12-fold, increase in SNR for the cryo-probe as compared
to the birdcage coil. These results were comparable to the values obtained using the QA

procedure.

Fig. 3.3 Coronal MR images of the mouse brain in vivo using the 2D UTE pulse sequence
(TR respiratory triggered with a minimum of 2500 ms ; TE 0.35ms, NA — 1, in-plane
resolution was 117 um x 117 um, 1 mm slice, FOV = 1.5 x 1.5 cm) obtained with
the birdcage coil (A) and the cryo-coil (B). The areas within the brain (blue solid
line) were used for the assessment of SNR. The position of the horizontal violet slice
was used for imaging shown in Fig. 3.5. (Permission not required for the author of

the paper in Elsevier)

3.2.3 The method of classification of the brain structures.

An important part of the work required identification of the mouse brain structures in
MR images. Classification of the brain structures was performed based on the mouse brain
atlas (Anon, 1998). As a reference, schematics of the main brain structures is provided in
Figure 3.4. To identify specific anatomical brain structures in MR images, SNR and CNR

between different brain structures were calculated according to the formulas:

Si
Noise

SNR =

[Eq 27]
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Si—Sj

Noise

CNR = [Eq 28]

where S; and S; are signals from a region-of-interest (ROI) within the tissue i and j
respectively. Noise for each coil was calculated from the images obtained without
transmitting rf power (i.e. with 150 dB pulse power attenuation), while keeping other
parameters the same as in the original brain image. This approach allows to avoid potential
influence of signal outside of the animal that may occur due to imperfections in phase or read
encoding directions. Noise was calculated as a standard deviation of Rician distribution
(Gudbjartsson, 1995). SNR values were expressed per unit volume (i.e. intensity per 1 mm?®)

to allow a direct comparison between images with different spatial resolutions.

\:erebellum,/

Fig. 3.4 Schematic axial cross section of a mouse brain with labeled selected structures. V1,

V2 are ventricles. (Author’s drawing based on Badea, 2007)

To quantify the results, we used histograms that associate number of voxels with their
intensity and hence a particular brain structure. The histograms of the horizontal images
obtained for different TIs were restricted to the brain area to show overall distribution of
signal intensities within the brain, while avoiding signal from other anatomical structures.
This method has been frequently used for various disease diagnosis (e.g. Fujima, 2019).
Histograms obtained from the brain images shown in Fig. 3.5 corresponding to different Tl

values are presented in Fig 3.6. They show voxel counts corresponding to the different brain
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structures of WM and GM based on their signal intensity. A differentiation of WM and GM,
as well as CSF and blood vessels (VS) in the brain was possible due to their different signal
intensities, as shown in the histograms of the brain areas associated with different T and T>
values (see Fig 3.5). The procedure of assignment of the signal levels in histograms to

different classes, for each Tl value was as follow:
« select ROI for each structure,
» calculate signal within specified ROIs,

« compare signal from each brain structure (i.e. vessels, GM, WM, CSF) with the signal

intensities in the histograms.

3.2.4 ldentification and quantification of the brain structures in the

mouse brain in vivo using the IR-UTE pulse sequence

For in vivo studies, the IR-UTE pulse sequence with a non-selective 180° inversion
pulse was used. To find out the maximum SNR and the optimum CNR (defined as (S1-
S2)/noise, where S1, S2 are signals from tissue 1 and 2 respectively) for white and gray
matter (WM/GM), a healthy C57BL/6J mouse was used. The IR-UTE pulse sequence, with a
0.5 ms long, non-selective inversion pulse was used to obtain MR images of the mouse brain
at various inversion recovery times (TI), ranging from 100 to 1500 ms. For imaging, the
following pulse sequence parameters were used: flip angle (FA) = 90°, TE = 0.350 ms, TR
respiratory triggered with a minimum of 2500 ms, FOV = 1.5 cm x 1.5 cm, NA =1 and a
single slice thickness of 1 mm. The resulting in-plane resolution was 117 pm x 117 um. A
horizontal slice (parallel to the surface coil) was collected to obtain homogeneous excitation
and detection profiles with the cryo-coil. In order to ensure the proper flip angle, a reference
pulse gain adjustment was performed prior to the measurements for the selected coronal slice.
Total acquisition time was ~20 min for one slice. In addition, as a reference, a standard 2D

UTE image was also collected.

SNR and CNR were calculated for various brain structures: corpus callosum (cc),
fimbria hippocampi (FH), internal capsule (ic) and optic nerve layer of the superior colliculus
(OP) comprising WM as well as cerebral cortex (CX), cornu ammonis (CA), dentate gyrus

(DG), thalamus (Th) and peri-aqueductal gray matter (PAG) comprising GM. In addition,
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signal from cerebro-spinal fluid (CSF) in left (LV) and right (RV) ventricles, the third
ventricle (V3) and cerebral aqueduct (AC) was also assessed. Classification of the brain
structures was performed based on mouse brain atlases (Anon, 1998; Badea, 2007).

The CNR between selected brain structures for different Tl was calculated using
ImageJ 1.46r (NIH, USA). The average signal intensities were evaluated for structurally
different brain regions and pixel by pixel T relaxation times were evaluated for each brain
structure using a custom written Matlab based script.

Fig. 3.5 shows an example of horizontal brain images obtained with the cryo-probe
using IR-UTE pulse sequence with three different T1 values: 500, 750, 1000 and no IR pulse.
CNR changes are visible for different inversion times, when compared to UTE with no IR
pulse (T1 =0 ms), providing better contrast between the brain structures.

The Ti-map (Fig 3.7) of the horizontal slice shown in Fig. 3.5 was also calculated
from the set of images obtained with various Tls using a home developed Matlab script
utilizing the Marquardt’s fitting routine. The map allows distinguish areas of WM and GM
based on their different Ty relaxation times.
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Fig. 3.5 Horizontal IR-UTE MR images of the mouse brain in vivo in 2 slices (upper and
lower row): (A) T1 =500 ms; (B) Tl = 750 ms; (C) Tl =1000 ms; (D) TI =0 ms (no
inversion pulse). LV - left ventricle; RV - right ventricle; V3 - dorsal third ventricle;
cc - corpus callosum; FH - fimbria hippocampi; ic - internal capsule; OP - optic
nerve layer of the superior colliculus; CA - cornu ammonis; DG — dentate gyrus;
PAG - periaqueductal gray matter; Th - thalamus; LV + RV + V3 = CSF (Pi¢dzia,
2013; Piedzia 2014) (Permission not required for the author of the paper in Elsevier)

In the IR-UTE image obtained with Tl = 750 ms, significant attenuation of the signal
from most of the brain tissue (especially GM) is observed as compared to CSF, while CSF
signal is diminished for Tl = 1000 ms. For TI = 750 and 1000 ms, a reversal of CNR between

gray and white matter is observed.

White matter comprising corpus callosum (cc) and fimbria hippocampi (FH)
(including internal capsule — ic and stria terminalis — st) is clearly visible. Both structures, cc
and FH, are prominent bands of WM fibers. Hippocampal formation (HF) consisting of cornu
ammonis (CA) and dentate gyrus (DG), thalamus (Th) located below FH, caudo putamen
(CP), located above the left and right ventricle, periaqueductal gray matter (PAG) around the
cerebral aqueduct as well as the most abundant cerebral cortex (CX) were identified in MR
images as GM with low myelin content. The layers of superior colliculus (SC) are also visible

in the images below the hippocampal area.
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The CNRs calculated for (WM/GM) and (WM/CSF) based on the images obtained
with the cryo-coil using standard UTE as well as IR-UTE with inversion times 500, 750 and
1000 ms are presented in Table 3.2. The Tls were selected to optimize enhancement of CNR
as compared to standard no-inversion UTE images. Signal from WM, rich in myelin, is
significantly enhanced over the CSF and GM for Tl = 1000 ms, with the highest positive
CNR of ~20- and ~60-fold larger respectively, compared to no-inversion UTE. The largest
negative WM/GM and WM/CSF contrast was observed for Tl = 500 ms (~20- and ~30-fold
enhancement comparing to no-inversion UTE). Contrast sign change for WM/GM contrast
was observed for Tl between 500 and 750 ms, while WM/CSF contrast reverses for Tl
between 750 and 1000 ms (Table 3.2).

TI [ms] CNR (WM/GM) | CNR (WM/CSF))
No inversion -1.9+11 -11+£8
500 —61 £ 32 —220+ 38
750 6317 97+ 34
1000 110+ 38 230 £ 38

Table. 3.2 Comparison of CNR values for WM, GM and CSF brain regions using different T1
delays (Pigdzia, ISMRM 2013; Piedzia, 2014) (Permission not required for the author of the

paper in Elsevier)
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Fig. 3.6 Histograms for different Tls, obtained from MR images in fig 3.5, showing
differences between gray matter, white matter, CSF and vessels in the mouse brain:

Tl = 500 ms (A), TI = 750 ms (B), Tl = 1000 ms (C); specific WM and GM
structures are described in the text.
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Fig. 3.7 T:-map of the horizontal slice calculated based on the images shown in Fig. 3.5. The

brain areas of WM (short T1) and GM (long T1) are clearly visible.

Brain region T1 [ms]
WM (FH) 1690 +/- 115
GM (CX) 1870 +/- 80

CSF 2220 +/- 95

Table 3.3 T values of different brain regions comprising white (WM) and gray matter (GM)
obtained from Fig. 3.5. FH — fimbria hippocampi (including internal capsule and stria

terminalis); CX — cerebral cortex; CSF — cerebrospinal fluid.

The study demonstrated benefits of using the cryo-coil when compared to other coils
available in the lab (birdcage, standard room temperature surface coils) which makes it a
preferable coil for contrasting different structures inside the brain of a mouse in vivo.
Combining the IR-prepared UTE sequence with the properly selected TI time and the cryo-
coil enables significant positive enhancement of the CNR from myelin rich WM regions of
the mouse brain in vivo. The main disadvantage of the IR-UTE pulse sequence is relatively

long acquisition time when high resolution 3D imaging is necessary.

Although a thinner than 1 mm slice is possible with most 9.4T systems, we found that
a 1 mm slice provides sufficient SNR within our experimental time (i.e. ~20 min). The study

of dependence of CNR on TI demonstrated the possibility of obtaining satisfactory contrast
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between different anatomical structures of the brain. Specifically, the values of Tl providing
optimum CNR for different brain structures in vivo at 9.4T were between 500 and 1000 ms.
For TI = 500 ms, signal from GM is higher than from WM, while starting from TI = 1000 ms
the relative contrast is reversed, enhancing WM/GM contrast, with the best results achieved
for TI = 1000 ms. Literature studies in human and rodents brains have shown that increasing
magnetic field causes decreasing difference in Ty values between myelin-rich (i.e. WM) and
non-myelinated (i.e. GM) regions making it difficult to distinguish between these regions at a
magnetic field above about 7T, at which the T ratio for WM/GM has been reported to be
close to 0.9 (Guilfoyle, 2003; de Graaf, 2003; van de Ven, 2007; Kara, 2012). Our results
show that using the cryo-coil and an appropriately selected inversion time, it is possible to
obtain MR images with high WM/GM contrast within the experimental time (~20 min), that
is reasonable for in vivo imaging. Moreover, it is possible to reverse WM/GM contrast by
altering inversion time between 500 and 1000 ms. We have showed that by combining a IR-
prepared UTE sequence with a properly selected Tl and the application of the cryo-coil
enables significant enhancement of the CNR from regions with short T>, such as myelin-rich
WM regions, of the mouse brain in vivo when compared to a standard volume coil. The
results indicate feasibility of the application of the IR-UTE pulse sequence, with echo time
shorter than 1 ms enabling assessment of regions with short T, such as myelin that may be

related to different brain pathologies.

3.2.5 Application of the MP-RAGE pulse sequence for in vivo

imaging of demyelination in the mouse model of MS

While the results showed that IR-UTE is suitable for imaging of the animal model of
MS, it does not allow multi-slice imaging within experimentally acceptable time due to
application of non-selective IR pulses. To rectify this drawback, we also applied the
magnetization prepared rapid acquisition gradient echo (MP-RAGE) pulse sequence allowing
3D images (Fig 1.10). To obtain the optimum contrast WM/GM in the mouse brain we
investigated various MRI configurations of the MP-RAGE pulse sequence and the cryo-coil
in the cuprizone mouse model of multiple sclerosis at 9.4T. Changes in MR images of the

brains were confirmed with immunohistochemistry.

For in vivo MR imaging 4-month old C57BL/6J mice were used. The animals were

anaesthetized with a mixture of isoflurane and oxygen: Oz:air = 0.75%:0.25%; adjusted for
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respiration frequency. The animals were placed in an imaging cradle and positioned within

the magnet bore. An animal prepared for MRI is shown in Fig. 3.8.

Fig. 3.8 An animal prepared for an MRI session (IFJ/PAN 9.4T Lab).

For in vivo MRI experiments, sixteen mice were imaged: eight controlled and eight fed
with cuprizone. As stated before, cuprizone was used to induce MS-like symptoms as orally
administered copper chelator cuprizone (bis(cyclo-hexanone)oxaldihydrazone) produces
reproducible demyelination in the mouse brain white matter (WM), particularly in the corpus
callosum (cc) and, in some extend, in gray matter (GM).

A 9.4T/21cm horizontal bore Bruker Biospec MRI scanner (Paravision 5.0) equipped
with a Bruker cryo-coil was used. The 3D MP-RAGE (Fig. 1.10) pulse sequence was used
with following sequence parameters: TR/TE = 15/4.5 ms, Segment Repetition Time (SRT) =
6000 ms, FA = 12°, 26 horizontal 0.1 mm thick slices covering most of the brain, FOV = 1.80
x 1.50 x 0.26 cm, matrix = 256 x 256, in-plane resolution of 70 x 59 um. To find out the
optimal IR time images with the following Tls were collected: 600, 800, 1000, 1100, 1200,
1400, 1600 and 2200 ms. Based on a pixel-by-pixel fitting of the mono-exponential inversion
recovery curve, the T:-map of the mouse brain was calculated, showing clear differences

between highly myelinated white matter, gray matter and CSF (Fig. 3.9)
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Fig. 3.9 T:-map of the horizontal slice obtained from the healthy mouse brain (color scale
corresponds to Ty values in ms) collected using the MP-RAGE pulse sequence.

The highest WM/GM CNR was obtained at IR = 1000 ms and 1200 ms, corresponding
to nulling of the WM and GM signal, respectively, hence only these images were used for
further analysis and studies of the MS model (Fig. 3.10). Due to high SNR provided by the
cryo-coil, the fine details are visible throughout the high resolution images. Histograms were
calculated for different slices for each mouse to ensure coverage of the entire corpus

callosum.

The average signal intensities of different brain regions for healthy and cuprizone mice
representing white matter (WM), gray matter (GM) and cerebrospinal fluid (CSF) were
calculated using ImageJ1.46r software (NIH, USA). Slices were selected at different distances
from the cryo-coil surface. Histograms were made for slices in control and cuprizone treated

animals.
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Fig. 3.10 Example of a single slice horizontal image acquired using the MP-RAGE multislice
pulse sequence of the healthy mouse brain in-vivo, obtained with inversion time (TI)
equal to 1000 ms (left) and 1200 ms (right). The reversed contrast is visible, with
signal from highly myelinated white matter nulled in the left image, while signal from
the gray matter is nulled in the right image, clearly showing myelinated tissue with

enhanced brightness.

The sagittal and horizontal MR images of the mouse brains of healthy and cuprizone
treated animals using MP-RAGE with Tl = 1200 ms are shown in Fig. 3.11. Fig. 3.12 shows
calculated histograms of cerebellum obtained from these MR images. Figures 3.13, 3.14 and
3.15 show the results obtained at Tl = 1000 ms. These selected parameters (T1 = 1000 and
1200 ms) of the MP-RAGE pulse sequence are based on the maximum WM/GM CNR
obtained with a healthy mouse and were used for the studies of demyelination in the

cuprizone model of MS.
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Fig. 3.11 Sagittal (top) and horizontal (bottom) MP-RAGE images of the mouse brain (TI =
1200 ms) of healthy (left) and cuprizone (right) treated animals. Cerebellum
comprising both WM and GM is marked with the yellow dotted line.
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Fig. 3.12 Histograms of cerebellum of healthy (A, C) and cuprizone treated animals (B, D)
obtained with the MP-RAGE pulse sequence with IR = 1200 ms.
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Fig. 3.13 MP-RAGE sagittal images of a mouse brain (T1 = 1000 ms) for healthy (A, B, C)
and cuprizone treated animals (D, E, F). Three different slices of saggital cross-

sections are presented for each mouse.

En  Em

Fig. 3.14 Comparison of axial cross-sections through MR images of the control and cuprizone
treated animals obtained with the MP-RAGE pulse sequence (T1 = 1000 ms). S1 -
primary somatosensory cortex and CG - cingulate gyrus. Demyelination in corpus

callosum is visible in the cuprizone treated animal.
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Fig. 3.15 Histograms of cerebellum for healthy (A, B, C) and cuprizone treated animals (D, E,

F). Three different slices have been presented for each mouse (T1 = 1000 ms).
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The images in Fig. 3.11 - 3.12 and 3.13 — 3.14. with TI = 1000 ms and Tl = 1200 ms
showed the highest differences in the control and cuprizone treated animals when compared to
other TI times. The loss of myelin in the corpus callosum and cerebellum is clearly visible in

the histograms.

We concluded that application of the MP-RAGE method with optimum parameters
provided excellent WM/GM contrast improving assessment of demyelination in a mouse

brain in vivo.

The images showed differences in the control and cuprizone treated animals. Using
these optimized settings, we showed that patterns of myelination can be visualized in
individual subjects. Application of the MP-RAGE pulse sequence at 9.4T with optimized
parameters provided excellent WM/GM contrast in the corpus callosum as well as in the
cerebellum region. The histograms show that the loss of myelin in the corpus callosum and
cerebellum was significant. However, the exact determination of the areas of the brain
undergoing demyelination was hindered due to presence of fine anatomic details related to
e.g. blood circulatory system, which influence local signal intensity and its interpretation in

terms of demyelination.

3.2.6 Quantitative evaluation of demyelination volume in ex vivo MP-

RAGE images of the mouse brain.

Following in vivo imaging, the animals were intracardiac perfused with formalin under
anaesthesia, sacrificed, and their brains were extracted for further high resolution MR imaging
ex-vivo and histopathological examinations. Extracted brains were stored in formaline
solution, in the sample tubes appropriate for MRI measurements. The MP-RAGE
experimental parameters defining image geometry were kept the same as in in vivo
experiments, in order to obtain images with the same spatial resolution. However, due to the
fact that T values in formalin fixed tissue, measured at room temperature, were significantly
lower than compared to in vivo measurements at physiological temperature, the Tl values
optimal for nulling signal from WM and GM tissue were also decreased to 500 ms and

650 ms respectively.
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Examples of the obtained images are shown in Fig. 3.16. Good contrast between high
and low-myelin areas of the brain is seen as it is not disturbed by the blood flow through the
vessels and capillaries. The images show the areas most affected by cuprizone diet, i.e. corpus

callosum and cerebellum.

In order to quantitatively assess the change of the myelinated volume in corpus
collosum was manually delineated in all slices of the brain image for both the healthy and the
cuprizone brain. The calculations of the entire delineated volume showed that the average

myelinated corpus collosum volume decreased by (35 + 3)%.

Fig. 3.16 Ex vivo images of the brains from healthy (left) and cuprizone-fed (right) mice. The

area of highly myelinated cc is significantly decreased in the cuprizone treated mouse.

Another easily recognised area affected by the cuprizone diet was cerebellum. Its
volume was also assessed using histograms of the image intensities from the entire cerebellum
volume for each slice. Examples of such histograms from the four adjacent slices through
central cerebellum (most affected by the changes) are presented in Fig. 3.17 for the healthy
and cuprizone-fed mice. Two-modal distribution of image intensities, corresponding to highly
myelinated WM (left mode) and GM (right mode) can be easily distinguished for healthy
animal, while significant decrease of the left mode, corresponding to myelinated tissue is
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present in the cuprizone affected brain. Bi-modal Gaussian distribution was fitted to the data,
in order to obtain the number of voxels corresponding to these two modes. The comparison
between healthy and cuprizone affected cerebellum showed (10 + 2) % decrease in the

volume of the myelinated tissue.
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Fig. 3.17 Histograms from four adjacent slices covering the central part of cerebellum for
healthy (top) and cuprizone-fed (bottom) mice ex vivo obtained with the MP-RAGE

pulse sequence with Tl =500 ms.
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3.3 Histological assessment of demyelination in the brain of the
mouse MS model.

To corelate and confirm MRI results, histopathology studies were performed at the
Department of Neuroanatomy, Jagiellonian University, using extracted brains of the same
animals. In particular, the following structures within WM were investigated: WM in corpus
callosum, cerebellar cortex, cerebral cortex, hippocampus, basal part of the forebrain and
anterior commisure. The degree of myelination was established using Luxol Fast Blue dye
due to the presence of lipoproteins and acid-alkaline reaction producing salt. Because this
method has limited sensitivity and it does not detect subtle pathological changes in GM,
immunohistochemistry of myelin was performed. This method allowed detection and
visualisation of myelin basic protein (MBP), mitogen-activated protein (MAP) and myelin
proteolipid protein (PLP), which are the major myelin components. Following this study

original antibodies against these peptides were selected providing optimal quality of dying.

Significant decrease of myelin density was detected in corpus callosum in the cuprizone
diet mouse. Interestingly, no evident changes were detected in other highly myelinated axon
bundle connecting two brain hemispheres, i.e. anterior commissure (Figs. 3.18-19). This

observation corresponds to the MRI results.
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Fig. 3.18 Histological images showing differences in myelin content in cc and CA in a control
(healthy) animal and the animal fed with cuprizone diet (Source: Department of

Neuroanatomy, Jagiellonian University).
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Fig. 3.19 Zoomed histological images showing differences in myelin content in the selected
brain areas of the control and cuprizone fed mouse. (Source: Department of

Neuroanatomy, Jagiellonian University).
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4. Discussion and Conclusions

In the presented studies several optimized pulse sequences was applied to enable MRI
of myelin, hence early detection of MS. The investigated pulse sequences have advantages
and disadvantages. The UTE pulse sequence allows imaging of very short T> components,
most directly related to myelin. However, it also collects signal from other macromolecular
components of the brain tissue, hence the resulting image lacks acceptable contrast between
myelinated and non-myelinated brain tissue. Adding the inversion pulse preceding the UTE
imaging sequence (IR-UTE), which was accomplished in this work, allows to obtain
satisfactory contrast between highly myelinated WM and poorly myelinated GM. However,
the acquisition time for 3D imaging of the whole brain was found to be too long for practical
in vivo experiments when non-selective inversion pulse is used. Moreover, SNR assessment in
MR images obtained with pulse sequences with radial readout, such as UTE, may be

questionable due to possible artifacts within FOV.

Application of the MP-RAGE pulse sequence allows high resolution 3D imaging
within suitable total acquisition time, provides very good image quality and contrast.
However, interpretation of the image contrast and thus exact assessment of local myelin
content is not straightforward in vivo, due to blood flow in vessels and capillaries, hindering
image interpretation. However, semi-quantitative assessment of the reduction of myelinated
volume in the areas of the brain such as corpus callosum and parts of cerebellum is possible.
Using the same pulse sequence for formalin fixed brains ex vivo provides excellent

quantitative assessment of the change in the myelinated volume.

To obtain maximum SNR, the rf cryo-coil was applied and its sensitivity was assessed
by comparing it with a volume coil. The comparison was achieved by collection of an
additional image without transmitting rf power to assess “pure noise”. Using this approach
SNR gain of ~2.5 between cryo-coil and the same size surface coil (radius 12 mm) was
reported by Baltes (2009). In our case SNR gain comparing to mouse brain surface receive-
only rf coil was between 2.3 and 3.0 in the area of the brain (Pigdzia, 2014). This allowed
obtaining superior quality spin-echo and gradient echo MR images of the mouse brain in vivo.
When the cryo-coil was compared with a volume birdcage coil (35 mm diameter), the SNR
gain was significantly larger (i.e. 3- to 12-fold within the brain area).

The most demanding aspect of the research was to clearly distinguish and compare

regions of similar relaxation times within the mouse brain at 9.4T. To rectify this issue, we
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used the IR-UTE pulse sequence, that allowed to overcome the lack of suitable contrast
between different regions of the brain, despite their similar proton density. The sequence was
capable to measure signal with short T2, such as myelin, and removing unwanted signal from
tissues with long Tz, such as CSF. However, it allowed aiming of only few slices within
experiment time. We have also applied Magnetization-Prepared Rapid Gradient Echo (MP-
RAGE) pulse sequences, which have been used to image the human brain at 3 T and 7 T with
very good T contrast (Marques, 2010; Kober, 2012; Jack, 2008). This technique provided
good contrast for tissues with different T1. However, due to its longer minimum TE, it is less

suitable than IR-UTE for imaging tissues with very short Ta.

Other known approach to increase T1 contrast between WM and GM is manganese-
enhanced magnetic resonance imaging (MEMRI) method (Silva, 2004). However, it requires

application of a contrast agent. Considering its toxicity, we abandoned this approach.

Our study demonstrated improved CNR and SNR of WM and GM in the mouse brain
MRI using the cryo-coil when compared to the room temperature birdcage and surface coils.
However, the cryo-probe produces a non-uniform rf field, which allows homogeneous images
in the horizontal plane only, parallel to the cryo-coil’s surface. A further improvement in the
image homogeneity could be obtained by the application of adiabatic pulses but at the cost of

longer TE (Larson, 2007) and/or using volume cryo rf coil but it is not yet available.

Although the birdcage rf coil excites spins and detects signal uniformly over the entire
brain volume thus provides homogeneous images in all orientations allowing quantification
measurement, it produces relatively low SNR and thus it is not suitable for precise evaluation
and visualization of the detailed brain structure in vivo, within a limited experimental time. As
temperature of the cryo-coil is very low (about 20K) it generates practically no resistive noise
providing much higher SNR than standard room temperature coils. Application of this coil for
in vivo studies allowed improved distinction between different brain tissues when compared
to a standard coil. However, precise adjustment of the two quadrature channels in terms of
decoupling, as well as tuning and matching for each imaged slice is essential for obtaining

homogeneous excitation over the image.

The aim of this research, namely to show that MRI can be indeed used for detection of
changes in the demyelinating brain in the animal model of MS, was achieved. However,
further studies are needed to fully assess physiological effects of e.g. blood circulation,
inflammation or pathological iron content in brain tissues, on the image contrast in vivo. This
requires application and investigation of optimal hardware (e.g. rf phase array coils) to
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maximize SNR as well as parameters of the pulse sequences with inversion recovery pulses
and/or short echo times. These studies may provide a clinical non-invasive tool for early
detection of MS not available so far.

In summary the results showed that:

1. Itis possible to image changes in myelin content in the animal model of MS based on both
T1 and T» relaxation times using appropriate pulse sequences and MR hardware, in particular:

- single-slice IR-UTE pulse sequence with appropriately selected inversion time (TI)
(1000-1200 ms) and

- magnetization-prepared rapid gradient echo (MP-RAGE) pulse sequence allows
detection of demyelination processes in the animal model of MS.

2. Application of the cryo-coil significantly increases SNR in the mouse brain MRI and it is

highly recommended for the study of the animal model of MS at 9.4T.

3. The proper combination of pulse sequences and the cryo-coil allowed artifact-free MR
imaging of myelin in the animal model of MS.

4. Use of the above imaging techniques to formalin-fixed brain tissue allows for quantitative

and free from physiological artifacts, assessment of the demyelination extent.
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