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Thema

Arterial Spin Labeling (ASL) ist eine Technik derRvBildgebung, welche es ermdg-
licht, ohne Kontrastmittel lokal die Gewebeperfusiozw. Durchblutung des Gehirns
zu messen. Dabei wird einflieBendes Blut markigrtlem die Magnetisierung der
Wassermolekile im Blut invertiert wird. Wahrend d&lat durch den GefalRbaum und
in das Kapillarbett stromt, kann das Signal zu cleedenen Einflusszeiten gemessen
werden. Dabei zerfallt die Magnetisierung mit Tin Boch nicht eingehend untersuch-
ter Aspekt dieser Technik ist es, das Perfusionasiguf weitere dynamische Anderun-
gen wahrend des EinflieBens hin zu untersuchedeinvorliegenden Arbeit wird die
dynamische Entwicklung des Perfusionssignals bedugler Parameter T2 und T2’
untersucht. Die dazu verwendeten Auslesesequenzedew im Rahmen der Arbeit
entwickelt: eine 3D-GRASE Auslese mit variabler &oéit fir die T2-Bestimmung
sowie eine Spin/Gradienten Doppelecho-Doppels@@tGRASE Auslese zur Be-
stimmung von T2'. Des Weiteren wurde ein Modellvaokelt, das die Entwicklung
des Perfusionssignals in Abhangigkeit der Einflagsgowie der Echozeit beschreibt,
unter Bertcksichtigung der kapillaren Permeabilikdit den gewonnenen Daten ist es
maoglich, direkt lokal die Wasser-Permabilitat deapilarwand abzuschatzen. Die
erhobenen T2'-Daten ermoglichen eine Abschéatzurigdgeamischen Anderung der
Oxygenierung in der direkten Umgebung der Blut-Véaspins. Die Doppelecho-
Spiralsequenz in Verbindung mit einer ASL-Sequemadglicht die simultane Bestim-
mung von Perfusion und Oxygenierung und ist dah&dgstiniert flr einen Einsatz in
der funktionellen Bildgebung. Beide Techniken el tiefe Einblicke in grundlegen-
de lokale Aspekte der Physiologie.



Dynamic Arterial Spin LabeliMpasurements of Physiological Parameters




Abstract

Arterial Spin Labeling (ASL) is an MR imaging tedgue which can measure the brain
perfusion locally without contrast agent. The imflog blood is labeled by inverting the
magnetization of the water molecules. During theotlflow through the vascular tree
and the capillary bed, the signal can be acquitetifferent inflow times. Thereby, the

signal decays with T1. An aspect which has nobgein investigated is the dynamics of
further MR parameters during the inflow. In the gqaet work, the dynamics of the
parameters T2 and T2’ of the perfusion signal asestigated. The employed MRI

sequences have been developed and are preseritaesl thesis: a 3D-GRASE readout
with variable echo time for T2 quantification, aadspin/gradient double echo double
spiral 3D-GRASE readout for T2' estimation. Furtharmodel has been developed
which describes the behavior of the perfusion gigmaich includes permeability,

depending on the echo time. With the acquired dateas been possible to directly
derive an estimate for the local water permeabdityhe capillary wall. The T2' data

allows an estimation of dynamical changes of oxgfjen and local apparent venous
volume in the direct vicinity of the inflowing bldowater spins. The double echo spiral
sequence in conjunction with ASL can in principtgjaire perfusion and oxygenation
simultaneously and is therefore predestined foctional imaging applications. Both

techniques allow deep insights in basic local poiu mechanisms.
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1 Preface

The scientific and technological revolution of Magic Resonance Imaging (MRI) in
the last decades guaranteed a vast spread andgsuiceceany medical imaging applica-
tions. The improvements in image quality make ¢oapetitive technique compared to
CT. The most compelling advantage is the fact M&t, unlike CT or PET, works

without any ionizing radiation. In MRI experimentbgre are no limitations in repeat-

ability because of dose considerations.

Beginning in the 1980s, MRI has also been useddasure dynamic processes. There
exists a large variety in imaging techniques likéudion weighted imaging, diffusion
tensor imaging, Time of Flight angiography, funotb imaging for measuring brain
activation, and perfusion imaging using MR contragéents. In 1992, Arterial Spin
Labeling (ASL) has been invented, a perfusion imggiechnique which uses the
natural blood water spins as contrast agent and wWarking totally non-invasively.
This, again, eliminates the potential risks of atgel contrast agent and is therefore the
technique of choice looking at risk and repeatgpiliately, ASL applications has been

included in commercially available MR systems by finst manufacturers in 2008.

Several physical effects are the source of differelaxation mechanisms in MRI. The
spin-lattice interaction gives rise to T1 relaxatithe spin-spin interaction is the under-
lying mechanism of T2 relaxation. Local magnetieldi inhomogeneities lead to a
further relaxation, T2'. The technique ASL has be&esll investigated in the field of

perfusion imaging and quantification. In basic A&kperiments, T1 is the relaxation
which mostly contributes to the perfusion signahakyics, and is commonly the only
one which is included in ASL models. There stilistxnany effects which are not yet
considered or included in the common models, buthvhold high potential to investi-

gate and measure different physiological paramefes® major effects are expected
with measuring T2 and T2’ of the ASL signal. Thexa significant difference between
blood T2 and tissue T2. So, measuring T2 of the Afginal could give insight in the

origin of the perfusion signal, and thus enable ¢sémation of blood brain barrier

permeability. T2 measurements are closely reldte@xygenation in blood vessels.
Measurements combined with ASL could give deepggit in perfusion and oxygena-

tion dynamics and indicate local blood oxygenatod brain activation changes.
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The permeability of the blood brain barrier playsaege role in contrast-based MR
perfusion imaging. In several cerebral diseasesbthod brain barrier is affected and
permeability is increased. This can be measurell tnacer based perfusion techniques,
where the intra-vascular contrast agent, consigifngacro-molecules which usually do

not cross the blood brain barrier, will accumuiatéhe surrounding tissue.

Water molecules are expected to pass the blood bearier easily due to their small
size. Blood and tissue are known to have signifigadifferent T2 values. For investi-

gating the blood water exchange rate to the petdlftissue, T2 is in principal an excel-
lent marker. The effect of a restricted water peiléy of the blood brain barrier on

the classical ASL signal which measures the T1 gwa signal evolution has already
been described in recent publications. It turnettloat the effect is so small that it can
hardly be measured. Measuring T2 of the ASL sigaal thus be an excellent way to
measure the blood brain barrier water permeability.

The oxygenation of venous blood depends on tha lativation in the drained regions.
The effect of oxygenation on the T2* or T2' weigthtsignal of surrounding tissue is
well investigated and commonly used in functionaRIMexperiments. Since brain
activation also correlates with perfusion, the i@y of ASL based functional imag-

ing experiments could be shown several years ago.

Measuring T2’ of the inflowing blood water couldvgifurther insight in the transport
of the blood water molecules through the capillaeg, and the capillary oxygen extrac-
tion from the arterial to the venous side. Moregwerfunctional imaging, a T2’ based
ASL measurement would allow a simultaneous acgaoisiof perfusion and oxygena-
tion changes. In recent years, a lot of effort besn put on quantification of functional
imaging. This could potentially be achieved by élLAechnique which simultaneously

measures T2'.

So far, these different mechanisms and contrastiseoASL signal haven't been inves-
tigated yet. It is the intention of this work toeshlight on this new field of ASL beyond
the aspect of perfusion, to give an introductiomufiti-parametric ASL measuring T2

and T2’, and show the possibilities and implicasievhich result.

The thesis contains the presentation of two imageguences to measure T2 and T2": a
3D-GRASE with variable echo time, and a novel gpiadient dual echo double spiral
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3D-GRASE readout for T2' quantification. In vivo ages of the human brain are
shown for both cases, acquired at a 3 Tesla scaystem. Data has been evaluated

investigating capillary wall permeability and dynaroxygenation changes.

1.1 Content

The basic introduction in MR physics, MR sequenesigh and physiological mecha-
nisms in Chapter 2 will mound in currently ongoingnsiderations and evaluation
techniques of the classical ASL signal. An impatrgaart will be the thorough descrip-
tion of the sequence used to acquire ASL time sefher aspects will be the discus-
sion of existing two compartment models, includipgrmeability and oxygenation

considerations.

Chapter 3, which addresses the T2 measurements, with the theoretical derivation
of a two-dimensional model describing the ASL sigeaolution depending on the
inflow time and the echo time, which includes TH a2 decay as well as capillary wall
permeability. The readout sequence, a modified FDAGE sequence with variable
echo time, will be presented. Acquired data willdbewn. Permeability value maps are
derived from fitting the model to the data. A dission about reliability and possible

errors follows.

The dynamic ASL T2’ measurements are describechiap€er 4. After a short recapitu-
lation about oxygenation effects in perfused tisshe development of the readout
module is described. A spin/gradient dual echo tospiral 3D-GRASE sequence has
been developed for this task and is presentedisnvibrk. The basic contrast mecha-
nism is described and dynamical image data showa.change in T2’ over the inflow
time, which can be put in relation to oxygen eximat along the capillary bed, is

investigated and possible conclusions are discussed

After a concluding summary in Chapter 5, the Apperzbntains basic knowledge
about physiological and anatomical aspects of bpa&rfusion as well as tables with
common values for T1, T2 and T2’ at the field sgtbnof 3 Tesla.
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2  Theory

This chapter will give an overview about the phgsad magnetic resonance (MR) of
spins in an external field, the basics of magnetsonance imaging (MRI), and impor-

tant physiological aspects governing perfusion.

2.1 Magnetic Resonance

A short introduction to the Physics of nuclear netgnresonance (NMR) and magnetic
resonance imaging (MRI) will be given in this chaptAn extensive introduction to
NMR Physics can be found in [Slichter - 1978]. Fomore detailed view on MR

imaging the thorough work of [Haacke et al. - 196&h be recommended.

2.1.1 The spinin a magnetic field

MRI makes use of the characteristic properties afewproton spins. Protons are spin

1/2 particles and therefore have a magnetic moméntch can be described as
=y =yl 1)
Gyromagnetic ratio

Spin operator

Y
J Angular moment operator
I
h=6.626x102*Js  Planck constant

I, has two eigenvaluesn=+

N
N

The Hamiltonian for such a system in an externagmetic field H , taken arbitrarily

along the positive z-axisl, = H,, is then

—jiH =-y@H |, (2)
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This Hamiltonian has two eigenvalués= —inHomziéyﬁzHo, for m= i%, and

hence two possible energy levels. The energy eéiffeg between the two energy states

is
AE=y[hH, (3)

The two energy levels are called parallel and patallel spin states, corresponding to

the macroscopic magnetization in respect to therpat field H,, as will be seen in the

following. The parallel state has lower energy amtl therefore be preferred. The

population ratio of the parallel and anti-parai&te in a small volume gives rise to a
macroscopic magnetizatioM =(MX,My,MZ), which is the basis to the MR signal.
With the exclusive presence of a constant exteiakl, like in the Hamiltonian from
Equ. (2), M will be parallel to the external field. In the geal case,M will have

transversal componentd, and M, as well. M can be split up into the parallel mag-

netizationM and the transversal magnetizatih, , following the relations

(4)
My=M,+ilM,
M is a complex number, with real pad, and imaginary parM . Equivalently,

M, can be given in magnitude and phase.

Because energy states in the equilibrium are Batemdistributed, at room tempera-
ture, also anti-parallel states will be occupietie istribution of states, namely the
ratio of the number of aligned statés and anti-aligned stateN_ in the equilibrium

is given by

N
T+ = eymHO/kT (5)



22 Dynamic Arterial Spin LabegiMeasurements of Physiological Parameters

k =1.38065x10*°J/K Boltzmann constant
T Temperature
The surplus of aligned spins builds up a longitatlequilibrium magnetizatioM ,, in

a probe withN water protons per unit volume:

_ Ny@* H,

M
0 4KT

(6)
Although the surplus of aligned spins is only oae thider of10™° at room temperature,

M, is observable and can be used for MRI becauskeoalbundance of water protons

in tissue.

The spin system can be manipulated by electro-n@gigeractions of the Larmor

frequencya,, which corresponds to the energy difference betvike two states.

%:7=}/H0 (7)

For 'H of water moleculesy /2n =42.576 MHz/T At common field strengths be-

tween 1 and 4 Tesla, the Larmor frequency is inrdree of radio- and microwave

frequencies.

The actual energy levels are influenced by the oudée bindings as well. Proton spins
of different molecules have different charactetistarmor frequencies, which gives rise
to the chemical shift. At 3 Tesla, the chemicaftdtetweenH of water and fat is about
450 Hz. The dependency of the Larmor frequencyhemtolecular binding is exploited
in NMR spectroscopy where the frequency is swegiuth a certain range to identify
different compositions of molecules in a certaimlg@. In our case, only the water

molecules are considered.

2.1.2 RF pulses

The macroscopic magnetizatid has the properties of a magnetic moment. In the
presence of an arbitrary time dependent magnetid fB(t), neglecting relaxation

effects, it follows the equation
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dM (t)

@ YMO*BO (8)

Let's first consider a constant static externadfig(t) = I:|O, without loss of generality

parallel to the z axis, and a magnetizatidn with non-negative transverse component

M. The transverse and parallel vector componenisjaf (8) uncouple to

dM
dt

>(ZJ/EHOEI}‘/Iy

dM
dt

t=-yH, M, (9)

dM
dt

Z:O

This means thaM , will precess around the z axis with angular fregyew, = y[H,,

while M, will remain constant.

As mentioned beforehand, the net magnetizationbeamanipulated by radio frequent
interactions. This is can also be described usigg. E8). The magnetic fieltﬁ1 in-
duced by electro-magnetic waves with angular fraquew,. and amplitudeB,,

polarized perpendicular to the z axis, follows ¢lg@ation

B,(t) = B, ffcos@, @), sin(w: [),0) (10)

This radio-frequent or rf field is superimposedtbe static external field:IO aligned

along the z axis. Equ. (8) becomes

dM (t) _
dt

y M (t) (B, cosiee ) , B, sin(a @), H,) (11)

This equation describes the manipulation\df by switching additional rf fields. By
correct choice of frequency and magnitude of thauite, the net magnetization can be
prepared, e.g. to be anti-aligned or perpendictdathe external field. Choosing the

Larmor frequency ¢, = @) and a constant amplitud® , it can be shown that after a
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pulse lengtht , M is deviated from the equilibrium by the angte(e.g. [Haacke et al.

- 1999]):

a =y B(n)dr =y B, (12)

This is called the flipangle. For magnetizationdarsion,  =180° is chosen, corre-
sponding to a 180°-rf pulse ar-pulse. For preparation of a transverse magnetizaé
90°-pulse orn /2pulse is applied. Pulse shape and frequency deaistccs have
influence on the spatial localization of the pregghmagnetization, the efficiency of the
pulse and on the transmitted energy. There exisbws approaches and variants of rf

pulses.

In MR imaging, the net magnetization of small voksr(“voxel”) is considered. There-
fore, a transverse magnetization has to be prepardte considered voxels, e.g. by a
90° rf pulse. As the net magnetization precessesnar the z axis, it emits radio fre-
quent electro-magnetic waves. This signal can logiesd by coils located around the

probe.

2.1.3 The Bloch equations, T1 and T2

In Equ. (8), relaxation effects have been negledtedeality, if the net magnetization is
disturbed or deviated from the equilibrium, it widlke a characteristic time to recover
and realign with the external field. The magnet@atn z-direction follows the Bloch

equation:

dM, _ M, -M, |

oy M.-M
- - N xH), =2 2Lt M H, - M H, ) (13)

T1

The characteristic relaxation time constant is md depends on the magnetic field and
the probe material. It has been introduced phenotogitally in this equation. T1
relaxation is due to spin-lattice interactions.tlis process, energy is exchanged be-
tween the spin system and the chemical bindingth@fsurrounding lattice. This is a

dissipative thermodynamical process and the ensaggot be recovered.
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After preparing a transverse magnetization compbagishown in the last sectioM,,,
will precess around the z direction withy. M, is also prone to relaxation phenomena.

The characteristic decay constant is called T& #Hssociated to the spin-spin interac-
tion which leads to relative dephasing of spinse Tbnsequence is a resulting smaller
transverse component in the vector addition. In.E4y M, is given as a complex

number, where the real and imaginary parts cormespo the physical x and y axes. In

this notation, the external field transverse congnis

Hy=H,+iH, (14)
The Bloch equation foM  is then:
dv, _ . M
=-iyM_ H,-M,H,)-—= 15
dt y[q O z z I]) T2 ( )

The Bloch equations describe a classical systemagnetization. In fact, it turns out

that the classical view is equivalent to the quantnechanical view (cf. e.g. [Slichter -

1978], Ch. 2). Therefore, the net magnetizathn can be considered as the classical

observable used for MRI, with a longitudinal paft, with characteristic time constant

T1, and a transverse pavt,, which decays with T2.

In many cases, the use of the relaxation rate®re wonvenient and shall be introduced

here:

Ri=— 16
T1 (16)
1

R2=— 17
T2 (7

2.1.4 Solutions to the Bloch equations

The Bloch equations can be solved for specialrggtiTwo cases will be covered here,

since they are the basis of measuring T1 and T2.



26 Dynamic Arterial Spin LabegiMeasurements of Physiological Parameters

2.1.4.1 Inversion recovery and Tl

If the magnetization is totally inverted at the ipegng, i.e. the starting conditions at

t=0 areM,=-M, and M, =0, we speak of an Inversion Recovery (IR) experiment

IR experiments are used to measure T1. In the absaftransverse componentskh

and M , only Equ. (13) needs to be considered. The swiftr the parallel magnetiza-

tion is:
M, (t) = M, - 21&™'™) (18)

In IR experiments, the parallel magnetization canmeasured at different times after

inversion to sample the T1 relaxation. For the aigrtquisition,M, is flipped to the

transverse plane by a 90° pulse for readout. Thearhtime is called inversion time TI.
As can be seen in Fig. 1, the choice of Tl willulesn different signal contrast. Espe-
cially, signal of one certain Tl can be “nulled” blgoosing TI=T4.

Important to note here is that later in this warkinsidering, Tl will be called “inflow
time”. This is a more informative description fot if the case of ASL, but will basi-

cally describe the same mechanism as explained here
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0.5
IR parallel
magnetization
curve: o0
T1 decay

~1.09 500 1000 1500 2000 500 t/ ms

1.0

ML)/ M,
0.8

FID transverse
magnetization 0.6
curve:

T2 decay

0.2

Ll 50 100 150 200 t/ ms

Fig. 1: Theoretical signal decay in IR (upper) &tD (lower) experiments. T1=800 ms
and T2=100 ms have been chosen.

2.1.4.2 Free Induction Decay and TE

Another important case is the situation after aggpion of an ideal 90°-pulse. The

starting conditions areM, =M, and M, = 0. This corresponds to Free Induction

Decay (FID) experiments, where the transverse decagtant T2 can be measured. The

solution for the transverse magnetization is
M D(t) - MO @—I/Tz—i yHqt (19)

The complex magnetization has a magnitude partiwtigscribes a simple exponential
decay, and an oscillating phase part. For imagisgally the magnitude part is consid-
ered. Again, the decay curve can be sampled ardiff times after the preparation of

the transverse magnetization. The chosen timeaofot is called echo time TE.
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2.1.5 T2 and T2* Relaxation

The spin-spin interaction, which has been introdueéth the Bloch equation of the
transverse magnetization, Equ. (15), leads toativel dephasing of neighboring spins.

The resulting temporal dependence of the magnipadeof M  is:
Mo (@) =M )™ (20)

Another mechanism leading to additional signal giedsacaused by macroscopic field

inhomogeneities, summarized &8,. Neighboring spins in an inhomogeneous field

which experience slightly different magnetic fiedttengths sum up a relative phase
difference over time. The interference leads teeeliding signal coming from a voxel
with inhomogeneous field. The decline is also medels an exponential decay, named
T2’ (“T2 prime”). The relation with the mean lodald inhomogeneities is

T2'= L
y [AB,

(21)

Predominantly local susceptibility changes of thebe contribute to the magnetic
inhomogeneities, especially at tissue boundaryased. Other examples are contrast
agent in vessels or the BOLD effect (cf. Ch. 2.460), which originates from a differ-
ent susceptibility of venous blood compared taugsand arterial blood.

The overall observed decay is then faster, withxation rate
R2* =R2+ R2' (22)

Here, again, the relaxation ratB2=1/T aBdR2*=1/T2 * have been used.

2.1.6 The spin echo

In 1950 Hahn found out experimentally, that theestpsd MR signal rises again after
the application of a 180° pulse in the transvelsaq until it reaches a maximum and
then again follows a T2* decay [Hahn - 1950]. Thienomenon has later been called
“Hahn spin echo”. The inhomogeneous external fielthose early magnetic resonance
experiments was the cause for very short T2*. Figlebmogeneities within one voxel
lead to different resulting Larmor frequencies. sTimeans that there are faster and
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slower precessing parts of the magnetization withexsame voxel. A spin echo arises
because the dephased spins are “flipped” by 186igah transverse axis, but keep
precessing in the same direction along the z-&p@ms which have been “slower” and
lagging behind are now ahead, but still slower bhseahe local magnetic field inho-

mogeneities haven’'t changed. As the faster praogsgins “catch up” with the slower

ones, the transverse magnetization is refocusedatrnte previously dephased mag-
netization is recovered. The spin-spin interactiotsdead are irreversible, and so the

envelope of the spin echo signal shows a pure Tayd@-ig. 7).

. Spin echo
S Y e
©
; Pure T2 decay /
T
=2
'c
(0)]
©
=
©
C
2 -
]
N\ ) Time

Echo time TE

Fig. 2: Schematic plot of th® , magnitude part (green). The blue line indicate® pu
T2 decay. A refocusing pulse is applied at TE/2pia echo formed at TE.

Spin echoes are widely used in imaging sequencasrathod to prepare the signal and
conserve it long enough for the readout, and toimmze dephasing effects due to

susceptibility inhomogeneities.
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2.2 MR imaging and readout techniques

The books [Haacke et al. - 1999] and [Bernsteial.et 2004] give an excellent view on
aspects of MRI imaging and sequence design. Aftenmoduction to the basic concept
of k-space and standard sequences, the advancegthgreequences which are impor-

tant for this work shall be introduced now.

2.2.1 Spatial encoding

After a transverse magnetization has been prepahedprecession oM leads to

emission of electromagnetic waves of frequemngy This signal can be acquired and
used for MRI. Obviously, magnetization from theientprobe adds to the acquired
signal. This signal does not contain any spatifdrmation yet. To extract the spatial
information and reconstruct an image, differenttigh@&ncoding configurations have to
be acquired one after another. The encoding is tgrepplying time dependent mag-
netic field gradientsG,, G,, G, in all three spatial dimensions. It is usually dan

three steps: slice encoding, phase encoding agddney encoding, corresponding to

the z, y and x axes in image space. The resuliteymal field is then

X[G, (t) x[G, (t)
Ht)=H,+| yG, (1) |=| yB, (1) (23)
z[G,(t) ) \H,+2z[G,(1)

2.2.1.1 Slice encoding

A maximum M, can be prepared globally by applying an rf puldectv is trimmed
such that the equilibrium magnetization is flippeg 90°. This 90° rf-pulse has fre-
quencyw,. If a slice encoding gradiei@, is switched on along the z axis, the resulting
magnetic field along zH, +z[G,, is altered forz# 0 The rf-pulse becomes off-
resonant and will prepare less transverse magtietizéor z# 0. In reality, finite
pulses will excite a frequency range, which carncbaracterized by the bandwidth of

the rf-pulse,Aw,. = y[G, [Az. Approximately, a frequency range, + Aw,.  Aill

be excited. In this way, a slice of widtkz can selectively be excited in the probe.
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2.2.1.2 Phase encoding

After slice encoding, the emitted MR signal comesf the two dimensional slice.

Before the signal acquisition starts, another emgpdradientG, (t )is switched on for

a short timet ,, in y-direction. The transverse magnetization enth

tph
iqmj yG, (r)dr

M (X,t,,) :|MD()Q("[0)|Ee ’ (24)

The gradient induced field/[G, depends linearly ory. Therefore, a phase shift in

M, will accumulate for coordinates witly # .0The magnitude remains unaltered.
The phase shift, depending on the spatial locatigndirection, is:

tph

b, () = y O] y, (1)dr (25)
0

2.2.1.3 Frequency encoding

The last step is the switching of the frequency dim@pgradientG, , also called readout
gradient. This is done simultaneously to the sigicgjuisition. This results in an addi-
tional phase accumulation along x-direction, disegroportional to the readout time

t,. Itis equivalent to Equ. (25):

tro

6,,(x) = y 0 xG, (0)dr (26)
0

The total signal acquired from the slicetgt depending on the previous preparation of

G, andt,, is

tro tph
i XG, (r)dr imjy[@y(r)dr

S(t,G,) = [IMo(xt)| e * @ ° dxdy (27)
X,y

The signal data acquired during one frequency engostiep with fixed phase encoding
is usually called a Fourier line. After the acqtiisi of several Fourier lines with differ-

ent phase encoding, Fourier transformation of thisgral will yield the transverse
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magnetization depending on the spatial signal wrigs will be seen in the following

subsection.

The three gradients introduced above are shown sfwaity in Fig. 3, where the

acquisition of one Fourier line is demonstrated.

f pulse A

G, /\

Gy /\

G, / \

v/

readout | |
t 1t 1 t t
A B C D E

Fig. 3: Encoding scheme with: Slice encodi@g simultaneously to the rf preparation
pulse, phase encodirg, , frequency encoding, simultaneously to the readout.

Letters refer to Fig. 5.

2.2.1.4 3D-Encoding

Important to mention here is the mode of operatibBD sequences. Instead of prepar-
ing the magnetization in one slice (in the rangendimeters), a larger imaging slab is
prepared. To retrieve spatial information in z-di@t, phase-encoding is applied
before readout in z-direction as well. The signalagmpn will then have three exponen-

tial terms and the Fourier transform will range othgee dimensions:

t t t
iI]rE.ﬁ XG, (r)dr @imtg Y, (1)dr im[ﬁ 26, (r)dr

S(t.G,.G,,G,) = [[My(xt)|e * @ ° dxdydz  (28)

X,Y,Z
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Here, in contrast to Equ. (27), the temporal vaaabhas been used in all three expo-

nents. This is a more general formalism. It useddhbethat for times wher&(t) = ,0
i.e. aftert,, or t, inthe former notifications, there is no contribuatto the integral in

the exponent.

For clarity, the reconstructed image slices arallggalled partitions, and the encoding
in z-direction is called “partition encoding”. 3M&oding generally has the advantage
of higher signal to noise ratio (SNR) because efltmger readout time where signal is

acquired. Neglecting relaxation and saturationat$fewith N, encoded partitions, the

theoretical gain in SNR ig'N, .

2.2.2 Image reconstruction and k-space formalism

Image acquisition comprises signal preparationerapbral sequence of switching
encoding gradients and the signal readout over. fithe signal follows Equ. (28) and is
stored before reconstruction. After all FouriereBnare acquired with different phase
and partition encoding, the reconstruction of fimesan be done.

It can be shown that the temporal integral of tredgnt field used for encoding corre-

sponds to the wave number k yielding

t
k, =y G (ndr
0

t
k, =y G (ndr
° (29)

t
K, =y G,(n)ar
0

Equ. (27) becomes

S(k,. k, . k,) = j IM (%, to)| ™ (8™ [@™“dxdydz (30)
X,y,Z
This measured signal can be easily interpreted Fesuder transform of the transverse
magnetization, being its representation in k-spdbés is where the concept of k-space
comes into play. The signal can therefore be refvame&d to obtain the representation

in image space:
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S(x,y,2) =277 j Sk K, k,) & & & 2dk dk, dk, (31)
ke Ky ok,
This is the decoded image, i.e. the complex sigepkdding on its spatial origin in the
probe. In the special case &f =0, this equation is reduced to two dimensions and

represents an image slice. An example in two dimesss shown in Fig. 4.

It is straightforward to use a vector formalisnelgling
S(X) = 2;7[ S(K) & *dk (32)
k
In reality, a discrete Fourier transform (DFT) ispdayed:
S(x) = 277; S(K) & \AR\ (33)

This discrete sampling leads to a finite possiblagenvolume. The maximum image
volume which can be encoded depends on the spatsampled points in k-space. The
“field of view” in one direction is
Fov =1 (34)
JAV

The k-space formalism is a successful concept foriM&ing. It easily demonstrates
that, to acquire one volume in image space, oned@ncode a corresponding “vol-
ume” in k-space. In principle, the way in which thepace is sampled in temporal and
“k-spatial” order is arbitrary. There exist manyfdrent approaches. The most impor-

tant ones for this thesis are discussed in ch&pi2).
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=

Fourier
Transform

k X

X

Fig. 4: Two-dimensional k-space acquisition; theregponding fourier transform is a
T2-weighted brain image

The center of k-space with frequen&y=0 corresponds to the lowest frequency and
represents the total sum of magnetization. At srinafjuencies, the major part of the

image signal is situated. Higher k-space coordsate. higher frequency components,
correspond to the finer image details. The imageluésn d in one direction is there-

fore governed by the highest k-space frequencywisiacquiredk_ .. :

max *

d=— -~ (35)
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Fig. 5: Concept of spatial encoding in two dimensim k-space, and acquisition of one
Fourier line (red): Beginning in the k-space certethe phase encoding gradient
prepares the coordinatg (B). Before the readout, a gradient in the negaltiydirec-

tion prepares C in k-space. The readout gradienggsvihe system to E. Simultane-
ously, signal is acquired at discrete time poirgsl @rrow). The k-space center is
reached again during readout at D, where a gradim can be observed. For the
encoding gradients, cf. Fig. 4.

2.2.3 Gradient echo and spin echo sequences

Magnetic field gradients used for image acquisitadso lead to dephasing and thus,

smaller signal. This is the reason that the highigstal intensity is acquired &=0, in
the k-space center. To get the maximum signal,titésefore desirable to acquire the k-

space center on the maximum of the spin echo.

Independently of the signal evolution due to susbgjy effects, the magnetization
can be dephased by applying gradients. After apglyihe inverse gradient, the mag-
netization is rephased again, i.e. the k-spaceec@&nteached again, and a gradient echo
is formed. This is usually done in a gradient echkquence when a Fourier line is
acquired (cf. Fig. 5). The magnetization is dephasex direction before the readout,

which therefore starts at the edge of k-space. €adaut gradient rephases the mag-
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netization during the acquisition. At the middletbé line, the rephased magnetization
forms a gradient echo (Fig. 6, (b)) , before idephased again towards the opposing

edge of k-space.

In a spin echo sequence, a 180° refocusing pulappked before readout. The Fourier
line is encoded when the spin echo occurs. A schiemiawing is shown in Fig. 6. (a)
corresponds to the spin echo sequence, where &slpinis formed after TE. (b) shows
a gradient echo sequence and the formation ofdiegraecho at TE.

(@) 90° 180° o

w—y i A

Spin echo Gradient echo

il k)

M./M,

Theoretical signal

Fig. 6: Schematic drawing of a spin echo (a) agdadient echo sequence (b), taken
from [Bernstein et al. - 2004]. Below, theoretisanal evolution (without gradients
applied) is shown (green curve).

An advancement of the spin echo sequence is theoT8din Echo (TSE) readout.
Instead of one spin echo, a whole spin echo teprepared by applying several refo-
cusing pulses. On each spin echo, another Foumerchn be encoded. The theoretical
transverse signal development is depicted in Fig. 7
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Fig. 7: Schematic signal magnitude during a sphodcain. T2=220ms, T2'=30ms;
with refocusing pulses at 25, 75, 125 and 175nesfitkt spin echo occurs at TE=50ms.

2.2.4 EPI - Echo Planar Imaging

Echo Planar Imaging (EPI) is a 2d fast imaging temiaiwhich has already been
developed in 1977 by Sir Peter Mansfield [Mansfidthudsley - 1977]. The idea is to
acquire one whole slice of k-space after magnetizgireparation. The sequence starts

off in a corner of the k-space slice. After the @sgion of the first line along,, the

next Fourier line is prepared by a “blip”, a smgidadient in phase encoding direction.
From there, the next line is acquired in reversedtion. This is repeated times until

the whole slice is acquired. This technique alloles @acquisition of a slice in less than
100 ms. A pulse diagram is shown in Fig. 8, theresponding k-space encoding

scheme in Fig. 9.



2 Theory

39

RF

90°
Gglice ‘l_\_/_\-/\-/-\/—‘
Gphase
s \[

Greadom—\./—\_/—\_/_\_/_\_/—\_/

........... Fi

A A A A A A K A A

Fig. 8: EPI pulse diagram. The phase encoding censistmall “blips” which move to
the next k-space line. During each line acquisjteogradient is observed. Image taken

from [Bernstein et al. - 2004].
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Fig. 9: EPI k-space encoding scheme. After an imtieparation (black arrow), line
acquisitions are done (red dashed arrows). In Baelat k, = O, the spins are rephased

in respect tok,, and a gradient echo is formed.
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2.2.5 3D-GRASE: Gradient and Spin echo

The acronym GRASE stands for Gradient and Spin Ecldovas first proposed by
Oshio and Feinberg in 1991 [Oshio, Feinberg - 1990} GRASE is a variant which
was presented later and is a very fast 3D imagiegrtique in single shot [Gunther et

al. - 2005]. After the magnetization preparatiorspan echo train is prepared by apply-

ing a train of refocusing pulses. The basic ide@DfGRASE is to acquire one EPI

readout on each spin echo, while always prepanogher k-space partition in z direc-

tion. The center of k-space in x-y-direction of egetition is sampled on the occur-

rence of a spin echo, thus acquiring maximal signa-space-frequencies containing

the maximum contrast (Fig. 10).

Refocussing pulse

Preparation pulse Spin-Echo Position

Refocussing pulse

Refocussing pulse

Spin-Echo Position

[ | .

: Partition 1

\
\ 1
/

Partition 2

T2 decay

|
I
l ...Partition 3... etc

Fig. 10: Signal evolution and 3D-GRASE readout.

Between each two refocusing pulses, another martis encoded. With a centric reor-

dering scheme, the first acquired partition is ¢eatral k-space partition. Afterwards,

the next upper and lower partitions are encodedjtarnating order. A k-space slab is

shown schematically in Fig. 11. The center of k-spactherefore acquired on the first

spin echo, afE.
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Partition 5
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Fig. 11: Schematic k-space slab with 3D-GRASE cemncoding. The partitions in z-
direction are acquired alternating, beginning & kkspace center. For the temporal
order, cf. Fig. 34.

2.2.6 SEPI: Spiral Echo Planar Imaging

The EPI and 3D-GRASE readout schemes have the ageatitat acquired data points
in k-space lie on a Cartesian grid. This allowsnapée image reconstruction by Fourier
transformation. A disadvantage of the EPI concept distortions along the phase
encoding direction due to phase accumulation. Aflgotissue with very short T2*, a
technique would be preferred which can realizetsh@cho times.

A technique which tackles these topics is the spgadout. The idea is to sample the k-
space in thek, -k -plane along a spiral trajectory. Starting in thsplace center, sinu-
soidal k, and k, gradients are switched, simultaneously to theadignquisition. This

way, signal is sampled along a spiral trajectorykispace. This technique was first
published by Ahn et al. [Ahn et al. - 1986] and eaSEPI (“spiral scan echo planar

imaging”).

For uniform spiral k-space coverage it is desifet the spiral trajectory has equidistant
step size in radial direction. This is true for arcWimedean spiral where the radial and

the angular components are proportional:

k(t) = ADB(t) &7V (36)
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The k-space coordinates from Equ. (29) can be catvéntyield the gradient shapes:
G =19k 37)
y dt

Following the notation of magnetic field and magregion, the transverse gradients

used to encode the transvekse k -plane can be expressed as complex number:
Gy(t) =G, (1) +i [G, (1) (38)
Combination of the above equations yields

Gy(t) = i; (e + oy mawe )= ?(1+ i6(t)) B(t)e”" (39)

The geometric coverage of k-space doesn’t depenth@nime parameterization. For
the simple case witl#(t) =t, gradient shapes and k-space coverage are shdwen sc

matically in Fig. 12.

Fig. 12: Gradient shapes and k-space coverageawnithrchimedean spiral;

Starting the trajectory in the k-space center (V&hG, = 0) like in the example above

allows a substantial reduction of TE (i.e. the k-gpaenter is sampled at t=0). Still,
signal decays with larger k-space values. In ptgdseie with large susceptibility inho-
mogeneities and fast T2* decay, this leads to bigrartifacts. A possibility to reduce
imaging time during one acquisition is the use efjmented spirals or “interleaved

multishot spirals”. In this approach, the samplofgk-space is done in several repeti-
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tions or “segments”. Withn segments, acquisition of one segment is reduced by
compared to a single shot spiral readout. The segrae rotated in respect to each
other to sample the k-space homogeneously. A viaiain of the k-space coverage
with four segments is shown in Fig. 13. The datthefsegments have to be recombined

before reconstruction.

(a

1st interleave

= = — 2nd interleave
————— 3rd interleave
----------------- 4th interleave

Fig. 13: Principle of segmented spiral readout; R4space is acquired in several
measurements. The data is combined before the fdtaiesform. From [Bernstein et
al. - 2004]

The acquired raw data from spiral scans has to $mmgled to a Cartesian coordinate
system before the Fourier transform. A common neikaegridding, where a weight-

ing function is used to calculate the signal fdixad Cartesian grid. This is computa-
tionally expensive but it is feasible on modernnse systems.

The system response on a point-like signal sourcel(a function) is called the “point
spread function”. After k-space encoding and Fauttansform, the delta function
smears out, which means that part of the signakible in other voxels surrounding the
signal source. This is due to a finite T2*, whichdedo an additional phase shift and
so, to a spatial shift in image space. The effepedds on the encoding mechanism and
acquisition time. For typical parameters, a simafahas been done in [Amann - 2000].
The resulting surface plots show the signal resyltimagnitudes depending on the
image coordinates, in Fig. 14. The main imaging patars are the same (matrix size,
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acquisition time). While on the left, the spirahd®ut only leads to blurring around the
point-like source, the Cartesian EPI readout orriditg shows distortions in the of the
read and phase directions.

Fig. 14: Surface plots of calculated pointspreadifuns of a single shot spiral sequence
(left) and a single shot EPI (right). Matrix size26 x 256, acquisition time 3 x T2%*;
from [Amann - 2000].

Applying spiral gradients allows the encoding irotdimensions. To extend the spiral
readout to three dimensions, the easiest wayrnsaize a “stack of spirals”. Like in the

extension of EPI to 3D-GRASE, where EPI readouts tacked ink, -direction, a stack
of spirals contains several spirals encodingjnand k, direction, while each spiral is

prepared with differenk, gradients.
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2.3 Arterial Spin Labeling

Arterial Spin Labeling (ASL) is a non-invasive inmiag technique capable of measuring
perfusion. This is a great advantage over contrgehtabased methods. The basic
principle of ASL is to employ the blood water ifsat contrast agent to measure perfu-
sion. The longitudinal magnetization of the bloodevas prepared proximally of the
perfused regions, i.e. usually it is inverted b¥89° pulse. Subsequently, the prepared
blood flows to the readout region and the deliveretnetization can be acquired after
an inflow time TI by common readout modules. (Teguivalent to the inversion time
in the last chapters, but has the additional mgaoininflow in ASL.) ASL usually
involves the acquisition of a label image (with gaeation of inflowing blood water
spins) and a control image (without preparatiohg, difference of which is the perfu-

sion weighted output image.

2.3.1 Two basic techniques: Continuous and Pulsed A rterial Spin
Labeling

The concept of Arterial Spin Labeling was first ppepd by [Williams et al. - 1992]. In
this original approach, blood water is labeled lsyng a flow-driven adiabatic inver-
sion. This labeling technique will flip the magnetipn of water molecules with a
certain velocity, while stationary tissue is sateda (For a detailed description, cf.
[Bernstein et al. - 2004].) The rf pulse lengthyigitally greater than one second. The
labeling efficiency is reduced by geometrical infpetions of the rf pulse and pulsatile
velocity differences of the blood flow and rangesn 80-95%. Since there is always
“fresh” labeled blood delivered, the readout regialh tend to reach a steady state. This
technique is known as Continuous ASL (CASL).

An alternative is Pulsed ASL (PASL), where the netgmation is prepared in a large
region by applying a short inversion pulse [Edelnearal. - 1994]. The labeling effi-
ciency is generally higher then in CASL. Howevehile the blood is flowing into the
readout region, the prepared magnetization decays™. This leads to smaller signal

when longer inflow times are chosen.
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PASL
180° pulse ADC
t=0 =TI
(,Inflow time")
CASL
Labelling Readout

Fig. 15: Sketch of the two basic ASL techniqueASL, a larger region is labeled for
a short time; the readout module can in both chseshosen arbitrarily 2- or 3-
dimensional
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Fig. 16: Theoretical ASL signal from one voxel degieg on the inflow time TI;
labeled blood arrives in the voxel at TI=BAT (bohusival time); at later TI, the PASL
curve shows T1 decay while CASL reaches a steatly. sta
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2.3.2 Blood flow and perfusion: the General Kinetic Model

Blood flow is measured in units of ml/min and dessothe amount of blood per time
flowing through a vessel. Perfusion is the amoditti@od delivered to a certain amount

of tissue, commonly measured in ml/100g/min.

The delivery of blood in Arterial Spin Labeling expeents can be described by the
General Kinetic Model [Buxton et al. - 1998]. A gbreview is given by [Petersen et al.
- 2006]. It includes the delivery functioa(t , jhe residue functiorr(t ,)which de-
scribes the washout of labeled blood from the vioaet a termm(t ) which describes
the decay of magnetization. The observed signal woxel is the convolution of the

delivery function with the tissue respongg) (m(t : )

t
S(t) =2M,, [CBF q o(7) B (t—7) On(t - 1)d7 (40)
0
CBF : Cerebral blood perfusion
M.o: Equilibrium longitudinal blood magnetization

The integral can be solved analytically if simplewmptions are made. In the most
common approach for pulsed Arterial Spin Labelitng, delivery function starts when
the blood bolus arrives in the voxel, BAT (“bolus arrival time”), and ends after the

bolus lengthBL, at BAT + BL =7,. BAT highly depends on the brain region. Outflow

is modeled as an exponential decay assuming arcertzbability of the water molecule

of leaving the voxel at timé. m(t) simply represents the longitudinal relaxationha t

voxel. The describing functions are modeled as:
c(t) = J(t - BAT) [B(r, —t) [&r &™™™
r(t) - e—CBF[ﬂ/A (41)

m(t) = e %=

where a is the inversion ratio (the proportion of spinguadly flipped by the 180°
pulse), CBF the perfusion (usually measured in ml/100g/mih)the tissue partition

constant (the amount of tissue per volume, for gnagter approx. 0.9, cf. e.g. [Tofts -
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2003]), andRy,,, Rl relaxation constants in arterial blood and extiseular space

(i.e. tissue), respectively.

Solving Equ. (40) yields

0 t <BAT
S(t) ={— 2tatM,, [CBF e’Rlb'm(l— e’m’ra)) for {BAT<t<r, (42)
R
t=2r
-2laM a0 [CBF e_le By (1_ e-dREOt-ra) ) @_Rlappmt_rd) d
R
CBF N .
Rl = Rl +—— Apparent longitudinal relaxation
R=RL, -RL,, Relaxation difference

The theoretical inflow curve far<r, is shown in Fig. 16.

This is, however, only a basic model describingotilaelivery to a voxel by uniform

flow from one source. It describes the inflow oé thiood through the vasculature, but
assumes an immediate transfer of the water moleduben blood to tissue space, as
soon as a water molecule arrives in the voxel (“éxghange”). The choice of function

m(t) in Equ. (41) does not include multi-compartmentransfer effects. The solution

can therefore be considered a single compartmedemblowever, such effects can be

included inm(t ) before solving the convolution.

2.3.3 Magnetization Transfer. STAR and FAIR

Magnetization transfer (MT) is an effect which,ASL, can lead to magnetization of

stationary brain tissue in the readout slab. Waitetons bound to macromolecules have
a much broader frequency range (cf. Fig. 17) tihae ¥ater protons. A labeling pulse,

which is off-resonant in respect to the readoub,stan therefore still affect magnetiza-
tion of the bound water molecules there. The twolpoan exchange magnetization, via
water diffusion or spin-spin interaction. Thereltlye magnetization of the free water
protons is modified, and the free water proton ne#igation will contribute to the

readout signal.
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The MT effect is used in MT-imaging, where it ied40 estimate the bound water pool
size, which hints to the presence of macromoleculéss can point to pathological

changes in tissue composition.

amd protons

SIIITIIIIEe

-10 8 -6 -4 -2 0 2 4 6 8 10
Offset frequency (kHz)

Fig. 17: Symbolic representation of the free (dibtiee) and bound (solid line) water
proton pools in brain tissue. An off-resonant rfiseucan excite bound water molecules,
which can exchange their magnetization with the fater pool. Image taken from

[Tofts - 2003].

In ASL, the MT effect is an important detail to bensidered. The RF inversion pulse,
which is off-resonant to the readout region, isyar¢eded for the label acquisition. MT
effects, which occur during labeling, but not dgrithe control image, contribute
dramatically to the perfusion weighted differenogage. Therefore, methods to com-

pensate MT effects had to be developed.

In the first PASL publication presented above,ittea was to apply the inversion pulse
also in the control acquisition, but distal to thadout region. It is assumed that the MT
effects are symmetric and therefore cancel outendifference image. This is of course
only practical for thin imaging slices, not for d¢@r readout slabs. The technique is
known as STAR (signal targeting with alternatindioafrequency, after [Edelman et al.

- 1994)).
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Control image Label image Perfusion weighted image

Fig. 18: The FAIR labeling scheme

One of the subsequently proposed MT compensatamigues is FAIR (flow alternat-

ing inversion recovery, [Kwong et al. - 1995] andrh - 1995]) Here, in the labeling

case, a global inversion pulse is employed, thoslilag inside and outside the readout
region. For the control image, a slice selectiwersion pulse is used, inverting only the
magnetization in the readout slab. In the diffeeeimoage, this cancels out and the
prepared magnetization of inflowing spins remalAIR is a technique which can also
be used for larger readout slabs and 3D imagingelLand control are also known as

non-selective and slice selective acquisitionsAiR:

2.3.4 Background suppression

At two time points between inversion and readoddlittonal global inversion pulses are
applied as background suppression pulses. Thegiofithe pulses is optimized to null

the tissue signal with a certain T1 at the timeeaidout TI. A schematic curve 4 is

shown in Fig. 19.
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Fig. 19: Schematic magnetization curves with anthovit background suppression;
blood signal starts at -1 after inversion and decays with,kd~1500 ms. Tissue
signal starts at \#0 after post-labeling saturation and relaxes Witfys,=800 ms.

If one inversion pulse is employed it can be optixi to null exactly one characteristic
T1. With two pulses, two different T1 tissue typms be nulled simultaneously, with

correct choice of the timing, etc. However, thex@o analytical solution for the inver-

sion times of arbitrary T1 and TI. The flip anglefsthe inversion pulses need not be
exactly 180°, but can also be optimized for maxisighal suppression [Ogg et al. -
1994].

2.3.5 Effect of varying BAT and Q2TIPS

One crucial point in planning an ASL experimentthe choice of TI. In the above
considerations, acquisitions are done at exactly fored Tl. The resulting difference
from the labeled and unlabeled images is perfusweighted. However, the signal
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curves depend on TI (cf. Fig. 16), and also on attaristic properties varying from
voxel to voxel. EspeciallyBAT varies in a large range between brain regions,-com
monly with differences of up to one second. Thadeto underestimation of perfusion
in areas with largeBAT . On the other hand, choosing a lofig where all voxels are
assumed to be filled with blood, will lead to sw@gtally lower SNR. Thus, the perfu-
sion weighted image is not directly proportionathe real perfusion map. For quantifi-
cation, errors have to be taken into account amckcted. The effect is depicted in Fig.
20, where the schematic signal curves of threemdifit voxels is shown. The blue and
red curves show voxels with same perfusion valuegdifferent BAT . The green curve

shows a voxel with half the perfusion. At a chosdtow time of TI =2000ms, the

green signal curve is higher than the red one,itdesp the significantly lower perfu-

sion.
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Fig. 20: Characteristic inflow curves of three visxavith different arrival times and
perfusion values.

Wong et al proposed to apply saturation pulsese@#@2TIPS or QUIPSS Il -Quan-
titative imaging ofperfusion using aingle subtraction, second version®) after a certain

time BL (“bolus length”) to truncate the blood bolus. Tkiscumvents fresh labeled
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blood from flowing into the imaging slab for timesBL. Is BL chosen such that
TI —BL > BAT for all voxels, all voxels are subject to the saemaporal length of the
inflow bolus and the effects of varying BAT canoel.

The idea of the application of Q2TIPS in the ab&&. scheme is slightly different. In
PASL, the bolus of inverted blood is in principligrarily long, spatially and tempo-
rally. In practice, however, because of imperféicesprofiles and coil geometry, blood
far away from the readout center will not be pedtfemverted. The truncation of the

bolus at a certain timBL is therefore a mean to prepare a known bolus shape

Besides quantification, there is another positiffect of applying the Q2TIPS pulses
directly before readout. Any signal from outside tkadout slab which could disturb in
the image acquisition is saturated. This is esfigcmaportant because the labeling

pulses are applied outside the readout region anddiead to image artifacts.

2.3.6 An optimized pulsed ASL labeling and readout scheme
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Slice selective
Inversion pulse

Non-selective fz
Inversion pulse
A

B
Fig. 21: Schematic pulse diagram of the optimizA&RFAIR scheme
A: The inversion pulse is slice selective in calthe control image and non-selective
for the labeling image.
B: After inversion, the readout region is saturafBus prepares a homogenous uniform

C D E
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magnetization in the readout region and also stsi@ny possible MT-effects there.
C: Stationary tissue is suppressed by two backgrsuppression 180° pulses which are
optimized to null tissue signal att = TI.
D: At t=BL (bolus length), the blood bolus is trated by application of Q2TIPS
saturation pulses. Also, signal from outside tleloait slab is suppressed.
E: Att =TI, a 3D-GRASE single shot readout modadguires an image with whole-
brain coverage.

In 2005, Gunther et al. presented an optimized A&lparation scheme in conjunction
with a 3D-GRASE readout module [Glinther et al. ©2)0 As mentioned above, care
has to be taken to reduceor MT effects. Anotherchiasue in ASL is signal strength.
The blood signal compared to tissue signal makés afew percent. Both drawbacks
are addressed in the presented approach.

Fig. 21 shows a schematic pulse diagram of the A&juence. This scheme is run
twice, for the label- and control image. In botlseaa 180° inversion pulse is applied to
prepare the ASL signal. Like in the FAIR schemegme case the pulse is slice selective
so none of the inflowing blood spins is labeledtevards, post-labeling saturation
pulses are applied. In the slice selective casgraVviously prepared magnetization is
saturated, while in the non-selective case onlymatgation outside the imaging slab

remains. The saturation also suppresses any M¢tefie the readout region.

2.3.7 ASL time series

As mentioned above, varyin@AT is a source of error in perfusion quantification.
While there are ways to correct for these errora gertainBAT range (like Q2TIPS),

it is not sufficient in many cases. Especially beoevascular diseases can lead to an
uncommonly largeBAT in affected areas. In these cases, it is desitaljet a detailed
view on the dynamics of blood inflow. A solution teat is to acquire the perfusion
weighted ASL images repeatedly with varying inflomes, thus sampling a time series
of the signal evolution.
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Fig. 22 ASL time series dataset; Inflow time stegggge fromTl =100 ms toTl =2000
ms, with a step size of 100 ms. In the first imagesels with larger vessels appear
bright. As blood is delivered to the tissue via thgillaries, on the later time steps the
signal is more uniformly distributed in the tissue.
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Fig. 23: Typical data points from one voxel. ThexBun model from Equ. (40) can be
fitted to the voxel data along the inflow time axis

Typical images and data are shown in Fig. 22 agd Z8. The model fit yields perfu-

sion values which also depend on the fitted boitiga times.
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2.4 Advanced physiological perfusion aspects

The current thesis will address new aspects of 8i§hal contrasts and readouts, which
might reveal insight in physiological processegvittus work in this direction has been
done in other groups, which will be summarized h&specially, there has been work
on more-compartment models which include permdgtaspects, but only looking at

T1.

2.4.1 ASL two-compartment models

In the fast exchange model from Equ. (42), the raggion has been made that blood
water, due to its small size, can pass the bloathlyarrier unhindered and is distrib-
uted by pure diffusion. The characteristic diffusitime of water molecules on a capil-
lary diameter length scale can be estimated to taBett ms [Yablonskiy, Haacke -
1994]. The typical time scale of ASL experimentdvi® orders higher and thus, fast
exchange would be a good approximation. Howeveragsumption of infinite perme-
ability of the blood brain barrier to water is meglistic, and indeed there exists evi-
dence of restricted water exchange. Permeabilitgoimmonly measured in PET as
permeability surface area produes, which is simply the permeability times the entire
surface of the membrane in the volume of intelesRET experiments, finite extraction
fractions suggests BS of about 150 ml/100g/min for grey and white mafiaichle et
al. - 1983].

The assumption of a restricted water exchange haddct that there are significant
differences in T1 between blood and tissue givesine incorporate the two different
compartments in the model. A two compartment théoryASL experiments has been
developed in [St Lawrence et al. - 2000]. Otherrapphes can be found e.g. in [Parkes
- 2005] and [Li et al. - 2005].

Lawrence et al. assumed a restricted water exchahigh depends on the permeability
area surface produd®S and the concentration of labeled blood water spiihe con-

centrations are assumed uniform throughout eaclpadment.
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Fig. 24: Sketch from[St Lawrence et al. - 2000].

The continuity equations governing the labeled watncentrations in capillary and
extra-vascular space are coupled differential egustof grade one. They uncouple if
backflow from extra-vascular to capillary spacenisglected. This is a reasonable
approximation because the capillary sp¥gcenakes only about 2% of the voxel and the
extra-vascular concentration of labeled water alilays be close to zero. In the well

mixed voxel, the overall uniform concentration viaé maximally 2%.

The differential equations are

0C, (x,t) __F 0C,(xt) _ PS
ot A 0X AL

Cy (%,1) = RL, Cy (X,1)

(43)
0C,(xt) _ PS
ot A, L

Cy (x1) = R, C,, (X,1)

O

CRAAS IO

Labeled water concentration in blood
Labeled water concentration in extravascular space

Blood flow of labeled spins
Capillary cross sectional area

Cross sectional area of the surrounding tissugutasd tubular)
R1 of blood

R1 of tissue

Length of the capillary segment

A solution to these equations for real problem# istmaightforward to give because of
temporal dependence of the fresh inflBwwhich corresponds to the delivery function

c(t) in the Buxton model (41). However, the impulsades functions can be given for
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the blood and extra-vascular compartments, nag(ed=r(t) + m(t in cpomparison to

Equ. (41), for times smaller than the capillaryngiatime:

_Ps

>t
Gy () =€ ¥ +e™" (44)

gell_g Ve —g

) 1 PS .
=0 PGB = } )
PS

Here,V, = LA, is the partial capillary volume in the volume ofdrest.

However, the effect on the perfusion signal is $nial[Li et al. - 2005], a model has
been derived including capillary transit and thensgguences for ASL have been
discussed. It turns out that in classical ASL pgdo weighted experiments, the perme-
ability is extremely difficult to measure becausvidtions from a single compartment
model occur only at long inflow times, where theRSI8 very poor (cf. Fig. 25; Fig. 26

shows typical data).
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Fig. 25 Figure from [Li et al. - 2005]; In the slagcapillary four-phase model derived
in this publication, arterial, capillary and tisqueases are considered. The exchange
between capillary and tissue is governedR$y (b). The effect ofPS on the classic

ASL signal is shown in (a).
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Fig. 26: Direct comparison between two models \iast exchange (“FPOCK?”, four-
phase one-compartment Kety) and restricted perdigathFPSCS”, four-phase single-
capillary stepwise model) with typical data poirdspicting the difficulty to measure

PS based on the T1 weighted signal. From [Li et 2005].

Another interesting approach to estimate the pebiigahas been done by [Wang et al.
- 2007]. He combined ASL with diffusion weighted daging. In ASL experiments,
diffusion gradients have been switched to assessafiparent diffusion coefficients
(ADC). The ADC is different in blood plasma, whewater can diffuse almost freely,
and in tissue where diffusion is hindered by egl membranes. With increasing
inflow time, Wang could show that an increasing pdithe signal would originate from

tissue space.

2.4.2 BOLD: the effect of deoxygenated venous blood on R2’

Brain activation leads to higher oxygen consumptima to an increase in perfusion.
The local change in metabolism is measured in fanat MRI (fMRI) experiments,
where the activation of certain brain areas bywasyal or sensorial stimulation can be
observed. Usually, fMRI experiments make use of B@LD (Blood Oxygenation
Level Dependent) effect. The BOLD effect is basedtie fact that deoxygenated
hemoglobin in the erythrocytes is slightly parametgn in contrast to oxygenated
hemoglobin which is isomagetic like the surrounditigsue. Deoxygenated blood
therefore leads to local field protuberances arotlvedvessels which can be observed
with T2* weighted sequences. With higher oxygematima voxel, the dephasing of the
measured magnetization decreases, and a higheal sign be observed. The signal

changes therefore originate from the charactesistiche venous vessels.
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2.4.2.1 BOLD effect in functional activation

Fig. 27 shows a schematic BOLD response curvevoxal to a stimulus. Generally,
time series of T2* weighted images are acquireccivisiample several response curves
(“activation blocks”) alternating with baseline agsjtions. Characteristic properties of
the response curve are: an initial dip, the pasiBOLD response with an overshoot at
the beginning, and a post-stimulus undershoot. ifittial dip can be explained by an
initial rise in demand of oxygen, leading to a l@gdeoxygenation and thus, signal loss.
Subsequently, the perfusion is increased to congperfer the increased oxygen de-
mand. The increase in blood flow leads to a lowsdraetion fraction. This can be
explained by faster flow and reduced time the blsiays in the in the capillary bed. So,
although absolutely, more oxygen is consumed irtifseie, the venous blood contains
less deoxygenated hemoglobin and the T2* weightgaak increases. The overshoot
and the post-stimulus undershoot can be explailyeslybtem response characteristics
[Buxton et al. - 2004].

(a) Positive 1,_? (b) Positive ,10_51
BOLD response BOLD response
——= —
o | 'nitial M\ post.stimulus e (elaitia) R Post-stimulus
3 dip undershoot o) dip undershoot
@ ; — @ Overshoot \
</ B> : ~
S Time 3 Time
Stimulus Stimulus
L LL
m m (—‘—ﬂ
7 I /\ y ]
e Time el e Time
Stimulus Stimulus

Fig. 27: Schematic BOLD and CBF response curvesmevoxel showing brain activa-
tion in response to an external stimulus. Imagerigkom [Tofts - 2003]

2.4.2.2 Quantification of BOLD in the capillary network

The effect of spin dephasing on the signal comnognftissue perfused by a capillary
bed containing deoxygenized Hemoglobin has been efadd by Yablonskiy
[Yablonskiy, Haacke - 1994]. In this work, a twongeartment model is used, to de-

scribe the MR signal coming from a medium (tisquefused by a vasculature contain-
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ing a variable amount of deoxygenated Hemoglobime Venous capillary bed and
venules are modeled as cylindrical objects staéBi distributed and directed in space.
The oxygenation is described by the blood oxygenakevel Y which ranges from 1
for oxygenated blood to about 0.6 for veins. Anotingportant parameter is the hema-
tocrit value Hct which stands for the volumetric fraction of reddd cells in the blood.

The Hct depends on many factors like fitness and altitddeommon value is 0.4.

The influence of the oxygenation on the tissue aigm the following is expressed in
oa , the frequency shift compared to the Larmor frexqye With the above configura-

tion the obtained formula is

R2= § Bw= ¢ [y Cridy, {1 Y) By (46)
& Venous compartment size; usually about 0.02
y: Gyromagnetic ratio

Ay, =08x10"  Susceptibility difference between totally oxygesthaind to-

tally deoxygenated blood withict = 04
Y: Oxygenation
B,: External field strength

In some publicationsHct is included linearly in the above equation, takiAg,

independent oHct .

An important underlying assumption is that watdfugion can be neglected. Dephas-
ing which is due to particle diffusion cannot beaeered in spin echoes and leads to
signal loss, called “motional narrowing”. It is geally considered as a contributing
part of the T2’ decay, since T2 describes the spin-interaction effects. Diffusion has
so far been neglected in the Theory section (Ch52.To model T2’ decay, one has to
include dephasing due to diffusion and dephasing tustatic magnetic field inho-
mogeneities. Local magnetic inhomogeneities areiagad by mesoscopic structures
with magnetic field, e.g. venules containing detxaemoglobin. If the effect on T2’ of
such static structures is large compared to theceff diffusion one speaks of the
“static dephasing regime”. This is not the caséhd typical diffusion time is much
smaller than the inverse local Larmor frequencyetfide : the “motional narrowing

regime” is characterized by
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I, <<1/dw 47

In case of a perfusing vascular system in the intgioxel, for the above values and
Y=06, 1/da=94ms (at 3 T). The characteristic diffusion time foretlkcapillary

system, in comparison, is

=&2:2—7ms (48)

T
4D

From [Yablonskiy, Haacke - 1994];

R, =3-5um Capillary radius
um’
ms

D=1 self-diffusion coefficient of water

Therefore, relation (47) cannot be considered fgadis Diffusion phenomena will

additionally contribute to the dephasing. R2’ wik under-estimated by Equ. (46).
Also, this formula doesn’t contain larger venousseds which will have the main
contribution to dephasing.

Functional changes predominantly enter in Equ. @6xhanges of the venous com-

partment sizef and the oxygenation levl. With the other parameters fixed and field

strength 3T, Equ. (46) becomes

R2=£&[(1-Y)[270[1/ 5] (49)
For £ = 002andY = 06 thisisR2'= 2.16%, corresponding t@ 2'=460 ms

Often, the oxygen extraction fractiddEF =1-Y is used instead of the oxygenation.

The mean distance between capillaries in Grey maftt¢he adult human brain is 40
pm. The intermediate tissue space can therefoféldsk homogeneously by inflowing
water molecules which have reached the tissue byctpillary, and are diffusing
through tissue space afterwards, after a certair.tiAn estimate of this characteristic

time can be given with Equ. (48). WitR, =20um as half the distance between capil-
laries, the characteristic time 5, =100 m$his is in on the order of the smallest

practically used inflow time resolution of ASL tinseries experiments. This means that
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in any case when we look at the water magnetizatibabeled water which has
reached tissue space, where the only “transporthar@sm is diffusion, we can con-
sider the water molecules uniformly distributedvwzesn the capillaries. Another impor-
tant conclusion is that, on time scales larger th@® ms in uniform tissue, the relative
vascular volume fraction in the vicinity of the &bd water can be taken as uniform

over different inflow times.

The same considerations are basically true for emydn Fig. 28, the oxygen distribu-

tion between two capillaries is depicted. In [Pervd972], the self diffusion coefficient

pm?
ms

. The BOLD effect, however, is induced by the

for oxygen is given aD,, =16

deoxygenated hemoglobin. We are therefore not tapét the oxygen but at the deoxy-

genated red blood cells which stay in the vasctgatu

Pg, (mmHg)

L1 11 L1 1 1 1 J
30 20 10 © 10 20 30 20 10 © IO 20 30

e U S - ) ——=

Fig. 28: Model of two adjoining cylinders in a greyatter voxel perfused by two
capillaries. At the bottom, the relief of theoratioxygen concentration is shown in the
capillaries and surrounding tissue. From [Purves72]
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Since in the tissue voxel the only active transpoechanism for water molecules is
blood flow, transport of labeled blood water towsatde venous end of the capillary bed
will mainly take place in the capillaries themsalv@herefore, as the inflow time
increases, more labeled water molecules will b#héenvironment of the venous side
of the capillary bed. In the ASL signal, those neales will contribute to the BOLD
effect.

2.4.2.3 Quantified BOLD measurements

Yablonskiy and Haacke proposed a sequence whiebles to sample the rising and
declining flanks of a spin echo and called it GESSEadient Echo Sampling of the
Spin Echo®, [Yablonskiy, Haacke - 1997]). The satee acquires one Fourier line
multiple times during the formation and decay @& #pin echo (Fig. 29).

GP

[

GR ninlnlinlaln
T (ooo@ooag

signal

Fig. 29: Schematic pulse diagram of the GESSE segugGradient Echo Sampling of
the Spin Echo®). In the signal intensity is showrthe green curve. A spin echo is
formed at TE. The readout gradient encodes the smmeer line multiple times for
different times relative to TE. Image taken fromapfonskiy, Haacke - 1997]
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The signal intensity data points can be used toaeidifferent parameters by least
squares optimization. Among the fitting parametmesé and Y, which can be fitted
separately (a detailed explanation can be foudmnLin - 2000]). T2 can be extracted
by the asymmetry of the spin echo flanks and used2 correction of the data. With
this method,é, Y, T2 and T2’ can be extracted reliably [He, Yablaps 2007].

Resulting maps at 3 Tesla are shown in Fig. 30.

ISFICSF Ay

Fig. 30: Representative maps of brain parametdesrad with a low-resolution
(64x64) GESSE sequence at 3T. Top left: high-rémwllanatomic image. Rest of the
maps: DBV fraction (deoxygenated blood volume responds taf, in %), OEF (%),
R2 for brain tissue (1/s), CSF volume fraction, G&iguency shift (Hz), R2 of brain

tissue (1/s), brain deoxyhemoglobin concentratiavi)( Image taken from [He,

Yablonskiy - 2007]
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3 ASL and T2: blood water transfer time and blood
brain barrier permeability

Permeability of the blood brain barrier plays aarole in contrast based MR imaging.
In several cerebral diseases, the blood brain drarsi affected and permeability is
increased. This can be measured with tracer basddspn techniques, where the
macromolecular contrast agent, which usually dasscross the blood brain barrier,
will accumulate in the surrounding tissue. Bloodl @&issue are known to have signifi-
cantly different T2 values. Therefore, T2 is aneadbemt marker to answer the question,
how fast blood water is exchanged between vasaeland the perfused tissue. The
effect of restricted water permeability of the dobrain barrier on the classical ASL
signal, which measures the T1 governed signal éeoluhas already been described.
But it turns out that the effect is so small thasidifficult to measure. Measuring T2 of
the ASL signal can thus be an excellent way to mneathe blood brain barrier water

permeability.

In previous work of other groups, Thomas et al.sodered two fixed echo times for
modeling the ASL signal dependency of apparentTibas et al. - 2001]. A model
was presented which describes the temporal evalufothe non-selective and slice-
selective images. It did not include permeabilitipets. Measurements have been done
on gerbils.

Wells et al. measured the T2 dependence of the diierence signal for various

inflow times in rats, with several experimentaluget to investigate the signal origin at
different inflow times [Wells et al. - 2009]. Thégund different signal characteristics
and explained the findings with several compartselite vascular, extracellular and

intracellular space. A concise formula includingrpeability has not been given.

In the following, a two-compartment model will bertved based on the General
Kinetic Model, including T1 and T2 effects. Afterids, the details of the MR sequence
for the multi-echo acquisition are discussed. Regplimages are shown, yielding maps

of blood brain barrier water permeability values.
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3.1 Theory: Derivation of a two compartment perfusi  on model
including T1 and T2 decay

A way to model a two compartment model analogoukéoGeneral Kinetic Model is to
include a transfer term, _ (t Jrom blood to extra-vascular space. In the follogyi
two major simplifications will be made: backflowom extra-vascular space to capillar-
ies will not be considered and outflow is neglectagtause the typical duration of stay
of a water molecule in a voxel is of several sesoadd thus longer than the usual
measurement times (mean transit time approx. Snsis¢af. [Tofts - 2003], [Parkes,
Tofts - 2002]). The transfer, . (t Will be modeled as an exponential decay, corre-
sponding to a uniform probability for a water malkcin the vasculature to enter the

extra-vascular space.

MRI voxel

Extra-capillary space

R1,,, R2,,
R1,, ,R2 Capillar Vein :
bl bl prllary (outflow neglected):

B T 2 St

ex ’?

Blood: inflow Artery

Fig. 31: Schematic diagram of an MR voxel; Theeetaro compartments, a blood
(considered purely capillary), and an extra vasoaudanpartment, both with their
appropriate relaxation constants. The measurechB@Ra2 values will be a mixture
from signal of both compartments.

3.1.1 T1 dependent signal evolution

The inflow in the intravascular compartment is tlenin Equ. (41), withr,, . (t )as

“outflow term”, meaning flow from vascular to extvascular space:
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S t)=2M,, [F jc(r) By o (t =7) M, (t —7)d7 (50)

The outflow of the blood compartment determines itiftow of the extra-vascular

compartment signall.—r,, convolved again with the delivery functian

—ex !

S, (t) =2IM o L [j.C(T) [A-ry_o(t—7)) I, (t-7)dr (51)

The overall signal from both compartments is gilsgn

S(t) =S, (1) + S.(1) (52)

Assuming the delivery function as in Equ. (41),g&nexponential T1 decay and an

exponential time constant for blood water trand®gr _ , defined fort > 0

0 t < BAT
ct)=<a@™ for {BAT <t<BAT+BL

0 t > BAT + BL
My - et) = g et (53)
m(t) = ™™

Following equations are obtained:

0 t <BAT
S, ()= % [ (Rlo+Ro o)l [ﬁe&pext - eRbuexBAT) for BAT <t<r, (54)
R t>7,

f WDMO |}_(R1bl+Rblﬂex)[ﬂ Eﬁeﬂ)laex(rz) _eRbIaexBAT)
Rblaex
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0
FLrM, orio [ﬁemlex—mbm _ e(Rlex—Rlu)BAT)
Rl ™ Ffb' N t < BAT
S.(t) = _ T My - RieR, o [ﬁeRappt _ eRappBAT) for |BAT<t<r,  (55)
Rapp t> T
=2
FLaMy ore [ﬁemlex—mbnrz _ e(Rlex—Rlu)BAT)
RL,, - Rl,,
_ P M rrim, o [ﬂeRapprz _ e&ppBAT)
Ropo
BAT Bolus arrival time in the voxel
BL Bolus length
Ra.ppERj‘ex_Rlbl +Rbl-.ex
7, =BAT +BL
f Perfusion
a Inversion efficiency
M, Equilibrium longitudinal blood magnetization

The apparent relaxation teriR,, includes longitudinal relaxation and exchange, and

has been introduced for convenience.
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Fig. 32: Theoretical curves showirg®, (red), S, (green) andS (blue) from Equ. (44)
and (45). The plots are calculated with=175 ml/100g/min,BAT =600 ms,BL =1000

ms, T1,, =1500 ms;T1,=1100 ms and,, . =300 ms.

| - ex

3.1.2 T2 dependent signal evolution

These formulae describe pure T1 decay. As soohea8Q° preparation pulse is applied
at time t =TI , the longitudinal magnetization is flipped to ttiansverse plane. This
transversal magnetization afterwards decays withTFis is true for the water mole-
cules in tissue and blood, as well as in the initt@abolus. For the further calculation of
the signal evolution along the TE axis we can wetjeations like Equ. (53) to calculate
the integrals from O tdE. The delivery function in this case depends ontitine TI .

Because there can also be a certain amount of rizapien inside the blood compart-

ment - namelyS, (T ) which has to be considered in the convolutibis ts included

using the delta distribution at time= . Gor clarity, we will usete as the temporal
variable along the echo time axis amdor the variable along the inflow time axis. All
T2 related functions will be indexed as “2” as iistion from the above T1-related

formulae.



72 Dynamic Arterial Spin LabegiMeasurements of Physiological Parameters

0
c2, (te) =Ja f M, & "™ @™ +5(0-te) [, (TI)
0
te< maxBAT —TI1,0)
for <max®BAT —-TI ,0) <te<BAT +BL —-TI

(56)
te> BAT + BL - TI
o (t€) = €70
m2(te) = e
3.1.2.1 Blood compartment
The result for the blood compartment is
te
S2, 7 (te) = 206 M, [F [ 2,y (7) [, _ o, (te=7) (2, (te~7)d7
0
te
= 206 (M, [F [f{ (6™ (&% + 5(0~te) [§, (T))
0
M, . (te—r)0m2, (te-1)dr}
te
=20 M, F & [j e Fu [} _(te—7) M2, (te-7)dr (57)
0

+20 M, OF O, (T1) [, o, (te) (2, (te)

= S2A, 7, (te) + S2B, 7, (te)

In the last line, this has been split up into atfpart for ongoing inflow also aftérl
(S2A) and a second term with only outflow and dec&2K). The first term is techni-
cally the same as in equation (54). Attention e put on the different cases of
Tl <BAT andTIl > BAT.

If TI <BAT, the solution looks similar to Equ. (54) and thare three cases:
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73

0
S2A, 5 (te) = T, [&" R g (RaFede [ﬁepbuexte - e&_ex(BAT—TI))

Rblaex

LMy omim, (Rl Ry [ﬁe%m(rz—ﬂ) _ ePbm(BAT—TI))

I:\)blaex

te< BAT —TI
for <BAT -Tl <te<r,-TI
te>7,Tl

If TI >BAT andTl < BAT + BL there are two cases:

f EZEM 0 []3—-” Ry e‘(szﬁ'Pmaa)[fe [ﬁepbuate _1)
| - ex

S2A, - (te) =
o f Lor M, [T Rl (Rl #Ry o) [ﬁe&m(rz—ﬂ) _ 1)

F\)blaex

O<te<r,-TI
or
t=>7,TI

For S2B, ;, , we get one expression for all above cases:
S2B, 5, (te) = S, (T1) [, _ o (t€) (M2, (te)

3.1.2.2 Extravascular compartment

(58)

(59)

(60)

The same calculations can be done for the exralascompartment. It's possible that

labeled water has already arrived in the extra wWlasccompartment which simply

decays withR2,, . This needs not be considered in the convolubanhjust added as an

extra term. So, again farl < BAT we get:
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0
oM Rly fLor (M, (@ R [ﬁe(Rzex—RZH)te — @R2R2y)(BAT-T ))
R2, - R2,
S2A, (te) = _% [ (R2acRy o [ﬁeRzappte _ @R (BAT-T) )}
app

o TRy florM, (@ R%® [ﬁe(Rzex—szI )72 T) _ o R2e-R2y )(BAT-TI ))
R2, -R2,

- % @_(Rzex"'Rbl i [@Rzapp(rz_ﬂ ) _ eRzapp(BAT_Tl ))
R2

app
te< BAT —TI

for <BAT -Tl <te<r, -TI
texr7, —TI

For TI > BAT andTl < BAT +BL:

a |]3_T| Ry ﬂ |]5_R2ex[ﬂa [ﬁe(Rzex‘szl te _1)
R2, -R2,
- f |:IMO l]a_(RZex"'R)Iaex)[e [6eRzappte _1)
R2.00
S2A, (te) =
o [& TR fIM, [ Reae [ﬁe(Rzex—sz, X7,=T) _1)
R2, -R2,
_ f DMO G3_(|q2e><+|:ﬁ_e><)[f43 I:ﬁeRzapp(rz—Tl) _1)
R2pp

O<te<r,-TI
for
texr,-TI

And for the second term, again in all cases:

82 Bex,TI (te) = SDI (TI ) Hl_ rbI aex(te)) |]n2ex (te) + Sex (TI ) |]n2ex (te)

(61)

(62)

(63)
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3.1.2.3 Result

Finally, we can write our result as a two-dimensioiunction with coordinates and
te:

S, (ti,te) = S2A, ; (te) + S2B, , (te)
S.(ti,te) = S2A, , (te) + S2B, , (te) (64)

S(ti,te) = S, (i, te) + S, (ti, te)
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Fig. 33: Two-dimensional plots showing blood comguatn(red), extra-vascular compo-
nent (green) and total signal (blue) from (64).naigdecay due to T2 along the axis

is fast for the extravascular component and sldarethe blood component. The plots
are calculated withf =175 ml/100g/min,BAT =600 ms,BL =1000 ms,T1,, =1500 ms,

T1,=1100 ms and,, . =300 ms.
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The formulae have been checked with MAPLE [S - MAPRNd implemented in C++.
They can be accessed by the data processing fraked@VIDE [S - DeVIDE],
[Botha, Post - 2008] for 3D plotting with Gnupl@& [ Gnuplot] and fitting with Minuit
[S - Minuit], [James, Roos - 1975] based routinekts for typical parameters are
shown in Fig. 33. The inflow curve alortg at te= 0 is similar to Fig. 32. The decay
along te is significantly different for the blood and thetevascular compartment. The

last plot shows the curve of expected experimetdtd.

In the above formulae, the exchange tetm,_ has been introduced phenomenologi-

cally. It describes how long the freshly delivet#dod takes on the average to cross the
capillary wall and enter the extravascular spates Thay depend also on the content of
larger vessels in the voxel. If we assume the Jatime in the voxel to be only capil-
lary, we can derive a direct connection to the wakrmeability of the blood brain
barrier. Comparing Equ. (56) with Equ. (44), theidee term described here phenome-

nologically has been derived in [St Lawrence et 2D00] theoretically as
My ex () = g (Pt (65)

PS: permeability area surface product
V.: partial capillary volume in the voxel

c

This leads to the simple dependency
R, .o =PS/V, (66)

V, is conveniently chosen without units as the pesgg value of (capillary) blood in

the voxel, which is between 1 and 3%. The perm#glslrface area product has then
the unit of [1/s]. Usually,PS is given in [ml/100g/min] (like perfusion). If wassume
equality of Milliliters and Grams, we also have iamerse time unit. Since the uncer-

tainty about the corredt, is very high, it has been common in recent ASLljgakions

(e.g. [Parkes, Tofts - 2002], [Wang et al. - 20G3@]use the ratidPS/V, as result.

For an approximate the evaluation and comparistim REET data, we can use

PS= 002[R, . (67)
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3.2 Methods: Development of the modified 3D-GRASE-
readout module for T2 quantification

In order to measure T2 of the inflowing blood, 8i2-GRASE readout scheme has been
modified to realize different echo timé& . The sequence is presented here and the

major aspects discussed.

3.2.1 Modified 3D-GRASE for T2 measurement

A standard 3D-GRASE sequence samples the centgtiggawith k, =0 at after the

first refocusing pulse (centric reordering, cf. @h2.5). With an EPI readout for each
partition, this means that the first spin echo, #ral center of k-space, is read reached
between the first two refocusing pulses. This @ponds to the echo timere ” in

Fig. 34, where the center of partition “P 1" is airgd.

For an acquisition with longefE, the first refocusing pulse of the GRASE readaut i
applied at a later tim@E /[2The first spin echo appears HE, and the first k-space
partition can be acquired. The subsequent parsiteme encoded and acquired without
change (Fig. 34).

As in GRASE, the readout of a singl& is sampled in one shot. On each spin echo
between two 180° refocusing pulses, one partittosampled by an EPI readout. For
eachTE, the ASL measurement has to be repeated.
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Fig. 34: Readout scheme of the modified 3D-GRASET® measurements; the readout
blocks are shifted to later echo times TE aftera@&preparation pulse.

The echo times acquired as seen in Fig. 34Tare, 3[TE 1, 5[TE 1 etc. This timing is

important because of the occurrence of stimulatdtbes, as will be explained in the
following section. As depicted, acquiring lat€E corresponds to leaving out certain
refocusing pulses and shifting the partitions terldimes. This is done in order to keep
the same timing as in the original GRASE sequence.

3.2.2 Stimulated echoes

A nominal 180° refocusing pulse in reality is n@rfect and does not invert all mag-
netization. In contrast, there will always be a poment of the magnetization which is
unaffected by the pulse, and a component which belflipped back to the transverse
plane. At first sight, this means signal loss toe following spin echoes. However, in
multi-echo sequences, the part of the magnetizatinoh has not been flipped by 180°
can be flipped by the next following refocusing sauand form a spin echo later. This
can be visualized in extended-phase graphs (Figef3fHennig - 1988]) which plot the

magnetization dephasing over time. The dephasintyes linearly with time. Refocus-

ing pulses can flip the magnetization, inverting tlephasing. Reaching zero, the
magnetization is rephased and a spin echo can benau. Possible pathways are

shown in Fig. 35, forming a primary spin echo (blaed a stimulated echo (green).
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Another possible pathway is shown in red until seeond rf pulse, for the part of the
magnetization which has not been affected by tte fefocusing pulse. “rf 1” corre-

sponds to the 90° preparation pulse, while “rf @ drf 3” are refocusing pulses.

On the right, Fig. 35 shows that, with correct eamal rf pulse spacing, the primary
spin echo and the stimulated echo will coincideisThechanism is an important basis
of 3D-GRASE (and all other CPMG sequences), whihdn echo spacing off 2

TE — TE — TE ....]. In our case, this is the reason that thesehcecho time increase
is always 2 timesTE . In this configuration, also stimulated echoesrirthe first refo-

cusing pulse will contribute later to the readdghal. Shifting the readout by multiples
of 2[TE can be thought of as just skipping subsequentcusiag pulses and not

altering the timing.

dephasing
)
< N
PN
1
\
K
-\
1 N
\E

/ / e
AA L AL] AN

f 3 1 f2 f3 \

Stimulated echo Primary spin Stimulated and
Primary spin echoes echo primary spin echo

=

Fig. 35: Primary spin echoes and stimulated echeastwo different rf pulse timings,
extended-phase graphs are shown. In blue, thepgathavays of the primary spin echo
are shown. The green and red dashed lines arebpopsithways after the second rf
pulse, the green later forming a stimulated echotl@ left, the stimulated echo occurs
before the primary spin echo after the third rfgeulOn the right, with optimized pulse
spacing, the echoes coincide.
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When part of the magnetization is flipped to theditudinal direction, it is subject to
T1 decay, without losing its phase information. sTie a mechanism how stimulated
echoes can contribute to signal at later measuretimes. Therefore, it is common to
choose lower flip angles in the 3D-GRASE readolg, #20°. In this way, magnetiza-
tion is “stored” for later echoes. The signal castris then a mixture between T1 and
T2 weighting. In our case, the first refocusingsguls always a 180° pulse to ensure
that a maximum part of the magnetization is rewkr3dis is important to measure T2

with minimal T1 contributions on the first echo.

3.3 T2 measurement protocols and trials

All measurements have been carried out on a Tem8nhs MR scanner (field strength 3
Tesla). The acquisition protocol was composed oA&hL sequence and common T1
and T2 weighted anatomical imaging sequences fgneatation and registration. A 32
channel head coil has been used. The ASL sequextta FAIR preparation scheme,
post-labeling saturation of the readout slab, bemkgd suppression pulses, Q2TIPS
saturation, and a 3D-GRASE readout part as destrdimve. The GRASE readout
allowed the single-shot acquisition of 26 partifaf 4 mm and a matrix size of 128x56
with 4 mm resolution inplane (FoV: 51.2 x 22.4 cnigwas tuned to acquire 18 inflow
time steps ranging from 150 to 3000 ms with a siep of 150 ms, with pulse trigger-
ing to suppress physiological noise. The protocak voptimized to allow variable
averaging, i.e. averages ranged from two on earlg steps to five on late time steps.
Three different echo times of 16.5, 49.4 and 82s3have been acquired on separate
acquisition. The blood bolus length has been lithite 1000 ms by Q2TIPS. The
repetition time was 3800 ms, nominal measuremene t22 min. Pulse triggering

increased the actual measurement time to abouti®5 m

Five healthy volunteers of age 28 to 40 have beeruited for the preliminary study.
The volunteers were asked to lie still. Heads Haeen cushioned with foam plastics to
reduce head motion.

The non-selective and slice-selective datasets bhaem subtracted offline, allowing
non-biased difference images. Motion correction naisfeasible because of the change
in image contrast over changing TI inflow phasele Tifference images have been
smoothed with a Gaussian filter along the threeispaxes with a sigma of 1.1 voxels.
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No smoothing along the temporal axBs and TE has been done to preserve temporal
detail accuracy. Gray and White matter masks hasenbextracted from the T1
weighted image with SPM5 [S — SPM5]. The T1 andwig2ghted anatomical data sets
have been mapped on the ASL dataset and the gchwhite matter masks have been
realigned accordingly using SPM5. The two-dimengiomodel from Equ. (64) has
been fitted to the data using a least-squares gatron taken from Minuit [James,
Roos - 1975], [S — Minuit]. It was performed fot abxels which lay inside the Grey
and White matter masks and exceeded a subject depethreshold on at least one
time point {i,te) to exclude voxels containing only noise. Limitsdastarting values
have been set on all fitting parameters (Tab. Quide the fit to the global minimum.

The main concern lay on the exchange paramB{er, which therefore had a wide

range of allowed values. A fitting routine was obiosvhich outputs error estimates for
each parameter (“Migrad” in [S — Minuit]). The outgarameters, corresponding errors
and chi-square values were saved as image data mlajps$ the processes above have
been automated using on basis of the network proiteg framework DeVIDE [Botha,
Post - 2008], [S - DeVIDE], and making use of Pyt§8 - Python], VTK [S — VTK]
and ITK [S — ITK] toolkits.
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Parameter Starting value Lower limit Upper limit
f [ml/100g/min] 290 0.25 5000
BAT [ms] 400 50 1300
BL [ms] 1000 850 1000
T1, [ms] 1500 fixed

GM T1, [ms] 1300 1050 1250
WM T1,, [ms] 900 750 1050
T2, [ms] 165 fixed

T2, [ms] 70 fixed

T2, o [ms] 10 1 3000

Tab. 1: Initial fitting parameters of the T2-ASLtdavaluation.

3.4 Perfusion quantification

Compared to dynamic susceptibility contrast measergs, ASL has an important
advantage: ASL perfusion data sets can be quahtifigield absolute perfusion values.
The resulting value is generally given in ml blqoer 100 g tissue per minute. This can
be done in ASL time series measurements by fitimgodel, e.g. Equ. (42), or, in this
case, Equ. (64), to the data on a voxel-by-voxsishdor the quantification, the correct

value of M, , has to be known, the longitudinal equilibrium kdomagnetization. This

can be measured with inversion recovery experimentslood samples. In the present
ASL time series experiments, all necessary datacigiired to derive an estimate of

M, .. With the assumption that there exists at least\wxel in the image in a large

artery which is fully filled with blood, one cankia the signal values and the corre-
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sponding temporal and spatial information to derMg .. This will, however, only

give a lower estimate because of potential pavblme effects. In the data evaluation,
the normalization has been performed automaticallyith a fixed value of
T1=1500ms, the algorithm looked for a voxel with maximumrsid, corrected for T1
relaxation in blood gignal [&"'™). The uppermost two and lowest two image slicesewe

excluded to suppress infolding artifacts. Also,disteps of TI<250 and TI>1500 has

been excluded: the former, because background esgipn isn’'t applied at the lowest

time steps, and the later to suppress noise agifaigh noise values times'™ would
lead to over-estimation). This resulted in the maxn blood signal value in one voxel,

My - THIS IS the value of the image voxel, correctedT1. It is proportional to the

magnetization, but characteristic for the MR scarar@d sequence. It is therefore a

dimensionless number and not the physical magrietiza

The physical magnetizatioM , , depends on voxel size since it is proportionathi
number of water molecules in the voxet, .., instead, is independent of voxel size

because the images are automatically scaled biynthge reconstruction algorithm on

the scanner. For quantification, the valug, ., has first to be multiplied by the voxel

sizeV,,, in mm3,

The derived maximum magnetization value is aftedsaransformed to units which

v _ /[mm®
will yield the perfusion in [ml/100g/min], thusl , , = m"fgg( gfgc[;;n 3

MeasuredM,, values are listed in Tab. 2. Twelve time seriesasneements were

taken for quantification, including the five datesér T2 quantification in the current
chapter. The average value is 0.0021, standardati@viis 0.00057. There are varia-
tions over subjects and measurements which caxgiaired by partial volume effects
leading to underestimation, and pulsation artifagtéch can potentially lead to over-

estimation.

The inversion ratioe in PASL experiments is close to 100% [Peterseal.et 2006]
and is therefore assumed as= . The error of this simplification is very smallroe

pared to the 25% variation & , .
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Protocol T2-ASL T2'-ASL other
Subject

A 0.00268 0.00305 0.00231
B 0.00210 0.00207

C 0.00112 0.00129
D 0.00172 0.00217 0.00236
E 0.00122 0.00181

AVERAGE 0.0021+-0.0006

Tab. 2: Values foM , ,, derived from twelve ASL time series measuremeniis five

subjects and different measurement protocols. TR-&® the measurements of the
current, T2’-ASL the data from the following chapte

3.5 Results: Blood water transfer and blood brain b arrier
permeability

Fig. 36 shows a dataset acquired with the T2 podtdche anatomical T1 image has

been registered and resampled to the non-seleoiages for data analysis.

A first model fit has been carried out with valugswn in Tab. 1. Arterial blood T1
and T2 values were fixed to mean literature valigésAppendix B) because no sub-
stantial change is assumed as long as the blaodh& vascular compartment. Also, in
case of fast exchange, the blood values cannofittee feliably. Starting values for
tissue T1 are chosen on basis of the White and @&atyer masks. Because of partial
volume effects and the large white matter — graytenaifference in T1 the tissue
values have been fitted with appropriate limitsslie T2 has been fixed to 70 ms as it
doesn’t change much between gray and white mattes.lower limit of the exchange

constantT,

bl - ex

is set to 1 ms which represents fast exchange.
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T1 weighted T1 weighted Gray matter White matter
anatomical image anatomical image segmentation segmentation

Sagittal view

te/ ms

82.30

49.38

16.46

450 900 1350 1800 2250 2700 iy n;s

Fig. 36: ASL difference image dataset (some imagggoed in ti direction); Along the
ti axis, the inflow of blood can be seen first inamr@around large vessels (e.g. MCA).
At later ti the signal diffuses and is assumed to come prettly from tissue. Also,
signal decays with T1. Along thte axis, T2 decay can be observed. Flow artifacts
occur at ti=450 ms (black dots).

Fitting results are visualized for two selected efoaf significantly differentT, .. In

the first case (Fig. 37) the plot for a voxel widst exchange is shown. In the second
case (Fig. 38) the resulting fit shows a substhbt@od component. It is obvious that

there is a change in T2 decay otewhich is accounted for by fitting,, ., very well.

Fitting results and errors are listed in Tab. 3.
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ASL 140 + data - Total signal from voxel

signal, 120 | " - Blood component
au, 0
80 I
60 I
o F
0 F

- Extravascular component

90
te/ ms U 500 TOOO T500 2000 2500 3000
ti/ms

Fig. 37: Data and fit from and fit from a voxel tvitast exchange. Blood signal is zero
all the time. The total signal curve is built udyfrom the extra-vascular signal.

ASL 120 r + data - Total signal from voxel
signal, 10 . - Blood component
+
a.u. 80 y - Extravascular component
60 F
40
x }

+
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te/ ms

u sud 1000 1500 2000 2500 3000 ti/ ms

Fig. 38: Data and fit from a voxel with slow exclyanThe blood signal rises fast with
ti until the end of the bolus is reached. The ex&raeular signal rises much slower.
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Fast exchange Slow exchange
Voxel coordinates (X,y,z) (12,68,7) (25,55,16)
f [mI/200g/min] 113+2 784
BAT [ms] 312+10 299+17
BL [ms] 1000 1000
T1, [ms] 1500 1500
GM T1,, [ms] 1050+205 1267484
WM T1,, [ms]
T2, [ms] 165 165
T2, [ms] 70 70
T2, o [ms] 1.0 (+450) 623+184

Tab. 3: Typical fitting results for two selectedxedh

In Fig. 39 and Fig. 40, the fitted total signal s are shown in 2d plots. The main
difference between the voxels to note occurs irfitlsefew hundred milliseconds after

bolus arrival. In the case of slow exchange (Fi@), 4he experimental data as well as
the fitted curves start closely together and spsdadly apart from each other (equiva-
lent to long T2). In the other case (Fig. 39) tlspyead apart faster in the beginning,
showing extra-vascular T2 right from the start.sTban be demonstrated more clearly
by plotting the relative signal origin (lower plpt$lotted are the percentage ratios of

extra-vascular and blood signal owerfrom the fitted curves. In the fast exchange case,
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the blood compartment can be neglected while inrstb& exchange case, blood signal

contributes a lot on earlier inflow time steps.

% Blood inflow curves at different echo times
: — : : :

4 4 a4 TE=16.6ms
4 4o TE=49.4ms |
o Ao TE=82.3ms
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Fig. 39: 2d plots from a voxel with apparent fastleange showing data and fitted total
signal curves (top), for all three echo times. Peecentage of signal origin is shown
(bottom). All of the signal is coming from the etvascular compartment most of the

time. A slow exchange voxel is shown in Fig. 40.
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155 Blood inflow curves at different echo times
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Fig. 40: ASL curves as in Fig. 38, from a voxelwing significant permeability. Signal
originates from the blood compartment in the beigignBlood signal drops withi
even faster whemBAT + BL is reached and no fresh labeled blood replenigteeblood
compartment.

In Fig. 41, the resulting maps are shown for allapzeters in two planes. Areas with
significantly highT, . can be identified as the Supplementary motor é&&8A) and
the Parietal and Occipital lobes. Fitting resultdwl,, . =0, which would correspond

to fast exchange, can be seen in the lower slicaseias with larger arteries, like MCA.
This finding is likely to be due to flow artifact§his pattern can be reproduced in other
subjects (Fig. 43).
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In Fig. 42, a ROI analysis is done on the resulfilg,, map and the corresponding

fitting error. For lower values we get a 50% erforange). The error for the higher

values (SMA, red) is 25%. This is a result whictigates a good applicability of the fit

to the data in this area, leading to a signifigfference to fast exchange.

“1089.02

to
1386.02

-866.66

433.33

0.0 88

Fig. 41: Derived maps for one

avg [ms] fit error [ms]
146 91

Fig. 42: T, ., map and corresponding fitting error; typical valaee shown in the ROI

analysis. The SMA appears bright in the left imggel ROI) indicating highT,, _ .,

values.
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T, _ maps of all five subjects are shown in Fig. 43erehthe maps are displayed as
overlay over the realigned T1 weighted image data. A ROI analysis has been done
on all subjects like in Fig. 42, choosing a ROImAthe SMA and ROI B in a lateral or
occipital cortical region with substanti@), . . Only valuesO>T, . >2500 mshave
been included in the analysis to exclude fittingpes. The results are listed in Tab. 4.
For comparison with PET data, the values have beasformed to yieldPS in units
[ml / 100g / min]. ROI A values yielded reasonablata comparable to PET (e.g.
[Raichle et al. - 1983]: 144 ml/100g/min). In macortical regions, however, the model
fit yields extremely shorfl, . This points to substantial under-estimationTgf .,

and leads to unusual highS values. Possible sources of error will be discdisseghe
next section.

Subject 1 Subject 4

Subject 2 Subject 5

Subject 3 9500 ms

I,

[—>ex

0ms

Fig. 43 T1 weighted images,, ., maps;
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T, / [ms] ROI A Fitting PS ROI B Fitting PS
—eX

error error
S1 725 277 271 638 418 822
S2 615 174 183 72 151 327
S3 442 115 195 146 91 1667
S4 568 534 166 229 116 188
S5 656 214 211 367 352 524
Inter-subject 601 263 205 290 226 706
mean
Inter-subject 106 162 41 223 149 588
st.dev.

Tab. 4: Table containing ROI values and fittingoesr PS values have also been calcu-
lated assuming a venous relative compartment $i@e0a.

3.6 Possible sources of error

The images above show significant patterng,pf, , which is directly proportional to

the inverse permeability. There are especiallydarglues in the Supplementary motor
area (SMA), supplied by the ACA, and in the Oceaiplbbe in the PCA vascular terri-

tory. This is an interesting finding, but it hastie made sure that the localized high
T

bl - ex

values are not induced by other effects typicalti@se areas, like bolus disper-

sion and partial volume effects.
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3.6.1 Bolus dispersion

In the theoretical derivation of the T2 dependeetfysion model the possible bolus
dispersion has not been considered. As the badwels downstream through the vascu-
lar tree, the blood bolus will experience disparsidue to friction at the vessel wall
which leads to a non-uniform velocity profile, amoin-laminar flow in bifurcations. It is
therefore likely that dispersion correlates witle tholus arrival time. Bolus dispersion
would lead to a slower inflow of labeled blood metvoxel and to a slower apparent
exchange to the extra-vascular compartment. Thmseqt has been presented as “short
bolus ASL” by [GuUnther - 2009a], [GUnther - 2009kjhere the dispersion of short

blood boli has been investigated.

a.u. 80

70 Data
60 -
50
40|

30

20+

10 1
VOXEL: (46,26,16)

e e e e e e e T =TT T=—t=T A =g

(] 500 1000 1500 I 2000 2500 3000
BAT TP maximum
value

T/ ms

Fig. 44: Time-to-peak (TTP): concept of derivinggraeter TTP

To measure dispersion, the “time to peak” has lmeapped for each voxel, i.e. the time
between the fitted BAT and the maximum signal valdgypical image is shown in

Fig. 45. Values typically range from 700 to 1300. i8sce the bolus length has been
fixed to 1000 ms, the higher values point to disfmer. The lower values can be ex-
plained by dominant T1 decay, i.e. the voxel igdilwith blood very fast and therefore
the maximum reached with TP <BL . There are large variations in the SMA. Espe-
cially there is a significant pattern of long TTiPthe cingulate gyrus above the corpus

callosum. These variations cannot explain the highe,, values as the major part of
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the SMA shows regular values of TTP around 900 Ahso, the Occipital lobe shows

common values.

TTP
[ms]
T1457.66

to
1550.79

721

878

849

1263

Fig. 45: Left to right: T1 weighted anatomical ineagrey matter segmentation, Time-
to-peak maps derived from an ASL time series dataggpical values are shown (blue
arrows).

3.6.2 Partial volume effects

Partial volume effects play a major role in MRI qtification errors. In this case, a

substantially different, . of grey and white matter, or significant differesan T1 or
T2, might lead to errors ifi,, . estimation. With a look at the grey matter maskis,

clear that there are regions with different Greyttaradensity. The probability masks
hold grey matter probabilities with values betwe®rand 1, which already contain
partial volume effects. The data has been smoolieddre evaluation, which further
increases partial volume effects. Also, in ROI gs@l in larger areas, other voxel

contribute.
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D94

063

2.0

Fig. 46: Grey matter probability map; the GM mapg baen Gaussian smoothed (sigma
1.1); typical values (blue arrows, left to rigH?)7, 0.8, 0.5, 0.8

To evaluate the grey matter densities in sevegbns, grey matter masks have been
smoothed like the ASL data (Gaussian, sigma=1.1nask is shown in Fig. 46. SMA
and Occipital lobe show large grey matter densalu®s compared to the lateral grey

matter regions. This could explain the hig_ ., values in these areas. It can be as-

sumed that the low SNR values in White matter nmakiéficult to extract a change in

T2 over inflow time.

3.7 Summary

In this work, a method has been developed and pregé¢o acquire and calculate whole
brain blood water transfer time constant maps, sgwvater transfer form vascular to
tissue compartment. With the assumption of condteed blood compartment size and
disregarding larger vessels in the voxels, thisgsivalent to whole brain permeability
maps. This is the first technique which produceseldvrased whole brain permeability
maps of intrinsic blood water based on ASL T2 meaments. The permeability values
obtained, measured as permeability surface areduptrdS, can be compared with

data from PET experiments. In PET, the calculabbrpermeability depends on the
extraction fraction of blood water measured onweeous side. Therefore the obtained
PS values are not voxel-wise but a summation overviszulature and capillary bed
with certain assumptions. With Equ. (67), the aidi inter-subject mean value of

T, .« =601ms in the SMA (ROI A) corresponds to permeability asurface product

of

ps=0034t=205_ M
s 100g [nin
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Values range from 166 to 271 ml/100g/min. The itssate in the range of the value
reported in [Raichle et al. - 1983], 144 ml/100gimi

Values could only be obtained for gray matter ragiol'his supposedly is mainly due to
the low SNR in White matter.

With the applied model, there could be identifiegffedent regions in the brain with

significantly differentT,_. . This could be verified on different subjects. Thiighest

values could be obtained in the Supplementary matea (SMA). Lower values were
found in the occipital lobe and lateral corticabgmatter, leading to an inter-subject
mean of 705 ml/100g/min. In other regions, espicialthe grey matter regions around

the left and right MCAT, _,, values were not significantly larger than zero.

However, as such high variations of the blood bleirrier permeability in grey matter
seems unlikely, various sources of errors haveetodmsidered. It is to note first that the
value of capillary volume, considered 2%, isn’t y@n and might change throughout
the brain and over different ASL inflow times. Aldarger vessels in the voxel have
been neglected. This can have opposing effecthendsulting transfer times: If the
vessel mounds into the capillary bed in the samelydhe transfer time could appear
larger due to a delayed delivery of the blood ia tissue. This is a very small effect as
it will only delay the blood transfer for a few iisleconds and lead to a higher apparent
transfer time. The other possibility is an artettyiehh crosses the voxel (“throughflow”).
In the fitting model, this case has not been inethdnstead, all possible outflow goes
into the extra capillary space, where it decay$ wifaster R2 decay rate. Especially in
the areas of the MCA it seems likely that throughflof smaller arteries optimized in
the fit by assuming faster outflow into the extrsmaar space. (Throughflow and water
transfer has been fitted with an extended modeulameously. This did not yield
stable results since the effects of throughflow tasd exchange are unidirectional and
lead to overfitting.)

The conclusion is that in several brain regiongenain voxels the model fit will lead

to an underestimation of and therefore an overestimation B% . Reliable values

bl - ex
can still be obtained from dense grey matter regidistal to larger vessels, like in the
Supplementary motor area and the Occipital lobes Tan be especially verified

looking at the fitting errors, which are smallgstre.
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The transfer of blood water from vascular to extaacular space is difficult to measure.
A reason for this is the time scale of a few huddrelliseconds which is on the order
of the bolus length. Therefore, using the Genenaleic Model, the convolution of
input and residue function cannot be neglected. ddmvolution can only be done
analytically with the assumption of some major difigations. In the approach pre-
sented here, a concise analytical description hees Hound including T2 and T1,
regarding two temporal dimensiorld and TE. This made it possible to measure

permeability values locally.

As has been mentioned in the beginning, permephiitues are important in several
cerebral diseases. With this work, a possibilitg baen presented to obtain permeabil-
ity maps of the brain non-invasively with a measueat time of 20 minutes. Although
the method is at the beginning of its developménshows prospect to become an

important tool in clinical diagnosis in the future.
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4  ASL and T2’: dynamic blood oxygenation
measurements

Quantification of blood flow and oxygenation is iamportant aspect when investigating
cerebral physiological processes. In functional MRIRI) experiments, usually the

BOLD susceptibility change is the effect which iséstigated and used as contrast.
This effect depends on changes in perfusion, vemouspartment size and venous
oxygenation. These mechanisms make it harder totdu®&OLD or even to look at the

physiological underlying effects. In typical expedntal setups, mainly signal data
from tissue contributes. This signal is influendsdsusceptibility changes induced by

physiological changes in the vessels.

The combination of a quantified T2’ measurementtiom ASL signal could lead to
further insight in the mechanisms involved. If omie inflowing blood water contrib-
utes to the BOLD signal, ASL measurements with alde inflow times have the
potential to reveal the different susceptibilityeets in the capillary bed and the larger
venous vessels, as blood traverses the vascul@nsyBor future applications in fMRI,
this holds high potential for increasing contrastroise by the acquisition of two

separate correlating effects, BOLD and perfusion.

4.1 Theory: R2’ oxygenation dependence at 3 Tesla

For functional imaging, the relative venous comppant size¢ and oxygen extraction

fraction OEF are both subject to change and have to be coesidén the present
study, no stimulus has been applied and therefareshange in brain activation over
time is expected. The question is then, given ftd labeled water particles, how the
environment of those particles changes over timtheadblood flows into the voxel, and

the consequences fdr and OEF . For a simple model, we can assume a homogeneous

tissue distribution over the voxel, perfused byapilkary bed, and no larger vessels
involved (Fig. 47).

Assuming a homogeneous tissue distribution ovewthel, the theoretical considera-

tions from Ch. 2.4.2 imply a uniform distributior labeled water molecules between
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capillaries, because of the high diffusion coeéfiti of water compared to the small
inter-capillary distance. In Fig. 48, the distrilout of labeled water in the capillaries and
tissue is shown schematically, shaded in blue. Bsxahe diffusion time between
parallel capillaries is only about 100 ms, the labevater can be considered uniformly
distributed in the tissue space as soon as it tessed the capillary wall. Only signal
from the blue shaded areas contributes in the A§leement. Over different inflow
times TI, the relative vascular compartment sizbjctv is the ratio of the capillary
volume to the total volume of the blue shaded atea, be considered constant in the
idealized voxel. Therefore it is convenient for ABased oxygenation estimations to
modify Equ. (49) to depend on the total vasculasiaed capillary) relative compart-

ment sizeV, instead of the venous siZe V, can then be assumed to be constant over

different inflow times, while the apparent oxygeaoatY or oxygen extraction fraction

OEF inside the capillary will change ové@t . At 3 Tesla, R2’ is then
R2'(Tl) =V_ [OEF(TI)[270[1/s] (68)

Or, asOEF depending on TI:

oer(T1) = R2 (T s (69)
V, 270
OEF will range from zero at the arterial end and G.éha venous end of the capillary
bed (cf. Fig. 47). In ASL time series experimewise will therefore expect a low value
of R2’ at short Tl. Going to londl , the assumption is that labeled water molecules ar
uniformly distributed in the voxel. Therefore, a anevalue forOEF over the entire

capillary bed can be expected at long TI.
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Fig. 47: Schematic voxel depicting tlkEF model. The tissue voxel is perfused by
several capillaries. Inside the capilla@EF rises towards the venous end asymptoti-
cally (cf. [Purves - 1972]).
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Fig. 48: The perfused voxel with schematic assulaleéled water distribution (blue)
over different ASL inflow timesTl . Because of the small inter-capillary distancetewa
is expected to be in equilibrium between capilaéer approximately 100 ms (cf. Ch.
2.4.2). Conversely, the capillary bed is traveraleag the capillary direction in a time
range of several seconds (cf. [Tofts - 2003]). Aldime capillary direction, no change in

relative vascular compartment size is assumed.

4.2 Methods: Development of a Spin/Gradient dual ec  ho
double spiral 3D-GRASE readout module for T2’
guantification

T2* maps can be acquired in FID experiments. Imagés at least two different echo

times need to be acquired to calculate T2*. In 3RASE, a train of spin echoes is
prepared and one Fourier partition is acquiredaohespin echo. By acquiring the same
partition two or more times between two refocuspgses, the formation of the spin

echo can be sampled.

The spiral-out readout concept is predestinedHisr application because it starts in the
k-space center. It is therefore possible to sarapin echo with two subsequent spiral
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readouts, with contrasts on the rising slope andhenspin echo center. Another valu-
able advantage is the fact that there are no tisbsrin spiral images. This is especially
important when T2* is in the focus of interest.tbed, susceptibility changes lead to
blurring artifacts which reduces the effective irmagsolution. A third advantage is the

short readout time due to the efficient k-spacepsenm.

A schematic pulse diagram and corresponding thieatetignal evolution is shown in
Fig. 49. The first two partitions are shown of a-GRASE like partition encoding
scheme. Between each refocusing pulse there aretwovepiral readouts, instead of
one EPI readout. Images are acquiredi&tand atTE - JTE . Echo 1 is the gradient

echo and echo 2 the spin echo.
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Fig. 49: Schematic pulse diagram and contrast nmesimaof the spin/gradient dual
echo double spiral 3D-GRASE readout. Spiral reaglstart att = TE on the spin echo
center and alE - OTE on the rising slope.

The signal equation for the spin echo with initredgnetizationm is

S¢ =mie " (70)
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The signal at the gradient echo is
SGE - ml}—RZIﬂTE—dTE) E—RZ‘IZDTE = m@_RZDIE E—(RZ‘—RZ)BTE (71)

Taking the ratio of Equ. (70) and (71) eliminaf€s . Afterwards, R2—-R2 can be
extracted:

R2* = R2-R2= -+ _[n 3= (72)
OTE  sg¢
This contrast which can be extracted from the dgped sequence depends B& and
R2' and is the exponential growth rate of the risitgps. R2 and R2' cannot be
extracted separately if both are unknown. Howewasrpboth depend on compartment

(tissue type, blood) and on oxygenation (BOLD) &arall change over separate inflow

times of an ASL experiment can be expected. Ibisdte thatR2" can take positive
and negative values. It is positive wh&2'> R2, i.e. when decay due to susceptibility
inhomogeneities dominate, and the spin echo sighd@E is larger than the gradient

echo signal'sq > s, . In the case where T2 decay dominates, the spia signal will

be lower. Then,sy <s,, and R" takes negative values. The proposed technique is

therefore a sensitive tool to determine the dontidacay mechanism.

4.3 T2 star measurement protocol and trials

All measurements have been carried out on a Tem8&ns MR scanner (field strength 3
Tesla). The acquisition protocol was composed oA&hL sequence and common T1
and T2 weighted anatomical imaging sequences. Ahadlnel head coil has been used.
The ASL sequence in use had a FAIR preparationnseh@ost-labeling saturation of

the readout slab, background suppression pulse$)R@2saturation, and a GRASE

readout part. The blood bolus length has beendunid a maximum 1200 ms by apply-

ing Q2TIPS.

For the acquisition of ASL time series, the repatittime was 3300 ms, measurement
time 22 min. The double spiral readout has beenwitim six segments and three aver-
ages. The use of a segmented spiral readout redioeespin echo train length, allowing

a shortTE of 16.26 ms. The gradient echo was acquid€l = 5.35 ms before the spin
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echo. The 3D-GRASE-like partition encoding yield®@l slices in single shot. Eleven
time steps from 250 ms to 2750 ms have been mehsutie a step size of 250 ms. The
resolution was 3.4 mm inplane with 4 mm slice thieks. The spiral gradient has been
limited to a maximum of 0.019 T/m and a slewratel@®b T/m/s to avoid Nyquist

artifacts.

Four healthy volunteers of age 22 to 40 have beeruited. The volunteers were asked

to lie still. Heads have been cushioned with fodastics to reduce head motion.

4.4 Data processing and evaluation

For the investigation oOEF changes with varying inflow time, the ASL diffein
images have to be calibrated by the tis€)eF . This can be extracted from the non-
selective and slice-selective ASL images. Furthgemporal preprocessing is necessary
to exclude errors from variablBAT . The necessary steps f@EF calibration and
temporal preprocessing are explained in this chapte

The data evaluation has been automated basingeompid prototyping image process-
ing framework DeVIDE [Botha, Post - 2008], [S — DB¥], making use of Python [S
— Python], vtk [S — VTK] and itk [S - ITK] toolkits

4.4.1 R2’' contrast and OEF calibration

From the gradient and spin echo slice-selectiverammdselective images, a contrast can
be derived as suggested in Equ. (72), named R&ie A typical image can be seen in

Fig. 50. This is an average of the non-selective slite selective images, where the
influence of perfusion should be minimal and thgnai can be assumed to originate
mostly from stationary tissue. The hig#2" values in the frontal sinus region show the

expected behavior with dominahi2' decay.
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214.47

Fig. 50: Anatomic (upper) anB2" (lower) images. The scaling is in 1/s. Bright cew
indicate high field inhomogeneities and domin& .

The obtainedR2" values of the non-selective and slice selectivages contain infor-

mation about field inhomogeneities, originating nfrosusceptibility differences or
external field inhomogeneities. As such, they canused to correct the difference
images, which are subject to the same macroscaogit inhomogeneities, but have

much lower SNR.

If the variables R2 and are known,OEF can be estimated using Equ. (69). This is
not trivial, since R2 and depend on brain tissue and region, and literatahees vary

over a wide range. Additionally, inhomogeneitiestiod external field are not consid-

ered in the above equations, but have a largeendle on the resulting R2’.

For a first estimate of th©EF values, literature values can be used, assumée to
constant over the whole brainT2=20 endé = 003 The R2" map from Fig. 50
has been smoothed (Gaussian kernel, sigma = [2,0,4]). The derived appare@EF
map is shown in Fig. 51. The side differences betwBROI A and C point to a large
effect of external field inhomogeneities on the aygnt OEF . This leads to nonsensical

results of apparerDEF , with negative values or values greater than ®h& error has



4 ASL and T2": dynamic blood oxygenation measuneisie 107

to be considered in the further evaluation. A tgpiliterature value ofOEF is 0.6,
meaning that 60% of the erythrocytes are deoxygehat the venous vessels. The

apparentOEF values obtained in Fig. 51 are therefore in theeeied range.

ROI OEF [%] | std.dev
A 0.61 0.53
B 0.94 0.61
D -0.09 0.66

Fig. 51: ApparenOEF map with fixed parameterB2 and ¢ . The value in ROI A is

reasonable. Large differences between the ROI4 ppexternal field inhomogeneities,
especially in the frontal area.

For the investigation ofOEF changes depending on inflow time, the perfusion
weighted difference images need to be calibrateat thie apparent tisSUBEF . With

the assumption that, at high , the ASL difference signal originates mainly froissue
space, the sam®2' can be expected for the ASL non-selective ance-salective
images. Therefore, the apparedEF values from the non-selective and slice selective
images will be used to normalize tleEF values of the perfusion signal, to yield
relative OEF values. With the theoretical assumptions from abdkie relativeOEF

from the ASL difference images will range from zetdll = 0 to one at longrl .

For OEF calibration, the slice-selective and non-selecawverage of the latest time
step with TI =2750 ms has been used. Due to the T1 relaxatenjnflow of fresh
labeled blood will be minimal and effects of the lABreparation can be considered
negligible. As above, the appareDEF has been derived for the last time step average

with fixed R2 and é values. Assuming that, at late time steps, theléabspins fill all
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the tissue and vascular space homogeneously, the apparenOEF is expected for
the corresponding difference image, although watlvdr SNR. The macroscopic field
inhomogeneity effects contribute equally in bothagas. Therefore, the relatieEF
values of the difference image are scaled voxeéwig division through the corre-

sponding apparer®EF image value of the non-selective and slice-seleatiean.

4.4.2 Temporal preprocessing

For a phenomenological look at the signal develagnoger differentTl , it is impor-
tant to get some knowledge about the inflow dynanifiist, to eliminate errors from
BAT variations. At time steps witfil < BAT, blood has not arrived in the voxel yet,
and the signal will only contain noise. To lookila change irR* over Tl , those time
steps have to be excluded. As we have already isetite last chapterBAT differs
from region to region in a wide range over appraadiely 1000 ms. A first step is
therefore to extract AT map. This is done with a one-dimensional fit othex data
along Tl of the first echo. A typical perfusion fit has beghown in Fig. 23. From the
fit over all voxels, aBAT map can be extracted. Perfusion aBAT maps of one
subject are shown in Fig. 52. After a Gaussian ghiog (sigma=[1.0,1.0,1.0] voxel)
the map is used to exclude time steps smaller B&h. The inflow curve is reparame-

terized to a temporal time scale=t — BAT , where BAT has been rounded up to the

next greatef ] .
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Fig. 52: T1 weighted image, perfusion and BAT mdpeere is a strong dependence of

perfusion on tissue type (white / gray matter). Béglues differ from 100 to 1500 ms.

The lower images indicate typical perfusion and BAilues. The BAT map has been
smoothed with a Gaussian filter, sigma = 0.6.
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4.5 Results: Dynamic blood oxygenation measurements

In Fig. 53, gradient and spin echo images are showtirect comparison. Signal loss
due to susceptibility inhomogeneities around tlatil sinus can clearly be seen in the
gradient echo image. In the spin echo image, tipeasihas recovered. Due to the short

readout echo train length of 200 ms, susceptibdglitifacts are minimal.

Gradient echo Spin echo

Slice 10

Slice 4

Fig. 53: Gradient and spin echo images from the/gmdient dual echo double spiral
3D-GRASE (ns+ss average, TI=2000ms). Signal losstdsusceptibility inhomoge-
neities can be seen at the frontal sinus (bluenax.o

Fig. 54 shows a time series of corrected@’ of the difference images. The windowing
is chosen such that negative values appear blugeegpmnding to dominating R2 decay)
and positive values appear yellow (correspondindaminating R2’ decay). Th&2*

values are stable over the time axis and show sligit changes. In the lower slices,

R2’ is the dominant process, which is due to thifeiégmce of the frontal sinus and the

ear canals. The derive®2" is not homogeneous over the whole brain but shows

patterns of dominating R2 or R2’.
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Fig. 54: Typical time series dR2" values. Two slices are shown. The windowing is
chosen such that positive values appear yellownagative values blue. The data is
already corrected foBAT . This leads to the white spots at later time stelpsre no
further signal evolution has been acquired. Infitse row, a lower slice has been
chosen. High R2’ values can be seen in the arézedfontal sinus.

Averages of the temporally preprocessB@" data over all relevant time steps are
shown in Fig. 55 (3rd row from left). Again, coloraps and scaling have been chosen
such that zero corresponds to red, negative vahpgear blue and positive values
appear orange to yellow. There is a strong pattégiominating T2 decay in the areas
of the left and right MCA. Also, a lot of tissueeas seem to have stronger T2 decay.
While the dominance of susceptibility effects ie fiontal sinus area is well known, the
unusual high values in the MCA regions stronglynpdo inflow effects. Because a
substantial amount of blood is transported throtigh voxel, water molecules will
experience different local field strengths and rhigbt refocus completely after the
refocusing pulse.

Additionally, to investigate the trend &2 over Tl , a linear regression has been done
over all R* values on a voxel-by-voxel basis. Maps showingsibge of the linear fits
are also shown in Fig. 55 (4th row from left). Tbelormap and windowing were
chosen to show ascending slopes in yellow andmaglislopes in blue. For the left and
right temporal lobes, a clear upward trend can éenslin other regions, however,

negative slopes dominate.
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Fig. 55: Typical maps from three subjects; from tefright: T1 weighted anatomical
image, ASL fitted perfusion imagd&2® image (yellow: R’ dominant)R2* change
over Tl (yellow: increase). In the first perfusion imagee MCA and PCA can clearly
be seen.

A relative OEF map is shown in Fig. 56 (middle image), and thtedi slopes of

temporal OEF development. Th®EF values, which are proportional 2" (except
for an offset), also show an ascending behavidahénright and left MCA areas and the
occipital lobe. Fig. 57 shows typical scal&®EF curves and the corresponding perfu-
sion curves of one image slice in one subject. fet@tive OEF average map shows
reasonable values between zero and one for corégains in the temporal and occipi-
tal lobes. White matter regions appear larger thra@ pointing to different underlying
R2 or & values.

The opposing trend is true for large areas of nyafisisue voxel in the lower slices.
With ascending inflow time, the T2’ governed dedscomes more important relative
to T2 relaxation. Under the assumption that flofe&f are absent, this could be ex-
plained by a larger part of labeled water in tlssue space at later times, where suscep-

tibility is more homogeneous. However, regions witgh perfusion potentially corre-

spond to regions with ascending relat@&F (or R2", cf. Fig. 55). Therefore, values
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of relative OEF and the trends derived there are more reliabletolN\NR considera-

tion.

-0.43
to
-4.31

Fig. 56: From left to right: anatomic image, appar@EF averaged over all relevant
time steps, linear trend of apparédEF development. Values lie between zero and one
in the temporal and occipital lobes and yield reaste results. In the same areas, the

linear regression over Tl shows has a positivees(gpown in red).
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Fig. 57: TypicalOEF curves (upper) and corresponding inflow curves/€g. OEF
values are scaled such that zero corresponds $asueptibility effects due to de-
oxygenation, and one corresponds to @t found from the tissue signal. The inflow
curves show the perfusion weighted signal. Noisiéaats in theOEF estimation are
more likely at early and late T1 with low SNR.
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4.6 Summary

A novel MR imaging sequence, the spin/gradient eéwcdlo double spiral 3D-GRASE,
has been developed. It allows the simultaneousisitigns of a spin and a gradient
echo. The readout part is a double spiral-out 3DAGR, sampling the spin echo
formation with two eco times. Images show good idyalnd are robust in respect to
susceptibility artifacts. The technique has beessg@nted at the ISMRM conference
2009 [Gregori et al. - 2009b].

The presented sequence allows the quantificatioR2f With this parameter, direct
information about oxygenation can be derived. Toecept relies on the knowledge of
R2. With the combination of the technique preseime@h. 3, the parameter R2 can in
principle be acquired simultaneously as well. Mauld allow a more accurate quanti-

fication of the oxygen extraction fraction.

The readout module has been combined with an A§uesee to map trends of R2’ of
the perfusion weighted ASL difference signal ovdtow time. The rationale was to
identify potential susceptibility changes in theedt vicinity surrounding the spins, and
thus, getting insight in oxygen consumption dynaniglthough the perfusion signal
has very low SNR compared to common anatomic imaipesprotocol with a meas-
urement time of about 20 minutes yielded stableltesThe relaxation rate R2’ could
be extracted reliably. Possible sources of errsiehaeen found, predominantly flow
artifacts leading to apparently negative R2’ valuath the presented acquisition tech-
nique. In future experiments, flow artifacts codld suppressed by crusher gradients

applied before the readout.

Significant changes in R2’ over inflow time Tl cdube found. However, there is not a
clear preference of rising or descending R2'. Angsslope of R2’ over Tl could point
to more deoxygenated hemoglobin in the direct wigiof the inflowing blood water
spins at later TI. There are many regions of rigR®j to be seen in each volume. Some
of them can be clearly associated with larger desggons, which are prone to flow
artifacts especially in early time points. In otleeas, descending R2’ values can be
observed. This could be explained by the fact thatspins diffuse in the tissue space
and susceptibility becomes more homogeneous. Bidte are regions which depict the

assumed asymptotic relativ@EF curve very well. These regions, like temporal and
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occipital lobes, show an early blood bolus arritrade and high perfusion values, and
therefore large SNR.

Combining the apparent oxygenation of the raw siglective and non-selective images
with the perfusion data, relative oxygenation cgred the inflowing spins could be
presented. The hypothesis was that the rela®& experienced by the inflowing
spins starts at zero at low TI, with a rise aftexgaup to one compared with the tissue
OEF . Such characteristics could be found in well pgetligrey matter regions, like in
the occipital and temporal lobes.
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5 General Summary and Conclusion

Arterial Spin Labeling is by now an important tawIMR imaging and is on the way to
get an important role in clinics in the near futufée prospects of ASL are by far not
exhausted. The investigation of the ASL signalaspect to the relaxation constants T2
and T2’ is an aspect which has not been addressekttail, so far. These contrasts
contain information about physiological aspect® ldapillary water permeability and

oxygenation.

In this work, ASL research has been pushed forv@m@ddress these new aspects. The
presented results allow deep insight in the undeglyphysiological mechanisms of
blood water transport and oxygen consumption. Widse characteristics, they suggest
a wide range of clinical applications. The verymising results of the two presented
new techniques are a motivation to proceed researthe field of multi-parametric
ASL.

5.1 ASL T2: Permeability measurements

An ASL 3D-GRASE sequence has been refined to meabier ASL signal at different

echo times TE. This sequence has been used torad§8BL time series datasets. An
analytical model has been derived describing thé Ai§nal evolution along the echo
time axis TE, additional to the inflow time axis. Data acquired with the modified

readout scheme and preliminary evaluation has Isemgessfully presented at the
ISMRM conference 2009 [Gregori et al. - 2009a].

Data evaluation using the proposed model yieldeddlvater permeability maps of the
capillary wall. This is the first technique to dexiwhole-brain water permeability maps
based on ASL T2 measurements. The method coulédtedt and verified on healthy
volunteers. The permeability area surface prodaand was about 205 ml/100g/min
and in the range of values known from PET.
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5.2 ASL T2': Oxygenation measurements

A novel spin/gradient dual echo double spiral 3DASE sequence has been devel-
oped. The sequence acquires two echo times oing ggdge and on the top of the spin
echo, with whole brain coverage in single shot. @a& can be used to quantify T2’
locally, while the spin echo signal is largely ueated by susceptibility effects
[Gregori et al. - 2009b]. The readout has been doetbwith an ASL preparation

scheme.

ASL time series data sets have been acquired &siigate the dynamic changes of T2’
during blood inflow. The rationale was to followettwater molecules on their way
through the capillary bed, looking at local susi®lity changes. Quantified T2’ could

be acquired on an ASL time series measurementdatee showed stable results, veri-
fied on healthy volunteers. Clear trends in T2’ elepment over time could be ob-
served, depending on brain region. In the regioith Wghest SNR, the dominating

trend observed was a rise in R2’, corresponding t@sing oxygen extraction as the
blood flows through the capillary bed. After scglithe OEF values with the pure tissue
signal data, reasonable value ranges could be \@asemainly between zero at early

time steps (no oxygen extraction) and one (maxowggen extraction).

5.3 Outlook: clinical applications

The presented techniques and collected data suggegte range of applications. As
mentioned in the beginning, blood brain barriempeability is a crucial factor in many
cerebro-vascular diseases, including tumor and ipheltsclerosis lesions. By now,
dynamic susceptibility contrast is the major diagjadool for lesions diagnosis, which
accumulate macromolecular contrast agent due todbbwain barrier breakdown. The
presented work is a step towards a future possilalgnosis without the necessity of

contrast agent.

In the field of functional imaging, BOLD and ASLeboth techniques which can be
used to investigate brain activation changes. Tdwe technique proposed here can be
used to acquire quantified perfusion and T2’ valiés. BOLD — simultaneously on
the same spin echo train. It could therefore beaessful tool in fMRI applications.
There, the quantified information can be used toouple the perfusion and the oxy-
genation changes, which both occur during brainvaibn and are not thoroughly
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understood. The simultaneous acquisition promidestir signal to noise ratio because
of the temporal correlation of both modalities. @tlpossible applications lie in the
investigation of cerebro-vascular diseases, wheeeirtfluence on oxygen metabolism

can be mapped in affected brain regions.
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Appendix A: Physiology

In this chapter a short overview shall be giventlb@ anatomical and physiological
backgrounds about the delivery of blood to the rbtgssue, the role of diffusion of
blood water through the blood brain barrier anddfiect of oxygen metabolism on the
inflowing blood water signal.

A.1 The vascular tree

Blood is delivered through the neck by three majterial paths: the Right and the Left
Internal Carotid Arteries (ICA) and the Vertebraltéry (Fig. 58). The three arteries
deliver about 600 ml blood per min to the brain i[Bet al. - 1998] where the ICAs
support about 40% each and the Vertebralis 20%eofdtal flow.
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Fig. 58: Arteries of the neck; the right ICA ane tiertebral Artery are interconnected
in the Circle of Willis. Image on Wikipedia, frorhé 20th U.S. edition of Gray's Anat-
omy of the Human Body, originally published in 1918

The three arteries are connected by the Circle ibifsvén the scull base level. Via the
Circle of Willis, in case of proximal stenosis assel inclusion, blood can be delivered

collaterally from the other supplying arteries.

After the Cirle of Willis the ICAs form the left @nthe right Middle Cerebral Arteries
(MCA) and the Vertebral Artery splits up to the Bomr Cerebral Arteries (PCA).
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Fig. 59: Schematic diagram of the vascular systeyarad the Circle of Willis. Blood is
flowing in through the Vertebral and Basilar arsrand the ICAs. From there it is
delivered to the brain by the MCAs and other smaltéeries. Blue dashed arrows

indicate blood flow direction. Image from Wikipedjublic domain.

A.2 The Blood Brain Barrier

After passing the arteries and, later on, the smalliterioles, blood finally reaches the
capillary bed. Capillaries are the vessels whichepate the tissue to deliver nutrients
and oxygen to the cells, and to transport off thegainolites and deoxygenated erythro-
cytes. They are commonly of the size of 5¢10 in diameter. That is also the diameter

of the red blood cells which line up to flow thrduthe capillary one by one.
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The capillaries in the central nervous system diignificantly from others: The
capillary wall in the brain is surrounded by enddithl cells, connecting to each other
with “tight junctions” and thus forming the “blooddrain barrier” which restricts the
permeability of solables. For many larger molecutebecomes impossible to pass.
Smaller hydrophobic molecules like @Or O, can pass the blood brain barrier, while
for several larger molecules, like glucose, actraasport mechanisms exist. Because of

their small size, water molecules can pass thedobwain barrier easily.

A.3 Brain tissue

There are two major components which can be distasngd by MRI in the brain: Grey
matter and White matter. Grey matter predominantnsists of neural cell bodies
connected to each other by axons, dendrites amdcglis. White matter consists of
myelated axons which interconnect different ardagrey matter. It is significantly less

perfused than Gray matter.

A third modality in the brain which can be distimglued is Cerebrospinal Fluid (CSF).
This is the fluid which fills out the ventricles drnn the sulci. CSF is a clear fluid,

containing approximately 0.3% plasma proteins.

In a typical T1 weighted image, the modalities bardistinguished easily (Fig. 60).

CSF

Fig. 60: From left to right: T1 weighted image, semted Gray matter, segmented
White matter. In T1 weighted images, Grey mattgresps grey, white matter white,
CSF black. Segmentations hve been computed autatiativith SPM5 [S — SPM5].
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Appendix B: T1, T2 and T2* values

B.1 T1 values

The longitudinal relaxation constant T1 for braisstie is well investigated and has
been published in various articles. T1 can be detexd by inversion-recovery experi-
ments. After a 180° inversion, the MR signal iswced after the “inversion time” TI.

The data of several inversion times can be usedltulate T1. T1 depends on the field
strength. The following values are for 3 Tesla.djlthere are slight variations of T1

over different brain regions.

Wansapura et.al [Wansapura et al. - 1999] foundlaaVerage over the brain and
several subjects of 832+10 ms for White matter HiBll+13 ms for Gray matter. Clare
and Jezzard [Clare, Jezzard - 2001] found a laiayege of T1 for Gray matter between
1060 and 1310 ms. The White matter values aredrséime range about 850 ms. The
values for CSF are much higher, reported here 89i500 ms. Stanisz reported un-
usual high values for Gray matter (1820+114 ms) ®itite matter (1084+45 ms)
[Stanisz et al. - 2005].

T1/ms at 3T | [Wansapura et[Clare, Jezzard[Stanisz et al. { [Ethofer et al. -
al. - 1999] - 2001] 2005] 2003]

Grey matter 1331 ~1200 1820 1470

White matter | 832 850 1084 1110

CSF 3700
[Lu et al. -|[Greenman el [Stanisz et al.
2004] al. - 2003] 2005]

Blood 1526 1550 1932

Tab. 5: T1 values reported in different publication
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- T T>
ROl Resanption (msec, =SE) (msec, =SE)
1 Frontal gray matter 1322 = 34 110+ 4
2 Parasagittal frontal gray matter 1392 + 27 104 = 2
3 Insular gray matter 1356 *= 33 102 =2
4 Parietal gray matter 1276 + 33 112+ 4
5 Parasagittal occipital gray matter 1356 + 29 98 = 3
6 Occipital gray matter* 1283 = 37 132 =9
7 Frontal white matter® 838 = 18 74 =1
8 Parietal white matter 827 £ 19 80 =1
9 Occipital white matter 832 + 18 84 + 1

tRelaxation times in nine anatomical regions within the brain,
averaged between left and right hemispheres in a total of 36

observations.

*T,s measured in the ROls significantly different from the average T,
for GM or WM, respectively, as established using an ANOVA test.
These differences are described in the Discussion section.

Tab. 6: T1 and T2 values from [Wansapura et a@99] regarding different brain

regions.

T, Measurements in a Set of Grey Matter, White Matter and
CSF Regions in the Brain, Obtained From T, Maps of 8

Normal Volunteers

Region T, (msec) Reproducibility %
Centrum semiovale 860 = 20 1.9
Internal capsule 890 + 40 3.8
Corpus callosum 820 = 40 2.8
Thalamus 1060 =+ 40 2.2
Putamen 1100 = 30 2.5
Caudate 1310 = 60 3.5
Lateral ventricle 3700 = 500 3.3

Reproducibility measurements are based on 7 independent mea-

surements on a single subject.

Tab. 7: T1 values from [Clare, Jezzard - 2001] réigg different brain regions.

To determine T1 of blood is not as straightforwdRéason for that is the small vessel

size which makes partial volume effects inevitalflew artifacts in the readout, and

dependence on other physiological parameters ldmatocrit and oxygenation. The

most reliable values are obtained in vitro wherobdlsamples are measured in an MR

scanner. In [Lu et al. - 2004] bovine blood wasduséhich reportedly has similar

properties than human blood. Lu reported arteiNa0(99) T1 values of 1526 ms and
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venous (Y=0.66) T1 of 1504 ms at 37°C, with errof$ ms. As can be seen, there is
only a small oxygenation effect on T1.

B.2 T2 values

The transverse relaxation constant T2 is can besasd in spin echo experiments. After
preparation of the transverse magnetization arefacusing pulse at TE/2, images are
acquired on the spin echo at TE. When measurirgjfigrent echo times, the signal
shows an exponential T2 decay with ascending TE.effiact which complicates T2
measurements is diffusion. Water molecules whidfusi in the time between the
preparation pulse and the readout are only refaciisthey experience the same local
magnetic field. This is not true in reality wheheete are many sources of local suscep-
tibility change. Especially in cases with large@ibility inhomogeneities there must
be expected an influence not only on T2* but alsoT@. This effect however will
depend on the time between preparation and readhuh “pure” T2 value can there-
fore be extrapolated.

Reported T2 values also show variations over bragion. Wansapura [Wansapura et
al. - 1999] reported 110+2 ms for Gray matter ai®9d6¥0.6 ms for White matter.

Stanisz et.al [Stanisz et al. - 2005] report 99.&ad 693 ms for Grey and White
Matter.
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Due to the diffusion effects T2 is much more influed by oxygenation effects than T1,
since deoxygenation is the cause for BOLD susciiptileffect. In T2 blood measure-

ments the oxygen and haematocrit values have tmbegidered. Lee et al. [Lee et al. -
2003] reported a value of 165.4+3.2 ms for artefi&tl) human blood, measured in

vitro.

T2/ ms at 3T | [Wansapura ef[Stanisz et al. { [Gelman et al. 1 [Lee et al. -
al. - 1999] 2005] 1999] 2003]

GM 110 99.7 71

WM 79.6 69.3 56

Blood (275+50) 165.4+3.2

Tab. 8: T2 values reported in different publicasion
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B.3 T2* values

T2* is measured in free induction decay (FID) expents. After preparation of the

transverse magnetization, the signal is acquirest #ie echo time TE. Towards higher
echo times, an exponential T2* signal decay is m&sl As a predominantly suscepti-
bility induced effect, T2* values change with loaalagnetic field changes. This is
exploited in BOLD fMRI experiments. Tissue T2* depls on the surrounding vessel's
oxygenation and therefore on the local brain atiwa Therefore the values given here

should be treated with care.

Wasnapura reported 44.7+1.2 and 48.4+4.5 for Whaéter and 51.8+3.3 and 41.6+2.0
for Grey matter ROIs. Kriuger found 49 ms for botkl @nd WM [Kruger et al. - 2001].
[Blockley et al. - 2008] reported T2*=47ms in vitflouman blood, Y=1).

T2* / ms at 3T | [Wansapura et [Kruger et al. -| [Blockley et al.
al. - 1999] 2001] - 2008]

GM 45.7 49

WM 46.6 49

Blood 47

Tab. 9: T2* values reported in different publicato
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References to software programs and toolkits

[S - DeVIDE]:
http://graphics.tudelft.nl/Projects/DeVIDE

[S - Gnuplot]:
http://www.gnuplot.info/

[S - ITK]:
http://www.itk.org

[S - MAPLE]:
http://www.maplesoft.com/products/Maple/

[S - Minuit]:
http://Icgapp.cern.ch/projects/cls/work-packagestiitas/minuit/home.html

[S - Python]
http://www.python.org

[S — SPM5]:
http://www.fil.ion.ucl.ac.uk/spm

[S — VTK]
http://www.vtk.org
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