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Abstract

Magnetic resonance images may be sensitised to tissue perfusion and
oxygenation, providing functional information about organs in the body. These
MR techniques are of great value for the assessment of ischaemic conditions, both
for clinical diagnosis and to investigate disease processes in animal models.
Perfusion may be studied completely non-invasively using arterial spin labelling
(ASL) to magnetically label blood. The presence of deoxyhaemoglobin (dHb)
influences spin-spin relaxation times, producing blood-oxygen-level-dependent
(BOLD) contrast in images. ASL and BOLD MRI are investigated in this thesis in
rat brain and liver.

Theoretical and practical aspects of labelling blood by velocity driven
adiabatic fast passage (AFP) for continuous ASL (CASL) are considered. A
computer model of the modified Bloch equations facilitated optimisation of
velocity driven AFP under various experimental and physiological conditions in
humans and animals. The computer model was extended to investigate the
amplitude modulated (AM) control pulse for multiple-slice CASL. The effect of
the AM control on moving spins and some of the reasons for the non-ideal
performance of the technique are explained. The AM control was implemented
and results in rat brain in-vivo demonstrate that the technique is significantly less
sensitive to perfusion than the standard control technique for single slice CASL
imaging. BOLD was employed in an animal model of intestinal ischaemia-
reperfusion (I/R). This is a devastating condition that affects remote organs,
including the liver, lungs, heart, kidney and central nervous system, and may lead
to multiple-organ-dysfunction-syndrome. BOLD MRI of the liver during
intestinal I/R showed that Ry* increases throughout reperfusion. This suggests that
dHb accumulates in the liver, consistent with the triggering of the failure of

hepatic energy metabolism by intestinal reperfusion following ischaemia.
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Chapter 1: Introduction

1 Introduction

Twenty first century scientists would agree with much in the description of the
role of the blood and its circulation given by Thomas Willis in 1684:

“the offices of the blood” “are divers and manifold, viz. to instil matter in

the Brain and nervous stock for the animal Spirits, to dispense the nutritious

Juyce into all the solid parts, to suggest to the motive parts an elastic

Copula, and besides to separate all recrements and worn out Particles, and to

put them aside into convenient Emuntories.”

“[the blood’s] undiscontinued motion is required both for the conservation

of the disposition of the blood itself, whole liquor would otherwise be

subject to stagnation and putrefaction, as also that being carried about in the

whole body, it might be able to give a due tribute to all parts.”
Willis relied on anatomical observations to infer the functions of the blood (Willis T
1684). Two centuries were to pass before it was possible to monitor the movement of
blood in organs, and a further century before perfusion imaging in humans became a
standard tool for clinical diagnosis.

In this thesis magnetic resonance techniques for imaging perfusion and
oxygenation are investigated. The sensitivity of perfusion imaging by continuous
arterial spin labelling (CASL) to microvascular flow was studied, both theoretically and
experimentally in rat brain in-vivo. In a separate set of experiments oxygenation
changes in the liver resulting from intestinal ischaemia-reperfusion (I/R) were
monitored in a rat model, using magnetic resonance imaging (MRI) with blood-oxygen-
level-dependent (BOLD) contrast.

In this chapter MRI techniques that are sensitive to perfusion and oxygenation
are introduced and the advantages and disadvantages of these methods are highlighted
in relation to alternative techniques. Then the motivations for the work described in
subsequent chapters are discussed. The theoretical bases of perfusion and BOLD
contrast are introduced in Chapter 2.

The delivery and utilisation of oxygen may be considered in three stages. Firstly,
oxygen is carried by the bulk flow of blood from the heart through the arterial system to
every tissue and organ in the body. Secondly, oxygen is delivered to capillary exchange
sites as blood perfuses organs and tissues. Finally, oxygen enters tissues and is

metabolised. Each of these stages is vital for normal cellular function and ultimately for
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the survival of cells. Imaging of bulk flow may be performed by angiography: plane-
film x-ray, computed tomography (CT), Doppler ultrasound or magnetic resonance
angiography (MRA). The second and third stages of oxygen delivery and utilisation,

and MR techniques to image these processes are considered in this thesis.

1.1 Magnetic Resonance Imaging

MRI developed in the 1970s after Paul Lauterbur recognised the possibility of
discriminating between magnetic nuclei at different positions in a sample by applying
magnetic field gradients (Lauterbur P 1973). It was first applied in clinical practice only
two decades ago, but since then MRI has become established as an important tool for
clinical and experimental investigations of some of the most serious medical conditions,
including stroke and cancer.

MRI may be employed to visualise function in addition to anatomy, mainly
through diffusion- and perfusion- weighted imaging and BOLD contrast. In ischaemic
disease, the combination of diffusion- and perfusion- weighted MRI has the potential to
discriminate between infarcted tissue and salvageable tissue that is suffering from
vascular insufficiency but has not proceeded to infarction (Jstergaard L et al. 2000; van
Dorsten FA et al. 2002). Diffusion weighted imaging highlights changes that are
indicative of abnormal cell energy metabolism (Busza AL et al. 1992). However, once
ischaemia is sufficiently severe to change cellular energy metabolism, it is often too late
for intervention to save the tissue. Earlier identification of tissue that is at risk may be
provided in perfusion-weighted or BOLD contrast images.

BOLD contrast is best known in the context of brain imaging, where it is
employed either to identify areas of the brain that are activated during a particular
cognitive task (Dijkhuizen RM et al. 2001; Holloway V et al. 2000) or to map
cerebrovascular reserve (Harris NG et al. 2001; Ono Y et al. 1997). However it has also

been used in studies of other organs, including kidney (Prasad PV et al. 1996).

1.2 Historical perspective on perfusion imaging

Definitions of perfusion include:

“Surgery. 1. the passage of a liquid over or through an organ or tissue.”
(Academic Press Dictionary of Science and Technology)

“The act of pouring over or through, especially the passage of a fluid through the

vessels of a specific organ.” (Online dictionary of cancerweb@www.graylab.ac.uk).

2
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Perfusion is blood flow within an organ, at the capillary level. The distribution
of this microvascular flow may change in pathological states. Therefore the
measurement of perfusion is an invaluable diagnostic tool for diseases of the circulation.
In addition to clinical applications, perfusion measurements have an important role in
experimental models of disease to identify pathophysiological changes in tissue and
inform proposed treatment strategies.

There are several factors that affect the choice of technique for measuring
perfusion. Is perfusion of the whole organ, or regional perfusion of interest? What
degree of spatial localisation is necessary or desirable? Are multiple measurements
required (for example in a time series study)? How long may a single measurement
take? Is an invasive technique acceptable? And if so, how invasive? Is absolute
quantification required, or is a relative measure adequate? The availability and cost of
different methods are also important considerations. A brief history of developments in
perfusion imaging serves as an introduction to the techniques that are currently
available.

The earliest studies of perfusion were performed by highly invasive techniques
requiring, for example, insertion of electromagnetic flow probes into blood vessels
(Rein H 1929) or insertion of cooled thermocouples directly into tissue (Schmidt CF
and Pierson JC 1934), or even drainage of cerebrospinal fluid and the application of a
pressure cuff around the neck (Ferris EB 1941). Electromagnetic flow probes may be
employed today to measure bulk flow or whole organ perfusion, especially in
experimental studies in animal models (for example Horn EP et al. 1997; Majid DS et
al. 1997), but they do not provide regional information. Thermocouples are also
employed for specific applications (Thome C et al. 2001; Klar E et al. 1999), but they
measure perfusion within a very localised region and other approaches are more
common.

The first quantitative measurements of cerebral blood flow (CBF) in humans
yielded values for whole brain perfusion (Kety S. and Schmidt CJ.1945). Kety and
Schmidt introduced nitrous oxide (N,O) as a tracer by inhalation, and measured
concentrations of N,O in the jugular vein and femoral artery. They calculated the total
flow of blood through the whole brain by adapting the Fick Principle (originally devised
for oxygen passing through the lungs (Fick A 1870)).

These whole organ measurements yielded no information on the distribution of

blood flow within the brain. Then in 1955 Landau et al. used autoradiography to
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measure regional CBF in cat brain (Landau WH et al. 1955). For autoradiography, the
distribution of a radioactive tracer (e.g. *™Tc or *C) is imaged by sacrificing the
animal, slicing the brain immediately and placing the slices onto x-ray film.
Autoradiography has the highest spatial resolution of any perfusion imaging technique,
limited only by the resolution of the x-ray film. However, it yields only a single time
point per animal after slicing the brain.

Radio-labelled microspheres were first employed in 1967 to study foetal
circulation (Rudolph AM and Heyman MA 1967). The microspheres become trapped in
capillaries, and after appropriate correction for radioactive decay, the quantity and
distribution of blood in the microcirculation may be quantified. Microspheres may be
introduced into the circulation repeatedly (four or six times), using different isotopes to
distinguish separate time points in a single animal (Capuro NL et al. 1979).

Regional measurements of flow by autoradiography or the use of radioactive
microspheres necessitate destruction of the sample. A different approach is required for
regional measurements in humans, and in 1961 Ingvar and Lassen made quantitative
measurements of regional CBF (rCBF) in a patient undergoing craniotomy to remove a
tumour. They made a cranial window out of glass, through which B emissions from *’Kr
were detected from one section of the cortex (Ingvar DH and Lassen NA.1961).

Measurement of regional perfusion within whole organs became possible with
the development of external monitoring techniques to map distributions of y-emitting
radioisotopes (for example Mallett B.L. and Veall N.1963; Conn HL.1955). Blood
tracers may be introduced by intra-arterial injection, permitting detection of flow in the
territory of a single artery or by inhalation of a radioactive gas, which produces signal
from every perfused tissue in the body.

Computed tomography offers better spatial specificity than planar imaging, as
demonstrated by Fazio et al. (Fazio F et al. 1979). Emission scans may detect either
single y-emissions or the coincident photons resulting from positron annihilation. These
approaches form the basis of single photon emission tomography (SPECT) and positron
emission tomography (PET) respectively. The recorded radioactivity in the body must
be calibrated against the activity in samples of arterial blood drawn during the
measurement. PET also offers information on haemodynamic or metabolic function
through images of local blood volume, oxygen and glucose consumption, using

different radio-labelled pharmaceuticals.
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The development of transmission CT led to the introduction of Xe-enhanced CT
perfusion mapping, which exploits the high atomic number of Xe to show the
distribution of perfusion after inhalation of Xe gas (for example Drayer BP et al. 1978).
Xe CT also provides anatomical information, which is not obtained in SPECT and PET.

Although transmission CT, SPECT and PET are tolerated by many patients,
each carries the risks associated with the use of ionising radiation. MRI, on the other
hand, does not employ ionising radiation and offers equivalent or better spatial
resolution. The first MRI technique to measure microvascular blood flow employed a
paramagnetic contrast agent as a blood tracer (Villringer A et al. 1988). The magnetic
susceptibility difference generated by the contrast agent resulted in rapid loss of phase
coherence and reduced T, as blood passed through microvessels in tissue. Regional
blood flow may be calculated by tracking the passage of the bolus through tissue.

Arterial spin labelling (ASL) is an alternative MRI technique, in which 'H nuclei
in water in blood are magnetically labelled before they enter tissue (Williams DS et al.
1992). For ASL, endogenous water is the tracer, and hence this approach is completely
non-invasive. The rapid clearance of labelled blood also permits repeated measurements
within a few seconds.

Other techniques to detect regional blood flow include hydrogen clearance,
Laser Doppler, confocal microscopy, optical imaging and near—infrared spectroscopy
(NIRS). All of these methods give information on only a localised region of tissue
(although a tomographic approach for NIRS is under development (Hillman EM et al.
2001)). Therefore, at present CT, SPECT, PET and MRI are the only techniques
employed in standard clinical practice to image the distribution of regional blood flow.
MRI is the only one that does not employ ionising radiation and ASL MRI is the only

one that does not require an exogenous contrast agent.

1.2.1 Perfusion imaging studies in this thesis

The sensitivity of ASL is inherently low because protons in blood constitute
only a few percent of the total number of protons that produce signal in an MR image.
Maximising the sensitivity of perfusion measurements is critical to the efficacy of the
technique, especially in the study of pathology associated with low perfusion, or when
trying to detect small changes in regional blood flow. The focus of Chapters 3, 4 and 5
is on the process of velocity driven adiabatic fast passage (AFP) to magnetically label

'H spins for continuous ASL (CASL) (see Chapter 2 for a description of the theory).
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In Chapter 3 a thorough investigation of several factors that determine the
sensitivity of CASL is presented, using a computer model of velocity driven AFP.

For multiple-slice CASL the labelling process must be modified and the most
widely used approach is the amplitude modulated (AM) control (Alsop DC and Detre
JA.1998). The advantage of multiple-slice perfusion images is offset by the
disadvantage of a smaller flow-dependent signal with the AM control. In Chapter 4 a
computer modelling study is presented in which the causes of the relative insensitivity
of multiple-slice ASL using the AM control are explored.

In Chapter 5 an experimental evaluation of CASL imaging with the AM control
is described. The three sets of investigations were designed to: 1) verify the absence of
apparently flow-dependent signal in samples of meat; 2) demonstrate the efficacy of
multiple-slice CASL images in rat brain, in-vivo with the AM control, and 3) compare

the flow-sensitivity of single-slice and multiple-slice versions of CASL.

1.3 Blood-Oxygen-Level-Dependent (BOLD) MRI

The vast majority of oxygen in blood is contained in haemoglobin (Hb), within
red cells. Typically, 19.4 ml of oxygen is bound to Hb, whereas only 0.39 ml of oxygen
is dissolved in plasma per 100 ml of arterial blood (Harper HA.1971). Fully oxygenated
Hb is carried to tissues, where the relatively low partial pressure of oxygen causes the
Hb to release oxygen and become deoxygenated Hb (dHb). The amount of dHb present
in the microvasculature is determined by the oxygenation of the blood delivered and
local oxidative metabolism.

dHb is paramagnetic and within the static magnetic field of the MRI scanner, it
sets up local magnetic field gradients in tissue. The presence of these gradients
increases the transverse relaxation rates R, and R,*, producing blood-oxygen-level-
dependent (BOLD) contrast. Subject to appropriate calibration, it is possible that BOLD
may provide a quantifiable means of sensitising images to oxidative metabolism and a
means for quantifying changes in the rate of oxygen consumption (Davis TL et al. 1998;
Hoge RD et al. 1999).

There is a range of other techniques for measuring oxygenation, including
measurements of arterial and venous blood gases, pulse oximetry, NIRS, tonometry and
PET. Pulse oximetry and blood gas measurements are employed as indicators of
oxygenation in a whole organ, or systemically. NIRS makes local measurements, but

calibration must be performed against a state with zero blood oxygen saturation and
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complicated analysis is required to calculate concentrations of Hb and dHb. Tonometry
has uses only for specific applications in the lumen of the stomach or colon.

PET is employed to monitor the regional uptake of positron emitting '>O,, from
which regional rates of oxygen consumption may be calculated (Frackowiak RS et al.
1980; Ohta S et al. 1992). PET is the only real alternative to BOLD at the moment for
mapping the distribution of tissue oxygen metabolism. However, MRI has the
advantages of more rapid image acquisition, it does not require administration of a

radio-active tracer and it provides anatomical as well as functional information.

1.3.1 BOLD imaging studies in this thesis

The study presented in Chapter 6 was designed to exploit the dependence of R,*
on the presence of dHb as an indication of temporal changes in the availability of
oxygen in the liver during intestinal ischaemia-reperfusion (I/R). Intestinal I/R causes
severe derangement of hepatic energy metabolism, possibly linked to inadequate
oxygen supply (Vejchapipat P et al. 2001a). This is a serious clinical condition,
affecting both adults and children, whose most life-threatening injuries are not due to
the primary insult to the intestine, but to the damage and eventual failure of remote
organs. The liver is one of the first organs to be affected after intestinal I/R, possibly
due to its intimate dependence on vascular outflow from the gut, through the portal
vein. The temporal changes in hepatic oxygenation and the inflow of blood to the liver
have not been studied fully and the influence of the oxygenation of the liver on hepatic
damage during intestinal I/R is not well understood. This provided the motivation for

the MRI studies described in Chapter 6.

ASL and BOLD MRI offer invaluable insight into the delivery of oxygen and
nutrients to tissue, a process that is compromised in numerous disease states.
Maximising the sensitivity of these techniques is vital both for maximum diagnostic
benefit in patients, and in order to yield information about the nature of pathology in
animal models. This thesis describes investigations of both continuous ASL and BOLD
imaging. A series of studies was designed to gain a deeper understanding of the
labelling technique for CASL MRI so that the sensitivity of perfusion measurements
may be maximised. Another set of investigations were performed, using BOLD MRI to
study the effects of intestinal ischaemia-reperfusion on the liver in an animal model of

this life-threatening condition.
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2 Magnetic Resonance Imaging
2.1 Nuclear Magnetic Resonance

In this chapter emphasis is placed on those aspects of the theoretical basis of
MRI that pertain to the work described in subsequent chapters. The processes of spin-
lattice and spin-spin relaxation are discussed, the formalism of k-space is introduced,
rapid imaging using echo planar imaging (EPI) is described, and arterial spin-labelling
(ASL) techniques for imaging microvascular blood flow are outlined.

The phenomenon of nuclear magnetic resonance is the result of quantum
interactions of magnetic nuclei within an externally applied magnetic field. Information
about these nuclei and their molecular environment may be obtained by applying energy
in the form of oscillating magnetic fields, referred to as radio-frequency (RF) pulses, to
excite nuclear spins. The absorption and emission of energy by nuclear spins are
resonance phenomena, that is to say they only occur at a specific frequency in a given
nuclear species at a given magnetic field strength. This resonance frequency is known as
the Larmor frequency, a.

The concept of nuclear spin was introduced by Wolfgang Pauli to account for
ultra-fine structure in atomic spectra (Pauli W.1924). It is the basis of NMR
phenomena. Nuclear spin is quantised and individual protons and neutrons have spin
quantum number I = %. In a nucleus the spins of individual nucleons combine in such a
way as to minimise the total energy of the system. Nuclei with I > %2 have a dipole
magnetic moment, L = Y(h/2m)l, where 7y is the gyromagnetic ratio, a characteristic
property of each nuclear species.

Nuclei with magnetic moments undergo quantum interactions with an external
magnetic field and the characteristic energy of these interactions is determined by the
Larmor frequency, ay. In a field with flux density By, the amplitude of the Larmor
frequency of nuclear spins is @y = YBo. Perturbations of the system are most often
considered in a frame that rotates at y, which is known as the “rotating reference
frame”. A sample containing a large number of magnetic nuclei may be treated as an
“ensemble”, whose mean behaviour is described by the expectation value of the
interaction between an individual nucleus and B,. This mean behaviour is described by
the bulk magnetisation, M, that tends to align with By at equilibrium.

Nuclei with magnetic dipole moments that are used to study biological systems

include *'P, *C, and "°F. However, most magnetic resonance imaging (MRI) is based
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on the detection of 'H nuclei (protons) in water for two main reasons. Firstly free water
comprises between 60 % and 80 % of most body tissues. In comparison *'P, the second
most abundant magnetic nuclear species in biological tissue, is contained in metabolites
at millimolar concentrations. Secondly, 'H has a large magnetic moment due to a large
gyromagnetic ratio (y=26.8 x 10’ T"'s™ compared with y=10.8 x 10’ T''s™ for *'P). All
work presented in this thesis is based on MRI of water and the following description of

MRI theory is pertinent to 'H nuclei.

2.2 Relaxation times

The relaxation times of nuclear spins, T, and T,, combined with proton density,
provide contrast between different tissues in MRI. T, is the “spin-lattice” relaxation
time, characteristic of the rate of transfer of energy between nuclear spins and their
environment, the “lattice”. T, is the “spin-spin” relaxation time, caused by interactions
between spins without any exchange of energy with the lattice.

T, and T, are absolute measures, which provide an objective means of
comparing measurements in different samples or subjects, in the same subject over
time, or using different MR scanners. T; and T, provide characteristic contrast in a
range of conditions. For example, T, tends to increase in tumour tissue and T-weighted
images are employed to assess the lesion load in multiple sclerosis. T, also changes in
tumours and T, is reduced in the early stages of ischaemia, for example in affected
regions of the brain after a stroke.

T, and T, depend on the static magnetic field and the molecular environment of
nuclear spins in a particular sample or tissue. Pulse sequence parameters are selected to
emphasise differences due to proton density, T, or T, relaxation, or a combination,
depending on which provides the best contrast between particular anatomical, functional

or pathological features.

2.2.1 Spin-lattice relaxation

Magnetic dipoles align approximately parallel or anti-parallel to an external
magnetic field, Bo. The energy of this interaction is - w.Bg = - u,Bo where p, is the
component of the magnetic moment parallel to By. It is energetically favourable for
magnetic dipoles to align parallel to the field, but thermal energy constantly promotes

spins to the higher energy state. The Boltzmann distribution relates the number of spins
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in the higher energy state, N, (with energy + 1,Bo), to the number of spins in the lower

energy state, N_, (with energy - 1,By) at a given temperature T (in Kelvin).

N, /N.=exp(-2 p,By¢/kT) equation [2.1]

where k is the Boltzmann constant.

The bulk magnetisation of a sample, M, is proportional to (N - N,).

After an RF pulse excites spins in a sample that is held in a magnetic field,
energy is exchanged between nuclear spins and the lattice to re-establish an equilibrium
state. The time it takes to restore equilibrium is characterised by the spin-lattice
relaxation time, T;.

The dominant mechanism for T, relaxation in biological tissues is the dipole-
dipole interaction. Fluctuations in the magnetic field at one nucleus due to the field of
another magnetic dipole (another nucleus or an unpaired electron) induce transitions
between nuclear spin states. The strength of the magnetic field due to a magnetic
moment | at a distance r is proportional to /. If magnetic dipoles are close together or
if p is large, T, is short. The fact that magnetic moments of unpaired electrons are 685
times greater than those of protons is exploited to observe paramagnetic contrast agents,
such as gadolinium-based compounds, or deoxyhaemoglobin.

Any nuclear species in a particular type of molecule has a spectral density
function associated with the molecular motions within it (Figure 2.1). The correlation
time, T., is a measure of the random motions of molecules (the mean time for a
molecule to change direction by one radian). 1/1. is a measure of the rate of fluctuations
due to rotational tumbling of molecules and if 1/1; is close to the Larmor frequency
energy transitions occur rapidly and T is short. Small, freely moving molecules have
short t., corresponding to a greater weighting of the spectral density to higher
frequencies. This is the fast regime, and it is typical of free water (Figure 2.1). At the
field strengths commonly employed for MRI, biological tissues are in the intermediate

regime (Figure 2.1).

10
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2.2.2 Spin-spin relaxation

T, processes re-establish an equilibrium energy state, whereas T, processes
destroy phase coherence between individual spin isochromats, without necessarily
affecting the energy of the system.

In a perfectly homogeneous magnetic field the Larmor frequencies of spins in a
sample are exactly the same. After a 90° pulse the bulk magnetisation, M, lies along a
single axis in the transverse plane. All isochromats have the same phase and precess at
the frequency of rotation of the rotating frame (). However, random processes destroy
the phase history of individual spins, and the coherence of the spins in the sample is
lost. The most common of these processes is the dipole-dipole interaction, which is also
the main mechanism for T; relaxation. Other, low frequency oscillations cause T,, but
not T, relaxation, which explains the divergent behaviour of T, and T, at frequencies
lower than oy (Figure 2.2).

In practice, T, is not measured in a perfectly homogeneous magnetic field.
Additional dephasing of isochromats occurs due to destructive interference between
spins with slightly different Larmor frequencies. After an excitation pulse, echoes may
be formed by applying a 180° pulse to produce a spin-echo, or by reversing the polarity
of a de-focussing gradient to form a gradient-echo. A spin echo restores the phase
coherence that is lost due to a static distribution of Larmor frequencies, whereas a
gradient-echo does not. The relaxation times measured with spin-echo and gradient-

echo pulse sequences are denoted T, and T,* respectively and

UTy*=1T,+ 1/Ty equation [2.2]

where 1/T," accounts for dephasing due to a spread of Larmor frequencies.

A third T, process occurs when magnetic nuclei diffuse through an
inhomogeneous magnetic field. A spin that diffuses through local magnetic field
gradients has a randomly varying Larmor frequency, which introduces irreversible
dephasing if there is a significant change in the Larmor frequency before the MR signal

is acquired.

11
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Figure 2.1

Spectral density functions.

Fast, intermediate and slow molecular motions correspond to short, intermediate and
long correlation times, .. In the intermediate regime, with the magnetic field strength
corresponding to the wy shown here, the spectral density is high at oy and T, relaxation

is rapid.

log (T))
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log (T,)

log (frequency of
molecular motion)

Figure 2.2
The frequency dependencies of T; and T».
Spin lattice relaxation is most effective at the Larmor frequency. Spin-spin relaxation is

enhanced at low frequencies, reducing T, relative to T;.
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2.2.3 T, and T, weighted images

In order to observe contrast due primarily to T; relaxation, fairly short repetition
times (TR) and short echo times (TE) are selected. Provided TR is short enough to
prevent a full return of the longitudinal magnetisation, M,, to its equilibrium value, M,
in nuclear species with different T; values recovers by different amounts, to produce T;-
dependent contrast. Short TE prevent significant dephasing, maximising signal-to-
noise-ratio and minimising T, contrast between tissues.

For T, weighted images long repetition times are preferred to minimise T;-
dependent contrast. Echo times must be long enough to allow differences between
transverse magnetisation, My, in different tissues to evolve.

A “rule of thumb” that may be applied to obtain the greatest T, contrast with a
flip angle of 90° is to set TR equal to the shortest T; of interest for a particular study
(Edelstein WA et al. 1983). Similarly, to obtain maximum T, contrast, TE should be

approximately the same as the shortest T, of interest.

2.2.4 Measuring T, and T,

T, and T, are measured by sampling the relevant decay curve. In order to
measure T|, M, is sampled at different times after inversion or saturation, by tipping the
magnetisation into the transverse plane (Figure 2.3). Provided that the repetition time
between saturation or inversion pulses is long enough to permit full relaxation of the

sample (at least 5 times T,), M, returns to its equilibrium value, My, according to

M, = (M,(t=0) - M) e + M equation [2.3]

where M,(t=0) = O for saturation and - My for inversion.

In order to measure T,, spin-echoes are acquired at a range of echo times, TE.

M,y is reduced according to

M,y =My e TET2 equation [2.4]

The Carr-Purcell-Meiboom-Gill sequence was designed to provide a rapid means of

measuring T, accurately and with the minimal effects from spin diffusion (Figure 2.4)

(Meiboom S and Gill D 1958).

13
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Figure 2.3

The inversion recovery sequence

The pulse sequence is shown in (a). TI is the time between inversion and excitation. TR

is the repetition time. The evolution of the longitudinal magnetisation, M, is shown in

(b). M, recovers after inversion, as equilibrium is restored during TI. It is sampled by

applying a 90° pulse. The magnitude of the resulting FID is proportional to M, (adapted

from Thomas DL 1999).
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Figure 2.4

The Carr-Purcell-Meiboom-Gill sequence.

Repeated 180° pulses are applied in phase quadrature to the 90° pulse in order to avoid
imperfect refocusing by inaccurate 180° pulses. The magnitude of the spin-echo after
each refocusing pulse is proportional to My and from a series of such echoes, T, may

be determined.

2.3  The Bloch Equations
The equation of motion for the bulk magnetisation, M, of a sample in the
presence of a magnetic field, B, may be expressed as a differential equation (Bloch F.

1946). The effects of spin relaxation may be included and in general:

dM/dt=y(MxB) + Mo—M,)/T;—(My+M,)/T,  equation [2.5]

where M, is the longitudinal component of M, parallel to the static magnetic field, B.

M, M, are the transverse components of magnetisation

15



Chapter 2: Magnetic Resonance Imaging

24  Magnetisation transfer contrast

Protons are present in many different forms in biological tissues and the
observed magnetisation and T, values depend on interactions between protons in
different molecular environments. Despite the variety and complexity of these
interactions, a simplifying assumption of two proton pools is generally valid; the free or
solvent pool and the bound or restricted motion pool (for example Henkelman RM et al.
1993). The majority of the signal in MR images originates from protons in free water,
but it is affected by protons bound to large molecules, including proteins, cell
membranes and other macromolecules. This bound pool has broad resonances and
correspondingly short relaxation times, (approximately 10° times shorter than free
water), so that in most experiments signals from these protons may not be observed
directly. However, exchange (or transfer) of magnetisation between the bound and free
pools occurs, which may be approximately described by analogy with chemical

exchange, according to

dM¢ = (Mof — Mp) - Kgor Mg + Krey My equation [2.6]
dt Tis

where My is the magnetisation of the free water pool
MY% is the equilibrium magnetisation of the free water pool
kfor and ke, are the forward and reverse rate constants for exchange between the
free and bound pools
M, is the magnetisation of the bound pool

T¢ is the spin-lattice relaxation time of the free pool

Protons in the bound pool may be selectively excited by an off-resonance RF
pulse (Figure 2.5). The excitation reduces My, and thereby reduces M¢ through exchange
(equation [2.6]). Thus, contrast in MR images may be manipulated by selective
excitation of the bound pool. Differences in the proportions of free and bound protons,
or in T, values in either species are highlighted in an image acquired after an off-
resonance pulse.

Magnetisation transfer (MT) imaging has a number of important clinical
applications, including in angiographic studies, the detection of lesions in multiple
sclerosis and the discrimination of tumour from normal tissue. MT also reduces the

signal intensity in CASL images, as discussed in Chapter 5.
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free
protons

W;—A® ON frequency —>
Figure 2.5
Resonance line shapes of free and bound proton pools

A pulse applied at oy excites the protons in both the free and bound pools. A pulse at

ay — Aw excites mainly the bound pool.

2.5 Image formation and the concept of k space
The MR signal, S(t), is

S(t) = exp(-t/T 2*)J.p(r) exp(ip(t)) dV equation [2.7]
v

where p(r) is the proton density,
0 is the phase of the magnetisation,

V is the volume of integration.

Spatial information may be gained from NMR through the application of
magnetic field gradients to separate positions in space according to their resonance
frequency, as follows: ¢ evolves over time at the Larmor frequency, wy, and in the
presence of a gradient, G, the phase that accumulates from the time of excitation

depends on position, r. In the rotating frame of reference,

o =v]Gra
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If the time between excitation and acquisition is much less than T,*, we may write:

S(t) =j p(r) exp(ik(t).r) dV equation [2.8]

t
where spatial frequency, k, is defined as:  k(t) = yLQ dt

We see from equation [2.7] that the spatial distribution of proton density is the inverse
Fourier transform of the signal, excluding the effect of T, relaxation. The concept of k-
space was developed in the early 1980’s (Twieg DB.1985; Ljunggren S.1983) to
provide a way of assessing the sensitivity of MR pulse sequences to different spatial
frequencies and comparing pulse sequences. An example of a pulse sequence is shown
in Figure 2.6 for a conventional, gradient-echo imaging sequence.

If all of k-space were to be sampled (-ec < k < +e0), a complete description of the
distribution of proton density would be obtained. In practice, k is sampled at discrete
intervals. Sampling the FID while a constant gradient, Gy, is applied gives information
in one dimension, ki, which may be visualised as scanning along the ky-axis (Figure
2.6b). This is known as frequency encoding.

In order to acquire a second dimension, another gradient must be applied in a
direction orthogonal to the first. This is done by phase encoding, as first introduced by
Kumar (Kumar A et al. 1975). Spins are dephased coherently after excitation by a
phase-encoding gradient of constant duration T and amplitude +G,. The frequency
encoding gradient is applied during the acquisition to place the peak of the echo at the
centre of k-space, as the line ks = O is crossed, as shown in Figure 2.6. A complete set
of ky may be acquired by repeating the phase encoding with a series of values of T or a
series of values of Gy with a constant T. Early developments in spatial encoding
employed variations in T (Kumar A et al. 1975) but varying Gy has the advantage of
introducing the same amount of T,* relaxation as every line of k-space is acquired
(Edelstein WA et al. 1980). Negative regions in k-space are covered by reversing the

gradient.
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Figure 2.6

Gradient echo sequence.

Pulse sequence diagram (a) and k-space coverage (b)

Gradients, + Gx and Gy; move the trajectory through k-space from O to A; before the
acquisition starts. The first line of k4 is acquired between A; and B; by applying the
gradient -G, to reduce ky as time evolves. A smaller phase encoding gradient, Gy, is
applied before the second line is acquired from A, to B, and so on, until the whole plane

has been sampled.
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2.6  Echo Planar Imaging

Rapid imaging is desirable to permit tracking of dynamic processes, to reduce
artifacts in images due to motional blurring and to reduce examination times in clinical
practice. A major limitation to reducing imaging times is allowing sufficient relaxation
of longitudinal magnetisation between the excitation pulses applied to acquire each line
of k-space. This limitation is overcome if a complete image is acquired after a single
excitation, which requires sampling all of k-space in a single acquisition. Echo planar
imaging (EPI), introduced by Mansfield in 1977 (Mansfield P 1977), produces images
in a few tens of milliseconds. It has become more widely available for rapid imaging in
clinical practice and has numerous applications in neuro-imaging. Images shown in
Chapter 5 were acquired using EPL

The whole k plane may be sampled after a single excitation, by applying a series
of 180° pulses to effect repeated reflections through one of the axes, ky or ky, (as in
turbo-spin-echo (TSE) or RARE) or by repeatedly reversing the frequency encoding
gradient direction to scan alternate lines in k-space in opposite directions. The EPI
technique employs the second approach.

The pulse sequence diagram for EPI is shown in Figure 2.7. A series of gradient
recalled echoes is acquired after a single RF excitation. The first line of k-space is
acquired as per conventional gradient-echo MRI (Figure 2.6). At the end of the first line
a brief gradient pulse (or ‘blip’) in the phase encoding direction and a reversal of the
gradient in the frequency encoding direction prepare for the next line in k-space to be
scanned in the opposite direction (Figure 2.7).

EPI has high time resolution but there are some disadvantages. Echo planar
images are inherently T,* weighted, which limits the number of echoes that may be
recalled before the signal has decayed to the noise level. The image matrix size, and
hence image resolution, is thus restricted. Long acquisition times make EPI especially
sensitive to inhomogeneities in By. Variations in By introduce gross distortions into
images and signal loss in regions where Bj inhomogeneity is particularly great. The
high acquisition bandwidths make EPI prone to noise and place great demands on the
receiver electronics.

However, improvements in hardware over the last two decades have provided
the powerful, linear amplifiers and coils necessary for gradients to ramp up and down

very rapidly, and EPI has become a standard technique for research and clinical MRL
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Echo planar imaging

Pulse sequence (adapted from Thomas DL 1999) (a) and k-space coverage (b). After the
excitation pulse, de-focussing gradients move the trajectory through k-space from O to
A. Points from A to B are acquired before a blip in the phase encoding gradient (G,)
takes the path from B to C. A change in sign of the frequency encoding gradient (Gy)
takes the path from C to D. Further blips of Gy and reversals of G4 form echoes

whenever the line k, = 0 is crossed.
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2.7  Perfusion imaging by arterial spin labelling

Arterial spin labelling (ASL) refers to the process of changing the magnetisation
of water in arterial blood. Exchange of this ‘labelled’ water into tissue changes the
magnetisation of the tissue. Proton spins in blood thus become an endogenous contrast
agent, making ASL a truly non-invasive way of measuring microvascular blood flow.

ASL is a subtraction technique, relying on the acquisition of one image after
labelling blood and one image without the label (the control image). An image formed
by subtraction of the labelled image from the control image has signal only where blood
perfuses tissue. Typical positions of labelling and imaging regions for detection of
regional cerebral blood flow, rCBF, are shown in Figure 2.8.

The label is applied by saturation or inversion of the magnetisation of inflowing
blood. In some implementations, saturation has been the method of choice, either to
reduce RF power deposition (Francis ST et al. 1999) or to facilitate multiple slice
imaging (Williams DS et al. 2001). However, inversion is preferred in most cases
because the difference in signal in subtraction images, and hence the sensitivity of the
technique, is twice as great as with saturation.

There are two main classes of ASL techniques. The first to be introduced was
continuous ASL (CASL) (Detre JA et al. 1992; Williams DS et al. 1992). Pulsed ASL
(PASL) was proposed to overcome some of the difficulties associated with CASL
(Edelman RR et al. 1994). For CASL a long period of labelling establishes a steady
state between labelled blood and the tissue perfused by this blood, reflected by the
reduced magnetisation of the tissue. For PASL a short RF pulse is applied proximal to
the imaging slice(s) to form a bolus of labelled blood. The exchange of the bolus into
tissue alters the magnetisation of the tissue, which may be detected in the same way as

for CASL.

2.7.1 Continuous ASL

The first implementation of continuous ASL imaging employed a train of RF
pulses to saturate inflowing spins (Detre JA et al. 1992). Velocity driven adiabatic fast
passage (AFP), a technique introduced from MR angiography (Dixon WT et al. 1986),
was first employed for CASL by Williams et al. (Williams DS et al. 1992) and it has
become the most widely applied technique for CASL. The process of velocity driven

AFP and its application in CASL is described in Chapter 3.
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Figure 2.8

Geometr>' for label and control images using ASL

CASL (a) and the PASL variant, FAIR (b). CASL is performed by continuously
inverting the magnetisation of blood that flows through a plane proximal to the imaging
plane. This is the labelling plane and the control plane is at the same distance from, but
distal to, the imaging plane. FAIR is performed by applying alternately slice selective
and non-selective inversions. After a selective inversion of a slab of tissue around the
image plane, the inflow of fully relaxed blood provides flow-dependent contrast. The
control is a non-selective inversion so that inflowing blood has approximately the same

magnetisation as tissue in the imaging slice.

In addition to the inversion of moving protons, the long RF pulse for velocity
driven AFP (of a few seconds) introduces magnetisation transfer (MT) contrast to the
image. The MT effect varies with offset frequency, and therefore with distance from the
labelling plane in the presence of a gradient. The unlabelled (control) image must have
identical MT contrast to the labelled image, if the subtraction is to accurately reflect
tissue perfusion. Alternatively, MT effects may be eliminated by using a separate,
localised RF coil for labelling (Zhang W et al. 1995). However, a two coil system
introduces additional hardware complications and the non-uniform RF field of a surface

coil may not label blood flowing through all feeding vessels uniformly. In most
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implementations of CASL, a single coil is used for labelling and imaging and
cancellation of MT effects is an important consideration.

CASL is the more sensitive of the ASL techniques (Wong EC et al. 1998a), but
it has some limitations. The most important of these are 1) relatively long transit times
from the labelling plane to the imaging plane; 2) frequency (and hence position)
dependent magnetisation transfer effects, which hinder extension to multiple slices; and
3) long RF pulses for labelling, which impose considerable demands on RF amplifiers

and result in high power deposition in subjects.

2.7.2 Pulsed ASL

Pulsed ASL requires a labelling pulse with a sharp profile and large bandwidth
to create a well defined bolus, of adequate duration. Adiabatic pulses are most
commonly employed to satisfy these demands. Gradient modulated, adiabatic pulses,
such as FOCI (Ordidge RJ et al. 1996) have been shown to confer significant
improvement over more conventional hyperbolic secant pulses, especially in human
studies (Yongbi M and Duyn J.1999).

There are several versions of PASL. One group of techniques labels blood
proximal to the imaging plane. These are EPISTAR (echo planar imaging with signal
targeted averaging (Edelman RR et al. 1994)), PICORE (proximal inversion with
control for off-resonance effects (Wong EC et al. 1997)) and QUIPSS II (quantitative
imaging of perfusion using a single subtraction (second version) (Wong EC et al.
1998b)). A second group of PASL techniques label blood simultaneously proximal and
distal to the imaging slice. These are FAIR (flow sensitive alternating inversion
recovery (Kwong KK et al. 1995; Kim SG 1995)) or the variants UNFAIR (Un-inverted
FAIR (Helpern JA et al. 1997)) and FAIRER (FAIR excluding radiation damping (Zhou
J et al. 1998)). The control preparations for the proximal labelling techniques are
applied distal to the slice(s) of interest, as for CASL. FAIR uses a slice-selective
inversion for the label and a global inversion as the control. A bolus of fully relaxed
spins washes in to give a flow-dependent signal, following the slice selective inversion.

PASL has the advantages of ready combination with BOLD acquisitions for
functional imaging and negligible MT effects of the labelling pulse. However, transit
times introduce possible errors into flow calculations using either CASL or PASL and

PASL is less sensitive to CBF than CASL, especially in more distal slices. The relative
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merits of the two ASL variants have been investigated by Wong et al. (Wong EC et al.
1998a).

2.7.3 Quantification of flow from ASL

The standard model for quantifying microvascular blood flow, introduced by
Detre et al. (Detre JA et al. 1992) has been adapted to incorporate the numerous
parameters that affect ASL images. The model considers the contribution of blood flow
to the rate of change of magnetisation in tissue. In its most simple form, excluding the

effects of MT, the model is described by the equation:

th = (MOSat = Mt) + f Ma(t) —f Mt equation [29]
dt Tlsat 7\,

where M, is the tissue magnetisation per 100g of tissue
Mosat is the equilibrium value of M; in the presence of the labelling pulse
M, is the magnetisation of inflowing (arterial) blood per 100 ml of blood
f is microvascular blood flow (ml /100g tissue/sec)

A is the blood / brain partition coefficient  (ml of water / g of tissue)

(ml of water / g of blood)
Tisae is the spin-lattice relaxation time of the tissue in the presence of the

labelling pulse.

Assuming that the labelling pulse saturates the magnetisation of macromolecules in the

imaging plane(s),

f=2X (Mcontrot — Miabe1) equation [2.10]

where Tigpp is the apparent T of tissue, 1/Tapp = 1/T g5 + f/A
M, is the equilibrium magnetisation of the tissue
“sat” refers to the state when the magnetisation of macromolecules is saturated
“label” and “control” refer to the magnetisation after the label and control

preparations
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o is the degree of inversion produced by the labelling pulse (o = 1 for perfect

labelling and zero for the perfect control).

More detailed derivation of the equations for calculating perfusion are given in
Appendix E, where the effect of a delay between the end of the labelling pulse and
image acquisition is also considered.

A more direct way of considering flow was adopted by Buxton et al. (Buxton
RB et al. 1998). They modelled the magnetisation of inflowing blood, M,(t), as it

exchanges into tissue. This “general kinetic model” is described by the relationship:

AM,(t) = 2Mp, f |c(t)r(t-t)m(t - t7) dt” equation [2.11]

where c(t") is the delivery function, for blood arriving in the imaging plane
m(t - t") is the magnetisation relaxation function
r(t - t) is the residue function

t" is the time at which blood moves into the imaging plane (the delivery time).

Continuous and pulsed ASL are distinguished by their respective delivery functions,

-t'/Tla

c(t)pasL=0le and c(t)casL = Ol

where T, is the T; relaxation time of arterial blood

The delivery functions differ because the bolus for PASL is assumed to appear
instantaneously and decay due to T; relaxation, as the bolus moves into tissue, whereas
for CASL, labelled blood is supplied continuously throughout the labelling period.

The general kinetic model may be shown to be equivalent to the standard model.
It follows the history of the blood itself, but ultimately we measure the magnetisation of
tissue. Both models depend on the blood-brain partition coefficient, A, for which
constant values throughout the brain are commonly assumed.

There are several parameters, which affect the accuracy of quantification. These
include: i) transit delays (J), the time it takes for blood to move from the plane in which

it is labelled into the imaging region (Alsop DC and Detre JA.1996); ii) the exchange
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time (Tex), the time between a spin arriving in the imaging plane and the time at which it
exchanges into tissue (Wong EC et al. 1998a; Parkes LM and Tofts PS 2001); iii) signal
from intravascular spins that do not perfuse tissue in the imaging slice; iv) efficiency of
labelling o; v) variations in A between grey and white matter and in disease states; and
vi) accurate measurement of T qpp.

A “post-labelling delay” was proposed by Alsop and Detre to reduce sensitivity
to transit time and to allow the wash out of labelled blood that passes through the
imaging slice, but does not perfuse it (Alsop DC and Detre JA.1996). Alternatively, low
amplitude bipolar gradients may be applied after the labelling pulse and before imaging
to crush out vascular signal. Greater amplitude gradients are required to eliminate signal
from blood in smaller vessels. T, may be measured in each pixel and o may be

estimated from measurements of the signal in a feeding artery (Zhang W et al. 1993).

An overview of the basic theory of MRI and approaches for perfusion and
oxygen sensitive imaging has been given in this chapter. Investigations into the
performance of the ASL technique and the application of ASL and BOLD are detailed

in the following chapters.
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3 Computer modelling of velocity driven adiabatic fast passage

for continuous arterial spin labelling
3.1 Introduction

The development of arterial spin labelling (ASL) MRI has made it possible to
study microvascular blood flow completely non-invasively, offering a means to
investigate tissue perfusion in numerous functional and pathological states. The non-
invasive nature of the technique makes it attractive for human subjects, as well as for
longitudinal measurements in experimental models of disease (van Dorsten FA et al.
2002; Lythgoe MF et al. 2000; Zaharchuk G et al. 1999a). Much work has been
performed to assess and improve the accuracy of perfusion values from ASL (Wong EC
et al. 1998b; Calamante F et al. 1996; McLaughlin AC et al. 1997; Ye FQ et al. 1997,
Alsop DC and Detre JA 1996). However, its inherently low sensitivity remains one of
the most significant limitations of the technique.

For ASL, labelled protons in water in arterial blood wash in to the brain, where
they exchange into the parenchyma. Such a flow-weighted image is subtracted from an
image without flow weighting to produce a map of perfused tissue. These images are
referred to as the label and control images respectively. The subtraction images, from
which perfusion values are calculated, have inherently low contrast to noise ratios of
only a few percent of the signal intensity in a control image. In order to maximise this
signal difference, the most effective method for labelling arterial blood must be
employed. Blood may be labelled by saturation or inversion. Saturation was used in the
first implementations of CASL, in which images were acquired after a train of RF
pulses saturated protons in blood in the neck (Detre JA et al. 1992). Velocity driven
AFP was applied initially for MR angiography (Dixon WT et al. 1986) and in some of
the first perfusion studies using ASL (Williams DS et al. 1992; Roberts DA et al. 1994).
Now it is widely regarded as the preferred method for continuous ASL (CASL).

The RF pulse for labelling also excites the broad resonances of macromolecules
within the imaging slice. The transfer of this magnetisation to the tissue water reduces
image signal intensity, producing magnetisation transfer contrast (MTC), which must be
accounted for by modelling (Zhang W et al. 1995) or by applying a suitable pulse prior
to the acquisition of the control image. The MT effects of CASL are considered in

Chapter 5.
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Velocity driven AFP provides a continuous supply of blood, labelled by
inversion. However, the degree of inversion is limited by several factors, including the
amplitudes of the magnetic field gradient and RF pulse used for AFP, the velocity of
blood and its spin relaxation times, T} and T,. The duration of RF pulses is often limited
by RF amplifiers, especially on some clinical scanners, and therefore the relatively long
pulse required for labelling in CASL experiments (2 or 3 seconds) must be divided into
a series of short pulses. It has been assumed that the effectiveness of AFP is
proportional to the duty cycle of the train of RF pulses (Ye FQ et al. 1997, Silva AC and
Kim SG 1999), but this assumption has not been tested previously.

This study of velocity driven AFP used a computer model to establish optimal
RF pulse parameters, and to determine the effects of pulsatile variations in the velocity
of blood, the influences of spin relaxation in blood and the duty cycle of discontinuous
RF during labelling. The computer modelling was performed with one set of parameters
for imaging humans in a clinical scanner and a second set of parameters for imaging rats
in a small bore, animal system, to model the conditions for in-vivo experiments, as
described in Chapter 5. Unlike experiments in flow phantoms or in-vivo, the computer
modelling approach offers the possibility of turning on or off any number of
confounding effects which influence the degree of inversion and thereby may cause

substantial errors in the measurements.

3.2  Theory
3.2.1 Velocity driven Adiabatic Fast Passage

To invert moving spins by AFP, a radio-frequency pulse, B, is applied in the
presence of a magnetic field gradient, G, which is ideally along the direction of motion
of the spins. A nuclear spin, moving at a velocity, v, is thus subject to a linear frequency
sweep through the frequency of the B, pulse. The pulse may be analysed in a frame of
reference that rotates at the Larmor frequency, the “rotating frame of reference”. The

offset of the spin from resonance is AB. The rate of the frequency sweep for adiabatic

fast passage is related to the rate of change of AB as follows:
vdAB/dt=vG.v
Moving spins experience an effective magnetic field, Begs (Figure 3.1b, page 31), where
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Ber =B +(G.y) (z/7)

When a spin is far from the labelling plane, AB is the dominant component of
Beir and the angle between AB and Begr, 0, is close to zero (Figure 3.1b). As the spin
approaches the labelling plane, the B; component becomes more significant and Beg
rotates until it is aligned with either B; for a ‘half passage’ experiment (6 = - ©/2), or
—AB for ‘full passage’ (6 = -m).

In a CASL experiment the frequency of B; is selected to produce a resonance in
a plane proximal to the imaging plane. Adiabatic inversion is achieved if the
magnetisation of a spin, m, remains closely aligned with Beg throughout the frequency
sweep and if spin relaxation during inversion is negligible. This is the adiabatic

condition, which may be expressed as:

/Ty, 1/T, << dO/dt <<y Begr equation [3.1]
where: cos 8 = AB /Bt equation [3.2a]
sin 0 = - B /Best equation [3.2b]

Differentiation of [3.2a] with respect to time, t, and substitution of [3.2b] yields:

do/dt = (1/B)*[d(AB)/dt - (AB /Begr) *d(Besr)/dt] equation [3.3]

In the case where the velocity of the spin has the same direction as the gradient,

the magnetic fields and their time derivatives at a displacement z (z = O at the resonance

of By, in the presence of G) are:

AB = Gz
d(AB)/dt = Gv
and Ber = ((G2)*+(B1))"”
dBei/dt = GV(Gz)/Best (because dB,/dt = 0)

Substitution into equation [3.3] yields:
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de/dt = [Gv/B,] * [1- (Gz)/Bes ]
d6/dt = GvB; / Beg?

The adiabatic condition for velocity driven AFP is then (Garwood M and Ugurbil K
1992):
1/T), 1/T, << GVB/Begt® << ¥ Begt equation [3.4]

The right hand side of the adiabatic condition is often simplified by considering the
smallest value of Begr, at the centre of the inversion, where z = 0 and By = B, (Bloch

F.1946; Abragam A). Thus a lower limit for B, is defined by:
Gv << yB/? equation [3.5]

Equation [3.5] states that yBlz/(Gv) >> 1 for adiabatic inversion. The adiabaticity
factor, P, provides a quantitative measure of how well a given set of parameters meets

the right hand side of the adiabatic condition (Roberts DA et al. 1994). f8 is defined as:

B =vB/*/(Gv)

The left hand side of the adiabatic condition may be written (assuming T; > T5):

Bei? << GVB{T, equation [3.6]

This condition is most difficult to satisfy when Beg has its greatest amplitude, which is
at the beginning and at the end of AFP, where Begs = Gvt (t = 0 when z = 0 at the
resonance frequency of B;). If the magnetisation of the spin, m, follows Beg throughout

the AFP, then at any time the longitudinal component of m, m,, is:

m, = cos6
m, = Gvt/(B%+(Gvt)H)"?
(Gvt)? = B2 *m,2/(1-m,?) equation [3.7]

Substituting [3.7] into [3.6] in the limit Beg ~ Gvt yields:
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B, << GvT,/k*

where k2= m, sar / (1 — My gtart )

mM_gart 1S M at the start of the AFP (when it first moves away from m, = 1)

The adiabatic condition may now be written:

GvT,/ k> >> By >> V[(Gv)A] equation [3.8]

From equation [3.8] we see that at larger values of Gv there is a greater range of B;
values that satisfy both sides of the adiabatic condition.
If the value of m, at the end of the AFP is m, eng and m; eng = - My _geart, an

expression for the duration of the AFP may be found from equation [3.7]:

At = 2k B; /(Gv) equation [3.9]

At increases at higher B; and decreases when higher values of G or v increase the

duration of the frequency sweep.

3.2.2 Spin-relaxation during AFP

If m remains closely aligned with Beg throughout AFP, m is ‘locked’ to Beg, in
which case it may be argued that the appropriate relaxation times for AFP would be
those associated with a spin-locking experiment, T;, and T,,. The amplitude and
orientation of a locking field determine the amplitudes of T;, and T,, and the
orientation of the axes along which they act. Bey changes constantly throughout
adiabatic fast passage. Therefore the equilibrium state to which T, restores m changes
constantly and the relaxation rates are not well defined at any single point during AFP.

The model employed for these studies uses the relaxation parameters T; and T,.
This may be justified on two counts. Firstly, T; and T, are the appropriate relaxation
times at the beginning and end of the passage through resonance, and at any other time
when m is not locked to Besr. Secondly, at the centre of an inversion T}, acts in a plane
orthogonal to Bo. This is the plane in which T, relaxation occurs and T, in this plane is

generally very similar to T, in the absence of a locking field (Blicharski JS 1972).
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labelling plane imaging plane

direction of flow

z=0 Z =+ 2z,

Figure 3.1

Velocity driven AFP for CASL

Blood flows through the labelling plane in the neck or lower part of the brain and into
the tissue before images are obtained (a). The effective magnetic field experienced by
an individual spin, Beff, evolves as it moves towards and through the labelling plane (b).

The normalised longitudinal magnetisation of the spin, nf4 sweeps from +1 to -1 as it

follows Beff(c).
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3.3 Method
3.3.1 The computer model

A computer model was developed using the C programming language, to solve
numerically the modified Bloch equations for velocity driven AFP. This is similar to the
model of Maccotta et al. (Maccotta L et al. 1997). The gyromagnetic ratio, 7y, does not
appear in calculations performed by the computer model because magnetic field
strengths, B, and AB, are expressed as a function of proton frequency throughout.

The change in magnetisation with precession about Bes is calculated in the
frame of reference that rotates at the frequency of Bes. The change in m may be
expressed in terms of the rotation operators, Rg and Ry. m is calculated at 100,000
points during the passage of a spin, moving at velocity, v, through the plane where B; is

on resonance (see Figure 3.2). After each step, n:
m, =RoRy ' Reo” my equation [3.10]

where: m,, is the normalised magnetisation at the nth step
0 is the angle between AB and Besr

¢ = 27 Begr (Ot) is the nutation angle of m about B in a time increment &t

(cos 6 0 sin 6 (cos ¢ -sin¢ O

Rg= | O 1 0 Ry= |sin ¢ cos¢ O | equation [3.11]
-sin® O cos 0 0 0 1
- -

The steps performed by the computer programme are shown in a flow diagram
in Figure 3.2. B, is applied along the y-axis and the first transformation, Re, maps m
to m’ in the reference frame where B lies along the z”-axis. R¢'l performs the rotation
of m™ about Begr and Rg maps m™ back to m in the laboratory reference frame.

A spin moves a specified distance along a linear magnetic field gradient, G. At
any position, z, between - zmax and + Zmay, the offset frequency is AB = Gz. The centre
of the AFP is the labelling plane, where z = 0 and AB = 0 (Figure 3.1). In the animal
model v = 100 mm/s, consistent with velocities measured in the carotid artery by Zhang

(Zhang W et al. 1993). In the human model v = 200 mm/s, which is within the normal
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range of velocities measured by Doppler Ultrasound (US) in the human carotid artery
(Holdsworth DW et al. 1999). The time resolution depends on the velocity of the spin.
For example, when a spin moves at a velocity of 100 mms™ from a displacement of —20
mm to +20 mm in the model for CASL in rats, the time resolution is 4 pus. When a spin
moves at 200 mms™ from a displacement of — 100 mm to + 100 mm in the model for
CASL in humans, the time resolution is 10 ps. Spin relaxation effects are calculated at
each of the 100,000 points.

If the initial increment in 0 is greater than the increment in ¢, m cannot follow
Besr at the start and the process becomes non-adiabatic. A linear ramp was applied to B;
over the first and last 20% of the path of a spin to avoid a large jump in 6 when a spin
begins its passage through the labelling plane at z = - zp,. In practice, this is a valid
assumption because the B; field transmitted by an RF coil does not have a square
profile, but tapers off at the end of the coil, as modelled by the ramp.

The final value of the longitudinal magnetisation (m,) was used as a measure of
the degree of inversion. This is the normalised m, of water protons in blood when they
reach the imaging plane, at + Zpax. MyZ = Zmax) determines the contribution of blood
flow to the contrast in perfusion images.

Standard parameters were selected to model velocity driven AFP in animals at
2.35 T and in humans at 1.5 T (Table 3.1). One parameter was varied in each of a series

of studies to assess its effect on the degree of inversion.

3.3.2 Optimisation of B,

The dependence of m, on B, was calculated in both the animal and human
models, with and without spin relaxation. Values of z,,, were fixed and G was selected
to produce frequency offsets of between 4 kHz and 16 kHz, typical of those employed
for CASL imaging (Ye FQ et al. 1997; Roberts DA et al. 1993; Detre JA et al. 1998;
Calamante F et al. 1999). Calculations were performed without spin relaxation by
setting T, =T, = 10° ms (as an approximation to Ty = T, = o), and the optimum B; was
defined as the lowest value of By at which m, = - 0.999. When spin relaxation of arterial
blood was included in the model (T} = 1000 ms, T, = 200 ms in the human model and
Ty = 1500 ms, T, = 150 ms in the animal model), m, never reached — 0.999 and the
optimum B; was defined as the value that produced the minimum m, in the imaging

plane (where z = + z55).
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Relaxation

Myn = My - My, St/TZ
My, =m,, -m, 8t/T,
m,,=m,, +(1—-m,)6t/T,

zn — zn

Projection of m,,
into reference
f‘rame wherg B
lies along z

v

m’,, = m,, cos (8) - m,, sin (6)
m,,=m,

m’,, = m,,sin (8) + m,, cos (8)

Calculation of angle
of rotation about B 4

v

¢ =275t B,

v

Rotation of m"
about B, to
calculate m', .,

m‘xn+1 = m‘xn cos (¢) - m‘yn sin (¢)
m‘yn+1 = m‘xn sin (q)) + m‘yn Ccos (¢)

Projection of
m,,,intomin
the laboratory
reference frame

m\zn+1 = n‘I\zn
mxn+1 = m‘xn+1 Cos (e) + rﬁ‘zn+1 Sin (9)
myn+1 = rn‘yn+1

My = rn\xn+1 sin (9) + m‘zn+1 Cos (9)

Figure 3.2

Calculations performed by the computer model of velocity driven AFP

v

The total number of iterations of these calculations is N = 100 000.

The time it takes for a spin to move from — Z;,x to + Znx at velocity vis T=2 z./ v

and the time represented by each step in the model is 8t =T /N
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Parameter Animal Model Human Model
(2.357T) (157)
distance travelled 40 mm 200 mm
frequency offset 10 kHz, 5 kHz 10 kHz, 5 kHz

gradient (G) 500, 250 Hz/mm | 100, 50 Hz/mm
spin velocity (v) 100 mm/s 200 mm/s
relaxation times of T; = 1500 ms T; = 1000 ms
arterial blood T, =150 ms T, =200 ms

Table 3.1
Parameter values employed in the computer model of velocity driven AFP
The distance travelled is twice as great as the separation of the labelling and imaging

planes (zZmax)- The frequency offsets are comparable with values in common use.

3.3.3 Spin relaxation at different static magnetic field strengths

Higher magnetic field strengths, By, are typically associated with longer T and
shorter T, values. T, values of arterial blood quoted in the literature range from 1100 ms
to 1400 ms in humans at 1.5 T or 2 T (Gonzalez-At JB et al. 2000; Ye FQ et al. 1999;
Walsh EG et al. 1994), and from 1340 ms to 2000 ms in rats at By between 4.7 T and
8.5 T (Calamante F et al. 1999; Barbier EL et al. 2001; Zhang W et al. 1992). In order
to assess the effect of T; on the degree of inversion by velocity driven AFP, T; was set
at values representative of, and extending beyond, the range at currently employed B,.
The values of B; and v were fixed for two different values of G to produce frequency
offsets of 5 kHz and 10 kHz. A similar procedure was performed for a range of T,

values, representative of the same range of B.

3.3.4 Sensitivity of CASL to velocity

The degree of inversion was measured (i) at a range of constant blood velocities,
v, and (ii) using the cardiac cycle-dependent velocity of blood flowing through the
carotid artery to model more closely the conditions in-vivo. m, in the imaging plane was
calculated at constant v between 60 and 400 mm/s in the human model and 20 and 360

mm/s in the animal model.
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The effect of variations in the velocity of blood on the degree of inversion was
assessed initially using a randomly varying velocity. This showed that variations in v
might have a significant effect on the value of m, when a spin reaches the imaging
plane. However, a closer approximation to the variation of v in-vivo was required.

Physiological variations in v were taken from a typical Doppler ultrasound (US)
scan of blood flow through a normal human carotid artery (Figure 3.3). Doppler US
scans include measurements of the velocity of blood at all positions within the artery,
whereas the computer model of AFP requires a single velocity value at each time point.
Points in the US scan with the highest intensity, corresponding to the velocity at which
most of the blood was moving, were selected at 16 ms intervals and fitted linearly
between these points. The data were normalised using normal values for the peak
velocity (Vpeax) and the duration of cardiac cycle (RR interval) of 1082 mm s' and 0.917
s respectively (Holdsworth DW et al. 1999). Velocities and RR intervals at the extremes
of normal inter-subject ranges were investigated with the computer model by employing
values at mean * standard deviation, as measured by Holdsworth et al. (Holdsworth DW
et al. 1999) (Vpesx = 900 mm s”' and 1260 mm s™'; RR interval = 0.798 s and 1.036 s).
Very high flow velocity was modelled using vpeax = 2000 mm s”'. Spins pass through the
centre of the inversion, where z = 0, at different phases of the cardiac cycle. This was
modelled by moving the origin of the time axis for the velocity waveform relative to the
start of the passage of a spin through the resonance of the AFP. The mean m, of protons
when they arrived in the imaging plane (where z = + z,,x) was calculated for spins
starting at 52 evenly spaced time intervals over the course of a single cardiac cycle. The
mean m, in the imaging plane of these 52 spins was compared with m, of a proton
moving at a constant v, equal to the time-averaged mean velocity over the RR interval.
The time-averaged mean was 361 mm s when Vpeak Was 1082 mm st

The average m, of protons in blood water when they arrived in the imaging
plane was calculated (M;_caroia). M, was also calculated for a spin travelling at a
constant velocity, equal to the mean velocity over the cardiac cycle (M;_yconst). The
efficiency of inversion with pulsatile flow, relative to the efficiency with constant

velocity was calculated using the relationship:

relative efficiency = 100 * (1- M, carotid ) equation [3.12]
(l - Mz vconst)
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velocity

-»RR intervak- i
Figure 3.3 tme

Doppler ultrasound scan of blood flow through a human common carotid artery. The
velocity waveform is shown over three cardiac cycles. Ultrasound signal is reflected
from blood cells as they move, producing a velocity dependent shift in the frequency of
the reflected signal, which is detected. If more cells move at one particular velocity, a
stronger signal is detected at the corresponding ultrasound frequency but signal is
obtained from blood moving at any velocity. The range of velocity within the vessel is

greater during systole than diastole.

3.3.5 CASL with a train of Bi pulses

Radio-frequency pulse amplifiers used with clinical MRI scanners often have
limits on the maximum duration of any single RF pulse. As a result, the relatively long
pulse required for continuous ASL must be broken up to form a train of pulses. It has
been assumed that the efficiency of AFP is proportional to the duty cycle at which the
RF pulse train is applied (Ye FQ et al. 1997). This study was designed to test this
assumption.

The effect of dividing Bi into a train of RF pulses was assessed at a range of
duty cycles, with periods of 100 ms, 50 ms and 20 ms (a duty cycle of 70 % with a
period of 100 ms means that the RF is on for 70 ms and off for 30 ms). The mean value
of m" in the imaging plane (where z = + z"ax) was calculated for spins starting their
passage through the resonance of the AFP at 1000 different time points over a single B,

pulse period.
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The relative efficiency of labelling by velocity driven AFP when a train of RF
pulses is employed for B; may be defined as
relative efficiency = 100 * (1- M, RF tain) equation [3.13]
(1 - M; Beonst)

where M, grF irain is the mean m, in the imaging plane over a complete pulse period (time

for a single on-off cycle of B;)

M. Bconst 1S M, in the imaging plane with constant B;.

3.4  Results
3.4.1 Optimisation of B; with and without relaxation effects

Figure 3.4a shows m, values of protons in the imaging plane after velocity
driven AFP in the animal model. The values are shown at a range of different B; values,
using a frequency offset of 5 kHz (G = 250 Hz mm™) both with spin relaxation (T} =
1500 ms, T, = 150 ms) and without spin relaxation (T; =T, = 10° ms). When there is no
spin-relaxation, the degree of inversion increases with B; up to B; = 150 Hz, when m, =
-0.999 in the imaging plane. In the presence of T, relaxation, the degree of inversion
reaches a maximum at B; = 110 Hz, and then declines at higher B; values. T, relaxation
also reduces the degree of inversion, but a higher B, continues to improve the degree of
inversion gradually when B, is greater than 100 Hz. The combination of Ty and T,
relaxation produces the smallest degree of inversion, with a single minimum m, at the
optimum value of B;.

Less efficient inversion is achieved in the human model (Figure 3.4b) than in the
animal model, largely as a result of more significant T; relaxation over the greater
distance between the labelling plane and the imaging plane.

Optimum B, values depend on G and hence on the frequency offset, when z,x
is fixed. In order to study the relationship between G, v and B; for minimum m,,
optimum values of B; were determined in both the animal model and the human model
at a range of frequency offsets. These data are shown in Figure 3.5 along with the
corresponding optimum B; values for the most efficient inversion without relaxation
effects. Optimum B; values are consistently lower with spin relaxation than without

spin relaxation.
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Efficiency of inversion at different Bi amplitudes with spin-relaxation

frequency offset = 5 kHz,

V= 100 mm/s, T] = 1500 ms, T2= 150 ms in the animal model (a).

V=200 mm/s, Ti= 1000 ms,

A 200 ms in the human model (b).
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Figure 3.5

Optimum B, amplitudes with and without spin-relaxation

The optimum B, is the value required for the greatest degree of inversion
v = 100 mm/s, T} = 1500 ms, T, = 150 ms in the animal model (a).

v =200 mm/s, T = 1000 ms, T, = 200 ms in the human model (b).
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When optimum values of Bi* are plotted with respect to Gv, a straight line may
be fit {Figure 3.6). The slope of this line is the optimal value ofthe adiabaticity factor,
p. In the absence of spin relaxation, the square ofthe optimum value of Bi was found to
depend linearly on the product Gv, with constants of proportionality of 1.50 (r = 0.9999)
and 1.53 (r = 0.9999) in the human and animal models respectively. The constants of
proportionality with Ti and T; relaxation are 0.64 (r 0.9999) and 0.65 (r = 0.9999) in

the human and animal models. These constants are the optimal values of p.

140
1000 120
(Hz’Z\ 100 Human model

without Ti and T:

Human model with
Ti and T:

animal model
without Ti and T:

animal model with Ti
and T:

8/ =Gv

20 40 60 80 100
GV1000 (Hz/s)

Figure 3.6

Relationships between optimum Bi values and the product of the gradient amplitude
and velocity, Gv. Results are shown with and without relaxation. Without relaxation,
the adiabatic condition demands Bi" > Guv.

V=200 mm/s, Ti = 1000 ms, T. = 200 ms in the human model

v= 100 mm”s, Ti = 1500 ms, T] = 150 ms in the animal model
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Slightly better inversion is achieved at higher G, but at the expense of higher
optimum B values and hence greater RF power deposition (Figure 3.7). For example,
the lowest values of m, in the imaging plane with frequency offsets of 5 kHz and 10
kHz are — 0.67 and — 0.69 respectively in the animal model (Figure 3.7a). However, the
amplitudes of B; required to achieve these m, values are 118 Hz and 172 Hz, resulting
in more than twice as much RF power deposition at a frequency offset of 10 kHz as at a

frequency offset of 5 kHz.

3.4.2 Spin relaxation at different static magnetic field strengths

The degree of inversion increases at greater T; values (Figure 3.8). There is
negligible dependence on frequency offset, but inversion is consistently more efficient
in the animal model than in the human model because the separation of the labelling
plane from the imaging plane is considerably smaller in the animal model, reducing the
time available for T, relaxation.

T, has a smaller effect on the degree of inversion than T; (compare Figure 3.9
with Figure 3.8). There is less T, relaxation at a frequency offset of 10 kHz than at 5
kHz because the larger G for the 10 kHz offset produces a more rapid frequency sweep,
reducing the time m spends in the transverse plane. T, effects are less significant in the
animal model than in the human model because values of G are five times greater than

in the human model to produce the same frequency offsets.
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Figure 3.7

Optimal mz values and relative power deposition at a range of frequency offsets. Values
of the power deposition are quoted relative to the power deposition with the optimal Bi
for an offset of 5 kHz.

V= 100 mm/s, Ti =

1500 ms, T%= 150 ms in the animal model (a).

v =200 mm/s, Ti = 1000 ms, T] = 200 ms in the human model (b).
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Sensitivity ofvelocity driven AFP to Ti Relaxation.
In the human model, v=200 mm/s, Bi = 150 Hz and Bi = 190 Hz at frequency offsets
ofs kHz and 10 kHz respectively. In the animal model v= 100 mm/s, Bi =210 Hz and

B| =300 Hz at frequency offsets of 5 kHz and 10 kHz respectively. T. = 10* ms
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Figure 3.9

Sensitivity of velocity driven AFP to T. Relaxation

In the human model, v =200 mm/s, Bi = 150 Hz and Bi = 190 Hz at frequency offsets
of 5 kHz and 10 kHz respectively. In the animal model v = 100 mm/s, Bi = 210 Hz and
Bi = 300 Hz at frequency offsets of 5 kHz and 10 kHz respectively. T\ = 10" ms.
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3.4.3 Sensitivity of CASL to velocity
Constant Velocity

In the absence of spin relaxation, there is no significant dependence of the
degree of inversion on v, over a large range of constant velocities (Figure 3.10). Spin
relaxation reduces the degree of inversion, but at higher v the effects of T; and T, are
smaller. The amount of T; relaxation is more strongly dependent on v in the human
model than in the animal model, largely because there is more time for T; relaxation
between the labelling and imaging planes.

Variable Velocity

Spins move through the labelling plane at different times in the cardiac cycle.
Figure 3.11 shows that m, in the imaging plane for individual spins varies from m, =
0.00 to m, = -0.75 with a frequency offset of 10 kHz. The degree of inversion is greatest
when blood moves through the labelling plane at the peak velocity. The velocity of
blood flowing through the human carotid artery in the data set employed to produce
Figure 3.11 varied between approximately 200 and 400 mm s™' during diastole and up
to 1082 mm s during systole. Variations in m, immediately after inversion are
amplified by significant T, relaxation between the labelling and imaging planes,
especially for slower spins.

Values were calculated of the average m, in the imaging plane over a cardiac
cycle (M; carotia) and the corresponding value of m, for a spin moving with a constant
velocity equal to the time averaged mean (M, yconst). From these values the relative
efficiency of labelling with pulsatile blood flow was calculated (equation [3.12]). Table
3.2 shows the results with mean vpea (1082 mm s'l) and RR interval (0.917 s) and with
Vpeak and RR intervals at the extremes of normal ranges (+ inter-subject standard
deviation (Holdsworth DW et al. 1999)). M; carorig is generally slightly lower with a 10
kHz offset than a 5 kHz offset, corresponding to a greater degree of inversion. The
degree of inversion is strongly dependent on Vi, and therefore on the mean v, ranging
from M, carotid = - 0.327 when Vpeax = 900 mm s™' to — 0.646 when Vpeqc = 2000 mm s™ (5
kHz offset). However, the mean efficiency of labelling is equal to that for a spin moving
at constant v, equal to the time-averaged mean, to within + 2.3 % in nearly all cases.
The exception is at Vpeax = 2000 mm s with an offset of 10 kHz, when the relative
efficiency of labelling is 96.4 %. This may be because the amplitude of B, is too low to

invert spins moving through the labelling plane during systole at this high velocity.
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Figure 3.10

Sensitivity of Velocity Driven AFP to Velocity

5 kHz offset, Bi = 220Hz, Ti = 1500 ms, %= 150 ms in the animal model (a).
5 kHz offset, B, = 150Hz, Ti = 1000 ms, %= 200 ms in the human model (b).
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Degree of inversion by velocity driven AFP at intervals throughout the cardiac cycle.

Values of mz immediately

after inversion and mz in the imaging plane are shown for

each spin. The time is indicated at which the velocity reaches its peak amplitude.

Frequency offset of imaging plane from labelling plane = 10 kHz, Bi = 190 Hz, Ti =
1000 Ms, T] =20, ms.
"5 kHz offset 10 kHz offset

Peak Velocity RR Interval carotid Relative Al carotid Relative

(mm s°°) (seconds) Efficiency (%) Efficiency (%)
1082 0928 -0.425 98 7 -0.445 98 3
1082 . 808 -0.415 9&0 -0 436 977
1082 1.049 -0.458 100 9 -0.475 100.4
900 0928 -0.327 98 1 -0J52 9T9
1260 0928 41523 100.7 -&535 Looo
2000 OL9Y&8 -0.646 983 -0.624 964

Degree of inversion by velocity driven AFP over the course ofa single cardiac cycle.

150 Hz at a frequency offset of 5 kHz.
190 Hz at a frequency offset of 10 kHz.

relative efficiency = oo *

(1-

carotid )

(1=

M z vconst)
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3.4.4 CASL with a train of B; pulses

Results are shown for RF pulse periods of 20 ms, 50 ms and 100 ms at
frequency offsets of 5 kHz (Figure 3.12a) and 10 kHz (Figure 3.12b). The assumption
of linearity between duty cycle and efficiency clearly is not valid. Inversion efficiency
may be as low as 65 % with a 95 % duty cycle. Even with a duty cycle of 99 %, the
relative efficiency is approximately only 90 % at any pulse period. If linearity between
the degree of inversion and duty cycle were to be assumed, labelling efficiency would
tend to be over-estimated, which would lead to under-estimation of perfusion in a
CASL experiment.

Figure 3.13 illustrates the most likely cause of the non-linear dependence of
labelling efficiency on the RF duty cycle. An ideal AFP might be described as one that
occurred instantaneously, to produce a step in magnetisation from m, =+ 1 to m, =~ 1.
Real AFP occurs over a finite period of time, characterised by an initially gradual
change in m, with an increasing rate of change towards the centre of the inversion.

When an RF pulse train is employed the ideal AFP would produce no inversion
if a spin went through the inversion plane (where z = 0) when the amplitude of B; was
zero. However, a real AFP may have begun before B; was turned off and although the
inversion would be incomplete, m, would be reduced to less than +1, resulting in partial
labelling. Similarly if B; was non-zero as the spin passed the centre of the AFP, but
became zero immediately afterwards, an ideal AFP would produce full inversion but the
real AFP would be interrupted, m, would not reach —1, and again partial labelling would
result.

An ideal AFP would result in either m, = -1 or m, = +1. The number of spins
inverted by such an ideal pulse would be proportional to the duty cycle of the RF pulse
train and it would be possible to predict the average inversion efficiency. In practice,
AFP does not produce a step change in m,. After AFP with a train of B; pulses, m, may
have any value between ~1 and +1, and the degree of inversion has a complicated non-

linear dependence on the duty cycle of the RF pulse.
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Relative efficiency of inversion with a train of RF pulses
Inversion efficiency at three different pulse periods is shown at an offset of 5 kHz with
B; = 150Hz (a) and at an offset of 10 kHz with Bi = 190 Hz (b) with v= 210 mm/s, Ti =
T] = 10" ms. A linear response to dut}' cycle is shown for comparison,

relative efficiency = .., * (, >Mzrijram )

( 1-m2 Bconst)
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Figure 3.13

Non-linear dependence on RF duty cycle of relative efficiency of inversion by AFP

mz is showTi for an ideal, instantanecous AFP (a) and a realistic AFP (b), of finite
duration. The change in n| in three cases is shown, constant Bi (i); Bi off as the spin
passes through the centre ofthe labelling plane (ii); Bi on as the spin passes through the

labelling plane, but off immediately afterwards (iii).
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3.5  Discussion
3.5.1 Optimisation of B,

The adiabatic condition (equation [3.4]) states that the rate of change of the
effective magnetic field, Besr, must be much less than the rate of precession of
magnetisation about this field and much greater than the spin relaxation rates. In order
to optimise pulse parameters it is useful to know what is meant by “much less than” in
quantitative terms, which may be done in terms of the dimensionless adiabaticity factor,
B, where B =yB,*(Gv) (Roberts DA et al. 1994).

At the centre of the AFP, or in the absence of spin-relaxation, the adiabatic
condition may be expressed as 3 >> 1. In view of this, it is interesting to note that the
minimum f for full inversion by velocity driven AFP is only 1.5 in the absence of
relaxation. In practice, however, relaxation effects cannot be ignored and the greatest
degree of inversion with typical relaxation times for blood is achieved when B is only
0.64 in the human model and 0.65 in the animal model. The low values of 3 when spin
relaxation is included may be explained by considering the left hand side of the
adiabatic condition, which may be expressed as in equation [3.8]. This condition is most
difficult to satisfy at the beginning and end of the frequency sweep. Excessive B;
amplitudes reduce the degree of inversion by increasing the duration of the AFP, and
hence introducing more T, relaxation (Figure 3.4). Higher values of G result in a more
rapid frequency sweep, smaller At (equation [3.9]), and hence much less pronounced T,
relaxation. The effect of higher G is seen by comparison of results in the animal and the
human models, in Figure 3.9 where G is 5 times greater in the animal model than in the
human model.

If B; is greater than the optimum, then relaxation effects reduce the degree of
inversion (Figure 3.4). However, if B; is slightly too large, the reduction is not as
significant as if B; is slightly too small, as seen by comparison of m, values with B; =
130 Hz and B; = 90 Hz in Figure 3.4a, for which the optimum B; is approximately 110
Hz. This dependence on B, is particularly important when the B, field is non-uniform.

A large frequency offset is required to reduce magnetisation transfer contrast in
CASL images. Results presented here show that the minimum achievable m, for a fixed
spatial separation of inversion and imaging planes depends on the choice of frequency
offset, but only weakly (Figure 3.7). Higher values of G result in slightly lower m,, but

at the expense of greater RF power deposition. For example, doubling the frequency
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offset from 5 kHz to 10 kHz in the animal model achieves an increase in the degree of
inversion of approximately 1 %, but RF power deposition more than doubles.

Maccotta et al. investigated velocity driven AFP using a similar computer model
to the one presented here (Maccotta L et al. 1997). By caléulating B for the parameters
employed in that study, it may be shown that their results are consistent with the
prediction B = 0.64 for the maximum degree of inversion. Maccotta et al. assumed
laminar flow, and averaged m, values over the corresponding distribution of velocities
within an artery. Taking the mean velocity of approximately v = 200 mm/s with a
gradient amplitude of 0.25 G/cm (106.5 Hz/mm), V(0.64 Gv) = 117 Hz. The optimum
value of B, found by Maccotta et al. with these parameters was 22 mG (94 Hz). Results
from the model of Marro et al. are less consistent with the prediction B = 0.64 for the
optimum degree of inversion (Marro KI et al. 1997). In a gradient of 0.2 G/cm (85
Hz/mm) with a velocity of 600 mmy/s, V(0.64 Gv) = 181 Hz. The optimum B, derived by
Marro et al. was 150 mG (approximately 630 Hz), giving § = 8.0. The model employed
by Marro et al. differed from that of Maccotta and the model presented here in two
important respects. Firstly, relaxation effects were not included and the phantom
employed to verify results from the computer model was filled with distilled water,
which has much longer T and T, values than blood. Secondly, Marro et al. modelled
velocity driven AFP for a two-coil experiment, employing a separate surface coil for
labelling, with a significantly non-uniform B, distribution. A recent report by Gach et
al. shows optimum values of § of approximately 4 in a flow phantom, over a range of
velocities (Gach HM et al. 2002). However, direct comparison of their results with this
chapter is complicated by at least two factors. The data shown by Gach et al. were
acquired with a train of RF pulses with a duty cycle of 95 % and the value of T, in the
fluid filling the phantom is not quoted. Results in this chapter show that both of these

factors influence the degree of inversion (Figure 3.12 and Figure 3.4).

3.5.2 Effects of different T; and T,

The higher T; values of arterial blood at high By fields produce greater degrees
of inversion and smaller losses through relaxation in transit to the imaging plane,
resulting in greater sensitivity of CASL images to perfusion, as demonstrated by Franke
et al. (Franke C et al. 2000). The relatively small dependence of m, on T, (Figure 3.9)

implies that the loss in the degree of inversion due to increased T, relaxation at high By
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is outweighed by the gain associated with higher T; values. This is more significant in
humans, where the T, relaxation in blood before it arrives in the imaging plane is
substantial. However, at high By, greater RF power deposition is necessary to produce a
given B; amplitude and this may prove to be the most significant limitation of CASL for

human studies at high B.

3.5.3 Sensitivity to velocity

The velocity of blood determines both the speed of the frequency sweep and the
time it takes for spins to travel from the labelling plane to the imaging plane. There are
three competing effects as v increases. Firstly, the degree of inversion is reduced when v
is too high to satisfy the right hand side of the adiabatic condition (equation [3.4]). This
effect is not significant within the range of velocities typical of flow through the carotid
arteries (observed in data sets without spin relaxation in Figure 3.10). Secondly, protons
in faster moving blood experience less T, relaxation during the inversion. Finally, at
higher velocities spins arrive in the imaging plane sooner after labelling, allowing less
time for T; relaxation of the label. This is a more important consideration in humans
than in small animals, because of the greater distance between the labelling and imaging
planes.

T, relaxation in the time it takes for blood to travel from the labelling plane to
the imaging plane has the greatest effect on m,. The arterial transit time may be reduced
by placing the labelling plane closer to the imaging plane. However, the velocity of
blood tends to decrease in smaller vessels, closer to the capillary bed and the most
significant T; relaxation occurs within arterioles closest to the imaging plane. In
subjects with normal cerebral vascular supply, positioning the labelling plane closer to
the imaging plane may not significantly reduce the arterial transit time, and may
introduce more T, relaxation due to the slower frequency sweep during AFP.

The influence of physiological variations in velocity on labelling for ASL has
not been studied previously. The velocity of blood in arteries changes constantly over
the cardiac cycle and results presented here demonstrate the consequent significant
variations in the degree of inversion by velocity driven AFP (Figure 3.11). Differences
in m, immediately after labelling are accentuated by T relaxation in blood as it moves
to the imaging plane. However, it has been found that the average m, over a complete
cardiac cycle is approximately the same as m, of a spin moving at a constant velocity,

equal to the time-averaged mean, except at very high peak velocities (Table 3.2). The
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greater degree of inversion during systole tends to compensate for the lower efficiency
of labelling during diastole. Therefore an assumption of constant v to predict the degree
of inversion may be justified, unless B, is too small, at a given G, to label a significant
proportion of the fastest spins.

In general, many averages are employed for CASL image acquisitions, including
dozens of cardiac cycles in each measurement, so that an assumption of constant
velocity is not likely to affect the accuracy of perfusion values. However, for some
recent ASL techniques, which intersperse short labelling pulses with rapid image
acquisitions (Silva AC and Kim SG 1999; Barbier EL et al. 2001; Williams DS et al.
2001), there may be a case for cardiac gating to ensure that measurements of apparent
changes in perfusion are not confounded by changes in m,, due to variations in blood

velocity during the cardiac cycle.

3.5.4 RF pulse train for B,

Clinical MRI scanners often impose upper limits on the duration of the output
from their RF pulse amplifiers. As a result, the relatively long B; pulse required for
CASL must be divided into a train of pulses. It has been assumed that the relative
efficiency of AFP is proportional to the duty cycle of the RF pulse train (Ye FQ et al.
1997; Silva AC and Kim SG 1999). However, the results of this chapter show that m,
has a highly non-linear dependence on RF duty cycle (Figure 3.12). This finding may
be explained by partial labelling of spins. AFP occurs over a finite period of time and
partial inversion results when B, is off at any time during the AFP process. In the case
where B; = 0 as the spin passes through the labelling plane, some degree of inversion
might be achieved if B; were non-zero immediately before or after this point.
Alternatively, in the case where By is on as the spin passes through the labelling plane,
but becomes zero before the inversion is complete, m, is unlikely to reach the lowest
value possible with a constant B; pulse.

At the majority of RF duty cycles an assumption of proportionality between
labelling efficiency and duty cycle would lead to over-estimation of the degree of
inversion and hence under-estimation of tissue perfusion. Comparison of results with
frequency offsets of 10 kHz and 5 kHz shows a closer approximation to a linear
relationship between relative inversion efficiency and duty cycle at 10 kHz, for which G
is larger (Figure 3.12). Comparison of results with pulse periods of 50 ms and 100 ms

shows a closer approximation to a linear relationship with the longer pulse period.
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When G is larger, or the pulse period is longer, fewer spins undergo partial inversion
because it is more likely that the whole AFP will be completed within the time for
which B is on, and the assumption of linearity between duty cycle and relative
efficiency is a closer approximation to the real situation. Data have been presented for
the human model, although this finding also may have implications for animal studies
using dynamic (Barbier EL et al. 2001) or pseudo-continuous (Silva AC and Kim SG
1999) ASL.
The effect of a train of RF pulses on the degree of inversion by velocity driven
AFP has been considered in this chapter. The amplitude of the perfusion-dependent
signal depends also on subsequent relaxation of labelled spins and this may warrant
further examination. Labelled spins in blood arrive in tissue with magnetisation:
m, = o et
where « is the efficiency of labelling,
0 is the arterial transit time,

T1a is the longitudinal relaxation time of arterial blood.

Labelled spins then exchange into tissue, and continue to relax with the T, relaxation
time of the tissue. In the case of a train of RF pulses, the tissue relaxation time changes
periodically from Tis to Ty, where Tig is the relaxation time in the presence of the
labelling pulse. The mixture of spins with different relaxation histories may have a
significant effect on the signal intensity for techniques that rapidly cycle between

labelling and acquisition phases to provide high temporal resolution.

3.6 Summary and conclusions
The results from this chapter may be employed to maximise the sensitivity of
CASL measurements. A simple protocol for selecting pulse parameters for labelling
blood by velocity driven AFP may be summarised as follows:
« Choose a labelling plane orthogonal to the direction of flow, which intersects
the major vessels supplying the organ to be studied.
« Choose the lowest gradient amplitude, G, to obtain a frequency offset
between the labelling and imaging planes that is sufficient to reduce

magnetisation transfer contrast in the ASL images.
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« Estimate the mean velocity of blood that is to be labelled, v.
e SetB;= \/(O.64Gv), where B, G and v are expressed is in Hz, Hz mm™ and

mm s respectively.

If a train of RF pulses must be employed for velocity driven AFP, ideally the
degree of inversion would be measured with the RF pulse train employed for the CASL
experiment. If this measurement is not possible, our results suggest that larger G and the
longest possible pulse period may be desirable for a more linear dependence of the
degree of inversion on the RF duty cycle.

In conclusion, a computer model has been developed and used to establish
optimum parameters for velocity driven AFP. Optimum values of the adiabaticity
factor, B, are lower than unity, emphasising the importance of the spin relaxation
component of the adiabatic condition. Longer T, values at higher static magnetic field
strengths increase the efficiency of labelling significantly, especially for studies in
humans. Pulsatile flow has been shown to profoundly affect the degree of inversion of
individual spins. However, the mean effect of velocity driven AFP over the course of
the cardiac cycle may be predicted from the behaviour of a spin, travelling at the time-
averaged mean velocity of the blood. Dividing the labelling pulse, By, into a train of RF
pulses has been shown to result in a degree of inversion with a highly non-linear

dependence on the duty cycle of the RF pulse, contrary to previous assumptions.
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4 Computer modelling of the amplitude modulated control for

multiple-slice continuous arterial spin labelling
4.1  Introduction

Continuous arterial spin labelling (CASL) is performed by velocity driven
adiabatic fast passage (AFP), as described in Chapter 3. Labelled blood changes the
magnetisation of tissue it perfuses, producing images with perfusion-weighted contrast.
The frequency offset of the off-resonance RF pulse for labelling, B;, is usually great
enough that direct excitation of the water signal in the imaging slices(s) is negligible.
However, protons in macromolecules, such as proteins and cell membranes have broad
resonances and even at offsets of several kHz, the nuclei of these molecules are excited
by B;. Magnetisation transfer (MT) between macromolecules and free water reduces the
magnetisation of free water, introducing magnetisation transfer contrast (MTC) in
CASL images. A control preparation is required to produce the same MTC as the
labelling preparation, but without any perfusion weighting.

Velocity driven AFP is achieved by applying B; in a plane through which
arterial blood flows parallel to a magnetic field gradient, G, on the way to the imaging
plane(s). The standard control technique for CASL is to reverse the sign of either G or
the frequency offset of B; to define a control plane, which is above the head for cerebral
blood flow imaging (see Figure 2.8 in Chapter 2) (Williams DS et al. 1992). Assuming
that blood enters tissue only from vessels proximal to the imaging plane, inflowing
blood is not labelled by the control preparation

The standard control ensures equivalent static tissue irradiation by the labelling
and control schemes at a single slice position, half way between the label and control
planes. An alternative control scheme is required for multiple slice imaging. Several
strategies have been suggested, including separate labelling and imaging coils (Zhang
W et al. 1995), simultaneous proximal and distal inversion, SPDI (Talagala SL et al.
1998), and an amplitude modulated (AM) control (Alsop DC and Detre JA 1998).

A separate labelling coil produces no excitation, and hence no MT, outside its
own sensitive volume. Separate labelling coils are commonly surface coils, and non-
uniformity of the B, field is likely to result in different degrees of labelling in arteries at
different positions relative to the coil. This may be exploited to map the territory of a
single artery with a small labelling coil (Zaharchuk G et al. 1999b), but is of limited use
for studies of whole brain perfusion. The requirement that the RF fields of the labelling
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and imaging coils must be isolated from one another restricts the choice of labelling
position.

SPDI and the AM control were designed to produce equivalent MT effects in
label and control images, so that differences between images at any slice position are
due to blood flow alone.

SPDI is implemented by sine modulation of the amplitude of an RF pulse,
applied on resonance. In the presence of G two labelling planes are produced
simultaneously. The modulation frequency is selected to place one plane in the
conventional position for labelling and the other above the head (in the position of the
standard control). The control preparation comprises the same RF pulse without G, to
produce the same average power deposition, and hence MTC. In the absence of G,
protons in blood are not subject to a frequency sweep and hence they are not labelled. In
practice, MTC cancellation deteriorates with increasing distance from the central
imaging slice, because the MT does not vary linearly with frequency offset.
Modifications have been proposed (Kam AW and Talagala SL 2000; Talagala SL et al.
2001), but limited spatial coverage remains the major disadvantage of the technique.

The amplitude modulated (AM) control is the most widely applied technique for
multiple slice CASL measurements. A constant RF pulse, By, is applied off resonance to
label moving blood in the conventional way. For the control, B, is applied at the same
frequency as for the label but the amplitude of B; is modulated by a sine function to
produce two proximal inversions of moving blood. Ideally the effect of the first
inversion is reversed by the second inversion, so that there is no overall change in
magnetisation of water protons in flowing blood (Figure 4.1).

CASL images have been acquired successfully in several slices using the AM
control (e.g. Wong EC et al. 1998a; Chalela JA et al. 2000). However, there have been
consistent reports of reduced sensitivity, relative to the standard control for CASL
(Alsop DC and Detre JA 1998; Ye FQ et al. 1999). Several groups have alluded to the
role of the changing phase of the B; modulation and ‘interference’ between the
frequency components of B; (Wong EC et al. 1998a; Alsop DC and Detre JA 1998).
However, neither the reasons for the low sensitivity of the AM control, nor the roles of
the pulse parameters and blood velocity in determining the efficiency of the AM control

are fully understood, providing the motivation for the work described in this chapter.
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4.1.1 The ideal AM control

The AM control scheme, proposed by Alsop and Detre (Alsop DC and Detre JA
1998) is designed to produce two inversions, the second one to reverse the effect of the
first. For a labelling pulse, a single AFP is centred on the position where B; is on
resonance (AB = 0). The displacement of a spin at this point may be referred to as z = 0,
and AB = G.z at any z. A sine modulation divides the labelling pulse into two frequency
components at * f from the frequency of the labelling pulse, which produce spatially

separate effects in the presence of G.

B,(t) = Bjo sin(2rft + ¢) equation [4.1]
B,(t) = Y2 Bjp [exp(2nft + ¢) + exp(-(2rft + ¢))]
where

¢ is the phase of B(t) at t = 0, when the spin passes through the position where z = 0

The ideal AM control inverts proton spins in arterial blood by velocity driven
adiabatic fast passage (AFP) as they flow through the first resonance (where AB = — f/y
and z = - f/(¥G)) and re-inverts them as they flow through the second resonance (where
AB = + f/y and z = + {/(YG)) (Figure 4.1). In this case spins arrive at the imaging
plane(s) with no net change in normalised longitudinal magnetisation, m,, i.e. mM;_control
=+ 1. If the labelling pulse is also ideal, m, after the label, m, j.be) = —1 and the labelling

efficiency for the AM experiment is aam = 1, where
0laM = (M_control — My_jaber) / 2 equation [4.2]
MT effects of the sine modulated pulse are equivalent to those of the labelling

pulse provided that f is much smaller than the frequency offset of the labelling pulse and

the same mean RF power is deposited by the AM control and the labelling pulse.
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direction of flow

displacement

. . . . images
first inversion second inversion g

b'igure 4.1 yAB =-f YAB = 4f

Ideal double inversion by the AM control pulse
The magnetisation ofa spin is inverted and re-inverted as it moves through two
consecutive velocity driven AFPs. The spin arrives in the imaging planes with no

overall change in m"

4.1.2 Parameters ofthe AM Pulse

All of the variables for the labelling pulse (the subject of Chapter 3) affect the
AM control. In addition, the modulation of B] by sin(2Tift + ({) introduces two new
parameters, the phase (¢) and frequency (t) of the modulation function, () f, T] and T],
Bi and v are all considered in this Chapter.

() is defined as the phase of the modulation function when t = 0. At this point the
spin is half way between the centres of the two AFPs of the AM control. A CAST
preparation pulse (for labelling or control) typically lasts for two or three seconds. In
this time several periods ofthe modulation function (./f) are completed, and spins at all
() contribute to the mean magnetisation of blood perfusing tissue in the imaging plane.
Therefore the efficiency of the control is determined by the mean behaviour of spins

over the whole range of (j). Ideally, the control would achieve maximum efficiency at all

®
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The value of f determines the separation of the inversions. When f = 0 the
control is equivalent to the labelling pulse. As f increases, the two inversions of the AM
control move further apart to produce two inversions.

The separation of the inversion planes also determines the amount of spin
relaxation that occurs before blood reaches the imaging plane. T; relaxation is most
effective immediately after inversion when m is furthest from equilibrium. T, losses are
greatest during AFP, as m passes through the transverse plane. f must be large enough
to produce two distinct inversions, but not so large as to allow excessive T; relaxation
between the AM control planes.

In Chapter 3 optimum B; values were found to be significantly lower for the
labelling pulse when spin-relaxation was included in the model. The optimal B; values
for both the label and the control, produce m;_iaper as close to -1 as possible, m, control @S
close to +1 as possible, and the same MTC in label and control images. When the
technique was introduced a ratio of B; for the control to By for the label of V2 was
employed and equivalent MTC in label and control images was achieved (Alsop DC
and Detre JA.1998). This ratio was selected because RF power deposition from a
constant RF pulse depends on B,* (Eng J et al. 1991). At small f, the AM pulse may be
assumed to behave like a single RF component at AB = 0, and the time-averaged mean
of (Bjo sin (27tft))2 over a complete cycle is Bio* /2.

The velocity of blood affects the degree of inversion for a single AFP (Chapter
3, Figure 3.10) and v is expected to influence the performance of the AM control. In an
artery blood flows at a range of v. In order to gain maximum oaym (equation [4.2]), the
pulse parameters must produce the best double inversion at all v within the relevant

physiological range.

42 Aim

The aim of this work is to develop an understanding of the dependence of the
AM control technique on the parameters of the AM pulse and properties of the blood.
These parameters are the phase, ¢, and frequency, f, of the modulation of B, the
amplitudes of By, and the labelling gradient, G, the spin velocity, v, and relaxation times

of blood, Ty and T».
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4.3  Method

A computer model of the Bloch equations for velocity driven AFP was modified
to model the AM control technique. A detailed description of the model is given in
Chapter 3. Briefly, the change in the magnetisation of a spin that follows Begs = B; + AB
is calculated at 100,000 time points as the spin covers a specified distance, from —z,x to
+Zmax. The final position reached by the spin is defined as the imaging plane and the
frequency offset between the labelling and imaging planes is YGZma. Spin relaxation
effects are incorporated by calculating T| and T, contributions at each of the 100,000
time points. In all these respects the model for the AM control is identical to the model
for the labelling pulse. The modification required for the AM pulse is multiplication of
the amplitude of B, by the function, sin (2xft + ¢) (equation [4.1]).

In the computer model, variables are expressed in the following units: Hz for By,
Hz/mm for G, Hz for f, mm/s for v and seconds for T; and T,. Parameters will be
expressed in these units in the rest of this Chapter (for example, the centres of the AFPs
are at z = = f/G).

A series of studies was carried out to assess the influence of each pulse
parameter and the spin velocity on the performance of the AM control. Values of Zyy, v
and G were selected to be representative of those required to image rCBF in the human
brain. Studies of the dependence of the AM control on B; and v were also performed
with values of zn,x and G appropriate for imaging rCBF in the rat brain.

The performance of the AM control was assessed by calculating m, in the
imaging plane. The details of methods for individual studies are now given.

The influence of ¢ on the efficiency of the AM control was investigated by
calculating m, in the imaging plane at 100 values of ¢ at intervals of 21/100 in the range
0 < ¢ < 2r. This was performed at different f without relaxation effects (T = T, = 10°
ms).

The dependence of m, on f was studied without relaxation (T; = T, = 108 ms)
and with relaxation (T; = 1000 ms and T, = 200 ms) in the human model. m, was
calculated at 100 values of ¢ at intervals of /100, in the range 0 < ¢ < . The mean of
these m, was determined as a measure of the average performance of the AM pulse.

The influences of T; and T, spin relaxation were considered separately over a
range of f in the human model. T, relaxation was considered by setting T, = 10°® ms and

T, = 1000 ms. T, relaxation was considered by setting T, = 10 ® ms and T, = 200 ms.
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The combined effect of T; and T, was also considered. Phase effects were minimised by
setting ¢ = 0.

The dependence of the AM control on B; was studied over a range of f with one
set of parameters appropriate for imaging humans at 1.5 T and with a separate set of
parameters for imaging rats at 2.35 T (see Chapter 3 for details of the animal model). G
and v were constant and in order to assess the average effect of the AM control, the
mean of 100 m, values was calculated at a range of ¢, at intervals of /100.

A similar procedure was employed to study the dependence of the AM control

on spin velocity in both the human and animal models.

4.4 Results
4.4.1 Phase of the modulation function (¢)

The effect of variations in ¢ is demonstrated in Figure 4.2 at a range of f with
constant G and v, without spin relaxation (T; = T, = 10° ms). When ¢ = nmt, m, =1 in
the imaging plane at any f, producing an highly efficient control. However, when ¢ =
(2n+1)m/2 m, depends strongly on f. The pulse actually inverts moving spins when f is
less than about 20 Hz (m, = -1), which results in aam = 0 because m;_control = My_japer. At
the highest f (f = 200 Hz or f = 500 Hz) the effect of the AM pulse varies less with
¢ and m, is much closer to the ideal of +1 at all ¢.

The evolution of m, as a spin moves through the two AFPs of the AM control is
shown in Figure 4.3 with ¢ =0, 0 =7n/4 and ¢ =2 at f = 50 Hz and f = 500 Hz. The
change in m, produced by the first AFP is not perfectly reversed by the second AFP
unless ¢ = nw. We see from Figure 4.3a that full inversion is not necessary for
restoration of m, to +1. However, Figure 4.3¢ and 4.3e demonstrate that without full
inversion, the AM pulse is effective only for spins with ¢ = 0. At f = 500 Hz the AFP
processes are almost independent of one another because the two inversion planes are
10 times further apart than at f = 50 Hz. The first AFP inverts m, the second AFP re-
inverts m and there is no net effect on m,.

Rapid oscillations in m, occur when the evolution of m is determined
predominantly by its precession about Beg, rather than by the change in B, caused by
the frequency sweep. This happens when the adiabatic condition is not satisfied (see
Appendix A). When f = 50 Hz, m, oscillates at a frequency of approximately 100 Hz

close to the centres of the AFPs (this frequency may be calculated from the spatial
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frequency of  shown in Figure 4.3 and the velocity ofthe spin (200 mm/s)) This may
be explained by an interruption of the precession of nfsevery time Bi =, , which occurs
at a frequency twice as great as the modulation frequency. At f= 500 Hz AB does not
change as much during a single period of the modulation function and the slower
frequency sweep dominates the evolution of nfg although oscillations in nf6 are still
observed (see also Figure 4.5). For further explanation ofthe dependence ofthe double

inversion on () see Appendix B.

0.8

0.6
— .— f- 2 Hz
0.4 —e—f= 5Hz

iliz in ¢

imaging 0.2 —.—f- 10 Hz
plane o T f- 20 Hz
— m— f= 50 Hz
0.2 — —-f- 100 Hz
-0.4 — +— =200 Hz
f- 500 Hz

0.6

0.8

1

0 g M
phase {()
Figure 4.2

The performance of the AM control over a range of * at different modulation
frequencies
SkHz offset at 100 mm from the imaging plane (G = 50 Hz”mm), Bi = 212 Hz, v =200

mm/s, Ti- T]= . ms
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Figure 4.3

Effect of the AM control on  of a proton

The proton moves from - 100 mm to -f 100 mm when 0 = 0, ti/4, n/2 at f= 50 Hz (a,c.e)
and f= 500 Hz (b,d,f).

5 kHz offset at 100 mm from the imaging plane (G = 50 Hz/mm), Bi = 212 Hz, v =200

mm/s, T|=T.=.,%s.
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4.4.2 Modulation Frequency (f)

Figure 4.4 shows the mean of 100 spins, calculated with values of ()) at
intervals ofte/100, in the range 0 < (f)<tt. This provides a realistic approximation to the
situation when the AM pulse is applied for CASL since the period of the modulation
function (. /f) is much less than the duration ofthe labelling or control pulse (e.g. when f
= 100 Hz, 1/f= 0.01 seconds compared with a typical pulse duration of 3 seconds).
Spins with the whole range of (), 0 < (jx 71, contribute to the signal in the control image.
Two sets of data are shown, one without spin-relaxation effects (Ti = T. = 10" ms) and
one with typical T, and T. for imaging the human brain at 1.5 T.

When f is greater than 180 Hz, spin relaxation reduces n?oby 20 % relative to the
case without spin-relaxation. If the labelling pulse was perfect (giving m" = -1.0) a*M
(equation [4.2]) would be 1.0 without relaxation and 0.9 with relaxation. At modulation
frequencies below 100 Hz, the efficiency of the control is higher when spin relaxation is

included in the model. This is because after the second inversion, the magnetisation of

partially inverted spins returns to equilibrium (m™=. . ), through T| relaxation.
Ti =i2= 10"
0.8 Ti = 1000 ms
mz in 0.6 T2 — 00 ms
imaging
plane
0,2
0.2
-0.4
0.6
0.8
0 100 200 300 400
modulation frequency (Hz)
Figure 4.4

Mean response to AM control at different modulation frequencies

1Uz values are the means of 100 values of m?, calculated with ()at intervals of71/100.

5 kHz offset at 100 mm from imaging plane (G = 50 Hz*mm), Bi = 212 Hz, v = 200
mm/s, Ti = T. = ., ms when relaxation effects are neglected, or T] = .vos ms, T, =

200 IMS.
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4.4.3 Spin Relaxation (Ti and T:)

Figure 4.5 shows the evolution in space of the magnetisation of single spins
when T| and T? relaxation are included in the model and () = 0. Comparison with
Figure 4.3 (where T| = T. = 10" ms) shows that relaxation reduces the value of m"
immediately after the second AFP. nPothen recovers slightly through T| relaxation after
the second AFP before the spin arrives in the imaging plane. Spin relaxation causes a

more significant reduction in nfsat f = 500 Hz than at f= 50 Hz.

1.0
i; = 50 Hz
=500 Hz
0.5
0.0
-0.5
1.0
40 =20 0.0 20 40
displacement (mm)
Figure 4.5

Spin relaxation during the double inversion of the AM control.

In the computer model a spin travels a total distance of 200 mm. Only the central 80
mm is shown here.

SkHz offset at 100 mm from imaging plane (G = 50 Hz/mm), B| = 200 Hz, v =200
mm/s, Ti = 1000 ms, T. = 200 ms, f= 50Hz and f= 500 Hz, ()= 0.
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The effects of Ti and T] relaxation on are shown separately and in
combination with respect to f in Figure 4.6. At low f, T] relaxation reduces more
significantly than T] relaxation. Losses due to . relaxation reach a plateau at about f=
300 Hz. Losses due to T] relaxation increase as f increases, particularly when f is
greater than 200 Hz. The influence of Ti relaxation is more pronounced at higher f. This
is because spin relaxation starts as soon as m departs from equilibrium, and at larger f,
the first AFP occurs further from the imaging plane, allowing more time for relaxation
before a spin arrives in the imaging plane. Results with both T. and T.,compared with
results with T. relaxation alone, indicate that T] relaxation after the second inversion
mitigates losses in efficiency due to T. relaxation during each inversion when f is less

than approximately 750 Hz.

0.9
iz in
imaging 0.7
plane 0.6
0.5
0.4
0.3
0.2
0 200 400 600 800 1000
modulation frequency (Hz)
-no relaxation -*— TI only T2 only *TI and T2
Figure 4.6

The effect of spin relaxation on the efficiency ofthe .AM control over a range of
modulation frequencies.
The effects of Ti and T. relaxation are shown separately and in combination.

5 kHz offset at 100 mm from imaging plane (G = 50 Hz/mm), Bi = 270 Hz, v = 200

mm/s, T.= 1vs0o ms, T. =20, ms, )=, .
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4.4.4 B; Amplitude

Figure 4.7 demonstrates the sensitivity of the AM pulse to B; amplitudes typical
of those used in human (4.8a) and animal (4.8b) studies. The mean of 100 values of m,
with ¢ at intervals of /100 was calculated at a range of B;, with and without spin
relaxation effects.

If B, is too small, neither inversion is very efficient because the adiabatic
condition is not satisfied (Chapter 3 and Appendix A). The overall effect of the control
is then some degree of labelling (m, < +1). As B; becomes larger, both inversion and re-
inversion become more efficient and m, approaches +1 (in the absence of relaxation).
When B, is too large, m, decreases due to interference between the components of B,
(seen at f = 100 Hz). As B increases, Beg departs from alignment with the AB axis
sooner and the duration of each AFP increases. This effect is observed at the lowest f
because the centres of the AFPs are closest together and any increase in their duration is
more likely to cause them to overlap.

It is interesting to note that the effect of relaxation may improve the efficiency of
the AM control at the highest B (most apparent when f = 100 Hz in the human model,
Figure 4.7a). If m, < +1 immediately after the second inversion, T, relaxation acts to
restore m, as blood moves into the imaging plane, effectively improving the efficiency
of the AM control. This effect is seen also in Figures 4.5 and 4.6.

Optimal values of B; for the AM control when relaxation effects are included are
lower than optimal values without relaxation, approximately 140 Hz compared with 180
Hz in the human model (at f = 200 Hz) and approximately 220 Hz compared with over
300 Hz in the animal model (at f = 250 Hz).

The MT produced by a continuous RF pulse depends on B,* (Eng et al. 1991).
The time-averaged mean of a sine-modulated B, pulse is B102/2, where By is the peak
amplitude of B; (equation [4.1]). Therefore B; amplitudes for the label that produce the
same power deposition as the AM control are B1¢/v/2, producing 140/+/2 = 100 Hz in
the human model and 220/v/2 = 155 Hz in the animal model. The optimum B; values
found in Chapter 3 for the label with a 5 kHz offset are B = 74 Hz and B; = 118 Hz in
the human and animal models respectively (Chapter 3, section 3.4.1). The values of B,
required to optimise the AM control are approximately 30 — 35 % greater than optimum
values derived from the optimum B values for the labelling pulse (if B, is the amplitude

of the labelling pulse, Bjo =~ 1.3 * 2 * B)).
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a) human 1
model 0.8
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0
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Figure 4.7

The effect of B] on the efficiency ofthe AM Control with and without spin relaxation.
Open data points show results with spin relaxation.

5 kllz offset at 100 mm from imaging plane (G = 50Hz/mm),v = 200mm/s, Ti= 1000
ms, T. = 200ms for the human model (a)

5 kHz offset at 20 mm from imaging plane (G = 250 Hz/mm),v = 100mm/s, Ti= 1500
ms, T. = 150 ms for the animal model (b)

Values of mz are means over 100 values of () at intervals of -,/100. Closed data points

show results without spin relaxation (T] - T. = 10" ms).
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4.4.5 Velocity

Figure 4.8 shows the dependence of the AM control and the labelling pulse on
velocity in the human and animal models. The mean of 100 values of m, with ¢ at
intervals of 7/100 was calculated at a range of v with and without spin relaxation.

The value of B; employed for this study is close to the optimum for spins
moving at v = 200 mm/s in the human model, but these data show that even at velocities
as great as 400 mm/s, B, is sufficient to satisfy the adiabatic condition for the labelling
pulse (Figure 4.8a). When spin relaxation is included, the label becomes very
inefficient at low v, reflecting the limit imposed by the left hand side of the adiabatic
condition (Chapter 3, equation [3.6]). There is more T, relaxation at low v because the
duration of each AFP is greater and m, spends more time in the transverse plane. Also,
the amount of T; relaxation is greater because the time it takes a spin to move to the
imaging plane after inversion increases.

The AM control in the human model is fairly insensitive to velocity (Figure
4.8a), with or without relaxation. Two different effects maintain m, = +1 at low and
high v. At low v, the adiabatic condition is not satisfied for either inversion and m, does
not deviate significantly from +1 at any point. At high v, inversion and re-inversion are
successful and relaxation effects are reduced, so that m, is restored to almost +1 after
double inversion.

In the animal model (Figure 4.8b), when relaxation effects are not included, the
label becomes inefficient at the highest v. G in the animal model is 5 times greater than
in the human model, making it more difficult to satisfy the right hand side of the
adiabatic condition at high v (equation [3.5]). When spin relaxation is included in the
model, the efficiency of the label is most significantly compromised when v < 150
mmy/s.

The AM control is more sensitive to velocity than the labelling pulse in the
animal model with or without spin relaxation (Figure 4.8b). As v increases from 20
mm/s to 120 mmV/s, increased efficiency of the double inversion mirrors the increasing
efficiency of the single inversion for labelling. However, the control is most efficient at
a lower velocity than the labelling pulse (approximately 120 mm/s compared with
approximately 260 mm/s). The effects of spin relaxation become insignificant at v
greater than 240 mm/s, where there is no difference between m, with or without spin

relaxation.
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a) human
model
0.5
mz in
imaging
plane
-0,5 -—
0 50 100 150 200 250 300 350 400
velocity (mm/s)
—» — AM Control —¢— Label —D— AM Control — — Label
T,=T2= 10" ms Ti = 1000 ms
T. =200 ms
b) animal
model
0.5
mz in
imaging
plane
-0.5
0 50 100 150 200 250 300 350 400
\«locity (mm/s)
—a— AM control —— Label — — AM control — — Label
T,=T.= 10"ms Ti = 1500 ms
T. = 150 ms
Figure 4.8

The effect of velocity on the AM control and labelling pulses

Values of  are means over 100 values of () at intervals 7i/1 00.

450

450

5 kHz offset at 100 mm from imaging plane (G = 50 Hz/mm), Bi = 140 Hz for the label,

Bi = 200 Hz for AM control, f = 250 Hz, Ti =1000 ms, T] = 200 ms in the human

model (a)

5 kHz offset at 20 mm from imaging plane (G = 250 Hz/mm), B] = 177 Hz for the label,

B| = 250 Hz for AM control, f = 250 Hz, Ti =1500 ms, T. = 150 ms in the animal

model (b)
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There are at least two factors that contribute to greater loss in efficiency of the
AM pulse than the single inversion. Firstly, because there are two inversions, any
imperfection in a single AFP is repeated, amplifying the loss in m,. A single inversion
reduces m, to (1 — 20t), where a is the inversion efficiency. If o0 = 0.9, m, = m,_jape; = -
0.8 after one inversion and m; = m,_conwo = 0.64 after two inversions. In this case oam =
(0.64 — (-0.8)) / 2 =0.72. Secondly, the temporal separation of the two AFPs is reduced

at high v, increasing the possibility of interference between them (see Appendix C).

4.5  Discussion

A control technique for ASL imaging must provide the same image contrast as
the labelling pulse in all respects except the contribution of blood flow. The AM control
was designed to fulfil these criteria, but in practice there is always a degree of partial
labelling by the pulse, which reduces the contrast between label and control images and
hence reduces the sensitivity of rCBF measurements. The following discussion focuses
on practical considerations for achieving maximum sensitivity to perfusion with the AM
control technique. Further discussion of the effects of the pulse on moving spins may be
found in Appendices A, B and C.

The most efficient labelling of blood for CASL requires optimisation of both the
labelling and control schemes. The ideal experiment would produce (i) m, = -1 after
labelling; (ii) m, = +1 after the control and (iii) equal MTC in both label and control
images. There are several variables to consider, three of which are common to both
schemes, the magnetic field gradient, G, the velocity, v, and the spin relaxation rates of
the blood. B, for the control must produce the same MTC as the label. The remaining
parameters for the AM pulse are the phase, ¢, and the frequency, f, of the sine
modulation function. Each of these parameters is now discussed.

The pulse parameters for the AM control may be optimised in the following
order. G is selected to produce the desired frequency offset and position of the labelling
plane. An estimate of the blood velocity is made in order to select the optimal amplitude
of By, and finally f is selected. Each variable is now discussed in turn.

B, must satisfy the adiabatic condition for each AFP (Appendix A). Optimum B,
amplitudes are lower when spin relaxation is included in the model than when it is
neglected (Figure 4.7). This indicates that both inequalities of the condition are

important when selecting B, as was found also for the labelling pulse (Figure 3.4). As
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B, increases, the duration of each AFP increases (equation [3.9]), causing more
significant losses due to T, relaxation during the passage of blood through resonance.
The greater duration of each AFP also increases the possibility of overlap between the
two inversions of the control (Figures 4.3, 4.5 and 4.7 and Appendix C). The B;
amplitude of the label must be multiplied by /2 for the peak of the AM control pulse,
B0, to ensure equivalent MTC in the images (Eng J et al. 1991; Alsop DC and Detre JA
1998). This is because MTC depends on B12 and the mean B12 of a sine-modulated pulse
with peak amplitude B is B102/2. In fact, By¢ values for the AM control, which produce
the highest values of m, in the imaging plane, are more than /2 times greater than the
optimum values of B; for labelling, found in Chapter 3, by approximately 30 % (Figure
4.7).

The sensitivity of the AM control to velocity depends on the magnitude of G. In
the animal model G is 5 times greater than in the human model and at large v the right
hand side of the adiabatic condition limits the inversion efficiency of the label and the
control (Chapter 3 and Appendix B). The efficiency of the AM control in the animal
model is more severely compromised at high v than the efficiency of the label because
poor inversion by the first AFP is compounded by a poor inversion by the second AFP.
Differences in v during an experiment or between different animals may lead to
significant uncertainty in calculated values of the labelling efficiency, aam, and hence
of rCBF. This should be taken into account if exceptionally high v may compromise the
efficiency of the control pulse and an increase in B; may be necessary.

The effect of spin relaxation on m, depends on the duration and separation of the
two AFPs, and their distance from the imaging plane. T, relaxation is more significant
with small G, low velocities, or large B, values because m then spends more time in the
transverse plane. T; relaxation begins as soon as the first inversion is complete.
Therefore at larger f (or lower v), the total time available for T; relaxation is greater
because there is more time between the first inversion and arrival of blood in the
imaging plane (Figure 4.5).

For maximum efficiency the control must be effective at any ¢ because spins
with the full range of ¢ pass through the labelling plane during the 2 or 3 seconds of the
control pulse. At sufficiently high f the condition f >> By (Appendices A and B) is
satisfied and the control becomes insensitive to ¢. When spin relaxation is neglected and

f > Bjo all spins enter the imaging slices with m, = +1, as required for an effective
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control, (Figures 4.2 and 4.4 and 4.6). When spin relaxation is taken into account, lower
values of f generally result in greater efficiency of the AM control (Figures 4.5 and 4.6).
The choice of modulation frequency demands a compromise between large f to
minimise interactions between the components of B; and small f to minimise losses
through T; and T, relaxation. Optimal values of f lie in the range 100 Hz < f < 300 Hz
with typical values for G, v and B (Figure 4.4). A value of f that is approximately equal
to Bjp may be an appropriate choice under typical conditions (Figure 4.4 and
Appendices A and B).

In summary, the AM control may be optimised by selecting each parameter as
follows. G is selected to give the required frequency offset and position of the labelling
plane. B is optimised for the labelling pulse, then if B; is the amplitude of the labelling
pulse, and By is the peak amplitude of the AM control, By = V2 B, to produce equal
MTC in label and control images. B; for both pulses is increased by about 30 % to
provide optimum conditions for the AM control. The modulation frequency should be
approximately equal to B, in order to minimise spin-relaxation and approach the
requirement that f > B; (Appendix A).

The standard, single slice control produces m, = 1. When fully optimised, the
double inversion of spins by the AM control may return the magnetisation to 80 % of its
optimum value (m, = + 0.8, Figure 4.4). If m, after labelling is — 0.8, aaym = 0.8 when

the AM control is fully optimised.

4.6  Conclusions

The performance of the AM pulse is subject to complex interactions between the
two components of B; and spin relaxation effects. Valuable insight has been gained into
the dependence of the AM pulse on ¢, f, By, G, v, T; and T,. If multiple slice imaging is
essential, the AM control may provide a more time efficient technique than separate
acquisitions of images in different slice positions, but at the cost of lower overall
sensitivity to flow. The results of these investigations may inform the optimisation of

the AM control for multiple-slice CASL.
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5 Implementation of the amplitude modulated control for

multiple-slice continuous arterial spin labelling
5.1  Introduction

The amplitude modulated (AM) control was devised to produce equivalent
magnetisation transfer (MT) to the labelling pulse for continuous arterial spin labelling
(CASL) over a large volume of tissue to facilitate multiple-slice perfusion imaging
(Alsop DC and Detre JA 1998). Sine modulation of the amplitude of the labelling RF
pulse, B, divides the pulse into two frequency components. In the presence of a
gradient, each component defines an inversion plane. Ideally, spins in blood move
through one plane and are inverted, then move through the other plane and they are re-
inverted so that there is no net change in magnetisation. In fact, the AM control does
have an overall effect on the magnetisation of moving spins and the sensitivity of the
AM technique is always lower than that of the standard, single slice technique (Chapter
4; and Wong EC et al. 1998a; Alsop DC and Detre JA 1998). Despite this drawback, the
AM control remains the most effective approach for multiple-slice CASL and it has
been employed by several groups to map regional cerebral blood flow (rCBF) in
multiple image planes, particularly in human studies (Detre JA et al. 1999; Chalela JA
et al. 2000; Ye FQ et al. 1999; Wolf RL et al. 2001).

In Chapters 3 and 4 a computer model of velocity driven adiabatic fast passage
(AFP) was modified to investigate the effects on moving spins of the labelling and AM
pulses respectively. The computer model is useful to study the effects of both the label
and AM control techniques on moving protons in blood, under specified, controlled
conditions. However, the labelling RF pulse also changes the magnetisation of static
brain tissue through MT effects and the computer model does not give any information
on this static tissue.

Aspects of the pulse that are not amenable to evaluation with the computer
model are the subjects of this chapter. The effects include (i) the equivalence of MT
contrast (MTC) in label and control images; (ii) the duration of B required to saturate
protons in the macromolecular pool to an extent where the magnetisation of the tissue
reaches a new equilibrium level, Ms,; and (iii) the duration of the delay required after
the labelling pulse to allow all labelled blood to flow out of large vessels in the imaging
slice(s) and to minimise the sensitivity of rCBF measurements to the transit time (Alsop

DC and Detre JA 1996). Each of these effects was assessed in rat brain at 2.35 T in a
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small bore MR system. Finally, a direct comparison of the standard and AM control
techniques for CASL was performed in-vivo in rat brain. The results of such
comparisons in human brain have been reported (Alsop DC and Detre JA 1998) but
similar data for animal experiments are not available. In Chapter 4 some significant
differences between the behaviour of the AM control in humans and animals were
found (Figure 4.8). Therefore it is possible that conclusions drawn from human studies
of the AM control may not be valid in rats.

This chapter is divided into three sections. The first section describes
experiments on MT effects of the AM control in multiple imaging slices in samples of
meat. The second section describes experiments to verify the efficacy of CASL
measurements using the AM control in-vivo in rat brain. The third section describes a
series of experiments, in which CASL measurements were performed repeatedly over a
period of several hours to compare the sensitivity of the AM control and the standard

control techniques.

5.2  General Methods

Images were acquired in a 2.35 T magnet with a 120 mm clear bore. RF pulses
were transmitted by a volume saddle coil and signals were received by a single loop
surface coil, of diameter 3 cm. For in-vivo studies, the surface coil for signal reception
was placed beneath the brain of an animal, as it lay prone in a Perspex holder. The head
was held by ear bars to minimise motion and the holder was positioned within the
magnet, such that the brain lay at the centre of the magnetic field. Details of anaesthesia
and physiological monitoring are given in the methods section for each in-vivo study.

CASL was implemented with a 3 second, continuous RF pulse for labelling,
applied at the same time as a low amplitude gradient along the bore of the magnet. A
labelling plane was selected at a position where blood flow through the carotid arteries
was predominantly parallel to the labelling gradient, close to the brain. The control
pulse for multiple slice experiments was implemented by modulating the amplitude of
B; by sin 2rft to produce two inversion planes, proximal to the imaging plane(s)

(Figure 5.1).
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The amplitude of the RF pulse, B;, experienced by a particular spin at time, t, is

given by the expression:

B| = Bjosin 2rft + ¢) equation [5.1]
where By is the peak amplitude of B;
f is the modulation frequency
¢ is the phase of the modulation when the spin passes through the labelling plane

(half way between the two inversion planes for the AM control)

CASL images were also acquired using the standard control, i.e. by reversing the
frequency offset applied for labelling to select a control plane distal to the imaging slice
(Figure 5.1). It is possible to implement the standard control by reversing the polarity of
the labelling gradient, while maintaining the same frequency offset for the label and the
control. This approach is preferable in theory because there is evidence that the
resonance of protons bound to macromolecules may be asymmetric (Pekar J et al. 1996;
Barbier EL et al. 1999), leading to differences in MT unless the labelling and control
pulse are applied at exactly the same frequency offset. However, CASL images that
were acquired by reversing the gradient polarity produced artifacts in subtraction
images due to translation of the object within the field of view in the control image
relative to the label image. This is most likely to be a result of eddy currents produced
by the labelling gradient, which affect the imaging sequence. Therefore reversal of the
frequency offset of B; was employed for the standard CASL control in all studies
reported here.

A post-labelling delay, w, was inserted after the labelling or control period and
before image acquisition. During the delay, w, labelled blood in the macrovasculature
washes out of the imaging slices, leaving signal only from spins that perfuse the tissue.
In addition, T; relaxation of the tissue restores the magnetisation from Myg, (its
equilibrium level when the magnetisation of macromolecular protons is saturated) to My
(the equilibrium level in the absence of the labelling or control pulse). Values of w were
selected according to the objectives of each study. Long post-tagging delays were
employed to study perfusion signals and short w to observe the maximum effects of
MT. Slices were acquired consecutively, and therefore w was greater in slices that were

acquired later.
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A multiple-slice, spin-echo echo planar imaging (EPI) sequence was employed
for acquisition of CASL images. The images had a 64 x 128 matrix, TE = 35.2 ms, TR
= 4 s (labelling time + 1 s). Up to 7 slices were acquired with slice thickness 2 mm, 2.1
mm separation (centre to centre) and a delay of 78.2 ms between slice acquisitions.

T. was calculated from inversion recovery images that were acquired at a range
of inversion times (TI) as part of most in-vivo experiments. Differences in signal
between label and control were generally normalised to the signal intensity in the
inversion recovery image with the longest inversion time, to approximate the signal
intensity at Mq. If no inversion recovery data were acquired, difference signals were

nonnalised to the signal intensity in the control image.

superior (nose)

A
right
standard control —
2 order of
Image 3 images for
4+ multiple slice
3 acquisitions
AM control labelling

inferior (tail)
figure 5.1
Positions of labelling and control planes for CASL in rat brain.
Proton spins in arterial blood are labelled by AFP as they pass through the labelling
plane at the back ofthe brain.
For the standard control, a single control plane lies superior to the image, at the same
distance from the image as the labelling plane. For the AM control two inversion planes
produce a double inversion of moving protons, one inversion on either side of the

labelling plane.
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5.3 Magnetisation transfer in CASL images

The standard control pulse for CASL has a frequency offset of the same
magnitude as the label, but the opposite sign. It is effective over only a thin region,
where the control pulse and the labelling pulse result in the same degree of excitation of
macromolecular protons. Ideally, amplitude modulation of B; produces the same MT as
the labelling pulse at all imaging positions.

MT is determined by the combination of the frequency offset and power
deposition of the labelling or control pulse (Graham SJ and Henkelman RM.1997). If
the modulation frequency is small relative to the frequency offset for the labelling pulse,
both components of the AM pulse act at approximately the same frequency offset as the
labelling pulse. As long as this approximation is valid, the AM pulse may be treated as a
single RF pulse. The mean power deposited by a RF pulse of peak amplitude B9, whose
amplitude is modulated by a sine wave, is B102/2. Therefore, equal power deposition by
the labelling and control pulses is achieved by multiplying the amplitude of B, for the
label by V2 to give By for the control. This approach was adopted by Alsop and Detre
when they introduced the technique (Alsop DC and Detre JA 1998) (and by all other
groups since then).

The experiments described in this section were designed to assess the MT
effects of the AM control in several slice positions in the absence of blood flow.
Samples of pork were used to assess MT effects in label and control images at different
frequency offsets, B; amplitudes and modulation frequencies. The advantages of using
samples of meat are that MT effects are similar to those in-vivo, signal differences due
to blood flow are absent, image artifacts and noise due to motion are absent and the

sample is more uniform across several slice positions than the brain.

5.3.1 Method

For each study, a sample of pork escalope was placed into a plastic tube with a
screw top lid. The tube was secured on top of the surface coil and placed within the
magnet, on the Perspex holder used for the in-vivo experiments. CASL measurements
were performed as described in Section 5.2, using the AM control or the standard

control.
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Normalised differences in signal intensity, ASyr, between label (Sipe) and
control (Sconrol) images are reported for each experiment described below. The ideal
control would produce no differences in MTC, ASyr = 0.

In all these studies the post-labelling delay (w) was small to maximise the
sensitivity of both label and control images to magnetisation transfer. Any differences
between the images due to MT were thus emphasised.

The first study was performed to determine the amplitude of By for the AM
control at which MT effects are the same as those in label images. B; for the labelling
pulse was maintained at a constant amplitude. AM control images were acquired at
frequency offsets of 5 kHz and 10 kHz with six amplitudes of B;.

In the second study, the maximum MT effect of the labelling pulse was
observed. B for the label was set at a typical value for CASL (in-vivo) and B for the
control pulse was set at zero. Images were acquired at seven slice positions with
frequency offsets between the labelling plane and central imaging plane of 5 kHz, 8 kHz
and 10 kHz.

In the third experiment, the sensitivity of ASyr to the amplitude of B; was
investigated. The ratio of B, for the label to By for the AM control was maintained at
(1/4/2). ASmr, was calculated in five image slices, using both the standard control and
the AM control, at two different modulation frequencies.

The final experiment was designed to study MT effects at different modulation
frequencies. Images were acquired in five slices with f = 100 Hz, f = 250 Hz, f = 500
Hz. A further set of images was acquired with f = 100 Hz and the frequency offset of
the labelling and control pulses was reversed (from + 5 kHz to — 5 kHz), while the
labelling gradient was kept the same. The labelling and AM control planes were thus

placed in the position of the standard control for in-vivo experiments.
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5.3.2 Results of magnetisation transfer in CASL images

Typical EPI images of a sample of pork are shown in Figure 5.2.

Figure 5.3 shows the results of the first experiment to determine the peak
amplitude, Bm, for the AM control, relative to B| for the label, at which MTC is the
same in label and control images. B, for the labelling pulse was set to a constant value
and images were acquired with different Bm for the AM control. In Figure 5.3 values of
ASmt are shown for the central slice, but results were similar in other slices.

Slabel was employed for normalisation of ASmt in this experiment because Siabei

should have been constant, while Scontroi decreased at higher Bi. Therefore

ASMT — 100 * (Siabei ~Soontroi) / Siabd equation [5.2]

AsSmt tends to be larger at an offset of 5 kHz than at 10 kHz, as might be
expected because a larger proportion of the macromolecules is saturated at a lower
frequency offset. ASmt approached zero when B| for the AM control was 1.4 times
greater than B; for the label, a factor of approximately ~J2. Ideally, higher amplitudes of
Bjo would have been employed, but the maximum amplitude of Bm was limited by the
practical consideration of possible damage to the RF transmission coil at very high

amplitudes of the long RF pulse for CASL.

slice 1 slice 2 slice 3 slice 4 slice 5 slice 6 slice 7

Figure 5.2
CASL images of a sample of pork after a labelling pulse

B| = 175 Hz, w = 50 ms to the first slice. Slices were acquired in the order 2,4,6,1,3,5,7.
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The second experiment was performed to measure the maximum difference in
signal intensity (ASmt) produced by a labelling pulse with a typical amplitude of B, for
the labelling pulse for CASL. These data are shown in Figure 5.4. The amplitude of the
control pulse was set to zero and ASyr was measured at frequency offsets of 5 kHz, 8

kHz and 10 kHz. The normalised difference in signal intensity is

ASMT =100 * (Scontrol - Slabel) / Scontrol equation [53]

In fact in this experiment:

ASmt = (So — Staver) / So

where So is the value of Sconro1 When By for the AM control is zero.

If there were no reduction in signal intensity due to the labelling pulse, Scongol =
Siabel = S and ASyt would be zero.

Images were acquired at 7 slice positions in the order 2, 4, 6, 1, 3, 5, 7, (slice
positions are shown in Figure 5.1). This means that the post-labelling delay, w, was
greatest in slice 7 and the frequency offset was greatest in slice 1. ASy varies between
42 % in slice 4 at a 5 kHz offset and 18 % in slice 1 at a 10 kHz offset.

Figure 5.4 shows that ASyr tends to be lower in slices further from the labelling
plane, where the frequency offsets are higher. This behaviour is expected because at
higher frequency offsets the pulse excites a smaller fraction of the bound protons in the
imaging slice, increasing S and reducing ASyp. The pattern of variation in ASyr
between slices is due to different, competing effects. Firstly, MT may be expected to be
smaller in slices where the post tagging delay, w, was longer because there was more
time for the magnetisation to relax back to equilibrium after the labelling pulse, before
the image was acquired. However, between slices 2, 4, and 6 and between slices 1, 3, 5,
and 7, the progressively smaller frequency offsets tend to increase MT effects,
cancelling out the effect of longer w in slices that were acquired later. In the step from
slice 6 to slice 1 both the increased frequency offset and the longer delay, w tend to
reduce ASyr and, in combination, they produce the greatest “step” in ASyr in Figure

5.4.
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110
100
0 20 40 60 80 100 120 140 160
Bio for AM control (% of Bi for label)
Figure 5.3 5 kHz 10 kHz

MT effects of CASL with a range of Bi using the AM control in a sample of pork
Frequency offsets of 5 kFlz and 10 kHz, at 11.5 mm from the imaging plane, B, = 120
Hz for the label, w = 128 ms to this slice (slice 4 of7), f= 250 Hz.

ASfvIx 100 (Siahel ~ Scontroi) / Siabei

Errors bars were calculated from the SNR in the label and control images.

50.0
40.0

30.0
ASMr

) 20.0
10.0

0.0

slice 2 slice 4 slice 6 slice 1 slice 3 slice 5 slice 7

—  5kHz offset 8kHz offset —A—10kHz offset
Figure 5.4
Maximum MT effects of CASL in a sample of pork
Labelling plane at 11.5 mm from the central slice (4), Bi= 150 Hz for the label, Bi =0
Hz for the control, f= 250 Hz, w = 50 ms to the first slice. Slices were acquired in the
order 2,4,6,1,3,5,7.
ASWTI' 100 * (Scontroi " Slabel) / Scontroi

Errors bars were calculated from the SNR in the label and control images in each slice.
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In a third experiment, images were acquired at two different amplitudes of Bi

using the standard control and the AM control at f= 100 Hz and f= 250 Hz. Bm for the
AM control was fixed at V2 times Bj for labelling. Figure 5.5 shows Asmr (equation
[5.3]), for the AM and standard control techniques at five slice positions.

The departure from Asm 1= 0 was most significant in slices other than the central
image (slice 3), when the standard control was applied. The variation in ASmt between
slices using the AM control was less + 1 %, while the variation with the standard
control was + 5 % and £ 12 % when Bi = 85 Hz and Bi = 120 Hz respectively

Asmt with the standard control had a greater magnitude at Bi 120 Hz than at
Bi ~ 85 Hz in slices other than the central slice. A slight trend to larger magnitude A Smr
at higher Bi may be observed also for the AM control (dashed lines are below solid

lines). All acquisitions with the AM control produced slightly negative A Sm-

20 - f= 100 Hz

15 Bi =85 Hz

ASMr 10 . f=100 Hz

0,
(%) Bi = 120 Hz
5

- f=250Hz

0 Bi =85 Hz

5 f=250Hz

10 Bi = 120 Hz
standard

13 Bi = 85 Hz
-20 standard

slice 1 slice 2 slice 3 slice 4 slice § Bi = 120 Hz

Figure 5.5

MT effects of CASL at different B, amplitudes in a sample of pork

Data were acquired using the standard, single slice control and the AM control at 5 slice
positions.

5 kHz offset to slice 3 at 14mm, w = 10 ms to slice 1. Slices were acquired in the order
1,2,3,4,5. Bio for the AM control was V2 times greater than Bi for the labelling pulse.
ASmt 100  (Scontroi " Siabei) / Scontroi

Errors bars were calculated from the signal-to-noise ratios in the label and control

images in each slice.
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The final experiment was designed to measure MTC in CAST images with the
AM control at different modulation frequencies. A smt was measured in five slices with
f= 100 Hz, f= 250 Hz and f = 500 Hz with a typical Bi for CASL {Figure 5.6). ASmy
was consistently negative with the AM control, as in Figure 5.5.

Differences between AsArr at different values of f were nearly always smaller
than the measurement error in each slice. Slightly lower ASMI in slice 5 when f = 500
Hz than at other f may indicate that the AM control caused greater MT in this slice
when f= 500 Hz than when f= 100 Hz or f= 250 Hz.

One data set shows the effect of reversing the frequency offset of both the label
and AM control with f= 100 Hz (dashed line). There is no evidence of different MT

effects with labelling and AM control pulses applied in this location at f= 100 Hz.

— =100 Hz
-A— =250 Hz
-# f=500 Hz

*f= 100 Hz
o standard

slice 1 slice 2 slice 3 slice 4 slice 5

Figure 5.6

MT effects of CASL in a sample of pork at different modulation frequencies.

Bi for the labelling pulse was 120 Hz, Bi for the AM control was 120*V2 Hz

5 kHz offset to slice 3 at 14 mm, w= 10 ms to slice 1. Slices were acquired in the order
1,2,3,4,5.

* the frequency offset ofthe labelling and the AM control pulses were reversed for one
acquisition.

ASmt 100 * (Scontroi " ~label) / “control

Errors bars were calculated from the signal-to-noise ratios in the label and control

images in each slice.
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5.3.3 Discussion of magnetisation transfer in CASL images

Magnetisation transfer contrast in CASL images using the AM control depends
on the amplitude of the labelling pulse, B,, the frequency separation of each imaging
plane from the labelling plane and the delay between the end of the labelling pulse and
image acquisition (w). Each of these factors has been studied in order to determine its
impact on MTC cancellation between label and control images.

Results shown in Figures 5.3 indicate that MTC is equivalent in AM control and
label images when the peak B, of the sine modulated RF pulse is approximately /2
times greater than B, for the labelling pulse. This is consistent with the theory for
continuous wave pulses (Graham SJ and Henkelman RM 1997, Eng et al. 1991). The
maximum signal difference, ASyr, due to the labelling pulse varied from 18 % to 42 %
of the signal in control images, depending on slice position, the frequency offset of the
pulse and the delay after labelling (Figure 5.4). The MTC equivalence of the AM
control in non-central slice positions was shown to be superior to that of the standard
control (Figures 5.5 and 5.6).

The standard control produced more significant mismatches in MTC at higher
B; (Figure 5.5). B, must be large for efficient labelling of moving blood, but these
results suggest that high B; values may accentuate differences between MTC in label
and control images.

The modulation frequency, f, and the gradient, G, determine the positions at
which the two inversion pulses of the AM control act. At small f, each pulse has
approximately the same frequency offset as the labelling pulse and the MTC in control
images is approximately equivalent to that in label images, when the correct amplitude
of B, is applied. At higher f, one control plane moves further away from and the other
moves towards the imaging planes. When the separation of the two inversion planes of
the AM control is too large, the assumption that the combined MT of the two
components of the AM control is equivalent to that of the label becomes invalid. The
results in Figure 5.6 show that all modulation frequencies below 500 Hz at a frequency
offset of 5 kHz produce equally good MTC cancellation across 5 slices. The other
criterion for selection of f is sensitivity to flow. This will be considered in the next
section.

Consistently negative ASyr were observed in Figure 5.5 and Figure 5.6,

although the differences from zero were barely greater than the experimental error. Both
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data sets were acquired using the same sample, in the same imaging session. The causes
of such an offset are most likely to be different for the standard control and the AM
control experiments. The offset in ASyr with the standard control may be due to
asymmetry in the resonance of macromolecules (the bound pool) in pork. If the 'H
resonance of the bound pool was asymmetric, the degree of saturation of the bound pool
at positive and negative frequency offsets would not be identical. Then MT contrast in
labelled and control images would be different and ASyr would be always non-zero.
This asymmetry in brain tissue has been reported in studies of cat brain (Pekar J et al.
1996) and in rat brain (Barbier EL et al. 1999). For the standard control, the same B;
amplitude is employed for both label and control pulses, but By for the AM control
pulse was set independently of B, for the labelling pulse. Although B;y was nominally
/2 times greater than B for the label, RF power deposition resulting from the label and

control may not have been identical in practice.

5.4  Multiple slice CASL with the AM control in normal rat brain

The aim of the studies described in this Section was to verify that perfusion
weighted images at multiple slice positions in rat brain may be obtained using the AM
control for CASL at 2.35 T. Experimental verification of findings in Chapters 3 and 4
was sought and the effects of the pulse on static brain tissue were assessed. The
variables considered in this section are the amplitude, By, and duration of the labelling
pulse, the duration of a post-labelling delay, w, and the modulation frequency of the
AM control, f. Animal preparation was performed by Dr Mark Lythgoe (Institute of
Child Health, UCL, London) and I acquired and analysed the CASL images.

As discussed in Section 5.3, the labelling pulse for CASL excites the
magnetisation of the macromolecular proton pool in brain tissue and MT reduces the
bulk magnetisation of the free protons. Calculations of rCBF are greatly simplified if
the labelling pulse is long enough to establish a new equilibrium magnetisation in the
brain, Mo, and the standard formulas for these calculations are based on the assumption
of saturation (equation 2.9 in Chapter 2). Therefore, it is important to confirm that the
labelling pulse is long enough for the magnetisation to reach an equilibrium, Mosy.

A post-labelling delay, w, for CASL measurements was introduced by Alsop
and Detre to minimise the influence of arterial transit times (8) on calculated values of

rCBF (Alsop DC and Detre JA 1996). The arterial transit time is the time it takes for
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blood to move from the labelling plane to the capillary bed, where it exchanges into
tissue. Transit times depend on the relative positions of labelling and imaging planes
and the velocity of the blood. These parameters vary between brain regions and in
different physiological states. Therefore systematic errors in calculated flow values may
result if values of rCBF are very sensitive to 6 and if the estimate of & is incorrect.

A post-labelling delay also allows labelled blood to flow out of the
macrovasculature before image acquisition. Immediately after labelling a large
proportion of the labelled blood resides in major blood vessels, which may appear as
focal bright regions in subtraction images. This blood does not perfuse the slice where it
is seen, and its contribution to the signal in labelled images causes rCBF to be over-
estimated. If w is greater than the longest transit time (J) to the tissue of interest, all
signal from large blood vessels disappears and calculations of rCBF are much less
sensitive to 8. However, excessively long w are not desirable because the flow-
dependent signal decays due to T; relaxation after the end of the labelling pulse.

The value of f affects both the efficiency of labelling and errors due to
differences in MTC in label and control images. The AM control partially labels
moving spins, reducing the perfusion-dependent difference in signal between label and
control images, and thereby reducing the sensitivity of the technique to regional blood
flow. This partial labelling was investigated in Chapter 4, using a computer model of
velocity driven AFP. Differences in the MT effects of labelling and AM control pulses
were considered in Section 5.3 in samples of meat. Simultaneously analysis of the
effects of f on flow and MTC cancellation is performed in this section in-vivo.

The variables considered in this section are (i) the magnitude of B; for
maximum flow-dependent differences in signal in label and control images; (ii) the
duration of labelling pulse required to ensure that M reaches an equilibrium level, Mgy,
in brain tissue; (iii) the length of post-labelling delay necessary to remove focal artifacts
in subtraction images due to labelled blood in large vessels; (iv) the modulation
frequency for the AM control that produces maximum flow weighting and the most

effective cancellation of MTC in subtraction images.
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5.4.1 Method

The study was approved by the Home Office, UK. CASL imaging was
performed in normal male rats, as described in Section 5.2. Anaesthesia was maintained
with halothane in O, and N,O.

A labelling plane was located at the back of the brain, between 14 and 18 mm
from the central imaging plane (Figure 5.1). Pairs of label and AM control images were
obtained in five slice positions and normalised differences in signal intensity in regions

of interest were calculated:

AScasL = 100 * (Scontrot = Stave) / So equation [5.4]
where Sy is the signal in an inversion recovery image with an inversion time of 3.65

seconds (an approximation to the signal from magnetisation at equilibrium).

The minimum B; required for optimum labelling efficiency was assessed by
acquiring image pairs at different magnitudes of B; while maintaining the peak
amplitude of the AM pulse (Byo) at 4/2 times B for the label. AScagi Was calculated in
regions of interest to indicate the degree of perfusion weighting achieved by the
label/control combination.

The duration of the labelling pulse required to reach Mog, was determined by
acquiring images after labelling pulses with durations in the range 400 ms to 3800 ms,
with a typical amplitude for the labelling pulse of B; = 180 Hz.

Images were acquired at different post-labelling delays, w, to find the shortest
delay, at which no focal bright spots appeared in subtraction images.

Modulation frequencies of f = 100 Hz, 250 Hz, 500 Hz and 1000 Hz were
employed to obtain AM control images at five slice positions. The experiment was
repeated after the frequency offsets of both the label and the control were reversed. In
this way, equivalent MTC to that in labelled images was achieved, without either the
label or control pulses affecting flowing blood. The labelling experiment was repeated

post-mortem.
5.4.2 Results in normal rat brain

Subtraction images at the central slice position at a range of B; amplitudes are

shown in Figure 5.7. The labelling efficiency increased at increasing values of By, up to
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180 Hz. AScasL (equation 5.4) in a cortical region of interest in this slice were 0.6 % at
80 Hz, 1.7 % at 100 Hz, 4.0 % at 150 Hz and 4.6 % at 180 Hz. Although acquisitions at
greater B; amplitudes would be required to prove that this is the optimum B, the fact
that AScase changes little from B; = 150 Hz to By = 180 Hz suggests that 180 Hz is
close to the optimum. In order to compare this result with results from the computer
model, the differences between the model and the situation in-vive must be accounted
for. The frequency offset was 5 kHz in both cases but the distance from the labelling
plane to the imaging plane was 20 mm in the computer model and 15 mm for images
shown in Figure 5.7, corresponding to labelling gradient amplitudes of G = 250 Hz/mm
and G = 333 Hz/mm respectively. The optimum amplitude of B; is determined by G.
The optimum B, using G = 333 Hz/mm was found to be between 130 Hz and 140 Hz
using the computer model (Figure 3.5 Chapter 3). However, all CASL images acquired
in this section employed the AM control and it was found in Chapter 4 that optimum B,
values for labelling using the AM control are approximately 30 % greater than those
required when the standard control is employed (Figure 4.7 Chapter 4). On this basis
the optimum B, is predicted to be between 169 Hz and 182 Hz, which is consistent with
B, = 180 Hz for the highest labelling efficiency in-vivo.

The progressive saturation of magnetisation in the bound pool at increasing
pulse durations is shown in Figure 5.8. A new equilibrium value of Mg was
established in regions of interest in cortex and basal ganglia when the signal intensity
reached a plateau at pulse durations greater than approximately 2.5 seconds.

Subtraction images of the brain of a rat at a range of post-tagging delays, w, are
shown in Figure 5.9. The uniformity of the signal across the brain increased at greater
w. In particular, a bright region along the midline of the cortex became less prominent.
Average signal-to-noise ratios over images at all w in label and control images were 120
+ 17 and 147 + 26 in the cortex and 89 + 13 and 106 + 18 in the basal ganglia. Signal
intensities in the label and control images in regions of interest in the cortex and basal
ganglia are plotted with respect to w in Figure 5.10. Signal intensities increased at
longer w as the magnetisation relaxed back from My, to My in both Iabel and control
images. The rate of relaxation back to My was greater in label images due to the
combination of the wash out and T, relaxation of labelled spins. Therefore AScasL

decreased at greater w.
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Bi= 80Hz B,= 100Hz

B,= 150Hz B,= 180Hz
Figure 5.7

Subtraction images with different Bi amplitudes using the AM control.
Images shown are at the central slice position

Frequency offset = 5 kHz at 15mm, w = 50 ms, =250 Hz
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Figure 5.8

Progressive saturation of'the bound proton pool in rat brain.

Frequency offset = 5 kHz at 15 mm, Bi = 180 Hz. Signal intensities were measured in
the central slice. Measurements are shown in arbitrary units and errors are the standard
deviations ofthe intensity in the region of interest. The ROT in the cortex had an area of

12 mm” and the ROT in the basal ganglia had an area of 6 mm”
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w=256ms w=306ms w=356ms

w=406ms w=456ms w=506ms

Figure 5.9
CASL subtraction images at different post-tagging delays (w)
Frequency offset = 5 kHz at 15 mm, Bi = 10U Hz, f =250 Hz.
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Figure 5.10

Signal intensities in the central slice at different post-labelling delays (w)
Frequency offset = 5 kHz at 15 mm, B] = 100 Hz, f= 250 Hz. Signal intensities are
shown in arbitraiy” units. The ROI in the cortex had an area of 27 mm” and the ROI in

the basal ganglia had an area of 10 mm™.
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Cancellation of MTC due to label and AM control preparations was assessed by
eliminating the sensitivity of the preparation pulses to blood flow, while retaining their
MT effects in the brain. This was achieved by placing the labelling and AM control
planes in the position of the standard control (Figure 5.1). With this arrangement neither
preparation pulse had any effect on spins in arterial blood. For comparison, images were
acquired with the conventional geometry of the labelling and AM control planes in-vivo
and post mortem. These data are shown in Figure 5.11. A short value of w was selected
to produce maximum flow-dependence and MTC. AScas. Was calculated in small ROIs
in the cortex (Figure 5.12).

When the labelling and AM control planes were proximal to the imaging slices
(below the brain), perfusion-related contrast appeared in all five image slices (Figure
5.11a). When both planes were distal to the imaging slices, AScast, in brain parenchyma
was minimal (Figure 5.11b and Figure 5.12). Images acquired post mortem, with the
planes proximal to the imaging slices showed no signal differences at any slice position
(Figure 5.11c).

Slices were acquired in the order 1 to 5 (Figure 5.1). AScasL decreased in
consecutive slices, especially between slices 3 and 4. (Figure 5.12). This is largely due
to greater wash-out and T relaxation of labelled blood in slices that were acquired later.
In the first slice the contribution to signal differences from macrovascular flow is
greatest and T relaxation of labelled protons was least significant. Reduced amounts of
labelled blood within large vessels and increased T; relaxation result in smaller signal
differences in slices that are acquired later.

However, signal differences when the labelling pulse was applied distal to the
imaging planes in-vivo had no detectable dependence on slice number, suggesting that
differences in AScasL between slices when blood is labelled are donﬁnated by flow

effects and not MTC.
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/;'5?.gf|a #

Figure 5.11

CASL subtraction images using the AM control with the labelling and control planes
proximal (a) and distal (b) to the imaging slices, and proximally post-mortem (c).
Images are shown at 5 slice positions.

Frequency offset = 5 kHz at 15 mm, Bi = 150 Hz, £ =250 Hz, w = 50 ms. Slices were

acquired in the order 1to 5.
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8.0

4.0

2.0

0.0

2.0
slice 1 slice 2 slice 3 slice 4 slice 5
proximal label distal label post mortem

Figure 5.12

Signal differences in the cortex ofa normal rat using the AM control(data from images
in Ingure 5.11). The ROIs were approximately 24 mm”.

Frequency offset = 5 kHz at 15 mm, Bi = 150 Hz, f= 250 Hz, w= 50 ms, slices were
acquired in the order 1to 5.

AScASL = 100 * (Scontroi " Siabel) / SQ

Errors were calculated from the signal-to-noise ratios in the label, control and So images

in each slice.
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The last experiment was designed to detect any differences in AScagy at a range
of modulation frequencies. Such differences may be due to variations in the efficiency
of labelling or MT in brain parenchyma. Modulation frequencies of f = 100 Hz, 250 Hz,
500 Hz and 1000 Hz were employed to acquire CASL images at 5 slice positions.
Subtraction images are shown in Figure 5.13. A second set of images was acquired with
the same f, but with the label and AM control planes above the brain, distal to the
imaging slices. AScasy is shown in Figure 5.14 at each f, with the label and control
planes proximal (Figure 5.14a) and distal (Figure 5.14b) to the imaging planes.

Comparison of Figure 5.14a with Figure 5.14b shows that when the label and
control pulses are applied behind the brain (proximal to the imaging planes), the
labelling of protons in blood flowing into the brain results in greater AScagp at all
modulation frequencies, than when the label and control are applied above the head of
the animal. However, Figure 5.14b shows non-zero AScasy. in all slices, despite the
absence of labelled blood. These signal differences may be indicative of poor MTC
cancellation. A positive offset may be associated with higher My, in the control image
than in the label image, which would occur if B, for the AM control was too low. This
might be expected to affect slices closer to the labelling plane more significantly, where
the frequency offset of the labelling pulse is smaller although w is greater.

When f = 500 Hz or f = 1000 Hz, the signal differences are smaller in slices 2
and 4 than when f = 100 Hz or f = 250 Hz. This is observed both with and without flow
weighting, indicating that this pattern is an MT effect. The result is that sensitivity to
flow was lower at f = 500 Hz and f = 1000 Hz than at f = 100 Hz or f = 250 Hz in slices
2 and 4.

A constant difference in MTC in label and control images was measured in some
experiments presented in this Section (for example Figures 5.5, 5.6 and 5.14). This
might be explained by asymmetry of the proton resonance of the bound pool. A
procedure to detect asymmetry in the frequency dependent MT response of a sample,
described by Barbier et al. (Barbier EL et al. 1999) was applied in-vivo in brain tissue.
CASL images were acquired with alternately positive and negative frequency offsets of
the labelling pulse without a labelling gradient. Moving spins in blood were not subject
to a frequency sweep, as they would be in the presence of a gradient, but the MT effects

of the pulse were the same as for the CASL experiment in the central slice. Slightly
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negative ASstandad of -0.6 £ 0.5 % and -0.6 + 0.2 % were found at frequency offsets of 5
kHz and 10 kHz respectively (mean + standard deviation in 4 ROIs in two separate
experiments at each offset frequency). However, these differences were no greater than
the error in the measurement of 0.9 %, which was calculated from the SNR in each

image.

f= 100 Hz

f=250 Hz

f=500 Hz

f= 1000 Hz

Figure 5.13
Subtraction images with different modulation frequencies for the AM control.
Images are shown at 5 slice positions.

Frequency offset = 5 kHz at 18 mm to the central slice, B| = 130 Hz, w = 50ms
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a) proximal label
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b) distal label
6.0
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Figure 5.14

Signal differences in the cortex when labelling and control planes were proximal (a) and
distal (b) to the imaging planes (data for 5./4a are from images in Figure 5.13).
Frequency offset = 5 kHz at 18 mm, Bi = 130 Hz, w = 50ms.

AScASL 100 * (Scontroi ~ Siabei) / Scontroi

The sizes ofthe ROIs were 18 mm\ 17 mm”, 20 mm\ 13 mm” and 8 mm” in slices 1, 2,
3, 4 and 5.

Errors bars were calculated from the signal-to-noise ratios in the label and control

images in each slice.
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5.4.3 Discussion of CASL imaging in normal rat brain

The sensitivity of CASL images to perfusion depends on several parameters and
the first point to consider is the labelling process itself. The degree of labelling increases
with increasing B, in a given magnetic field gradient, G, as demonstrated by increased
contrast in subtraction images at higher By in Figure 5.7. Ideally CASL images would
have been obtained at higher B to confirm that the degree of labelling did not increase
further at higher B;. This procedure was employed in the next part of this Chapter
(Section 5.5) at a frequency offset of 10 kHz. However, an optimum B; of 180 Hz is
compatible with the optimum value predicted from the computer model of labelling by
velocity driven AFP.

It is important that B; is sufficient for efficient AFP, but excessive B,
amplitudes are unnecessary and even undesirable for several reasons. If B; is greater
than the optimum the labelling efficiency, a, actually decreases due to increased T,
relaxation during the inversion (Chapter 3, Figure 3.4). This effect may be too small to
detect in practice. However, further considerations at higher amplitudes of B; are the
worse MTC cancellation (Figure 5.5), the increased risk of heating the animal through
RF power deposition and the greater demands on RF amplifiers and transmission coils.

After the RF pulse for labelling a post-tagging delay was introduced before
image acquisition, w. A long delay minimises both contributions from macrovascular
flow and the dependence of the flow-dependent signal on arterial transit times, 0. The
dependence of the optimum value of w on values of & is problematic in two ways.
Firstly, values of & vary between different parts of the brain and they depend on the
separation of the labelling plane from the imaging plane. Thus there may be apparent
differences in rCBF due to different transit times in brain regions with the same actual
rCBF. Secondly, arterial transit times are liable to change in certain physiological states.
Reduced & have been measured, for example, in activation studies in humans
(Gonzalez-At JB et al. 2000) and in hypercarbia in rats (Zhang W et al. 1992). A
reduction in J increases the possibility of over-estimation of rCBF (Gonzalez-At JB et
al. 2000). For multiple-slice acquisitions, & and w vary with slice position. There is a
case for acquiring images closest to the labelling plane first because they have the
shortest § (i.e. in the order 5,4,3,2,1 for the set up described in this Chapter (Figure
5.1)), but this is unlikely to eliminate the problem entirely. Another consideration for

the choice of slice acquisition order is the sensitivity to any residual MT differences. If
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slices were acquired in the order 5,4,3,2,1 any residual differences in MTC between the
label and control would be accentuated in slice 5 both because it has the smallest
frequency offset from the labelling plane and because the least T; relaxation would have
occurred to restore the tissue magnetisation to My during w.

Focal bright spots appear in subtraction images when w is too short for labelled
blood to leave the macrovasculature in the imaging plane. A significant proportion of
the labelled blood then resides within large blood vessels and signal differences due to
this blood do not reflect perfusion. The subtraction images in Figure 5.9 show that
bright spots became less prominent when w is greater than approximately 350 ms.
Macrovascular contributions disappear if w is greater than §, suggesting that § is close
to 350 ms in this slice. This is consistent with values of & reported by other groups.
Zhang et al. measured & = 310 ms at a 20 mm offset of the labelling plane in normal rat
brain (Zhang W et al. 1992) and Barbier et al. found similar values (Barbier EL et al.
1999).

Visual inspection of subtraction images reveals the most obvious macrovascular
contributions but contrast to noise ratios decrease with w, reducing the sensitivity of
subtraction images to differences in flow. This calls into question the reliability of this
subjective approach to selection of w. Direct measurement of & would provide a more
robust method for selecting w. In theory this may be done by repeated measurements of
AScasy at different w to identify the arrival time of the first labelled blood after a brief
labelling pulse (Zhang W et al. 1993; Ye FQ et al. 1997). Many measurements would be
required to determine & accurately. On our system each measurement lasts
approximately nine minutes in order to achieve adequate signal-to-noise, making the
total measurement time very long. Such a procedure may be valuable to determine
normal values of 8, but is of limited use in situations where 8 changes rapidly.

Contrast in CASL images is a combination of MTC and perfusion weighting.
MTC must be equivalent in label and control images for accurate quantification of
microvascular blood flow. A means of confirming MT equivalence without blood flow
effects in-vivo was devised by placing both the label and AM control pulses distal to the
imaging slices, so that no arterial spins were labelled, but similar MT effects to those of
the true labelling and AM control pulses were produced. Using this procedure it was

found that the difference in signal intensity between label and control images, AScast,
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was dominated by perfusion, even when cancellation of MTC was imperfect (Figures
5.11 and 5.12) (see also AScasy, when f = 100 Hz and f = 250 Hz in Figure 5.14).

Once the labelling pulse is optimised, the modulation frequency of the AM
control must be selected to satisfy two requirements. The efficiency of labelling must be
as great as possible and MTC in control and labelled images must be identical.

The double inversion of the AM control pulse never restores the magnetisation
of moving spins to equilibrium, resulting in partial labelling. This partial labelling is
discussed in Chapter 4, where the effects of the AM pulse on the magnetisation of
protons in blood was determined independently of MT effects. In practice it appears that
MT effects at high f may be as great a limitation as low labelling efficiency (Figures
5.13 and 5.14). In-vivo MTC appears to have a stronger dependence on slice position
than MTC in images of pork (compare results with f = 500 Hz in Figure 5.14 and
Figure 5.6), although differences in the labelling gradient, G, for the two experiments
also influence these results.

It is not clear why lower sensitivity to perfusion was observed in slices 2 and 4
when f = 500 Hz or 1000 Hz while AScast in the central slice is similar to AScasi, when
f =100 Hz or 250 Hz (Figure 5.13 and Figure 5.14). This may be due to a complicated
combination of MT effects from the two components of the AM pulse, one of which
moves further from the imaging plane, and one of which moves closer as f increases. A
frequency offset of 5 kHz when the labelling plane is 15 mm from the imaging plane
results in a separation of the AM control planes of + 0.6 mm when f = 100 Hz and + 3.0
mm when f = 500 Hz. Lower AScast at higher f is consistent with reduced signal in
control images, and therefore more magnetisation transfer. This suggests that the
component of the AM pulse closest to the images may make an excessive MT
contribution when f is greater than about 500 Hz.

In summary, preliminary CASL images of normal rat brain have been acquired
using the AM control in five imaging slices. The optimum B, is approximately 180 Hz
when a frequency offset of 5 kHz is employed at a separation of 15 mm from the central
imaging plane. A three second labelling pulse is sufficient for magnetisation in the brain
to reach a new equilibrium level, Mog,. A post-labelling delay of at least 350 ms is
required to allow blood to leave the macrovascular compartment within the central

imaging slice of the brain of normal rats. A modulation frequency of 250 Hz or 100 Hz
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produced maximum sensitivity of the AM control to rCBF and minimal residual MT

differences in five slice positions.

5.5  Comparison of AM control with standard single slice control

In the Section 5.3 of this chapter, the AM control was shown to produce MT
cancellation far superior to that of the standard control in non-central slices (Figures 5.5
and 5.6). However, increased spatial coverage with the AM technique is gained at the
expense of reduced flow-sensitivity, as described in Chapter 4. The following section
describes an experiment to evaluate the sensitivity of CASL images with the AM
control, relative to the sensitivity of CASL with the standard control.

A series of in-vivo experiments, lasting several hours permitted repeated
comparisons of the two control techniques under almost identical conditions. The
experiments were part of an investigation into the link between circadian rhythms and
the incidence of stroke (Helliar RW 2001). Animal preparation was performed by
Robert Hellier and I acquired and analysed the CASL images.

The aim of the physiological experiment was to mimic low blood pressure
during sleep in order to create the physiological conditions under which strokes
frequently occur. Rats were made hypotensive by intravenous injection of the
pharmacological agent, clonidine. The rats were imaged continuously at 2.35 T before
and after administration of clonidine to detect signs of spontaneous stroke. The imaging

protocol included diffusion weighted imaging, T, and T,* and CASL measurements.

5.5.1 Method

CASL was performed as described in Section 5.2 every half hour with the
following parameters for the labelling and control pulses: offset frequency = 10 kHz,
labelling plane 15 or 16 mm from the central imaging plane (to lie at the back of the
brain, as in Figure 5.1), B; = 200 Hz for the label and 200*+/2 = 283 Hz for the AM
control, w = 300 ms, number of averages = 56, acquisition time = 8 minutes and 45
seconds, f = 250 Hz for the AM control, for the standard control the sign of the
frequency offset was reversed to define a control plane distal to the imaging plane(s).
CASL images were acquired in slices of thickness 2 mm, separated by 2.1 mm, with a
FOV of 40 mm. Five slices were acquired with the AM control and only the central

slice was acquired with the standard control.
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Adult, male, Sprague-Dawley rats were maintained under anaesthesia with
isofluourane in O, and N,O. Mean arterial blood pressure was monitored through a
catheter inserted into the femoral artery. Temperature and ECG were monitored
continuously and temperatures remained within the normal range (37.5 + 1.0 °C ).

After a period of baseline imaging the pharmacological agent, clonidine, was
injected into the femoral artery to lower mean arterial blood pressure to approximately
80 % of its baseline value (n = 3). Further injections were administered to maintain the
hypotensive state, as necessary. Normal, control rats were monitored in the same way
and imaged for a time equivalent to the duration of the clonidine experiments, but
clonidine was not injected into these animals (n = 2).

Preliminary experiments were performed to select the amplitude of B; for
maximum efficiency of labelling and to determine T, for quantification of rCBF.

In order to confirm that B; = 200 Hz yielded the maximum degree of inversion
four pairs of experiments with the standard control were performed with B; = 200 Hz
and 250 Hz then four pairs with B; =200 Hz and 300 Hz (an experiment comprises one
label and one control image). Normalised subtractions of the signal intensity in control
(Scontro1) and labelled (Siae) images were calculated from a ROI in the cortex, using
equation [5.4].

The longitudinal relaxation in the presence of a saturation pulse, T gy, is required
for calculation of rCBF (equation [2.9] on page 25). T)s, was measured in one animal
by inversion recovery with a saturation pulse applied before inversion and in the
interval between the inversion pulse and image acquisition (the inversion time). The
amplitude of the saturation pulse was equal to that of the labelling pulse for CASL (200
Hz). Inversion times were 3, 100, 200, 500, 800, 1200, 2000, 3500 ms.

An inversion recovery (IR) experiment was performed for each animal to
calculate T; on a pixel by pixel basis. A global, hyperbolic secant inversion pulse was
applied and EPI images were acquired after an inversion time, TL. Measurements in
each slice were separated by 78.2 ms and TI values in the central slice were 256, 356,
556, 756, 1156, 1656, 2656, 3656 ms. T, maps were produced using a routine in the
Interactive Data Language (IDL, RSI, Boulder, Co. USA).

Sy is the signal intensity in the IR image with the longest TL It was used to
normalise AScasi- The inversion recovery experiment was performed only once and

therefore only one value for Sy was obtained. In order to account for the possibility of
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drift in the RF receiver over the course of the experiment, the ratio, Ryom, Of Scontrol i1

the first CASL control image to Sp was employed to normalise all AScasy,

Riorm = Scontrol(t = 0) / So(t = O)

Then AScast. becomes

ASCASL =100 * Rnorm (Scontrol - Slabcl) / Scontrol equation [55]

The normalised signal differences in images acquired with the AM control and the
standard control are denoted ASam and ASgndard, r€spectively.

One CASL experiment with the AM control was followed immediately by a
CASL experiment with the standard control every thirty minutes. Time courses of
ASgtandard and ASam were determined and the ratio ASam / ASstandard, Was calculated to
estimate the labelling efficiency of the AM control relative to that of the standard
control.

rCBF was calculated on a pixel-by-pixel basis, using a program written in the
Interactive Data Language (IDL, RSI, Boulder, Colorado, USA), following the model
described by Alsop and Detre (Alsop DC and Detre JA 1996). I adapted the code from
that employed by David Thomas (Thomas DL 1999).
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Equation [5.6] describes the calculation required to determine rCBF from label and

control CASL images (Alsop and Detre 1996 and Appendix E).

rCBF = A(Scontrol = Stabet)/(20S0(Cr1 + Crisar) €xp[-6/T1,])  equation [5.6]
where
A is the partition coefficient (ml of water per ml of blood/ml of water per ml of
brain tissue)
Scontrol and Siaper are the signal intensities in the control and label CASL images
o is the efficiency of labelling
d is the arterial transit time
Tia is the T, relaxation time of arterial blood
Crisa and Cry describe the relaxation of labelled spins during the labelling pulse
and during the post-labelling delay respectively
Crisat = Trsa€Xp[-w/T1]
Cri = Ti(exp[(-w+8)/T1] - exp[-w/T\])
in the cases where 6 < w (slices 2,3,4,5)
Cr1 =Ti(1 - exp[-W/T ]} + T, (exp[-w/ T1a]-exp[-/T1a])
in the case where & > w (slice 1)
Tsa is the observed spin - lattice relaxation time of brain tissue in the presence
of the labelling pulse
T is the observed spin — lattice relaxation time of brain tissue
So 1s the signal when the magnetisation is at equilibrium. This was found in the

process of fitting for T.

In this study the following values were assumed:

A=09
6 = 350, 300, 250, 200, 150 ms in slices 1, 2, 3, 4, 5,
Tia = 1500 ms

o. = 0.9 for the standard, single slice experiment
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5.5.2 Results of comparison of AM control with standard single slice control

The pharmacological agent, clonidine, was administered to rats to maintain the
mean arterial blood pressure at 80 % of normal level for up to six hours. No changes
were observed in apparent diffusion coefficient, T, or T,* values in the brains of
hypotensive animals, indicating that the animals remained physiologically stable over
the course of the experiment and justifying the use of these rCBF data to compare
control techniques for CASL.

Table 5.1 shows ratios of ASgumdas With By = 250 Hz and B, = 300 Hz to
ASstandard With By = 200 Hz in a region of interest in the cortex of a normal rat’s brain.
ASgiandard Was not significantly greater at B; = 250 Hz or By = 300 Hz than at B; = 200
Hz, suggesting that labelling efficiency was maximal at B; = 200 Hz. A frequency
offset of 10 kHz at 15 mm from the central imaging plane requires a gradient of 667
Hz/mm. The optimum B, values predicted using the computer model (Chapter 3) for
labelling gradients of 650 Hz/mm and 700 Hz/mm are 199 Hz and 207 Hz respectively

(Figure 3.5), in agreement with these results in-vivo.

Ratio of ASgtandard
B, =250Hz 1.02 +£0.11
B =300 Hz 1.02 +£0.02

Table 5.1

Ratios of ASgtandara With B; = 250 Hz and B; = 300 Hz to ASgandard With By = 200 Hz.
(mean + standard deviation of 4 pairs of measurements).

Frequency offset = 10 kHz at 15 mm from the imaging plane.

ASsmndard =100 * Rnorm (Scontro] - Slabe]) / Scontro]
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Comparison of sensitivity to rCBF using AM and standard controls

Examples of subtraction images with the AM control and the standard single
slice control during the baseline period in an hypotensive animal are shown in Figure
5.15. Regions of perfused tissue may be identified in each subtraction image but the
superior contrast with the single slice control is evident. This reflects the poorer

sensitivity of the AM control.

a) Standard control h) AM control

CNR =3.1%+0.3 CNR= 1.7+0.3
Figure 5.15
CASL subtraction images with the standard control (a) and the AM control (f=250
Hz) (b) in the central slice position.
10 kHz offset at 15 mm, B| = 200 Hz, w = 300 ms.
Contrast-to-noise ratios are quoted as mean + standard deviation of four regions of

interest with areas between 3 and 4 mm” in the left and right cortex and basal ganglia.
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Time courses of AScasy in cortical regions of interest in two normal, control rats
and three hypotensive rats are shown in Figure 5.16. Results were similar in other brain
regions. The times at which clonidine was injected are indicated by arrows in each plot.
A reduction in ASgpndard and ASam occurred after the first injection of clonidine in every
hypotensive animal, suggesting that the clonidine caused a small reduction in perfusion
(although it is possible that the apparent reduction was due to lower labelling efficiency
as a result of a reduction in arterial blood velocity).

ASgiandard Was measured in the second normal rat post-mortem to confirm that the
contrast observed in subtractions was not caused by different MT effects in label and
control images. ASgiandara Was 0.1 % post-mortem, much lower than ASgndarg during the
in-vivo part of the experiment (5.5 + 0.5 %).

AS am was lower than ASndard in every animal, although variations in AS zy; with
time generally followed the same pattern as ASgandard-

In the first normal rat only four CASL experiments were performed using the
AM control (Figure 5.16a). In the second normal, ASaym was significantly lower than in
the other animals (Figure 5.16b). The fact that ASndag in this animal was similar to
ASgtandarg 10 other animals makes it unlikely that low ASay are due to lower rCBF. It is
possible that the AM control caused more significant partial labelling of the arterial
blood in this animal than in the other animals, reducing the signal difference between
label and AM control images.

The first hypotensive animal (Figure 5.16c) died shortly after the second
injection of clonidine, after about 240 minutes of imaging. Values of ASgundarq Were
generally higher in the third hypotensive animal than in the second, while values of

AS sm were approximately the same in both animals.
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AScasl

100 * Rnorm (Scontroi ~ Siabei) / Scontroi

Error bars = (Siabei / Scontroi) * V[(I/SNRiabel® + (I/SNRcontrol)*]
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Calculation of rCBF

Values of ASgtandara and AS sy are shown for each animal in Table 5.2, averaged
over four regions of interest over the whole time course for each animal, but excluding
the first point after each injection of clonidine for the hypotensive animals. The mean
AS AM/AStandara Of all animals is 0.7 + 0.2, excluding the second normal animal. The
ratio ASam/ASsiandara 1S proportional to the ratio of labelling efficiencies for the two
experiments, Oam / O, where o is defined in Chapter 2 by equation [2.10] and oy is

defined in Chapter 4 by equation [4.2]:

o =(1- ma_labe]) /2

OaMm = (ma_control - ma_labe]) /2

In order to calculate rCBF from the AM control images the mean AS sm/ASstandara Of 0.7
was employed as a calibration factor for the labelling efficiency of the AM control.
Maps of rCBF were made using o = 0.9 for the standard control and oap = 0.7 * 0.9 =

0.63 for the AM control.

Experiment Normal Hypotensive
1 2 1 2 3

mean ASgandard | 4.2 £0.7 55+05 49+04 49+04 51+0.1

mean AS am 2.8+09 1.4 +0.3 34 +03 3.4 +03 32+04

AS am/AStandard 0.64 0.25 0.72 0.72 0.64
Number of
measurements 4 14 5 12 13
Table 5.2

Values are means + standard deviations, excluding measurements immediately post-
injection. The number of measurements used to calculate AS am/ASstandard 1S Shown.

ASstanda:d =100 * Rnorm (Scontrol - Slabcl) / Scontrol (Same Calculation for ASAM)
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TIsat in one normal animal within a cortical ROI was calculated to be 800 + 14
ms. This value was used in the rCBF calculation. Ti maps were produced for each
animal and values of T] in each pixel were employed to calculate rCBF.

The mean values of T| (for all animals) in cortical regions were 1405 £+ 63 ms,
1271 £ 15 ms, 1219 =+ 18 ms, 1215 + 27 and 1264 + 29 ms in slices 1to 5. Values of
TI in slice 1 were greater than 1300 ms in all animals. This may be due to partial
volume effects in this slice.

Maps of perfusion at five slice positions acquired with the AM control are
shown in Figure 5.17. A map of rCBF in the central slice in the same animal acquired
with the standard CASL control is shown at an equivalent time in the experiment.

Time courses of rCBF measurements in normal animals are shown in Figure
5.18a and in hypotensive animals in Figure 5.18b. Data are shown for 5 slice positions

using the AM control and the central slice position using the standard CASL control.

AM control

standard
control

Figure 5.17

Maps of rCBF calculated from CASL images in normal control animal 1.

The AM control was used to acquire images in five slices (top) and the standard control
was used to acquire images in the central slice position.

B| =200 Hz for labelling pulse (and 200V2 Hz for Bio of the AM control), f=250 Hz
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normal 1 400
rCBF 300
(ml/1 0 0 g/min)
200
100
0 100 200 300 400
time (minutes)
— o— slice 1 (£65) -c— slice2 (£31) - A -slice 3 (£23)
X slice4 (£19) — slice 5 (£s54) — «— standard (+30)
normal 2
400
300
rCBF
200
100
-100
-200
0 100 200 300 400

time (minutes)

— o— slice 1 (£ 125) a— slicez (£43) A -Slice 3 (x24)

--X--slice4 (£36) «— slice 5 (£90) .A— standard (x 25)
Figure 5.18 a)
Time courses of rCBF in cortical regions of interest in normal rats
Measurements are shown in 5 image slices using the AM control and the standard

control in the central slice (slice 3). Values of rCBF are corrected tor the lower degree

of labelling with the AM control.

Showm in the key of each plot are the standard deviations of all rCBF values over the

whole time course, excluding points immediately after injections of clonidine.
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hypotensive 1

400
300
rCBF
200
100
0 100
— o— slice 1 (£65)
X slice4 ~28)
hypotensive 2
400
300
rCBF
200
100
0 100
— 0— slice 1 (£29)
X slice 4 (=
hypotensive 3
400
300
rCBF
/100 g/mi
(m g/min) 200
X.
100
0 100

— 0— slice 1 (x71)
X slice4 (£ 33)
Figure 5.18 b)

Time courses of rCBF in hypotensive rats

(all parameters as in Figure 5.18a)
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5.5.3 Discussion of comparison of AM control with standard single slice control
These experiments compared the AM control with the standard control for
CASL. The ratio of the labelling efficiencies with the AM and standard control schemes
(0am / o) was found to be 0.7, which is comparable to values determined in humans
(Alsop DC and Detre JA 1998). Calculations of rCBF using the AM control and the
standard control agree to within about £ 30 ml/100g/min. Values of rCBF are
comparable with those in previous reports of CASL measurements in rat brain (for
example 127 + 44 ml/100g/min (Zaharchuk G et al. 1999a), approximately 200
ml/100g/min (Barbier EL et al. 1999), 200 + 40 ml/100g/min, 180 £ 10 ml/100g/min
(Zhang W et al. 1993). The discussion that follows is divided into sections on i) the AM
and standard controls, and ii) the quantification of rCBF and the choice of post-tagging

delay.

Comparison of the AM control and the standard control
From the definitions of oam and o, the mean m, jupe; and m, congor for the AM
experiments described in this chapter may be estimated as follows. Setting oam =

0.70 and assuming o = 0.9 gives:

09 = (1 - ma_label) /2

Ma_Jabel = - 0.8

and:
OamM = (Mga_control — Ma_Jabel)
o (1 - ma_label)
0.7 = (My_contror + 0.8) 7/ (1.8)

Ma_control = 0.46

Ideally m,_conirot = +1.0. Clearly the behaviour of the AM pulse falls far short of
this ideal. In Chapter 4 it was predicted that the maximum value of m, conwor that is
achievable with the AM control is + 0.8 (Figure 4.4). However, in this comparative

study the same mean amplitude of B; was employed with both controls, in order to
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produce the same mean power deposition. This makes it likely that B; was lower than
the optimum for the AM control, which may at least partly account for the low value of
My _control-

The labelling pulse is sensitive to By and v but the AM control pulse is much
more sensitive (Figures 3.4 and 3.10 in Chapter 3 and Figures 4.7 and 4.8 in Chapter 4).
In the second normal animal (Figure 5.16b) ASam was constantly and significantly
lower than in the other rats in all imaging slices, despite similar values of ASgungarg tO
those in other animals. Reduced s may be due to sub-optimal By, or a difference in
the amplitude of the labelling gradient relative to that employed for other animals.

In normal rat 2 the labelling plane was 16 mm from the imaging plane, but in the
other animals this distance was 15 mm. This did not significantly affect the labelling
process (ASgundara fOr normal rat 2 is comparable to ASndarg in other animals) but the
lower value of G for a 16 mm offset also increased the physical separation of the two
AFPs for the AM control. This increased the possibility of a change in the velocity or
direction of blood flow between one AFP and the next. If such a change occurred, the
degree of inversion by the first AFP of the AM pulse may not be the same as the degree
of re-inversion by the second AFP, leading to partial labelling by the AM control and
reduced oapm.

While the preceding argument illustrates one of the problems with the AM
control, it seems to be unlikely that the very low perfusion sensitivity of the AM control
in normal rat 2 is attributable solely to a slightly lower amplitude labelling gradient. The
long RF pulse for the label or control pulse is very demanding on the RF transmit coil
and it may be that the AM control pulse, which has a higher peak amplitude than the
label, was not transmitted accurately (in terms of peak amplitude and / or duration).
This demonstrates the greater demands on RF hardware made by the AM control and
the greater possibility of failure of the measurement.

In order to obtain the same contrast-to-noise ratio (CNR) in CASL with the AM
control as with the standard control, greater SNR in the images is required. The
necessary improvement in SNR may be calculated from the ratio oay / . Assuming
that the noise in label and control images is approximately the same in both
experiments, the SNR of images for the AM control experiment must be 1/0.7 times

greater than the SNR of images for the standard control experiment. This would require
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an increase of 1/(0.7)* = 2.0 in the number of averages, equivalent to a doubling of the

image acquisition time (retaining the same FOV, image matrix and slice thickness).

Values of rCBF and the choice of post-tagging delay

The differences in signal intensities, ASgandad, and hence the values of rCBF
measured with the standard control tend to be lower in normal rat 1 and hypotensive rat
2 than in the other animals (Figure 5.18). Systematic errors in calculated values of
rCBF may be caused by inaccurate estimation of o or d, or poor cancellation of MT
effects in label and control images. The last of these possibilities was excluded in one
animal in which ASgangard Was 5.5 £ 0.5 % in-vivo, but only 0.1 % post mortem,
confirming that cancellation of MT effects in this case were adequate.

o depends on numerous factors, including the amplitude of B; and the velocity
of blood flowing through the carotid arteries (Chapter 3). If any of these factors changed
between different experiments, an assumption of uniform o across all experiments
would be invalid. For example, if a = 0.8 rather than 0.9, an actual rCBF of 150
ml/100g/min would be measured as 133 ml/100g/min (under-estimation by 11 %).

Differences in & may reflect physiological variations between animals or
variations in the same animal over time. If & = 300 ms or 200 ms instead of 250 ms, an
actual rCBF of 150 ml/100g/min would be measured as 159 ml/100g/min or 142
ml/100g/min respectively (over- or under-estimating true values by 6 %). This variation
in rCBF is within the range of experimental error found here, suggesting that errors in &
of £ 50 ms would not introduce significant errors to rCBF values with a post-tagging
delay of 300 ms.

A post-tagging delay of w = 300 ms is similar to measurements of & in normal
rat brain (Zhang W et al. 1992; Barbier EL et al. 1999). However, some CASL
subtraction images showed bright regions in the brain around and above the sagittal
sinus, in the territory of the anterior cerebral artery, especially following periods of
hypoxia in an extension of the original study (data not shown). This suggests that w
may not have been long enough to allow labelled blood to wash through the larger
blood vessels supplying that territory. During hypoxia, d may increase if vasodilation
occurs. In the case of an hypotensive animal, arterial blood velocity may be reduced,
again increasing 0. If perfusion decreased at the same time, the measured rCBF may not

reflect the total change in perfusion. Although lower perfusion would reduce AScasy,
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longer & would increase AScasy because labelled spins relax with the longer T; of

arterial blood for longer and the magnetisation returns to equilibrium more slowly.

5.6  General discussion and conclusions

CASL images have been acquired in three studies. In the first, MTC effects of
the AM control in samples of meat were assessed. In the second, the AM control was
optimised in-vivo in rat brain. In the final study rCBF was measured in rat brain using
the AM control and the standard control. The following discussion comprises sections
on the AM control, measuring o and aayv in-vivo, arterial transit times and differences

between CASL experiments in humans and in animals.

5.6.1 The AM control

The AM control has lower sensitivity than the standard control for CASL (Wong
EC et al. 1998a; and Chapter 4), making it imperative to maximise the performance of
the double inversion for the AM control and the equivalence of MTC in control and
label images. It has been found that the amplitudes of the labelling and control pulses
and the modulation frequency for the AM control pulse influence both flow sensitivity
and MTC cancellation (Section 5.4).

Velocity driven AFP does not occur if B; is too small, but several disadvantages
of excessively large amplitudes of B; have been highlighted. Firstly, B; values above
the optimum reduce the degree of labelling (Chapters 3 and 4, Figures 3.5 and 4.9).
Secondly, differences in MT between the label and control may be emphasised at higher
B, increasing the likelihood of erroneous rCBF values (Figure 5.5). Further important
considerations are high RF power deposition, which may result in heating the animal,
and greater demands on hardware.

Predictions of optimum B; values for labelling, made from the computer model,
agree well with estimates of optimum B; values found at offsets of 5 kHz and 10 kHz
in-vivo (Figure 5.6 and Table 5.1). For the AM control the computer model predicted
that the optimal mean value of B, was approximately 30 % higher than the optimal
value for the labelling pulse. However, in order to compare the techniques under
conditions that were as similar as possible, the same mean B; was employed for the
standard and AM controls in the study described in Section 5.5. Therefore the value of

B, was probably less than the optimum for the AM control.
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The choice of modulation frequency (f) affects both the efficiency of the double
inversion of moving spins and the cancellation of MT effects in tissue. The double
inversion was studied in Chapter 4 and the condition that f must be approximately equal
to Bjo for independent inversion and re-inversion was found (see also Appendix A). The
results of this chapter indicate that poor MTC cancellation at high f (in this case greater
than 500 Hz) may also reduce the sensitivity of the AM control (Figures 5.12b, 5.13b,
5.5). Furthermore, the greater the physical separation of the AM control planes the
greater the possibility of a change in the velocity of blood as it moves between the
planes of inversion and re-inversion. In the worst case, there may be only one inversion
if the adiabatic condition is satisfied for only one AFP.

In order to achieve the same contrast to noise ratios in CASL images with the
AM control as with the standard control, the signal to noise ratio of the individual
labelling and control images must be increased, as described in Section 5.5.3. If CASL
with the AM control produced 0.8 times the contrast of CASL with the standard, single
slice control (as predicted for the optimised AM pulse in Chapter 4) image acquisition
times would have to increase by a factor of 1/0.8% = 1.56 for the same CNR. However,
with a relative contrast of 0.7 the imaging time for the AM control experiment must be
increased by a factor of 2 relative to the imaging time for the standard, single slice
control. This represents a severe limitation of the AM technique, when one considers
that the imaging time for the standard control is already on the order of several minutes
(about nine minutes with the scanner used for these experiments).

The AM control technique requires higher B; and more averages to achieve
sensitivity that is comparable to the standard control. Even with these adjustments, the
AM control is more prone to reductions in labelling efficiency at high velocities of
blood and sub-optimal B; amplitudes (Chapter 4, Figures 4.9 and 4.10) and apparent
low rCBF values may be due to failure of the AM control (Figure 5.16b).

5.6.2 Measuring o and O
o may be determined in-vivo by measuring the magnetisation of blood in an
artery immediately after labelling (Zhang W et al. 1992). Application of the same

technique may be employed to determine the magnetisation of blood after application of

the AM control, to calculate oiam (equation [4.2]). However, the measurement of m, jabel

Or M, control presents some significant difficulties. Firstly, the lumen of the carotid
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arteries occupies at most one or two pixels in an image and partial volume effects are
likely to introduce errors into the measurement. Secondly, although the flow through the
vertebral arteries is a small fraction of the total cerebral inflow, this may increase if flow
through the carotid arteries is compromised and for accurate calculation of rCBF the
contribution of the vertebral arteries should be taken into account. The measurement of
o in the vertebral arteries would be much more challenging than in the carotid arteries
because they are considerably smaller and partial voluming is more likely. Lastly, it
may not be possible to measure m, 1. With the geometrical arrangement employed for
experiments described in this chapter because the carotid arteries are too narrow
“downstream” of the labelling position. In the experiment performed by Zhang et al. the
labelling plane was 20 mm from the region where rCBF was measured. In their
experiment m, janeg Was measured in a position where blood entered the brain, the
location of the labelling plane for the experiments described in this chapter. Measuring
o is very challenging and to determine otam even greater sensitivity would be required

to detect relatively small changes in m, ¢onror due to the AM pulse.

5.6.3 Arterial transit times

Any labelled spins within the slice of interest contribute to the perfusion signal,
including those in arterial blood, which does not perfuse tissue in the slice where it is
seen. If signal from arterial blood is included in the calculations, perfusion is
overestimated. There are two approaches to reduce the contribution of macrovascular
flow through large vessels to signal differences in ASL images. Either a delay is
introduced between the end of the labelling period and image acquisition (w) (Alsop DC
and Detre JA 1996); or low amplitude spoiler gradients are applied to crush the signal in
large vessels (Pekar J et al. 1996). If crusher gradients are applied after labelling, the
amplitude of these gradients is chosen to eliminate signal from any vessel that is larger
than a required threshold. If labelled spins have arrived in the imaging voxel where they
are destined to enter the tissue, but remain within the vascular compartment at the time
of imaging, crusher gradients may lead to underestimation of perfusion (Buxton RB et
al. 1998).

A post-labelling delay, w, was employed for experiments described in this
chapter. The delay mitigates two possible sources of error in calculations of rCBF. If w

is long enough, labelled blood leaves large vessels and reaches capillary exchange sites
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before images are acquired and secondly the sensitivity of calculated values of rCBF to
0 is reduced. Another argument in favour of long w is reduced MTC, and hence a
smaller possibility of signal differences due to MT rather than perfusion (Figure 5.4).
However, the benefit of a long post-tagging delay must be weighed against the
reduction in perfusion contrast at long w, due to increased T; relaxation of the labelled
protons.

There is some evidence that w was shorter than would be optimal for the
experiments in Section 5.5. Ideally w is greater than the longest arterial transit time ().
Measurements of & would give an indication of the variation in & throughout the brain
and inform the choice of a suitable w in a more objective way than by visual inspection
of subtraction images. While a pixel-by-pixel analysis might not be feasible, the
sensitivity of CASL images acquired after a range of w may be sufficient to yield

average O within the territories of individual cerebral arteries.

5.6.4 CASL in animals and humans

Larger gradient amplitudes are required to induce velocity driven adiabatic fast
passage (AFP) in animals than in humans due to the greater proximity of the imaging
plane to the labelling plane. The product of the labelling gradient and the velocity of
arterial blood, Gv, determines the duration of the AFP as well as the minimum
amplitude of the RF pulse for successful labelling (equations [3.9] and [3.5]). The
product Gv is generally larger in animals due to larger values of G, despite higher blood
velocities in humans. Therefore velocity driven AFP occurs more quickly and hence
suffers less from T, relaxation in animals (Figures 3.10 and 3.11). In addition, arterial
transit times are shorter in animals, so less T, relaxation occurs than in humans. Larger
values of Gv and shorter transit times tend to make single slice CASL more sensitive to
perfusion in small animals than in humans. This effect is emphasised by the fact that
animal studies are often performed at higher magnetic field strengths, at which T
values are longer (Chapter 3 Figure 3.8).

For multiple-slice CASL using the AM control technique, the situation may be
different. Larger values of Gv for the AM control in animals mean that at a given
modulation frequency (f), the temporal separation of the two AFP processes (2f/(Gv)
Appendix C) is reduced, and the possibility of interference between the two inversion

processes is greater (Chapter 4 and Appendix C). Larger values of Gv also demand
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greater B; amplitudes, which increase the duration of each AFP (equation [3.9]), further
increasing the possibility of interference between the inversion and re-inversion
processes. The modulation frequency may be increased to increase the separation of the
AFPs, but this risks invalidating the assumption that the two components of the AM
pulse act at the same frequency offset as the labelling pulse (important for accurate MT
cancellation). Large modulation frequencies also increase the time available for
relaxation, and increase the possibility of a change in blood velocity between inversion
and re-inversion, making it less likely that the adiabatic condition is satisfied for both

AFPs.

5.6.5 Final Remarks on the AM control

It has been demonstrated that perfusion-weighted images may be acquired in up
to five slice positions in rat brain using the AM control. Several non-ideal aspects of the
AM control have been highlighted, but it remains the most widely used technique for
multiple-slice CASL imaging. There are several factors, which may make the AM
control more useful in humans than in small animals, and it has been employed in
humans by several groups (Chalela JA et al. 2000; Ye FQ et al. 1999; Parkes LM and
Tofts PS 2001).

The choice of standard, single slice or multiple-slice CASL measurements with
the AM control must depend on the priorities for a given application. If the locations of
regions where perfusion is abnormal are not known, the AM control may provide a
more time efficient way to detect such areas than by repeated single slice CASL.
However, due to the lower sensitivity to perfusion and higher RF power deposition (for
optimal conditions), there is a strong case for using the standard, single slice technique

in most cases.
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6 MRI of liver during intestinal ischaemia-reperfusion
6.1 Introduction

Magnetic resonance signals may be sensitised to several physiological
parameters that are linked with the delivery of oxygen to tissue and its utilisation in
tissue. These include tissue perfusion, the diffusive movement of protons and the
presence of deoxyhaemoglobin (dHb). The work described in this chapter was designed
to exploit the sensitivity of MRI to dHb through blood-oxygen-level-dependent (BOLD)
contrast, to investigate liver damage in an animal model of intestinal ischaemia-
reperfusion (I/R). The results are also reported of an investigation of inflow to the liver
in the same animal model using transonic ultrasound. Animal preparation was carried
out by Dr Paisarn Vejchapipat (Institute of Child Health, UCL, London) and I
performed the MR imaging and analysis. Statistical modelling for Study 2 was
performed by Dr Martin King (Institute of Child Health, UCL, London).

6.1.1 BOLD MRI

BOLD MRI is best known for its application in functional studies of the brain,
where it is employed to detect activation-induced changes in the microcirculation.
However, BOLD also has applications as an indicator of oxygen debt in normal and
pathological states. It has been employed to study oxygenation-dependent changes in
brain (Harris NG et al. 2001; Griine M et al. 1999), muscle (Donahue KM et al. 1998),
kidney (Prasad PV et al. 1996) and heart (Bauer WR et al. 1999; Atalay MK et al.
1995).

The BOLD effect arises through the sensitivity of the transverse relaxation rates,
R, and R,*, to the presence of dHb. R, and R,* are related by the equation R,* = R; +
R,’, where R, accounts for the reversible component of Ry*. Molecules of dHb are
paramagnetic and they perturb local magnetic fields in tissue, affecting both R, and Ry’
(and hence Ry*). The transverse relaxation rates depend on the concentration and
distribution of molecules of dHb and the diffusion rate of protons through the local
magnetic field gradients created around these molecules.

R,* is more sensitive than R, to perturbations in the magnetic field, and hence
more sensitive to the presence of dHb (Bandettini PA et al. 1994; Kennan RP et al.
1994). A linear relationship between R,* and tissue concentrations of dHb, measured

with near infrared spectroscopy (NIRS) has been found in neonatal piglet brain
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(Punwani S et al. 1998). The high correlation between R,* and [dHb] indicates that
changes in R,* may serve as a surrogate marker for changes in tissue oxygenation. This
approach has been employed to study ischaemia - reperfusion in brain (eg. (Griine M et
al. 1999; Ono Y et al. 1997)) and the heterogeneous distribution of oxygen in human
kidney (Prasad PV et al. 1996).

The concentration of dHb at the microvascular (capillary) level is influenced by
oxygen consumption and the oxygen extraction fraction of the tissue as well as the
haematocrit fraction (Hct) and oxygenation of inflowing blood, and the flow rate and
volume of blood. T>*- weighted images (1/R,* = T,*) are sensitive to the balance
between microvascular inflow and tissue oxygen demands. Additional measurements
must be made to distinguish changes in R,* due to blood flow and volume from changes
in Ry* due to Hct and blood oxygenation. However, BOLD MRI provides rapid,
quantitative measurements without the need for an exogenous contrast agent, which
makes it an attractive, non-invasive approach in experimental and clinical

investigations.

6.1.2 Intestinal Ischaemia-Reperfusion (I/R)

This chapter describes a study of the liver using MRI, during intestinal I/R.
Intestinal I/R is a feature of many serious clinical conditions including shock, sepsis,
abdominal surgery, multiple trauma and birth asphyxia. Treatment options for patients
with intestinal I/R are limited and consist mainly of supportive interventions
(Macdonald P.H. and Beck 1.T.2000). For example, antibiotics may be administered to
reduce systemic levels of bacteria or the smooth muscle relaxant, paperverine, may be
infused to dilate blood vessels of the mesenteric circulation, and thereby ameliorate
nutritional and oxygen levels. Surgery is performed to assess damage and remove
necrotic sections of bowel or to bypass or remove vascular obstructions.

It is important to realise that damage to the intestine itself is not the main cause
of the acute morbidity and mortality associated with intestinal I/R. The most serious
consequence of intestinal I/R is remote organ injury, leading to the possibility of
multiple organ dysfunction syndrome (MODS) (Thompson JS.1995; Pastores SM et al.
1996). Injury to liver, lung, kidney, heart and central nervous system following
intestinal I/R is caused by the release of a cascade of toxins and mediators from the
damaged intestine. A series of local and systemic reactions is set in train by various

substances leaving the gut. Liver damage may occur as a direct result of the inflow of
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toxins from the damaged intestine (exogenous reaction), or as a result of the action of
mediators from the intestine, which stimulate an excessive immune response in the liver
(endogenous reaction).

The intimate connection between the gut and the liver is illustrated in Figure
6.1. The liver is unique in having two input blood vessels, the portal vein and the
hepatic artery. Under normal physiological conditions nutrient-rich blood flows from
the gut, stomach and spleen, through the portal vein to the liver, while highly
oxygenated blood enters through the hepatic artery. When the intestine is damaged, the

portal vein carries the products ofthis damage directly to the liver.

Hepatic artery
n Inferior

Aorta (25 - 30 % of hepatic inflow) iy o
ena Cava
Superior
Mesenteric
Artery Stomach
Spleen
Hepatic
htestine Vein

/

Portal Vein
(70 - 75% of hepatic inflow)

Figure 6.1 Schematic diagram of mesenteric circulation

The cascade of pathological processes set in train by intestinal I/R exacerbates
intestinal damage and initiates derangement of the function of remote organs. Intestinal
I/R initiates the production and release of cytokines, such as interleukin and tumour-
necrosis factor a, which propagate an inflammatory response. It promotes the release of
bacteria and bacterial products such as endotoxin, which cause over-activation of the
reticulo-endothelial system in liver and lung. Activated neutrophils are also produced in
the damaged intestine. They roll on and adhere to the endothelium before migrating into
the tissue and promoting the production of oxygen free radicals and enzymes, which

damage the surrounding tissue (Pastores SM et al. 1996; Deitch EA.1992). Activated
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neutrophils may migrate to other organs, or may be produced in these organs as a
secondary response to the intestinal insult. Another possible contributory factor to tissue
damage is the release of xanthine oxidase as ATP breaks down during ischaemia.
Xanthine oxidase acts on oxygen upon reperfusion to form oxygen-free radicals
(Poggetti RS et al. 1992).

Previous work in our laboratory using in-vivo and in-vitro MRS of liver has
shown that intestinal reperfusion is the trigger for the failure of hepatic energy
metabolism after a 90 minute period of intestinal ischaemia (Vejchapipat P et al.
2001a). Similar results were found in-vitro after 60 minutes of ischaemia (Vejchapipat P
et al. 2001b). Energy metabolism is critically dependent on oxygen and therefore
hepatic oxygenation is an important factor in liver injury due to intestinal I/R.

A series of studies is described in this chapter. For the first study T,*-weighted
images were acquired repeatedly to monitor changes in the liver during 90 minutes of
intestinal ischaemia and 120 minutes of reperfusion. Decreasing signal intensity in these
images over the course of the experiment suggested that T,* decreased in the liver, due
to the insult. In the light of these initial results, a second study was designed to quantify
changes in Ry* and R; during intestinal I/R in a model of 60 minutes ischaemia. These
data were related to measurements of hepatic inflow obtained using transonic ultrasound

of the hepatic artery and portal vein.

6.2  Methods

Experimental protocols for animal preparation differed only in the duration of
intestinal ischaemia (90 minutes or 60 minutes). Aspects of the experimental method
that are common to all studies are described first and then specific details are given for
each one.
6.2.1 Animal Preparation

Studies were approved by the Home Office, UK. Male Sprague Dawley rats
weighing between 300 g and 350 g were anaesthetised with 1.0 % to 1.5 % halothane in
oxygen and nitrous oxide in the ratio 40:60.

Laparotomy was performed by midline incision. The superior mesenteric artery
(SMA) was isolated and the origin was located. A silicone thread was passed behind the

SMA, then across the front and behind once more to exit after forming a complete loop.
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No traction was applied to the vascular loop during surgery. Normal saline (20ml/kg)
was infused intra-peritoneally to prevent dehydration.

Animals were divided into two groups, I/R and control. In the control group a
sham operation was performed. In the I/R group intestinal ischaemia was induced by
applying traction to the loop of silicone thread to occlude the SMA. Reperfusion was
achieved by releasing the loop, without having to move the animal. The same force was
applied to the loop in all studies by using a constant length of thread and pulling it to a
point at a fixed distance from the origin of the SMA. Rectal temperature was monitored
continuously and maintained between approximately 35 °C and 39 °C, either by
adjusting the temperature of air flowing into the bore of the magnet or with a heating
mat and lamp for the experiments on the bench. The large range of temperatures is an
effect of the nature of the insult, which severely impairs the ability of an animal to
maintain its body temperature. It is particularly difficult to control body temperature
within the bore of the magnet, where the source of heat is some distance from the
animal.

Imaging the abdomen presents the challenges of motion due to respiration and
peristalsis and the presence of tissue/air boundaries in the intestine. Respiratory-gating
or -triggering increases image acquisition times and requires additional hardware.
Measurements made with transonic ultrasound are also sensitive to motion. Ultrasound
probes detect the movement ofblood and the signal is very sensitive to the position and
physical stability of the probes. We minimised motion-induced artifacts by minimising
motion. A plastic (acrylic) insert was positioned between the liver and the diaphragm to
minimise respiratory-induced movement of the liver in all studies {Figure 6.2). It did

not touch blood vessels or exert any pressure on the liver.

aj Viewfrom tail h) View from side
Anterior Anterior
The insert is 1.25 mm
thick and 32 mm wide
Right Left Diaphragm m  Liver (left to right) at its

widest point.

Posterior Posterior

Figure 6.2 Schematic diagram of the plastic insert to isolate the liver from
respiratory motion.
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6.2.2 Study 1: T,* - Weighted Imaging

After surgery the abdomen was closed, the rat was put into a perspex cradle and
placed within a 2.35 T magnet interfaced to a Surrey Medical Imaging Systems (SMIS,
Surrey UK) console. The animal was positioned with the liver at the centre of the
magnet. A saddle RF coil was used for transmission and reception.

Gradient echo MR images were acquired in a transverse plane through the liver
to detect relative changes in T,*. Images were acquired repeatedly during a baseline
period of 30 minutes and then throughout 90 minutes of intestinal ischaemia and 120
minutes of reperfusion (I/R group, n = 5) or under general anaesthetic for four hours
(control group, n = 4). All images had the following parameters, TR = 500 ms, TE = 12
ms FOV = 60 mm, slice thickness = 2 mm, matrix = 128 x 64 with oversampling in the
frequency encoding direction. One image was acquired at least every seven minutes.

A large region of interest (ROI) was defined for each animal and projected onto
all images of that animal for analysis. Signal intensities within this ROI in all images
were normalised to the average signal intensity in the first four images (acquired during
the baseline period in the I/R group). These data were then grouped into blocks of 10

minutes.

6.2.3 Study 2: R, and R,* Measurements

The animal was prepared in the same way as for Study 1 and images were
acquired with the same RF coil, in a transverse plane. After a baseline period of 30
minutes 60 minutes of intestinal ischaemia was followed by up to 150 minutes of
reperfusion (I/R group, n = 9) or the animal was maintained under general anaesthetic
for four hours (control group, n = 5).

R, was determined from spin-echo images, acquired at four echo times in the
range TE = 16 to 60 ms with TR = 1000 ms. R,* was determined from gradient-echo
images, acquired at four echo times in the range TE = 8 to 30 ms with TR = 1000 ms.
One set of R, and R,* measurements was performed approximately every 15 minutes
throughout each experiment. |

A large region of interest (> 65 mm?) in the liver of each animal was selected
and projected onto all images of that animal for analysis. R, and R,* were calculated
from two parameter fits for T, and T,* respectively, using non-linear regression analysis

(Graphpad Prism, Graphpad Software, Inc. San Diego, USA) to the equation
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S = Sg exp(-TE/T),) [equation 6.1]

Analysis was performed on the time courses of R, and R,* values in the liver, by
fitting each data set to a linearly time-dependent model. The model allows different
time dependencies in the ischaemia and reperfusion phases of the experiment. The mean
temporal behaviour of R, and R,* was determined for each group. Tests of the
significance of temporal trends and differences between trends in the intestinal /R
group and the control group were performed by mixed model regression analysis. The

threshold for significance was set at a p-value of 0.01.

6.2.4 Study 3: Ultrasonic measurement of hepatic inflow

In a separate experiment using 3 animals (250g - 300g), ultrasonic
microvascular flow probes (Transonic, Ithaca, NY, U.S.A.) were placed around the
portal vein (PV) and the hepatic artery (HA) to measure blood flow to the liver during
60 minutes of intestinal ischaemia and 120 minutes of reperfusion. Occlusion of the
SMA was achieved with a vascular loop, as for the MRI experiments. The abdomen was
partially closed to prevent dehydration, without disturbing the vascular flow probes.
Rectal temperature was monitored and was maintained using a heating mat and lamp.
Measurements of PV and HA flow were made for 3 hours before occlusion of the SMA.
The long baseline period provided control data for comparison with the I/R part of the
experiment.

Blood flow through the HA and PV was recorded on line at a rate of 100 Hz.
Data were pooled into blocks of 2.5 seconds for analysis. Mean flow values over
periods of 1 minute were calculated for each animal. Flow values for each animal were
then normalised relative to their individual baseline measurements (recorded 1 minute
before occlusion). Mean normalised flows in three animals were calculated at times 3
minutes after occlusion, 3 minutes before and 3 minutes after de-occlusion, and at half
hour intervals throughout reperfusion.

A student’s t-test was used to detect significant differences in mean flows

relative to pre-occlusion values p < 0.01 is reported.
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6.3 Results
In order to select a transverse imaging slice through the liver for studies 1and 2,
coronal, spin-echo images were acquired, as shown in Figure 6.3. Air in the lung and

bowel produces regions of low signal intensity above and below the liver.

HEAD

RIGHT

bowel

TAIL
Figure 6.3

Coronal spin echo image for localisation of the transverse image plane for analysis

6.3.1 Study 1: T>* - Weighted Imaging

Normalised signal intensities (SI) in the liver of /R (n = 5) and control (n = 4)
animals are shown in Figure 6.4. Data are grouped in ten-minute blocks. No significant
differences appear during the baseline period. At time zero the SMA was occluded to
induce intestinal ischaemia in the I/R group. SI in the I/R animals was lower during
ischaemia than in controls after an equivalent time under anaesthetic. Upon de-
occlusion of the SMA after 90 minutes of ischaemia, SI in the I/R animals decreased
progressively until the end of the experiment. Larger standard errors in SI during
reperfusion than during baseline imaging reflect considerable heterogeneity in

individual responses to gut I/R.
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Figure 6.4

Nonnalised signal intensities in Ti*-weighted images ofthe liver during intestinal I/R.

TE= 12 ms, TR = 500 ms.

Error bars are standard errors ofthe means in 5 (I/R group) and 4 (control group)

animals.
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6.3.2 Study 2: Rleand R:* Measurements

Study 1showed that changes in the liver during intestinal I/R may be detected in
T. *-weighted images. A second study was designed to quantify these changes in terms
of the relaxation rates R. and R.* The duration of ischaemia was reduced from 90
minutes to 60 minutes to reduce the severity of the insult, and hence to reduce the risk
of animals dying before the end of the experiment (based on the experience of my
colleague. Dr Paisarn Vejchapipat). Spin-echo and gradient-echo images were acquired
at four different echo times to quantify R. and R.* respectively in animals subject to
intestinal I/R (n = 9) and in a control group (n = 5).

Gradient-echo and spin-echo images of one animal are shown in Figure 6.5. The
animal was positioned to lie on its back. The abdominal wall was closed after surgery,
but there is an air gap between the liver and the abdominal wall. The ends of the insert
between the diaphragm and the liver may be seen on either side of, and anterior to the
spinal cord. Blood vessels passing through the liver appear as bright spots in the
gradient-echo image and as dark regions at equivalent points in the spin-echo image,
because blood moving through the imaging slice does not experience both the 90° and

the 180° RF pulses of the spin-echo acquisition.

liver
spinal
cord
Gradient Echo Spin Echo
TE = 12 ms TR = 1000 ms TE = 16 ms TR = 1000 ms
Figure 6.5

Transverse images of the liver used for analysis in Study 2
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Figures 6.6 and 6.7 show time courses of R, and R,* in each animal. Data for
the control group are shown with time = O after a 60 minute baseline period, for
comparison with the I/R group. R, values are consistently much lower than R,* values,
indicating that there is a significant R, contribution to R,* in the liver (R,* =R, + Ry").
There are considerable random variations within each animal in both R, and R,*, which
reflect the relatively large uncertainty in R, and R,* due to low signal-to-noise ratios in
the images.

One animal in the intestinal I/R group had particularly high R,* values
throughout, although R, values in that animal were similar to those in other animals,
indicating that R, was very high. R," depends, on the homogeneity of the static
magnetic field and high values of R, may be due to background gradients resulting
from poor homogeneity of By.

The time courses of R, and R,* shown in Figures 6.6 and 6.7 were fit to a first
order polynomial, time dependent model. The model allows R, or R,* to increase (or
decrease) linearly with time at different rates during ischaemia and reperfusion.
Statistical tests were performed using mixed model regression analysis to address the
following questions for R, and R,*

(1) Does the mean R, (or Ry*) depend on time in either group (intestinal I/R or

control) or in either phase (ischaemia or reperfusion)?

(1) Does the mean time dependence differ between phases?

(iii) Does the mean time dependence differ between groups?

(iv) Does the mean R, (or R,*) change between the end of ischaemia and the

beginning of reperfusion?
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Figure 6.6

R] of'liver in the intestinal I/R group (n = 9) (a) and control group (n = 5) (b). The time

is shown relative to the time at which the SMA was occluded.

a) Intestinal I R b) Control
160 160
140 140
120 - RQT 120
-i
) 100 ® 100
80
60
40
20
0
-60/ ( -60 0 60 120 180 240
occlusion de-occlusion
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Rz* of liver in the intestinal I/R group (n =9) (a) and control group (n = 5) (b). The time

is shown relative to the time at which the SMA was occluded.
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Mean rates of change of  and R.* were determined for each group, using the
regression model. Figure 6.8 shows R.* in the reperfusion phase for every individual
animal and the mean behaviour of each group.

r? had no significant time dependence in either group or in either phase. There
was no significant difference between the time dependencies of r2 in the 1/r and
control groups during ischaemia (p = 0.98) or reperfusion (p = 0.86).

R. * during ischaemia did not have a significant time dependence in either group,
nor was there a significant difference between groups (p = 0.7). Conversely, during
reperfusion r2+ in the ©/rR group increased significantly with time and this time
dependence was significantly different from that of the control group (p = 0.0001). No
significant differences between the time dependencies of R.* during ischaemia and
reperfusion were found in either group and there is no evidence for a step change in R.
or R.* between ischaemia and reperfusion. This means that we cannot exclude the

possibility that a gradual rise in r2+ starts during ischaemia and continues during

reperfusion.
a) Intestinal I/R b) Control
160 1 160
140 140 -
R:* 120 -
s'O
100 100 .
80 80 -
60 4
40 j 40 -
slope = 0.11 + 0.02 slope =-0.03 £+ 0.02
20 20 .
0 4 1 1 1
0 30 60 90 120 0 30 60 90 120
Figure 6.8 Time (mins) Reperfusion Time (mins)

R.* in liver following 60 minutes of intestinal ischaemia (a). The individual and mean
behaviours of R.* during reperfusion are shown with solid lines and a dashed line
respectively. The mean behaviour of control animals is shown over an equivalent time
under anaesthesia (b). The rate of increase of R.* in the intestinal I/R group was

significantly different from that ofthe R.* in the control group (p < 0.01).
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6.3.3 Study 3: Ultrasonic measurement of hepatic inflow

Oxygenation of the liver depends on the supply of oxygen it receives from the
blood. This depends in turn on two factors, the volume of inflow and the amount of
oxygen carried by the blood. This study was designed to measure hepatic inflow.
Simultaneous measurement of inflow, R, and R,* in individual animals would elucidate
the relationship between these parameters more clearly. However, the ultrasound probes
employed for measurements of flow through the portal vein and hepatic artery in rats
are not MR-compatible. Therefore this study was performed on the bench, using the
same animal model as that used for Study 2.

Portal venous (PV) and hepatic arterial (HA) flow during intestinal ischaemia
and reperfusion are shown for one animal in Figure 6.9. There was a severe and
immediate reduction in portal venous flow upon occlusion of the superior mesenteric
artery (at time = 0). A slight recovery of PV flow in the first five minutes of intestinal
ischaemia was followed by a steady and persistent decline. Upon de-occlusion of the
SMA, PV flow was restored initially, but then it decreased gradually throughout
reperfusion. Flow through the HA increased upon occlusion of the SMA to compensate
somewhat for reduced PV flow. This rise in HA flow was more gradual than the fall in
PV flow. De-occlusion of the SMA elicited a reduction in HA flow to below pre-
ischaemic levels. The pattern of total hepatic inflow followed the pattern of PV flow
closely, reflecting the fact that a greater proportion of blood enters the liver through the

portal vein, than through the hepatic artery.
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Figure 6.9
Typical response of hepatic blood supply to intestinal ischaemia-reperfusion

The time is shown relative to the time at which the SMA was occluded.

Mean values of normalised flows in 3 animals are shown at selected time points
throughout intestinal I/R and throughout three hours of general anaesthetic in Figure
6.10. During a 3-hour period under anaesthesia blood flow through the PV did not
change significantly {Figure 6.10 a). Flow through the HA fell slightly during the first
hour, but the change was not significant {Figure 6.10 h).

During intestinal ischaemia blood flow through the PV was reduced to 40 % of
pre-occlusion values. Flow through the HA increased to 140 % of baseline but total
inflow was reduced to below 50 % of pre-occlusion values. Immediately upon de-
occlusion, blood flow through the PV was restored to 93 % of baseline, but HA flow
fell to less than 40 % of baseline. Flow through both vessels decreased continuously
throughout 120 minutes of reperfusion. The total inflow was 67 % of pre-occlusion

values by the end ofreperfusion.
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a) Portal Venous Flow
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Figure 6.10

Blood flow through the portal vein (a), hepatic artery (b) (mean + standard deviation) (n
= 3). Mean values are shown, normalised to the flow one minute before occlusion ofthe
SMA. The time is shown relative to the time of occlusion.

*= p<0.01 compared with baseline.

6.4 Discussion

The pathophysiological processes that characterise intestinal I/R are numerous
and complex. This work has focussed on the effect of intestinal I/R on the liver, one of
the first remote organs to suffer functional impairment due to the insult. MRI has
offered some insight into hepatic oxygenation changes and transonic ultrasound has

been used to study the effects of intestinal I/R on hepatic inflow. The main finding of
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these studies was a rise in Ry* during reperfusion, following 60 minutes of intestinal
ischaemia.

R, and R,* depend on the static magnetic field strength, differences in magnetic
susceptibility between tissue and blood, the sizes of blood vessels and the diffusion
distance of protons. The contributions of each of these factors to changes in hepatic R,*
during intestinal I/R are now discussed in the light of evidence from the literature on the
pathophysiology of intestinal I/R.

No significant changes in R, were observed during ischaemia or reperfusion,
despite changes in Ry*. This is consistent with the lower sensitivity of R, to dHb than
R,*. Another factor is the hepato-toxic effects of halothane anaesthesia, which has been
shown to cause increased T, in the liver after prolonged exposure in rats (Noseworthy
MD et al. 1997). This corresponds to decreasing Ry, which may mask a rise in R; due to
intestinal I/R.

The behaviour of R, and R,* in brain has been modelled (Kennan RP et al.
1994; Hoppel BE et al. 1993; Kiselev VG and Posse S.1999) and a model has been
developed for R; and R,* in the myocardium (Bauer WR et al. 1999). The
microcirculation of liver differs from that of brain and myocardium in at least two
important respects. Firstly, the volume of blood within the liver is much greater under
normal conditions (25ml/100g (Gurll N J.1989) compared with typically 2 - 4 % in the
brain) and secondly, hepatic sinusoids are larger than cerebral or myocardial capillaries
(7 - 15 pm in diameter, compared with 2 - 5 pum). Both greater blood volume and
greater vessel radii produce bigger changes in R,* in response to changes in flow and
oxygenation in computer models of BOLD (Bandettini PA and Wong EC 1995; Kennan
RP et al. 1994). This suggests that Ro* should be at least as sensitive, and may be more
sensitive to changes in [dHb] in the liver than in the brain. However, high R, in normal
liver at 2.35 T results in lower signal-to-noise ratios in images of the liver than in
images of the brain, which limit the sensitivity of R, and R,* measurements.

R, and R,* depend on the amount of paramagnetic dHb in tissue and adjacent
vessels, which is determined by the volume, the haematocrit fraction and the
oxygenation of the blood. An increase in dHb may be due to de-oxygenation of a
constant volume of haemoglobin or an increase in haematocrit with no change in
oxygenation (or increased total blood volume). Measurements of blood gases in a model
of 90 minutes intestinal ischaemia and 60 minutes of reperfusion highlight possible

causes of increased hepatic Ry* during intestinal reperfusion (Williams SB et al. 2001).
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Immediately after reperfusion blood in the superior mesenteric vein (SMV), the outflow
from the intestine (Figure 6.1), had elevated haematocrit and pO,, but normal pH. After
sixty minutes of reperfusion blood in the SMV, inferior vena cava and aorta was
significantly more haemo-concentrated and acidic, despite normal pO, suggesting that
the response was systemic at this stage. Increasing haematocrit fraction and acidity
during reperfusion would both contribute to raised [dHb], as the total Hb content of
blood increased and the lower pH shifted the oxygen dissociation curve for Hb, to
increase the proportion of Hb that was de-oxygenated (Martin DW Jr.1985).

As mentioned previously, high R, and R,* values in liver, especially at 2.35 T,
result in low signal-to-noise ratios and correspondingly large uncertainties in calculated
values of R, and Ry*. It is possible that changes in R,* occurred during ischaemia, but
our measurements were not sensitive enough to detect them. However, changes in
[dHb] during reperfusion are compatible with the observations of Horie et al., who
reported an increased number of non-perfused sinusoids upon intestinal reperfusion
following occlusion of the SMA in rats and mice, measured with intra-vital microscopy
(Horie Y et al. 1996; Horie Y et al. 1997). As the number of viable sinusoids decreased,
oxygen extraction from the remaining sinusoids would have to increase for the liver to
extract sufficient oxygen to maintain normal energy metabolism. Haemoglobin would
become more de-oxygenated and any blood trapped in the non-perfused sinusoids
would continue to lose oxygen, creating pools of dHb within the liver.

It has been predicted that R,* increases with increasing blood fraction,
especially when the vessel radius increases, rather than the number of perfused blood
vessels (Ogawa S et al. 1993; Kennan RP et al. 1994). There are, to our knowledge, no
reports of altered hepatic blood volume in intestinal I/R, but the number of perfused
sinusoids has been shown to decrease during reperfusion following 30 minutes of
intestinal ischaemia (Horie Y et al. 1996; Horie Y et al. 1997). The redistribution of
blood may enlarge those sinusoids that remain viable, contributing to a local rise in
blood volume and increased R,*.

R,* is also sensitive to iron concentration and the liver stores much of the
body’s iron. An accumulation of iron in the liver would lead to an increase in Ry*.
However, hepatic iron accumulation is not a recognised feature of remote organ injury
and disruption of iron storage mechanisms usually occurs over a longer time-scale than

the duration of this experiment (Grace ND and Powell LW 1974).
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It is interesting to consider the direct insult on the liver in the case of liver I/R.
In liver ischaemia, vacuole formation and oedema have been reported (Vollmar B et al.
1994). Studies of liver ischaemia-reperfusion using Laser Doppler (Chavez-Cartaya RE
et al. 1994) and intra-vital microscopy (Vollmar B et al. 1994) have shown that
microvascular flow is compromised after reperfusion. A larger number of non-perfused
sinusoids, and an increase in the number of adherent leukocytes on the endothelium has
been observed during reperfusion, which may indicate that congestion of sinusoids by
activated leukocytes compromises hepatic perfusion, leading to flow-dependent oxygen
extraction, and derangement of oxygen metabolism. Hepatic damage due to intestinal
I/R is not as severe as the damage due to liver /R. However, if liver damage during
intestinal reperfusion were severe enough to produce hepatic oedema, the associated
reduction in diffusion might also contribute to increased R,* (Ogawa S et al. 1993;
Kennan RP et al. 1994).

Measurements of flow through the PV and the HA using vascular ultrasound
probes showed that total hepatic inflow was severely reduced during 60 minutes of
ischaemia and did not return to normal levels upon reperfusion. Turnage et al. (Turnage
RH et al. 1996) and Williams et al. (Williams SB et al. 2001) have measured HA and
PV flow during intestinal I/R, produced by occlusion of the SMA for 120 and 90
minutes of ischaemia respectively. In both experiments there were similar patterns of
change in HA and PV flow to those demonstrated here. It is interesting to note that the
proportion of the total hepatic inflow from the hepatic artery was significantly lower
during reperfusion than at baseline, or during ischaemia. A significant proportion of the
oxygen supplied to the liver under normal conditions enters via the hepatic artery.
Therefore restoration of total inflow to near normal levels upon reperfusion does not
necessarily mean that the oxygen supply was restored to normal and the total amount of
oxygen that entered the liver may have been lower during reperfusion than at baseline.
Reduced HA flow during reperfusion may lead to very low hepatic oxygen supply,
which may be inadequate for normal energy metabolism.

Impaired microcirculation and inflammation may initiate, promote or sustain
one another. Ischaemia activates neutrophils and primes macrophages, while
inflammation damages the micro-vessels (Grace PA.1994; Horie Y et al. 1997). This
makes it difficult to classify liver hypoxia as a cause or an effect of hepatic energy
failure, initiated by intestinal I/R. If reduced hepatic inflow during intestinal I/R were to

cause a sufficient degree of hypoxia, it might elicit an excessive immune response in the
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liver. Conversely, if the inflow of inflammatory mediators upon intestinal reperfusion
were to damage the hepatic sinusoids, oxygen delivery and extraction might be
compromised, causing liver hypoxia. Further studies are required to classify hypoxia
and inflammation as the cause and effect of hepatic damage due to intestinal I/R. One
approach would be to use a combination of R,* and perfusion imaging (Appendix D). If
a rise in Ry* preceded a reduction in hepatic perfusion, it would imply that increased
oxygen demand due to inflammatory processes reduced the number of perfused
sinusoids and thereby reduced perfusion. On the other hand, if reduced perfusion were
to precede increased R,*, the implication would be that liver energy metabolism was
compromised by reduced perfusion leading to hypoxia.

Liver perfusion has been monitored previously with MRI, using a contrast agent,
gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA), both clinically and in an
animal model (Uematsu H et al. 1998; Materne R et al. 2002). Use of Gd-DTPA would
preclude repeated measurements of R, and R,*. Therefore the use of blood water as an
endogenous contrast agent would be very useful. To this end non-invasive MRI arterial
spin labelling technique, FAIR, has been implemented for liver perfusion imaging
(Appendix D). The sensitivity of these measurements is very low and it remains to be
seen whether changes in hepatic perfusion during intestinal I/R may be detected using
ASL.

Early detection of organ dysfunction is crucial to the effectiveness of appropriate
intervention. Markers of hepatic function include bile flow, serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT). Changes in these markers
correlate well with hepatic oxygenation, as demonstrated, for example, in models of
liver ischaemia, using NADH autofluorescence (Horie Y et al. 1996) and NIRS
measurements of cytochrome oxidase and concentrations of oxy- and deoxy-
haemoglobin (El Desoky AE et al. 2001). Bile flow is a useful indicator because it is
closely correlated with hepatic ATP levels (Kamiike W et al. 1985). However, each of
these techniques has serious disadvantages, whether applied in experimental models or
clinical practice. Collection of bile or serum is invasive and may disrupt the
physiological state one wishes to monitor. NIRS is a promising technique, but it only
provides absolute measurements of oxy-Hb and dHb if calibrated when the oxygen
saturation is zero in each individual subject. This may not be possible in all animal

models and is not acceptable clinically.

144



Chapter 6: MRI of liver during intestinal I/R

NMR offers repeated measurements of absolute quantities (metabolite
concentrations using MRS, NMR relaxation times, apparent diffusion coefficients and
perfusion) non-invasively and in-vivo. This study has shown that gradient-echo MRI is
sensitive to changes resulting from the indirect effects on the liver of intestinal
ischaemia-reperfusion. There is potential for detecting more severe changes due to more
serious insults in clinical studies and in experimental models.

Although MRI may not be ideal for monitoring critically ill patients, such as
those suffering from intestinal I/R, measurements of R,* as an indicator of hepatic
oxygenation have potential applications in various patient groups. One example is liver
transplant recipients. MRI investigations are performed to assess the patency of the
portal vein and to measure the volume of the liver in the assessment of candidates for
liver transplant (Kuo PC et al. 1995; Lewis WD et al. 1993) and measurements of
transverse relaxation rates could be added to existing imaging protocols.

The studies described in this chapter makes a contribution to understanding of
the effects of intestinal I/R on the liver. Ideally, hepatic inflow, perfusion and R, / Ry*
would be measured as part of the same experiment. A comprehensive set of
measurements of perfusion, dHb levels and hepatic inflow would provide a more
detailed understanding of hepatic haemodynamics during intestinal ischaemia-

reperfusion.

6.5  Conclusions

The signal intensity in T,*-weighted images of the liver decreased as a result of
intestinal I/R, following a 90 minute period of ischaemia.

R,* in liver increased during reperfusion after sixty minutes of intestinal
ischaemia, although there was no detectable change in R,. There were no changes in
either R, or Ry* during intestinal ischaemia. This is consistent with the accumulation of
dHb during reperfusion, despite significantly greater total inflow of blood to the liver
than during intestinal ischaemia. However, the significant reduction in hepatic arterial
flow upon reperfusion may correspond to lower total oxygen delivery, despite almost
normal levels of total blood inflow. This suggests that liver hypoxia may contribute to

the failure of hepatic energy metabolism following intestinal I/R.

145



Chapter 7: Final discussion and future work

7 Final discussion and future work

This thesis covers aspects of two MRI techniques for studying the
microcirculation, arterial spin labelling (ASL) and blood-oxygen-level-dependent
(BOLD) contrast. This concluding chapter begins with a brief summary of the main
findings of each chapter. Some of the issues raised by the results of this work are then

discussed and future work is proposed.

7.1 Thesis summary

Chapter 3 focused on the process of velocity driven adiabatic fast passage (AFP)
for continuous ASL (CASL). One significant finding from this computer modelling
study is the importance of relaxation effects during velocity driven AFP. It is not
sufficient to consider only the right hand side of the adiabatic condition to select
optimal pulse parameters. Results from the model show that although variations in
velocity over the course of the cardiac cycle have a great influence on the degree of
inversion for individual spins, the time-averaged degree of inversion over the cardiac
cycle is the same as for a spin moving at a constant velocity equal to the time-averaged
mean. Dividing the RF pulse for labelling into a train of RF pulses has a significant
effect on the inversion, and the dependence of the mean degree of inversion on the duty
cycle of the pulse train is highly non-linear. Predictions of the efficiency of labelling
based on the assumption of linearity may lead to inaccurate calculations of perfusion.

Chapter 4 describes a study of the amplitude modulated (AM) RF pulse,
designed as a control for multiple-slice CASL. It is clear from these investigations that
the perfusion sensitivity of CASL with the AM control is intrinsically lower than that of
the standard, single slice CASL experiment. This is because interference between the
two components of the AM pulse reduces the efficiency of double inversion. As the
frequency of the amplitude modulation increases, interference effects diminish, but
greater T; relaxation compromises the efficiency of the control more significantly. The
optimal RF pulse amplitude, and hence the mean RF power deposition, is higher with
the AM control than with single slice CASL. Also it was found that the technique is

more sensitive to velocity in animals than in humans.
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In Chapter 5 the efficacy of multiple-slice CASL using the AM control was
demonstrated for imaging rat brain at 2.35 T. Magnetisation transfer effects of the pulse
in samples of meat and in rat brain were equivalent to those of the labelling pulse over
several image slices. Comparison with the standard, single slice control showed that the
perfusion-dependent contrast-to-noise ratio (CNR) of the optimised AM control was
only 70 % of the CNR of the standard control, given the same RF power deposition.

Chapter 6 presents MRI results in an animal model of intestinal ischaemia-
reperfusion (I/R). Ry* increased during reperfusion following sixty minutes of intestinal
ischaemia, which is consistent with the accumulation of deoxyhaemoglobin (dHb) in the
liver. These results support the view that reperfusion initiates the derangement of
hepatic oxygenation, which causes failure of liver energy metabolism. Transonic
ultrasound measurements showed that hepatic inflow fell dramatically during
ischaemia, but was restored almost to baseline levels when reperfusion began. Therefore
changes in the total inflow of blood do not account for an increased amount of dHb in

the liver during reperfusion.

7.2  Discussion

Computer modelling was employed to study the characteristics of the labelling
and AM control pulses, as described in Chapters 3 and 4. Ideally further experimental
verification of the results from the computer model would be obtained in-vivo or, failing
that, with a flow phantom. However, this requires the calculation of o, or oay, Which
are difficult measurements in-vivo, as outlined in Section 5.6.2. The computer model
provides great flexibility, allowing one to model the process of AFP under a range of
conditions that would be difficult, or even impossible, to mimic in the laboratory. For
example, one may, in effect, account for changes in the static magnetic field strength
(by altering T, and T,) and the physiological state or the species in which measurements
are made (by altering the velocity of blood and the distance between the labelling plane
and the imaging plane). It was possible to examine the effects of a train of RF pulses
and pulsatile blood flow on individual spins, which would not be possible in-vivo or in a
flow phantom, where estimates of ¢ are averages over all the spins within a vessel.

A fundamental question that remains about the validity of the computer model
is the appropriate relaxation times for spins as they undergo velocity driven AFP. Some

authors favour T} and T, (Maccotta L et al. 1997; Alsop DC and Detre JA 1998) while
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others view the process as a spin locking experiment (Lee HK et al. 1991; Marro KI et
al. 1997). If velocity driven AFP is treated as a spin-locking experiment, the adiabatic
condition must be stated in terms of relaxation times in the rotating reference frame, T,
and Top. These relaxation times depend on the amplitude of By, which evolves
throughout AFP, by definition. Therefore, modelling velocity driven AFP as a spin-
locking experiment would require the calculation of estimates of T), and T, at every
individual time point. Values of Ty, are close to values of T on resonance and it may be
that the degree of inversion would be similar with either set of relaxation times but this
has not been shown.

Another difference between the computer model and the situation in-vivo is the
movement of blood through vessels of smaller diameter, at reduced velocities, as it
approaches capillary exchange sites. Models that assume that blood moves at a constant
velocity may underestimate the amount of T relaxation of the label.

The effects of normal, pulsatile flow on a single inversion and the influence of a
train of RF pulses on spins moving at constant velocity have been studied. In practice,
the combination of a train of RF pulses and pulsatile flow influences the degree of
inversion (especially for clinical studies) and the effect of this combination has not been
examined. Furthermore, the influences on the AM control of variations in the blood
velocity and discontinuous RF pulses remain to be explored.

The continuous version of ASL offers a larger perfusion-dependent signal than
the pulsed version, and the goal of multiple-slice CASL remains attractive for global
monitoring of regional blood flow. However, one of the most important findings of this
thesis is the failure of the AM control to provide optimum perfusion-dependent contrast.
The experimental arrangements differ for humans and animals, suggesting that different
solutions may be required in these two situations.

In human studies one of the major concerns is high RF power deposition due to
the labelling pulse, especially at higher static magnetic field strengths. This is
exacerbated by the AM control, which demands higher RF pulse amplitudes than the
equivalent standard, single slice control for optimal performance (Section 4.4.4).
However, the AM control continues to be the most widely applied technique for
multiple-slice CASL in humans at 1.5 T, suggesting that despite its relatively low
sensitivity, it offers significant advantages, namely that no additional hardware is

necessary, and it is relatively easy to implement. The AM control may be of value as a
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diagnostic tool to locate perfusion abnormalities in any image plane throughout the
brain. Nevertheless, single slice CASL is preferable for maximum sensitivity and
accurate quantification and the single slice technique should be employed when any
abnormality is well localised.

In small animals the higher amplitude gradients for CASL and shorter arterial
transit times tend to produce greater sensitivity for single slice CASL than in humans.
Conversely, higher amplitude gradients may reduce the sensitivity of CASL with the
AM control to perfusion in animals (Section 5.6.4). For multiple-slice imaging in
animals a different approach may produce better results. Possible alternatives include
the use of a separate coil for labelling and imaging, a different control to cancel MT
effects (for example Talagala SL et al. 1998; Williams DS et al. 2001), or pulsed ASL.

The measurement of R; and Ry* is ideally suited to the type of experimental
study presented in Chapter 6 (monitoring over time to detect oxygenation changes). The
technique offers high time resolution and is easy to implement and perform. However,
R,* is not an absolute measure, as it depends on the local homogeneity of the static
magnetic field, and R; is less sensitive to changes in [dHb] than R»* (no change in R; in
the liver was seen to result from intestinal I/R). Interpretation of changes in transverse
relaxation rates is complicated due to their dependence on several factors, including
blood flow and blood volume, haematocrit fraction and the oxygenation of
haemoglobin. Ideally, BOLD imaging would be combined with other measures to
distinguish between contrast due to blood flow and contrast due to the composition of
the blood.

One such measure is perfusion. Clinical MR perfusion studies are routinely
performed with contrast agent techniques. These approaches are not so well suited to
longitudinal studies in animal models, because time must be allowed after each
measurement for the agent to clear the circulation and the presence of the contrast agent
complicates the quantification of other MR parameters. The case for using ASL in such
studies is strong and initial work to apply the technique in the liver has been performed
(Appendix D). Measurements of R, and perfusion may be combined in a single
sequence, as applied for example by Thomas et al. in brain, using double-echo FAIR
(DEFAIR) (Thomas DL et al. 2001). In this way, changes in blood volume could be
detected because this approach also has the potential to discriminate blood from tissue
in a voxel due to their different T, values and the different magnetisation of inflowing

blood and tissue after a slice selective inversion.
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7.3  Future work
As mentioned in the previous section, the computer model of velocity driven
AFP may be extended to examine the magnetisation of blood under different conditions,

including:

- gradually decreasing blood velocity as a spin approaches the imaging plane to
mimic the movement of blood through the vasculature after labelling
« the combination of pulsatile flow and a train of RF pulses

« the combination of pulsatile flow and the AM control

Much work in this thesis has focussed on the performance of the AM control
technique for multiple-slice measurements of perfusion. Severe disadvantages of the
technique have been found and although means to optimise the pulse have been
determined, an alternative method for multiple-slice measurements, especially in small
animals, may be preferable. In order to benefit from the greater sensitivity of continuous
in comparison with pulsed ASL, while avoiding MT effects in tissue, the use of separate
labelling and imaging RF coils has much to recommend it. Future work to implement
two-coil CASL would extend the range of applications for perfusion imaging, including
the option to selectively label blood in a single artery and thereby map perfusion
territories.

The application of MRI to image the liver during intestinal /R could be
extended to further elucidate the pathological changes due to the insult. Results from
BOLD imaging have been reported here, but it would be particularly informative to
measure a range of different parameters in the same animal, in order to determine causal
links between changes in flow through the hepatic artery (HA) and portal vein (PV),
perfusion, R,* and concentrations of energy metabolites in the liver. Combined
perfusion and BOLD imaging may permit assessment of the relative contributions of
compromised perfusion and oxygenation to the derangement of hepatic energy
metabolism. CASL is less suitable for imaging the liver than the brain because the
orientation of the PV and HA is quite variable and the optimum direction for the
labelling gradient would change between animals. On the other hand, refinement of the

FAIR technique for liver imaging may make it possible to map perfusion in the liver
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during intestinal I/R. Implementation of DEFAIR with a FLASH acquisition may
provide data on both perfusion and blood volume.

Other possible measurements include MR angiography (MRA) and phosphorus
MR spectroscopy (MRS). MRA may be employed to measure the relative contributions
to hepatic inflow of the portal vein and hepatic artery. Phosphorus MRS may be used to
study changes in the energy metabolism of the liver during intestinal I/R. Such a multi-

modal approach may help to elucidate the mechanisms underlying intestinal I/R injury.
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Appendix A
The adiabatic condition for the AM control

The AM control depends on adiabatic fast passage to produce two inversions. It
is therefore of interest to consider the adiabatic condition. A general form of the
condition for the AM control has a complicated mathematical form, but consideration of
some particular cases sheds light on the choice of parameters for successful double
inversion by the AM pulse.

The condition may be expressed as:

1/Ty, 1/T, << dO/dt << YBegt equation [A1]
where Ber=B: + AB
cos 0 = AB /Bt

(see Figure 3.1 and Section 3.2.1 for definition of terms). In the following analysis all
magnetic field strengths and gradients are expressed in Hz and Hz/mm respectively.
Velocities are expressed in mm/s.

By differentiation with respect to time of cos 6 and Beg, as in Chapter 3, the

right hand side of the condition for velocity driven AFP may be written:

(AB?+B;%)*?>> (B, dAB - AB dB,) equation [A2]
dt dt

For labelling by velocity driven AFP, B, is constant and AB = vGt,

(VG2 + B A2 >> BvG
The condition is most difficult to satisfy when t = 0 and the condition simplifies to
B®>> vG equation [A3]

For the AM pulse,

B, =Bjpsin (27Cft + ¢)
dB,/dt = 2xrf By cos (2nft + )

and the adiabatic condition becomes:
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((VGt)* + Byo’sin’(2nft+0))*? >> B o(vG){sin (2nft + ¢) - 27ft cos(2mft + ¢)}

equation [A4]
This function may be evaluated in a few particular cases. When t = 0 equation [A4] is
independent of f. When t = 0 and ¢ = 0 equation [A4] reduces to 0 >> 0, making the
condition meaningless. When t = 0 and ¢=m/2 the condition reduces to [A3]. At the
centres of the AFPs t=%f/(Gv) and

(% + Byosin®( 2nf(Ef /(GV))+0))7 2 >>
Bo{ Gv*sin( (2nf(Hf /(Gv))+) — (& 2m)f* cos( 2rf(Ef /(Gv))+d)}
equation [AS]

The condition [AS] is most difficult to satisfy when sin(i21tf2/(Gv)+¢) =0, ie.

when B; = 0 at the centre of an inversion. In this case [AS5] becomes
f>>- (£ Bjg) equation [A6]

Equations [AS] and [A6] show that the adiabatic condition is different at + f . If only
one AFP satisfies the condition, the result is a single inversion (m, = -1).

Another case in which the adiabatic condition may be simplified is if the term
dB,/dt does not contribute to the AFP and therefore may be neglected. This may be
because B, changes too rapidly for m to follow so that the change in m is dominated by
the frequency sweep, or in the specific case where cos(X2nf/(Gv)+¢) = 0. If dB,/dt is

neglected, equation [A5] becomes

2 >> (B1oGv)** — Bo® equation [A7]
or 2/ Gv >> (B1o>/ Gv)' = B2/ Gv

The condition [A7] is always satisfied if [A3] is satisfied, independent of f. Therefore
the adiabatic condition for the AM control, neglecting relaxation effects, may be
summarised by the conditions for two extreme cases, firstly when B = 0 at the centre of
the AFPs [A6] and secondly when B; changes so rapidly that the change in m is

dominated by the frequency sweep of Beg:

B >>Gv and f>>By
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Appendix B
Phase of the modulation of B; (¢) for the AM control

Figure BI shows the double inversion of the AM control at ¢ = 0 and at ¢ = /2.
An explanation for the dependence of the AM control on ¢ may be found by considering
the effective magnetic fields that describe the first and second AFP of the AM control,
Beri and B, The velocity of the spin, v, and the gradient, G, determine the direction
of the frequency sweep, which is therefore the same for both AFPs. However, at the
position half way between the inversions, where t = 0, AB = + f for Beg; and AB = -f for
Besrz. This may be regarded as the end of the first AFP and the beginning of the second
AFP.

Spins undergo AFP when B, has different amplitudes, at different phases of the
modulation function sin(2rft+¢). Let us consider B; at positions symmetrically
displaced about t = 0, at + ta, where ta is a small increment of time, corresponding to
regions where the 2 effective magnetic fields, Bes; and Besr, dominate the evolution of
m (Figure Bl).

From [equation 4.1]
B](itA) =B sin(2nf(itA)+ q))

B, is periodic in both ¢, and 2nft.
When ¢ ~ nr,

Bi(+ta) ~—Bi(-ta)
and
[By(t=0)] ~ 0

In this case, there is a smooth transition from one AFP to the next (Figure BI(i)). Att=
0 nutation about Beg; is equivalent to nutation about — Beg,. The magnetisation can
move smoothly from the first to the second AFP and the second AFP reverses the effect

of the first AFP.
dBesr1/dt =~ — dBegp/dt

and
dm(-ta)/dt ~ - dm(+ta)/dt
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m nutates about + Beg for the first AFP and then follows - B, for the second AFP and
double inversion is achieved.

On the other hand, when ¢ ~ (2n +1)1/2,

Bi(+ta) =~ + Bi(-ta)
and
[B1(t=0)] ~ B1o

In this case, B, is not aligned with By at t = 0 and the evolution of m is disrupted, as
nutation about B is not equivalent to nutation about Begr, (0r —Begp).

The preceding argument applies to small f. If f >> B, the frequency sweep
dAB/dt dominates the change in Bes. As t approaches 0, Begry ~ - f and Begy ~ + f for
any value of ¢ and the phase of B is not important because Begr (t = 0) = - Begry (t = 0),

at any value of ¢.

155



Appendices

AB

AB
dm = dB, dm = -dB,
effl
First AFP ends (-t") Second AFP begins (+t")
1) )=n7T when t =0
AB AB
dm = dB
+ fly
- fly

First AFP ends (-t") Second AFP begins (+t")

i) = (2n+1)TW2 when t =0

Figure E I

The evolution of Beffand m in the rotating reference frames for inversion (Beffi) and re-
inversion (Beffz). m is shown at times just before and just after the spin passes through

the plane at z = 0 when ()= 0 (i) and when * = ti/2 (ii).
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Appendix C

Further studies of the AM control
C.1  Introduction

In Chapter 4 it was shown that the performance of the AM control is a
complicated function of ¢, f, G, v and B,. Three further studies were performed in order
to determine whether the dependence of the AM control on f, G, v and B; might be
explained in terms of the separation the AFPs from one another and the duration of each
individual AFP. The separation depends on G, f and v, while the duration of each AFP
depends on G, v and B;. In the following analysis all magnetic field strengths and
gradient amplitudes are expressed in Hz and Hz/mm respectively. Velocities are
expressed in mm/s.

The separation of the AFPs may be defined in terms of frequency, distance or
time, as follows. Inversions are centred on AB = * f. Therefore the inversion planes are
separated in frequency by 2f. In the presence of a magnetic field gradient, G, this

corresponds to a physical separation of
Az =2f/G equation [C1]

Denoting ti,, as the time at which a spin passes through the centre of one AFP (where

AB == f) and recalling that t = 0 when AB =0,
tiny = £ f/(GV)
and the temporal separation of the inversions is
2ty = 2f/(GV) equation [C2]

Spins in blood spend less time travelling from one AFP to the next when v is large or
when Az = 2f/G is small.

The separation of the planes is unique to the AM pulse, but another temporal
parameter influences any AFP, namely its duration, At, as discussed in Chapter 3
(equation [3.9]). At is inversely proportional to the rate of the frequency sweep, dAB/dt
= Gv, and increases linearly with the amplitude of B; (at larger B, B moves away

from the AB axis to begin the velocity driven AFP sooner (Figure 3.1)).
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Some indication of the roles of the separation and duration of the AFPs may be
gained from Chapter 4. The efficiency of the AM control decreases when f is too small
(Figure 4.4) or when v is too great, meaning that the time it takes for a spin to travel
from one inversion plane to the other is too short (especially apparent in the animal
model, Figure 4.8b). These results suggest that it would be possible to select f/(Gv) to
be large enough to separate the centres of the AFPs and thereby eliminate any overlap
between them. However, B; also influences the efficiency of the AM control (Figure
4.7). By does not affect the separation of the inversions, but as B, increases the duration
of each AFP increases and it becomes more likely that the second inversion begins
before the first inversion is complete (Figure 4.3a).

The investigations described in this section were designed to elucidate the
dependence of the AM control on the parameters (i) v and (ii) the product Gv; (iii) the
amplitude of B,. v and the product Gv affect the separation of the centres of the AFPs
and the duration of each one. B, affects the duration of a single AFP, without changing

the separation of the centres of the AFPs.

C.2  Velocity

The variation in m, over a range of f at three different v is shown in Figure C1.
At the lowest f, all spins are inverted (m, = -1). At the highest f, the AM control
performs as required and m, = +1. There are two points to note here. Firstly, the lowest
value of f, at which some degree of re-inversion takes effect is greater at higher
velocities. Secondly, the last minimum in m, is reached, and m, approaches its
maximum (plateau) level at lower f when v is higher. The performance of the AM
control appears to be dominated by different effects at low f (less than 50 Hz) and high f
(greater than 50 Hz).

At a given f and G, the physical separation of the planes is the same at any v, but
the temporal separation is greater for smaller v. This may explain the behaviour at low f
shown in Figure CI. If a minimum temporal separation of the centres of the control
planes were required for two distinct inversions, it would be achieved at lower f when v
was smaller and m, would depart from —1 at lower f (compare v = 50 mm/s with v =
100 mm/s). The first maxima occur at greater f at higher velocities, although this is not
a simple linear dependence on v that might be predicted by consideration only of the

temporal separation of the AFPs.
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At high f, the duration of the inversions becomes more important. At v = 100
mm/s each AFP takes longer than at v =200 mm/s and the centres of each AFP must be
separated by greater f when v = 100 mm/s than when v = 200 mm/s for two completely

independent inversions {Figure Cl).

0.8
0.6

imaging 04
plane 0.2

0.2
-0.4
0.6
0.8

0 50 100 150 200 250

modulation frequency (Hz)

V=50mm/s v=100mm/s — V=200mm/s

Figure Cl
nPoat three different velocities with respect to modulation frequency
nPovalues were calculated from f= 0 Hz to f= 250 Hz in steps of 0.1 Hz.

10 kHz offset at 100 mm (G = 100 Hz/mm), ()= tt/2, Bi = 270 Hz, Ti = T. = 10"ms.
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C.3 The product Gv

The dependence of m, on f is illustrated in Figure C2 for different values of the
product Gv. We see that the variation in m, with f depends on the product Gv, rather
than on either v or G. For example, m, behaves differently in Figure C2(a) and Figure
C2(b), although G is the same in both, while m, follows the same pattern when Gv is the
same (as in Figures C2(c) and (a) or Figures C2(b) and (d)). This suggests that the
behaviour of the AM control depends not on the physical separation of the inversions,
2Az = 2f/G but on the temporal separation, At = 2f/(YGv)

Two forms of oscillatory behaviour may be distinguished in the complicated
dependence of m, on f. Firstly, there are large-scale variations with f. When Gv = 5 x
10° Hz/s, these variations have a minimum at about f = 40 Hz, a maximum at about f =
70 Hz and a final minimum at f = 100 Hz. Secondly, more rapid variations in m, with
smaller amplitudes are observed. The period of these rapid oscillations is twice as great
when Gv = 10 x 10° Hz/s, as when Gv =5 x 10° Hz/s.

The envelope of larger scale variations in m, has a similar form at both values of
Gv. However, when Gv is 10 x 10° Hz/s, the final minimum is at a lower f than when
Gv is 5 x 10° Hz/s (the last minimum is at f = 89 Hz when Gv = 10 x 10° Hz /s (Figure
C2(a) and (c)) and at f = 100 Hz when Gv = 5 x 10° Hz /s (Figure C2(b) and (d)). When
Gv = 10 x 10° Hz/s the frequency sweep for AFP is faster, the duration of each AFP is
shorter and therefore the AFPs become independent of one another at lower f.

The halving of the frequency of the more rapid oscillations in m, when Gv = 10
x 10 Hz /s relative to the cases where Gv = 5 x 10° Hz /s suggests that these small
oscillations may be related to the temporal separation of the inversion planes, 2t;,, =
2f/(Gv). The time it takes a spin to move from the centre of the first AFP to the centre
of the second AFP at a given f is twice as great when Gv = 5 x 10° Hz /s as when Gv =

5x 10°Hz /s.
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Dependence of n¥6on the product Gv
B] = 270 Hz, T] = T. = 10~ms, ¢ = tx/2
nPovalues were calculated from f=0 Hz to £=200 Hz in steps of 0.1 Hz.
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C.4  The amplitude of B,

The dependence of the AM control on the amplitude of B; with ranges of B, that
would be employed in practice was shown in Figure 4.8. Unlike the variables f, G and
v, B; determines only the duration of the AFP. It does not influence the separation of
the centres of the inversions. The aim of this investigation was to calculate the effects of
a greater range of B; values, in order to infer something about the dependence of the
AM control on the duration of each AFP.

Figure C3 shows m,; in the imaging plane with respect to B, at three f without
relaxation effects (T, = T, = 10° ms). Data are shown with ¢ = /2 (Figure C3 a) and o=
0 (Figure C3 b). Note the different scales for m;, in the two plots. The sensitivity of the
control to B; when ¢ = 0 is minimal, but variations in m, with f have the same period,
whether ¢ = /2 or ¢ = 0.

The dependence of m, on the amplitude of By has a similar, pseudo-periodic
form at each f. At B values greater than 130 Hz the period of variations with respect to
B, is proportional to f. The second minima appear at B; = 185 Hz when f = 50 Hz, B, =
300 Hz when f = 100 Hz and B; = 490 Hz when f is 200 Hz. A larger B, corresponds to
a greater duration of the AFP. Therefore, overlap between the two AFPs of the AM
control might be expected at lower B, when f is smaller. However, the reason for a

series of maxima and minima of m, at increasing B, is not apparent.
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The dependence of  on B;

mz depends on f and Bio when ()= nil (a) but when ¢ = 0 this dependence is minimal
(b).

5 kHz offset at 100 mm from the imaging plane (G = 50 Hz/mm), v = 200 mm/s, T] =
T]= 10"ms

mz values were calculated from f= 0 Hz to f= 1000 Hz in steps of 0.1 Hz.
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C.5 Discussion

Interactions between the two components of B, for the AM control reduce the
efficiency of the technique, as shown in Chapter 4. The studies in this appendix were
designed to investigate further the functional dependence of m, on key parameters of the
AM control pulse, namely the magnetic field gradient amplitude, G, the velocity of
blood, v, and the amplitude of the RF pulse, B;.

The modulation frequency, f, dictates the frequency separation of the centres of
the AFPs. However, there are two other ways of defining the separation of the

components of the AM pulse, which are related to one another, as follows:

1) the physical distance between the centres of the inversions, Az = 2{/G;
2) the time it takes for a spin to move from the centre of one AFP to the other,

2tiny = Az/v = 2f/(GV).

Results presented here indicate that the temporal separation influences the efficiency of
the AM control, rather than the physical separation, indicated by the behaviour of m,
when Az is the same at different v (Figure CI) and the dependence of m, on the product
Gy, rather than G alone (Figure C2).

The amplitude of B has no effect on the separation of the centres of the 2 AFPs,
but it has a profound effect on the efficiency of the control (Figures 4.7 and C3). If each
AFP takes more time, it is more likely that the two AFPs of the AM control overlap,
leading to imperfect inversion and re-inversion. This becomes more likely at larger B,
because By moves away from the AB axis sooner and the duration of a single AFP
increases. The behaviour of the AM pulse depends on B; in a periodic way with a
period that is proportional to f. The reasons for this dependence are not clear. However,
if the condition f > B is met (see also Appendix A) the overlap between AFPs should
be minimal.

These further studies demonstrate the complexity of the AM pulse. Despite the
remaining unexplained features of the pulse, it has been possible to devise a practical
procedure for optimisation of the pulse as a control for CASL imaging, detailed in

Chapter 4.
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Appendix D
Flow-sensitive alternating inversion recovery (FAIR) MRI in liver
D.1  Introduction

The measurement of perfusion provides an invaluable tool in the study of any
ischaemic injury. One such injury occurs in the liver as a result of intestinal ischaemia-
reperfusion (I/R). A model of this condition was studied in Chapter 6 using blood-
oxygen-level-dependent (BOLD) contrast. The MR technique of arterial spin labelling
(ASL) provides non-invasive measurements of perfusion. This study was designed to
test the feasibility of the flow-sensitive-alternating-inversion-recovery (FAIR) technique

in the liver of a rat.

D.2  Methods

FAIR was implemented with alternate slice selective (SS) and non-selective
(NS) inversion pulses before a refocused, fast low angle shot (FLASH) image
acquisition (Haase A et al. 1986). Inversion was achieved using an adiabatic, frequency
offset corrected inversion (FOCI) RF pulse (t-shape, 1440 Hz bandwidth) in order to
minimise interference between the profiles of the inversion and imaging slices (Ordidge
RJ et al. 1996; Yongbi et al. 1999). FLASH was selected in preference to EPI, because
EPI is more prone to signal drop-out in areas of large susceptibility gradients at
interfaces between different materials, which are prevalent in the abdomen.

The refocused FLASH acquisition had a slice thickness of 2 mm, Gaussian
shaped RF pulse (600 Hz bandwidth), 64 phase encoding steps with centre-out phase
encoding, effective TE = 2.06 ms, 65 mm? field of view, 80 averages. The inversion
slab for the SS image was 5 mm thick to give a ratio of inversion:slice thickness of 5:2.
There were four dummy cycles prior to image acquisition (one cycle comprises a pair of
SS and NS inversions, each followed by an imaging sequence). The repetition time for a
single loop of the experiment, following either SS or NS inversion was TR = 1264 ms +
TI, giving a total acquisition time of 8 minutes and 6 seconds for an inversion time of
1600 ms with 80 averages. Pairs of SS and NS images were acquired at a range of
inversion times, TI = 250, 500, 750, 1100, 1600, 2500, 2700, 2900 ms.

The animal was maintained under anaesthesia with halothane and oxygen as for

experiments described in Chapter 6. A plastic insert was positioned between the liver
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and the diaphragm to minimise the effects of respiratory motion {Figure 6.2), but there
was no other surgical intervention.

Normalised signal differences were calculated at each TI in regions of interest in
the liver:

AS= 100*(Sss-SNs)/So
where Sss and SNs are the signal intensities in SS and NS images,

So is the signal in the NS image with the longest TI

D3 Results

FLASH-FAIR images are shown in Figure DL Images on the left were acquired
after a non-selective (NS) inversion pulse. When the NS image is subtracted from the
SS image a difference in signal appears due to the flow of fully relaxed blood into tissue
after the SS inversion (images on the right of Figure DI). Blood flowing through large
vessels is clearly visible and there are smaller signal differences in the liver parenchyma
{Figure DI a). There is no signal difference in the post-mortem images, confirming that
there was no significant residual signal difference in the absence of flow {Figure DI h).

a) In-vivo

NS inversion Subtraction (SS - NS)

h) Post-mortem

NS inversion Subtraction (SS - NS)
Figure DI
FAIR images of liver
TI = 2500 ms TR = 3765 ms, TE (effective) = 2.06 ms, number of averages = 80, FOV

= 65 mm, 64 x 64 matrix, ratio of inversion thickness: slice thickness = 5:2.
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Figure D2 shows subtraction images at a range of TI. The regions of interest
selected for analysis are shown also. ROI 1 is in the parenchyma of the liver and ROI 2
is in a region encompassing a small blood vessel.

Differences in signal, AS (equation [DI]), are shown in Figure D3 at a range of
inversion times. AS increased with increasing TI, as fully relaxed blood washed into the
liver after the SS inversion until TI = 500 ms, then AS decreased due to Ti relaxation in
the tissue. AS is not as great in ROI I as in ROI 2. The variation in AS with TI in ROI 1
was only a little greater than measurement error, reflecting the low sensitivity of these
measurements to true tissue perfusion. Post mortem values of AS were 0.0 = 1.0 and AS
= 0.5 = 1.0 in ROI 1and ROI 2 respectively (with an inversion time of 2500 ms), much
lower than AS at the same TI in-vivo (AS = 1.4+ 1.6 % and 4.6 = 1.6 % in ROI 1 and

ROI 2 respectively).

ROI 1 ROI 2

T =250 ms TI =500 ms TL =750 ms T =1100 ms
Figure D 2
FAIR subtraction images of liver at short TI
Positions of the ROIs used for analysis are shown.
TR = 3764 ms, TE (effective) = 2.06 ms, number of averages = 80, FOV = 65 mm, 64 x

64 matrix, ratio of inversion thickness: slice thickness = 5:2.
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Figure D 3

Signal differences in liver
AS=100*(Sss-SNs)/So

Error bars are calculated from the SNR ofthe three images used to calculate AS.

D.4  Discussion and Conclusion

The application of ASL in the liver presents some additional challenges to those
for ASL in the brain. The first of these is motion. Motion artifacts due to respiration
may be overcome by fast imaging, in this case FLASH, but gross motion, possibly
resulting from peristaltic movement in the abdomen, still poses a problem, especially
when several minutes of averaging are necessary, as for FAIR. Also, short Ti and T] in
the liver reduce the sensitivity of ASL. Short T] produce low signal-to-noise ratios in all
images of the liver. This reduces the CNR in FAIR subtraction images of the liver.
Short values of Ti in liver parenchyma are a particular problem for ASL because as
soon as labelled spins enter the liver tissue they begin to relax with the short Ti of'tissue
(approximately 210 ms at 2.35 T), reducing the difference in signal intensity produced
by the label.

It has been shown that MR perfusion-weighted imaging ofthe liver is possible in
rats, using FAIR, despite considerable technical difficulties. This adds a possible further
source of information on hepatic haemodynamics during intestinal 1/R and other

conditions that affect the circulation ofthe liver.
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Appendix E

Quantification of perfusion from the CASL experiment
The starting point for the calculation of microvascular blood flow, f, is the

modified Bloch equation, given in Chapter 2.

dMi= Mosat =My + M) —fM, equation [2.9]
dt Tlsat 7b

where M is the tissue magnetisation per 100g of tissue
Mosa is the equilibrium value of M; in the presence of the labelling pulse
M, is the magnetisation of inflowing (arterial) blood per 100 ml of blood
f is microvascular blood flow (ml /100g tissue/sec)

A is the blood / brain partition coefficient ~ (ml of water / g of tissue)

(ml of water / g of blood)
Tisa is the spin-lattice relaxation time of the tissue in the presence of the

labelling pulse.

In equation [2.9] the first term describes the longitudinal relaxation of the tissue,
the second term describes the inflow of protons in arterial blood and the last term
describes the venous outflow from the tissue. In addition to inverting moving spins the
labelling pulse acts as a saturation pulse on tissue in the imaging plane. Therefore the
equilibrium magnetisation of tissue while the labelling pulse is on is Mo, and the spin-
lattice relaxation time is Tgy.

The difference in tissue magnetisation between the label and control experiments
is reduced by relaxation in the blood as it moves into the imaging plane. The

magnetisation that arrives in the imaging plane after the label or the control is

M, = (1 - 20e ' T3 My,

where « is the efficiency of inversion. Ideally oo = 1 and o = O for the label and control
experiments respectively.
d is the is the arterial transit time (the time between labelling a spin and its

arrival in the imaging plane)
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T|a is the T, relaxation time of arterial blood

My, is the equilibrium magnetisation of arterial blood water

Using the relationship Mo = Mg/ A,
where M is the equilibrium magnetisation of tissue water,

we may write
M, = (1-20e ¥ T3 M,/ 2 equation [E1]

It may be shown by integration of equation [2.9] after substitution of [E1] that

the difference in magnetisation that develops during the labelling time is:

T

AM = M Mol = g M f e "I j exp[-(t-8)/T4pp] dt

A s
equation [E2]
where 1/ Tiapp=1/Tisu+f/A
7T is the duration of the pulse
AM = -200Mo f e ¥ Ty0 (1 - exp[-(1-8)/Tyapp)) equation [E3]

A
In the limit where T tends to infinity (T >> T\, f is then (Detre JA et al. 1992):

f=-A AM equation [E4]

Tipp 20Mge o2

The simplifying assumption that 6 = 0 reduces equation [E4] equal to equation [2.10]
(Chapter 2).

The experiments described in Chapter 5 have a post-labelling delay to reduce the
sensitivity of the measurement to transit times. During a post-labelling delay two
populations of labelled spins may be distinguished. Firstly, labelled spins that have
already entered the tissue continue to relax with the longitudinal relaxation time T; (not

Tisa, as it is in the presence of the labelling pulse). Secondly, fresh labelled spins
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continue to enter the tissue until the post-labelling delay is longer than 6. This second
population of spins changes the magnetisation by an amount AMyew biood-
t
AMpey, blood = - 200 Mo f ¢ -T2 j expl-(t-T)/T ] dt equation [E5]
7\’ T
where 1/T,s=1/T;+f/A, the observed relaxation time with no saturation pulse

(ns)

The sum of the two components of labelled water in tissue, in the limit T >> Ti,pp is

AM = |- 200 Mg fe ¥ (T}, eXpl-(t-T)/Tins] + Tins(l - exp[-(t-T)/Tins])}
A

equation [E6]
If w is the post-labelling delay, and t = w + T, the difference in magnetisation is:

AM(w < 8) = |- 200 Mg fe ¥ |{T}pp eXpl-W/Tins] + Ting(1 - eXp[-W/T1ns])}
A

equation [E7]

Equation [E7] pertains when w < 8. After a time t = T + 3 all of the labelled
blood has arrived and AM continues to relax. AM may be determined for the case where
w > 8 by evaluating equation [E6] when t = T + & and multiplying the result by
exp[-t-(T + 8))/Tinsl.

Writing t = T+ w in the limit T >> Ty,
AM(w > 8) =|-20Mpfe ¥ (T . exp[-w/Tiy]

A
+ Tins(exp[-(W-8)/T1ns] - expl-wW/T 1))} equation [E8]
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Equations [E7] and [E8] are equivalent to the expressions derived by Alsop and
Detre (1996). From equations [E7] and [E8] f may be calculated in the cases where w <
dand w > & (Chapter 5, equation [5.6], where Ty, and Ty, are called the observed

values of Tig, and T respectively).
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