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Abstract

Magnetic resonance imaging (MRI) allows non-invasive assessment of tissue and haemodynamic
status during and after cerebral ischaemia, making it the method of choice for detecting acute
ischaemia in experimental and clinical settings. In this work, immediate responses of MRI relaxation
times T;, T\, and T, to hyperacute cerebral ischaemia were examined in rat models mainly at 4.7 T
with the aim of distinguishing between the haemodynamic and tissue alterations to MRI in the
ischaemic brain. The contributions of cerebral blood flow (CBF) on T,, chemical exchange on Ty, and
a blood oxygen saturation level (BOLD) effect on T, were the main focus of this study.

It was observed that T; prolongs within seconds after the onset of global ischaemia, preceding the
decline in water diffusion. A similar T; increase was detected also at 1.5 T, indicating that the
phenomenon is detectable at clinical field strengths. In transient middle cerebral artery occlusion
(MCAOQ), elevated T, was observed within 10 minutes, well before the net water accumulation into the
tissue. Cerebral T, either remained elevated or partially recovered upon retraction of the occluder
thread. Interestingly, in the former case, diffusion did not normalise, but in the latter case it fully
recovered. The early T, change is mainly attributed to direct effects from the cessation of blood flow.

Similarly to T, prolonged T, was observed earlier than the decline in diffusion of tissue water in
global ischaemia. The kinetics of T, proceeded independently of anoxic depolarisation and were not
influenced by the pre-ischaemic blood glucose level. The data suggest that the early T, increase is not
directly caused by CBF or ionic and/or water shifts across the cell membrane associated with anoxic
depolarisation. In contrast, the steady-state T, positively correlates with ischaemic lactate
concentration. This is consistent with the pH dependency of Ty, that was shown to prevail in the
energetically viable brain tissue. /n vitro T, demonstrated sensitivity to susceptibility effects from
blood oxygen saturation and dissolved O,, yet in vivo the effects appeared to be of minor importance.

Shortening of single Hahn echo T,, associated with acute ischaemia, was assigned to a negative
intravascular BOLD effect. The contributions of CBF, cerebral blood volume and oxygen extraction
ratio (OER) to the positive post-ischaemic T, BOLD were also studied. The data highlight the
significant contribution of low OER due to depressed oxygen metabolism, indicating that metabolic,
rather than haemodynamic factors may dominate post-ischaemic BOLD MRI.

These results challenge the conventional concept of delayed MR relaxation responses by
demonstrating substantial changes in T,, T, and T, in the cerebral parenchyma during hyperacute
ischaemia. Haemodynamic and tissue contributions to these relaxation parameters are assigned, and it
is shown, that while the former factor is a key substrate for the T, and T, changes, T;, reveals a
genuine change in the physico-chemical microenvironment of brain tissue.

National Library of Medicine Classification: WN 185, WL 355, WG 106

Medical Subject Headings: magnetic resonance imaging; magnetic resonance spectroscopy; brain;
brain ischemia / diagnosis; brain ischemia / physiopathology; oxygen / metabolism; cerebrovascular
circulation; hemodynamics; rats
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1 Introduction

1 INTRODUCTION

Cerebrovascular disease is one of the leading causes of mortality and morbidity in the western
world. Acute cerebral ischaemia, commonly termed ischaemic stroke, is the most common
form of cerebrovascular disease (235). Recent advances in treatment protocols have
emphasised the importance of early and accurate diagnosis of stroke (3, 12, 77, 83, 148).
Magnetic resonance imaging (MRI) is an invaluable tool for imaging of acute brain conditions
including acute ischaemic stroke (12, 16, 181) since pathophysiologic alterations associated
with compromised cerebral haemodynamics cause changes in the biophysical properties of
water, making it possible to delineate ischaemia and monitor its evolution.

In the clinical settings, diffusion MRI, complemented with T,-weighted or perfusion MRI,
has paved new avenues for the assignment of ischaemia, thus aiding in decision making for
“targeted” treatment of brain tissue. The MRI methods currently provide a framework for
imaging of acute brain ischaemia, since diffusion detects energy failure (168), T,
hyperintensity is a well-documented signature of irreversible ischaemia (240) and the status of
cerebral haemodynamics can be revealed by perfusion imaging (12).

The MRI repertoire for the assessment of brain tissue viability and status has recently been
complemented by demonstrations in experimental stroke models that both T; and T, change
soon after the collapse of blood supply to the brain (35, 46, 48, 88, 89). These observations
have challenged the “traditional” interpretation of MRI in acute ischaemia, arguing that the net
water accumulation into irreversibly damaged tissue is the key pathophysiologic factor
underlying these contrasts. The recent data suggest that cessation of cerebral blood flow (CBF)
may be a significant factor to T; contrast in ischaemic brain (35, 155). Blood oxygen level
dependent (BOLD) effect has been ascribed to the shortening of both T, and T,* in acute
ischaemia (35, 46, 48, 88, 89, 202). The demonstration of the BOLD effect in conjunction
with compromised CBF is particularly interesting, since it links the MRI contrast directly to
the tissue metabolism thus allowing for “imaging” of residual oxidative activity (86, 88, 155).
It can be anticipated that substantial insight into the pathophysiology of acute ischaemia will
become available through quantitative T, and T, MRI.

Grohn et al. recently demonstrated that the Ty in the rotating frame (T),) is prolonged in
the early moments of focal ischaemia of rat (90) and that the T, contrast afforded by the MRI
data obtained with multiple spin-lock fields, so called T, dispersion, extensively changes
within minutes of the insult (87). It was also shown that quantitative T, MRI was able to
delineate irreversible ischaemia in a transient focal ischaemia model (87). The CBF threshold
yielding T, and diffusion contrasts was found to be ~20 ml/100g/min, suggesting that reduced
aerobic metabolism and ischaemia with exhausted chemical energy are required for expression
of cerebral T, contrast. T}, relaxation is expected to probe the interactions taking place at the
water-protein-interface. However, to date, the pathophysiological mechanisms contributing to
the T, relaxation in tissue have only been partially characterised.

Kuopio Univ. Publ. G. - A.L. Virtanen Institute for Molecular Sciences 2:1-67 (2002) 13
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2 REVIEW OF THE LITERATURE
2.1 Preface

The framework for the present study comprises application of advanced MRI technology to
the assessment of consequences of acute cessation of blood supply to the brain. In the
following section, a brief introduction to the imaging methodology as well as to the known
pathophysiology of various forms of brain ischaemia is given.

2.2 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) arises from the physical properties of a nucleus. The
nucleus possesses a quantised vector property called the nuclear spin angular momentum, spin,
I, with values of 0, ¥, 1 and so on depending on the number of protons and neutrons in a given
nucleus. Nuclei with spin values different from zero interact with the external magnetic field
thus enabling the detection of the NMR signal. The two most commonly used nuclei for in
vivo NMR, 'H and *'P, have I=%. The choice of these atoms for biological NMR is
understandable, since on one hand, the natural abundance of these two atoms is close to 100%
and on the other, molecules containing high quantities of 'H and *'P are present in the body.
The 'H (a proton) nucleus is used as an example of an NMR visible nucleus in the following
theory section. It should be noted, however, that although many of the basic concepts of NMR
can be presented using classical formalism, a fundamental description of NMR would require
a treatment using quantum mechanics and principles of statistical mechanics. A more detailed
description of NMR can be found in several textbooks (1, 63, 72, 79).

2.2.1 Magnetisation

“Magnetisation” is a commonly used term in the literature to describe pulsed NMR
experiments and stands for the X, y or z component of angular moment operators I, I, or I,. In
the earth’s weak magnetic field, the spins are randomly oriented so that the net sum of vectors,
the net magnetisation M, is virtually zero. When a sample is placed into a strong external
magnetic field, referred to as a By field, the spins align to 2I+1 different orientations, with
different energy levels dependent on the By field. This means that protons are aligned either
against (-%2) or along (%2) the By field according to the Boltzmann distribution

a2 —hyBg
7 —e 27k T [1]
n

where h is the Planck constant, k is the Boltzmann constant, T is temperature (in kelvins) and y
is the gyromagnetic ratio of the nucleus. A slightly higher amount of spins align along the By
field so that M points parallel to By field, termed as a z-axis in the Cartesian coordinate
system. In the xy-plane, the sum of vectors is zero. The spins precess at the Larmor frequency
(voin Hz, @ in rad/s), oy, according to the Larmor equation

@, =B, [2]
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2 Review of the literature

Magnetisation along the z-axis cannot be directly detected. To generate nuclear magnetic
resonance, an oscillating field has to be generated to perturb the magnetisation from its
equilibrium. This oscillating field is accomplished by producing a perpendicular radio-
frequency (rf) pulse using an rf transmitter coil (NMR takes place in the rf range, so the
external fields are also known as rf fields). The pulse transiently tilts the magnetisation away
from the equilibrium by inducing transitions between two spin states. The spin transitions
occur at the Larmor frequency. The process of tilting the magnetisation from the z-axis to the
xy-plane is called “excitation” whereupon the spins are said to have received a “90° pulse”.
An inverting “180° pulse” tilts the spins so that magnetisation is left along the —z axis.
Following perturbation, the magnetisation starts to return towards its equilibrium state through
relaxation (chapter 2.3.2). At the same time, the precessing magnetisation in the xy-plane
induces current flow into the receiver coil, producing the measured signal, the free induction
decay (FID).

2.2.2  Magnetic resonance imaging (MRI) and spectroscopy (MRS)

Biological (biomedical) research uses NMR for two purposes; firstly, to probe biochemical
compounds of the sample (magnetic resonance spectroscopy, MRS) and secondly, to
determine the spatial distribution of water (magnetic resonance imaging, MRI). The electronic
shielding effect results in a small additional field that influences the effective field sensed by
the nucleus. Consequently, nuclei in different “chemical environments” resonate at slightly
different Larmor frequencies, a phenomenon termed as chemical shift. Because of this,
individual chemical compounds can be identified and quantified by MRS. In MRI, the
chemical shift information is usually of little interest. Instead, linear magnetic field gradients
are employed to produce a deliberate distribution of resonance frequencies across the sample,
leading to encoding of water according to the spatial location. A mathematical method called
Fourier transformation (FT) is used to solve the frequencies present in the acquired signal. In
the case of MRI, FT is applied to 2 dimensional MRI time domain, termed as k-space, along
each axis to construct the image of water distribution in the sample.

State-of-the-art MRI and MRS share many technical details and can be performed in the
same scanner. The time course of rf pulses and gradient switching is illustrated in Figure 1 for
a classical spin-echo (SE) spin warp pulse sequence. Combination of the magnetic field
gradients with frequency selective rf pulses allows the selection of a required slice from the
sample. Following excitation, two further encoding methods are employed to fill the k-space.
In one direction, a field gradient is employed during signal acquisition, making the NMR
signal frequency encoded as described in the previous paragraph. The encoding of the signal
along the other dimension is based on the fact that the frequency distribution of spins, caused
by field gradient, inevitably also leads to a dispersion of their phases. The phase dispersion is
dependent on the strength and length of the applied gradient. Phase encoding requires that the
measurement be repeated with a number of different phase gradient strengths to provide

Kuopio Univ. Publ. G. - A.L. Virtanen Institute for Molecular Sciences 2:1-67 (2002) 15
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TR, Fig. 1. Spin-echo (SE) imaging pulse sequence. Sequence

§ — "1 combines selective rf pulses with gradients to achieve

) TE2 TE selection of required plane. Phase-encode gradient and

read-out gradient encode the location of spins within the

90° 180° selected plane. Additional “rephasing” gradients (shaded)

rf ' along slice select and read-out axis compensate for the

Slice phase dispersion caused by respective gradients. The 90° rf

selection ; pulse excites the spins and the 180° pulse refocuses the

| spins generating an “echo” at echo time, TE. The sequence

es::;ig { i is repeated with different phase-encode gradient strenghts.

I The time between repeating excications is called repetition

Frequency time, TR. Pulse sequence without 180° rf pulse is known as

encoding o gradient echo (GRE) sequence. Alternatively, a pulse

Data o sequence with TE filled with repeated refocusing pulses is
acquisition known as Carr-Purcell-Meiboom-Gill (CPMG) sequence.

enough phase data for FT, since the location of spins cannot be solved from a single
experiment. In the SE method, a single line of k-space, corresponding to a single phase-
encoding gradient strength, is acquired after each spin-echo pulse and the process is repeated
until the whole k-space is filled. In modern MRI, a variety of pulse sequences with improved
time resolution are also available. In these sequences, either several k-space lines are rapidly
acquired following a single excitation, e.g. echo-planar imaging (EPI) and rapid acquisition
with relaxation enhancement (RARE), or low flip angles and short TR are used, e.g. fast low-
angle shot imaging (FLASH) [for further details, see e.g. (92)]. The pulse sequences used in
vivo "H MRS share many common features with MRI sequences. In MRS, the gradients are
used differently, however, since no frequency-encoding nor phase-encoding gradients are
usually employed in order to retain chemical shift information. Instead, a series of rf pulses are
applied in the presence of field gradients along each of the three axes to obtain volume
selection within the sample.

2.3 Contrast in MRI and quantification of MRI parameters

It is obvious from Fig. 1 that there are several time dependent features in MRI, and in fact, the
timing between the rf and gradient pulses can be utilised for contrast generation. This offers a
possibility to widen the application of MRI beyond the imaging of the pure water content. A
number of physical phenomena associated with molecular dynamics proceed during an MRI
experiment and thus it is possible to reveal details of biological objects based on specific
contrast mechanisms. Relaxation processes, communication of water molecules between the
“free and semi-solid macromolecular pool”, termed as magnetisation transfer, and molecular
diffusion are the most important physical factors to be considered in the generation of MRI
contrast. Substantial information exists about the contributions of these factors to MRIL
However, it still remains a challenge to explicitly identify and quantify these effects, and in
particular, in pathological conditions. In the following section, a review covering the basics of
these physical mechanisms and methods for their quantification are described.
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2 Review of the literature

2.3.1 Spin density

Spin density, also known as proton density, is considered simply as the number of nuclei
(protons) in the sample thus giving a robust estimate of tissue water content. As indicated
above, the spin density is used as a MRI contrast, and indeed, a spin density-weighted image is
easily obtained using a spin-echo sequence with long TR and short TE. Relaxation, diffusion
and other effects, however, inevitably affect the observed spin density. Therefore spin density
usually needs to be corrected for relaxation effects or calculated as the ratio between normal
and abnormal tissue.

2.3.2 Relaxation

The signal behaviour determined by the relaxation processes is one the key MRI contrast used.
The perturbed state of magnetisation is entropically intolerable and thus, magnetisation
“relaxes” back to the thermal equilibrium with characteristic time coefficients. The relaxation
processes involving exchange of thermal energy with spins and their environment, the lattice,
are governed by T, relaxation, and the processes involving exchange of energy between the
spins, leading to the loss of phase coherence in the xy-plane, are governed by T, relaxation.
Consequently, T is termed as spin-lattice relaxation and T, relaxation as spin-spin relaxation.
The time-dependent changes in magnetisation governed by T, deal with the z and —z-axes,
whereas the xy-plane is involved in T,. Recovery of magnetisation to z-axis and decay of
magnetisation in the xy-plane are described by exponential equations known as the Bloch
equations (20)

dM, _M,-M, 3a]
dt T,
dM M
YooY [3b]
dt T,

where M is the equilibrium magnetisation and M, and M, are the magnetisation components
along z-axis and in the xy-plane, respectively.

The relaxation occurring in the presence of rf field differs from the laboratory frame T,
relaxation and is called T, relaxation (120, 130, 212) or T, relaxation in the rotating frame.
T}, relaxation time can be used to study T, at low magnetic field strengths. In T, experiment,
the spins are first tilted to the xy-plane and then effectively “locked” together with a long rf
pulse of amplitude B;. During the spin-lock, the distribution of frequencies is minimised.
Instead, the spins relax along the rotating By field through Ty, relaxation.

The relaxation results from time-dependent fluctuations of magnetic or electronic fields
generated by thermal motions of the diamagnetic or paramagnetic species. The fluctuating
local magnetic fields are attributable to a number of factors including translational motion of
molecules (diffusion), molecular rotations generating fields at the nucleus (rotation), chemical
exchange, and fields generated by unpaired electrons (paramagnetic effect). In liquids,
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rotational and translational processes can have major influences both on Ty and T, while in
more complex systems other mechanisms may also contribute significantly (70, 130). In the
case of proton and other I=%2 nuclei, the relaxation effects are mainly mediated through dipole-
dipole interactions (23, 70).

The above mechanisms can cause relaxation only if there is a time-dependent interaction
directly acting on the spins at an appropriate time scale, since only field fluctuations taking
place at specific frequencies are effective at evoking relaxation. Frequency distribution can be
described using spectral density functions of the form

T
1+ w*t? 14]

Jw)e
where 7T is the correlation time, specific to the process involved and corresponds to the time
required for a molecule to rotate one radian or the time between “jumps” in the orientation of
its magnetic field (1, 70). In other words, the correlation time describes the time scale at which
the given physical factors can influence spin behaviour. Dependence of relaxation times on

different spectral densities can be described as (1, 21, 120, 153)

S 1 (@) + 1 (200, [52]
Tl
Tioc J9(0)+ 1wy )+ 1 200, [5b]
2
Tioc 122w )+ T (w,)+ 17 20,) [5¢]

lp

where @y is the Larmor frequency and o, is frequency of the rotating frame B; field. It can be
seen from the equations that while T is sensitive to processes occurring close to the Larmor
frequency (corresponding to T of 107-107 s), both T, and T, are sensitive to contributions
from processes occurring at much slower correlation times. Typical spin-lock fields used in
T, experiments are in kHz range corresponding to correlation times in the 10%-10 s scale. It
can be also seen from the equations that T, relaxation is strongly affected by the mobility of
molecules through contributions from “static” fields. The fast movement of molecules causes
averaging of the different frequencies observed by the spins, thus making T, relaxation less
efficient (so-called motional averaging). The contribution of the so-called lifetime broadening
effect to both T, and T, renders them shorter or equal to T in all circumstances.

NMR relaxation in vivo is governed by interactions between the previously mentioned
molecular diffusion and rotation, chemical exchange and paramagnetic and quadrupolar
effects. The complex structure of cells and tissue as well as their chemical composition and
endogenous chemical compounds results in a situation where water protons are exposed
simultaneously to many factors which can influence the relaxation. In other words, tissues are
magnetically inhomogeneous compared to simple liquid environment. Inhomogeneity and
compartmentalisation exist both at the macroscopic (e.g. tissue and blood vessels) and
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microscopic level (e.g. cellular organelles, membranes and protein surfaces). The water
exchanges between the compartments with different time scales depending on restrictions,
thus making the observed relaxation times differentially sensitive to these effects (54, 57, 70).
Additionally dynamic processes such as CBF can contribute to the observed relaxation. In the
following section, NMR relaxation is discussed separately for stroma, i.e. the body of the
tissue, and parenchyma, i.e. the perfused tissue.

2.3.2.1 Relaxation in tissue

As stated above, tissues are inherently inhomogeneous from an NMR point of view and there
are a number of either structural, biochemical or structural sources of static field variations.
These field variations are one of the key sources of relaxation mechanisms. Much of the
understanding from tissue NMR relaxation comes from the studies employing model
phantoms such as gels and liquid and immobilised protein phantoms (7, 28, 91, 97, 132, 255,
265). The water relaxation has been explained using the N compartment model where different
proton pools are in fast exchange (267) with each other (known as fast exchange two-state
(FETS) or fast proton diffusion (FPD) model) (66, 71, 91). One of the pools represents free
“bulk” water with T of about 10" s. The relaxation times of bulk water are therefore
practically independent of the used By field, T, = T, ~4 s. Other pools represent protons with
hindered mobility. In the simplest case, only one such pool, “bound water” pool, is assumed to
exist. The correlation time of bound water is similar to protein protons, in the order of 10°-
107 s. Alternatively, a distribution of bound pools, each with specific correlation time, can be
assumed. It is assumed that spin diffusion and cross-relaxation relax the bound pool
efficiently, so that the bound pool behaves as relaxation sink for the system. The important
result of the model is that relaxation in tissue is dominated by intermolecular interactions
between protons in macromolecules and water molecules even though only a small percentage
of total water occupies the hydration water layer at any given time (23, 28, 70, 132).

One of the consistent observations from the model phantom (and also from in vive) studies
is the dispersion of T, i.e. increase of the spin-lattice relaxation rate as a function of the
increasing Larmor frequency [for recent reviews on the subject see e.g. (28, 97, 131, 132)].
Knispel et al. suggested (130) that T relaxation rate (R; = 1/T)) in protein phantoms could be
written as a sum of different contributing mechanisms with different correlation times as

R app = Riexen TOR o +(1=DIR g (6]

where R, pp is the observed relaxation rate, subscripts exch, rot and diff refer to exchange,
rotational and diffusion contributions, respectively and b to bound water fraction (Fig. 2).
Exchange processes can further be divided into 1) proton exchange (often also termed as
chemical exchange) between water molecules and labile protons in —OH, -NH and -SH side
chains on the protein surface and 2) exchange of magnetisation between protein and water
molecules at specific buried binding sites (also termed as molecule exchange) (28, 54, 61, 97,
106, 130, 132, 145, 255, 260, 265). It should be noted that the two exchange processes differ
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importantly from each other in the way the magnetisation is transferred between the protein
and water molecule. In proton exchange, a water proton is covalently bound to the protein side
chain thus replacing the labile proton. In contrast, in molecule exchange, the water molecule is
hydrogen-bonded to protein at the binding sites and the exchange of magnetisation occurs
through space via a dipole-dipole interaction known as cross-relaxation (28). The interaction
requires that a water molecule is situated in close approximity to protein. The term molecule
exchange reflects the fact that the residence time of an individual water molecule in the
binding site is limited before a new molecule replaces it. Inside the protein, the magnetisation
spreads through an efficient dipole-dipole interaction, often termed as spin diffusion. Similar
mechanisms govern T; relaxation over a broad resonance frequency range from kHz (T,
experiments) to MHz (T, experiments) scale, yet the contribution of individual mechanisms
will vary at different frequencies. Correlation times of the order of 10, 10® and 10"% were
proposed for the exchange, rotational and diffusion processes, respectively (130). It should be
noted, however, that due to complexity of the system, calculation of correlation times in vivo
may not be practical and the given times are only estimates.

The dispersion of relaxation times arises from either the “semi-solid” pool or from the
interaction of magnetisation between the two pools, i.e. exchange. Brown et al. concluded in
chemically immobilised protein phantoms that, dipolar-fields generated by the
macromolecular rotations significantly contribute to the spin-lattice relaxation at low By or in
the rotating frame (27). An alternative explanation for the T; relaxation dispersion claims that
chemical exchange between the bulk and semi-solid pools results in the phenomenon (7, 54,
61, 132, 229, 255, 265). It should be noted that the glutaraldehyde method commonly used for
immobilisation, cross-links the proteins from -NH protons leading to the absence of
exchangeable chemical groups (172) thus complicating the interpretation of data. Recent data
suggests that T, dispersion is mediated by proton exchange (59, 172) while dipolar

Protein Bound water  Bulk water Fig- 2. Processes affecting water relaxation in protein

solutions and tissue, where proteins act as relaxation

A X-H4 Ro sinks for the system. A) proton exchange through labile
= H H protons in side groups B) magnetisation exchange

\
o through water molecules in the binding sites and buried

T water sites. The magnetisation is exchanged through
B H 0\_: H H cross-relaxation. Slow protein tumbling creates dipolar
A

fields that affect water relaxation C) rotation of bound

water in the hydration layer and “diffusion exchange”
C <|'{ O/H on the surface of the protein. D) translational and
rotational movement (diffusion) of bulk water. Water
CKJ molecules are continuously exchanging between bulk
D and bound pools. Inside the protein, efficient spin
S diffusion relaxes the whole protein. Each process has its
H\ O/H own correlation time thus affecting only specific
~ A relaxation pathways. Based on (27, 28, 70, 97, 130, 131,
145).
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interactions in the molecule exchange pathway has been proposed to dominate T, dispersion
(132). Furthermore, a consensus prevails claiming that magnetisation transfer in vivo operates
mainly through a cross-relaxation pathway (80, 81, 106, 258).
Not surprisingly, very similar mechanisms are also operative for T, relaxation with a
common relation proposed as
R aop =Rt TR exen + R i [7]

Thus, apart from the intrinsic or irreversible transverse relaxation governed by the
mechanisms described previously, exchange and diffusion significantly contribute to R,. The
contribution of diffusion covers not only the translational effects, but also the susceptibility
effects. This is due to the fact that during TE, water diffuses through magnetically different
environments leading to additional dephasing. The commonly used SE methods can be
differently sensitised to these physical factors (see chapter 2.3.2.3). It should be also noted that
inhomogeneous By field and susceptibility effects from interfaces cause phase dispersion that
can affect T, While relaxation caused by the incoherent dephasing effects described
previously cannot be reversed, the frequency differences caused by other effects are reversible
by the spin-echo pulse sequence. Therefore effective T, relaxation time (T,*) can be
represented as a sum of two contributions:

R3=R,+R, [8]
where R, represents irreversible T, relaxation and R’ represents reversible contribution
caused by coherent dephasing effects from local field inhomogeneities and susceptibility
differences. It is thus understandable that unlike T, T, decreases with increasing By field
because of the increased effects of the susceptibility differences.

Finally it can be noted, that T, probes events taking place at much slower frequencies than
T, thus being inherently similar to T,. In fact, it has been shown that T, times obtained with
Carr-Purcell-Meiboom-Gill pulse sequence with short delay between refocusing pulses (see
chapter 2.3.2.3) and Ty, at low B, fields give similar relaxation results (171, 191, 208).
Interestingly, the dispersion of Ty, as a function of By field resembles that of T, (130), yet By
dispersion is similar to T> (62), showing that several mechanisms contribute to observed T,
relaxation times. In this instance, it should be emphasised, however, that T, relaxation is
significantly less sensitive to susceptibility effects provided that the B, field used is larger than
local field inhomogeneities (201).

2.3.2.2 Relaxation in perfused tissue, parenchyma

In addition to previously presented interactions, constantly “dynamic” components, such as
perfusion (or blood flow), may affect in vivo NMR relaxation. Flowing fluid within a MRI
voxel results in an unavoidable loss of the excited spins. This influences parenchymal T, and
can, in fact, be used for quantification of perfusion (see chapter 2.3.5). Flow may also affect in
vivo T, measurements due to a TE—dependent signal loss.
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From the functional point of view, it is interesting that transverse relaxation can be used to
detect the blood oxygenation level dependent effects (BOLD) (25, 29, 184, 185, 231). BOLD
contrast is generated by the local increase both in oxyhaemoglobin/deoxyhaemoglobin ratio
and cerebral blood volume (CBV) leading to prolonged T,* and T,. The BOLD effect is
mediated in blood water by exchange of water molecules between haemoglobin and plasma
(75, 247) and diffusion of water molecules through field gradients (76, 231). BOLD is
particularly intriguing for functional neuroimaging [for recent reviews on functional MRI
applications, see e.g. (119, 164)]. Quantitative models describing the T,* or T, BOLD effect
in physiological equivalents have been published (44, 186, 247, 262). From the point of view
of the present work, the intravascular single SE BOLD model (247) is of particular interest,
since it has recently been employed for quantification of haemodynamic and metabolic
adaptations to compromised haemodynamics (88, 125, 237, 247).

Table 1 collects together some of the physiological factors influencing in vivo Ty and T,
relaxation [for a systematic review of factors influencing in vivo relaxation see e.g. (23)]. Tip
relaxation is not well known in vivo, yet it is likely to be influenced by similar factors (87, 90,
159, 172).

Table 1. Physiological factors influencing in vivo relaxation

T, T2
Water content and free/bound water-ratio (protein mobility) (23, 24, 65, 121-123, 147)
Paramagnetic compounds (40, 222) (39,99)
CBF/perfusion (36, 52, 257)
BOLD (25, 184, 231)
Temperature (23, 53, 121)

2.3.2.3 Measurement of relaxation times

Solving the Bloch equations (eqs. [3a] and [3b]) yields respective equations for T; and T,
relaxation

M(t) = My (1- e%l ) [9a]
M) = Mye /2 [9b]

where My is the steady-state spin density and t is time. By sampling magnetisation at different
time points of the given NMR method, either T or T, can be quantified.

An inversion recovery (IR) method is a common NMR means to determine Tj, in which
magnetisation is inverted to —z-axis followed by sampling of the signal at different time points
called inversion times (TI). This is accomplished by repeating the inversion pulses with a
number of TIs or by repeatedly tilting a fraction of magnetisation to xy-plane and sampling the
magnetisation during a single recovery curve. The latter sequence is known as the Look-
Locker method. T> can be measured with a SE pulse sequence with different TEs and fitting
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the observed decay curve to eq. [9b]. In this instance, it should be noted that there are several
types of SE methods, each yielding T, with inherently different sensitivities to physical factors
such as exchange and diffusion (5, 38). The two common SE methods used are single-echo
(Hahn) spin-echo (Fig. 1) and Carr-Purcell-Meiboom-Gill (CPMG) multi-echo pulse
sequences. In the former method, each echo is acquired after a single refocusing pulse, while
the latter sequence consists of a train of refocusing pulses separated by a delay (Tcpmg) and the
echo is either collected after each refocusing pulse or after the entire train of pulses. Changing
Tcpmg Strongly influences the exchange and/or diffusion contributions to T, (see chapter
4.7.10). At very short Tcpmc, the CPMG refocusing pulse train approaches spin-lock (191,
208) conditions and, provided that the delay between the excitation and refocusing pulse train
is also very short, T> approaches Ti,. Finally, it is worth stating that the previously mentioned
reversible and irreversible contributions to T, (eq. [8]) can be separated by either using SE
(T;) and GRE (T,*) methods separately (85), or directly with SE/GRE hybrid pulse sequences
(6, 156). Ty, can be quantified by altering the length of the spin-lock pulse (spin-lock time,
SLT) and fitting the data to an exponential as in eq. [9b].

2.3.3 Magnetisation transfer (MT)

The concept of magnetisation transfer (MT) covers a group of MRI methods exploiting
exchange of magnetisation between the bulk water and semi-solid macromolecular pools. MT
is an expression of a previously mentioned exchange phenomenon (68, 267), in which the
NMR properties of water molecules change due to interaction between two spin pools with
different physico-chemical properties. The mechanism of magnetisation transfer mainly
involves cross-relaxation through molecule exchange pathway in vivo, but evidence has been
forwarded to show that proton exchange also contributes to MT in protein solutions (80, &1,
106, 258).

Wolff and Balaban first described irn vivo MT in the late 80’s (258). In an MT experiment,
macromolecular protons are saturated with an off-resonance rf field called B,, avoiding direct
saturation of protons in the bulk water pool. This is possible since short T, [piseconds (106)] of
macromolecular protons renders their line widths in the kHz range (Avy « 1/T;). Due to
exchange of magnetisation between the two pools, the B> pulse results in a signal loss of the
bulk water thus creating the MT contrast. The contrast is generated by applying either a long
“continuous wave® rf pulse (CW MT), or by short rf pulses (pulsed MT). MT contrast is pulse
sequence dependent (106) due to the effects of incomplete saturation and the contribution of
direct saturation of bulk water pool. One practical way to quantify MT is to calculate the ratio
between saturated (My,) and steady-state magnetisation (M), known as magnetic transfer ratio
(MTR) (81, 258)

M
MTR =1—— [10]

0
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A thorough quantification of MT variables requires acquisition of Mg, values at multiple
offsets [the Z spectrum (80)], and B, fields. Using a two-pool model of exchange, one can
then determine the relaxation characteristics of individual spin pools as well as exchange rates
between the pools (105, 106).

2.3.4 Diffusion

Diffusion is an expression of thermal “Brownian” motion of molecules. During an observation
. . . ) .

period, molecules move randomly with a mean squared displacement <r™> according to the

Einstein equation

<r2>=6Dt [11]

where D is the inherent molecular diffusion coefficient. This relation applies to isotropic
diffusion, i.e. to the condition where diffusion is equal along all directions of space.
Translation of molecules in a gradient field generates random phase dispersion of spins (93)
and leads to an exponential decay of magnetisation. NMR experiment can be sensitised for
diffusion by placing a pair of pulsed field gradients (“diffusion gradients”) into a SE pulse
sequence (219, 225), usually symmetrically with respect to the refocusing pulse. The first
diffusion gradient “labels” the spins and the latter gradient “refocuses” the spins not
undergoing diffusion during the time between the gradients.

Diffusion coefficient and the strength of diffusion sensitising gradients govern the rate of
the magnetisation decay

M =Mge™ [12]

The effect of diffusion sensitising gradients is described by “b-value” which in the case of
a pair of rectangular diffusion gradients has the form

b=y282G2(A—%) [13]
where G and J are the amplitude and duration of the diffusion gradient, respectively and, A is
the time between diffusion gradients.

Diffusion irn vivo is seldom isotropic, but becomes orientation dependent, i.e. anisotropic.
This is understandable, since membranes and cellular structures create inherent restrictions for
molecular diffusion. In addition, exchange of water across membranes leads to a situation
where water may experience different microenvironments with different inherent diffusion
coefficients during the data acquisition. For this reason, the diffusion coefficient determined in
vivo is termed as an “apparent diffusion coefficient”, ADC (138, 139). Furthermore, because
of anisotropy, a scalar diffusion coefficient is not adequate to describe in vivo diffusion
accurately (138). Diffusive transport, however, can be characterised by a second-rank tensor
of nine diffusion coefficients, D, that also takes into account the interaction between diffusion
gradients (14) [for a more detailed description of diffusion tensor and its applications, see
recent review by Le Bihan (140)].
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The measurement of full diffusion tensor provides unique information concerning
anatomical details of the tissue including fibre orientations and connectivity in the brain (15,
140, 165). The trace of the diffusion tensor,

TraceD=D,, +Dyy +D,, [15]

is an orientation-independent quantity to be used to describe average diffusion without
measuring the full tensor (49, 167, 244, 259)

D, = %TraceD [16]

2.3.5 Imaging of haemodynamics

MR methods known as “perfusion imaging” allow for quantitative imaging of haemodynamic
variables including CBV, CBF and mean transit time (MTT). The most widely used method
for perfusion imaging involves the use of paramagnetic MR contrast agent. The technique,
known as dynamic susceptibility contrast MRI, (DSC-MRI, “bolus tracking”) is now
commonly used to image haemodynamics for physiology and pathology purposes (36, 99,
227, 269). More recently a technique based on “magnetic” labelling of arterial blood by rf
field was developed (52, 257). These techniques are known as “arterial spin labelling” (ASL)
methods (36, 52, 127, 257).

In DSC-MRI, an intravascularly distributed paramagnetic contrast agent, such as
Gadolinium (III) - diethyltriaminepentaacetic acid (Gd-DTPA), is rapidly injected into a
peripheral vein. Once the “bolus” of the contrast agent reaches the region-of-interest, a short
blood relaxation time due to the paramagnetic label leads to a decline in MRI signal intensity
acquired either by a SE or GRE method. A series of perfusion variables including bolus arrival
time and peak intensity can be directly derived from the signal time course, and importantly,
the kinetics of MR signal behaviour makes it possible to determine absolute CBV, CBF and
MTT (see e.g. (36, 268, 269) for further details in modelling and limitations of methodology).
Blood pool contrast agents with long (>hour) plasma half-lives such as dextran-coated iron
oxide particles have recently been introduced in animal studies of CBV (98, 205).

In ASL methods, the labelling of blood is accomplished by either saturating or inverting
the spins flowing into the area of interest using rf pulses. The labelled blood water then
exchanges at the capillary level with extravascular water leading to reduction in the MR signal
intensity (52, 257). A subtraction of labelled image from non-labelled control image produces
a perfusion image with signal intensity proportional to CBF. Both continuous and pulsed rf
labelling schemes have been published (36). Continuous ASL (CASL) methods use a long
low-power rf pulse at the level of the neck to label the in-flowing arterial blood (52, 257),
while pulsed ASL (PASL) methods use short labelling pulses localised close to the volume of
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interest (60, 127, 134). ASL methods can produce quantitative CBF maps with high spatial
resolution. Indeed, CBF values reported by ASL methods agree with those obtained by other
modalities (36). As far as the use of ASL methods for cerebrovascular disease are concerned,
prolonged transit time, leading to reduced labelling due to T, relaxation of the blood, may
hamper quantification of CBF.

To complete the repertoire of MRI methods for imaging of cerebral “haemodynamics”, the
anatomy of the vasculature can be imaged using magnetic resonance angiography (MRA) (82)
methods. MRA methods resembling diffusion imaging also allow for the estimation of
perfusion based on phase dispersions caused by the blood flow (139).

2.4 MRI of compromised cerebral haemodynamics

It is clear from the above data that multimodal MRI methods are inherently suited for the
assessment of brain suffering from haemodynamic crisis. Indeed, very soon after the MRI
scanners became available in early 80’s, the technology was applied to both experimental and
clinical ischaemia (31, 217). Substantial research efforts both in experimental and clinical
settings have provided the basis for the central role of MRI in pathophysiology studies of
acute stroke (107), development of new treatment strategies and drugs (204), and patient
management (12, 181).

2.4.1 Cerebral ischaemia

The medical term “ischaemia” is used to depict a state of severely compromised
haemodynamics thus covering a spectrum of haemodynamic conditions. Brain ischaemia
syndromes are divided into two groups according to the haemodynamic state as follows;
firstly, global ischaemia and secondly, focal ischaemia (235, 254). Global brain ischaemia
results from “complete” cessation of blood supply to the brain and develops for instance after
cardiac arrest, severe cardiac failure or strangulation. Global ischaemia can be either complete
(no flow) or incomplete (some residual perfusion). In the latter condition, residual flow
prevails, but below the level needed to maintain oxygen and glucose supply for mitochondrial
energy metabolism. Focal ischaemia (this condition is the well-known ischaemic stroke) is a
consequence of locally compromised flow due to arterial blood clot or atherosclerotic
occlusion. It should be noted that brain has a special vascular system called the Circulus of
Willis forming an efficient communication between the main feeding arteries, i.e. the carotids
and vertebrales, which can supply blood to the ischaemic volume through the “collateral”
vessels. From a haemodynamic point of view it is thus obvious that the perfusion conditions in
global and focal brain ischaemia greatly differ. It would be anticipated that this difference
would have an impact on the pathophysiology of the two syndromes as well as on the
development of MRI contrasts in the early minutes of the insult.

Cerebral haemodynamics possesses a number of compensatory mechanisms to resist the
decline of CBF at reduced cerebral (central) perfusion pressure (CPP). Reduction of CPP
below the level of autoregulation (about 70 mmHg) is compensated by an increase in CBV. A
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continuing decrease in CPP leads to an increase in the oxygen extraction ratio (OER)
maximally by 2.5-fold (198, 254). Therefore despite the low CPP, substrates are supplied for
oxidative phosphorylation. At CBF values of 35-55 ml/100g/min, inhibition of protein
synthesis develops (160, 261), and weakening of synaptic function to the evoked potential has
been observed (77, 111). Either a global or focal subtle drop of CBF below a level of 20
ml/100g/min, results in a rapid decline in adenosine triphosphate (ATP), acidification, build-
up of lactate and cessation of evoked potentials and electroencephalographic (EEG) activity
(9,104, 111). Ischaemia at this CBF level is still considered to be reversible provided an early
reperfusion occurs. A drop of CBF to 10-15 ml/100g/min leads to a collapse of ionic
homeostasis expressed as anoxic depolarisation, which is associated with a shift of ions across
the cell membrane. The movement of ions elevates intracellular osmolality causing a shift of
water into the cell interior and a reduction of the extracellular space (ECS) (101, 115, 183).
The concept of critical CBF thresholds for cerebral ischaemia bears clinical and therapeutic
implications (111, 182). However, it should be noted that CBF thresholds have a significant
temporal component and the “ischaemic energy failure” tends to develop at higher CBF levels
during the course of compromised haemodynamics (111).

The focal decline of CBF below the level expressing the energy failure produces an
ischaemic “core”. The core represents a tissue volume that becomes subjected to permanent
damage if the arterial occlusion is not “reversed” spontaneously or by a treatment procedure.
A volume of tissue surrounding the core may have an insufficient blood supply, which is
above the level of ischaemic energy failure. This volume is referred to as “penumbra”. The
penumbra shows decreased electrical activity, yet persistent cellular integrity for a substantial
period of time (9, 77, 111, 209). The penumbra is thought to represent tissue at risk of
becoming damaged, yet potentially salvageable at the time of diagnosis (12, 111). A large
body of data both from experimental and clinical settings supports this concept (94, 108, 109,
111, 203, 223).

One of the most immediate effects of genuine ischaemia is a rapid exhaustion of oxygen
levels. Oxygen is used within 20 seconds of ischaemia (158, 174) while glucose is still
available for anaerobic metabolism. As a consequence, cells start to produce ATP through
anaerobic glycolysis leading to accumulation of lactate, which leads to acidosis (149, 216).
After 2-3 minutes, glucose is used up and ATP and phosphocreatine (PCr) levels collapse
(133, 141, 216). The absence of chemical energy terminates the energy-requiring processes
including membrane ion pumps. This leads to a massive shift of ions across the plasma
membrane and cell swelling (100-102). These events are completed within 5-7 minutes of
ischaemia. One of the most destructive intracellular signals caused by ischaemia is the rise in
intracellular calcium levels. The elevated calcium levels promote proteolysis and lipolysis,
resulting in breakdown of vital components of the cell metabolic machinery such as enzymes,
and structural components such as cytoskeleton and membranes in nucleus and cytoplasm (26,
118, 149, 195). In focal or incomplete ischaemia, conditions favouring net water accumulation
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prevail during the insult (18, 41, 122, 133, 170, 251, 264), but the most excessive water shift
into the tissue is known to require reperfusion (10, 18, 41). It should be pointed out that during
complete ischaemia or following cardiac arrest, minimal water accumulation prevails (41).

Following short ischaemic periods, CBF may become reinstated. The robust alterations in
metabolism and ionic and neurotransmitter homeostases lead to an overshoot in CBF as well
as in CBV (112, 135, 218, 232-234). This phenomenon is termed as "luxury perfusion” and
was originally described in humans during the 1960°s (137). The hyperperfusion phase may be
followed by a period of hypoperfusion (135, 218, 234). It has been reported that the oxidative
and intermediate metabolism recover with slower kinetics than the haemodynamics, but
protein synthesis is depressed much longer than other metabolic processes in the post-
ischaemic brain (4, 114, 149, 200, 218). Electrical activity may resume after the restoration of
energetic and ionic homeostasis (104, 176, 233). It should be noted that the recovery might
look apparently complete, yet a “secondary” collapse of cellular energetics may develop
subsequently (154, 245).

2.4.2 NMR methods in experimental ischaemia models

The interest of neuroscientists, neurologists and radiologists towards in vivo NMR methods in
conjunction with cerebrovascular disorders arose decades ago. Both 'H and *'P NMR
spectroscopy have been applied to the studies of experimental brain ischaemia revealing that
the energetics, intracellular pH (pH;) and build-up of lactate can be monitored in the different
phases of the insult (2, 8, 42, 73, 230, 252). However, due to the poor spatial resolution of
NMR spectroscopy methods, it has become obvious that these techniques are valuable only for
certain purposes.

First in vivo MRI findings from experimental ischaemia models were reported in the early
1980°s showing prolongation of T, and T, relaxation times after a few hours of ischaemia (22,
30, 110, 121-123, 157). It was demonstrated that prolonged relaxation times correlated with
the water content in vivo (65, 110, 121-123, 147, 177). Water accumulation is an expression of
irreversible ischaemia in the focally ischaemic brain or often also in the tissue with restored
CBF after a global insult. Therefore, tissue with signs of long T; and T, relaxation times in
MRI most often represents developing or mature infarction. In line with this idea, increased
spin density was shown to be associated with T, contrast one day after induction of focal
tschaemia (128, 190). Interestingly, a recent study has indicated that destructive processes,
such as proteolysis, may also contribute to the prolongation of T, relaxation time during the
evolution of ischaemia (64).

One clear breakthrough in the field of MRI took place in 1990 when Moseley et al.
reported that the water diffusion coefficient became reduced within the first hour of ischaemia
(168) and at this time point T, showed no abnormalities. They showed that the cerebral energy
state, as revealed by *'P NMR spectroscopy, was collapsed in the tissue with reduced
diffusion. Moseley et al. suggested that ischaemic energy failure was one of the primary
factors causing reduced water diffusion. Indeed, Busza et al. reported that the CBF level
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leading to a decline in water diffusion was about 20 ml/100g/min, thus being virtually the
same as for the collapse in ATP (33). Subsequently, diffusion MRI has rapidly gained
acceptance both in experimental and clinical settings (12, 181).

After the pioneering work of Moseley et al., it soon became apparent that the decline of
water diffusion is a robust response in the brain to a variety of noxious insults, such as
injection of N-methyl-D-aspartate (NMDA) (19) and spreading depression (32, 45, 223).
These observations are interesting in the search of the pathophysiological events leading to
reduced diffusion. A two-compartment model comprising of extracellular and intracellular
compartments has been employed in efforts to understand water diffusion in vivo (19, 196,
220). According to the model, diffusion in the extracellular space (ECS) is almost free, being
restricted only by cell membranes, whereas in the intracellular space high viscosity and cell
organelles substantially restrict molecular Brownian motion. In ischaemia, the shift of water
from ECS to the cell interior and a reduction of ECS are considered to account for the decline
in water diffusion (17, 19, 161, 163, 169, 239, 243, 244). The good match between diffusion
changes (43, 46, 47, 50, 103, 116, 117, 197, 246) and the ionic changes and ECS shrinkage
(101, 102, 183) support this hypothesis. Careful analyses of temporal relations have suggested,
however, that substantial changes in diffusion MRI may occur prior to anoxic depolarisation,
indicating that other mechanisms are also likely to contribute to the ischaemic diffusion
change (103, 116, 117, 150). Diffusion MRS using intracellular and extracellular markers
showed a similar drop in diffusivity in intra- and extracellular compartments in global
ischaemia (58). In addition, the similar behaviour of diffusion of water and intracellular
metabolites supports the hypothesis that a true change in intracellular diffusivity may be the
key factor underlying the ischaemic diffusion drop (55, 96, 242, 256). Possible mechanisms
explaining the reduced intracellular diffusivity include increased intracellular viscosity and
cessation of energy dependent intracellular “streaming” (55, 58). Furthermore, it has been
shown that a Ca®"-dependent intracellular mechanism may significantly contribute to diffusion
changes in the energetically compromised brain tissue (96).

The magnitude of ischaemia-induced reduction in diffusion coefficient is typically 15-30%
over the first minutes of the ischaemic insult (43, 46, 227). A 5% drop of water ADC has been
observed prior to a large collapse of diffusion, potentially reflecting a drop in CBV or
intravascular susceptibility changes (47, 56). During the evolution of ischaemia, there is a
maximal 40-50% decrease in ADC (35, 43, 109). It has been proposed that in focal ischaemia,
diffusion MRI may potentially be used to differentiate core (diffusion < 80% of control) from
penumbra (109, 188).

In permanent focal ischaemia, diffusion remains low for several days until it begins to
increase 24-48 h after the onset of ischaemia. This phenomenon is called “pseudo-
normalisation” and it is associated with clearance of damaged cells and their replacement with
astroglia (12). In a more chronic state of ischaemia, diffusion is elevated. By combining
diffusion and T, MRI, one can separate acute from subacute and chronic ischaemia, and in
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fact, models based on the quantitative MRI of these two contrasts have been proposed for use
to identify the different stages of ischaemic damage.

The data above clearly show that diffusion MRI is of great value in imaging of acute and
subacute ischaemia. Substantial efforts have been placed to exploit diffusion MRI as a
predictive index of tissue outcome. Unfortunately, many confounding factors have been
reported for interpretation of diffusion MRI. One of these factors is that diffusion may
temporarily recover upon restoration of flow even when an infarct develops over the
subsequent days (35, 43, 90, 113, 142-144, 161, 162). Consequently, it appears that the
outcome predictive value of a single time point diffusion MRI is low (197).

DSC-MRI probes directly the haemodynamics. Therefore it is capable of highlighting
brain regions suffering from reduced perfusion “hypoperfusion” or ischaemia through delayed
bolus arrival/washout, reduced CBV, prolonged MTT or even a complete absence of perfusion
(36, 227). It should be noted, however, that even if the information obtained from DSC-MRI is
of great value in the assessment of acute stroke patients, it is only “a mechanical” measure of
perfusion, and does not provide any direct insight into the tissue viability. A recent work
combining DSC and diffusion MRI advanced the predictive value of each of the methods by
introducing the concept “perfusion/diffusion mismatch™ (12, 13, 248, 268, 269). It was shown
that in the cases where perfusion MRI showed a much larger volume of abnormality than
diffusion MRI (the condition termed as perfusion/diffusion mismatch, suggested to represent
“penumbra”), the final stroke volume approached that shown by DSC-MRI, unless the
vascular occlusion was reversed. In contrast, in cases where initially similar volumes of
damage were revealed by the two methods, the stroke volume did not grow.

As reviewed above T;, T> and diffusion MRI using altered physical properties of
endogenous water together with DSC-MRI with exogenous contrast agents can reveal both
tissue and haemodynamic changes in acute and subacute cerebral ischaemia. Significant
progress has been made in the further exploitation of endogenous contrast mechanisms in
(hyper)acute ischaemia using relaxation —based contrast. The studies using T>* or T> MRI
challenged the conventional concept of transverse relaxation as being a sign of irreversible
ischaemia. It was reported that during hypoxia, in the early minutes of global ischaemia and in
focal ischaemia even for substantial periods of time, there is a reduction in transverse
relaxation times instead of the well-known increase (35, 48, 85, 89, 125, 155, 202, 236).
Shortening of transverse relaxation time was associated with reduced blood oxygen saturation
level and indeed, in a focal ischaemia model it has been shown to require collateral flow (202).
Grohn et al. recently showed that the negative BOLD effect was expressed at a CBF level of
below 60% of normal with maximal negative BOLD occurring at CBF of 30 ml/100g/min, a
flow value below which the cerebral metabolic rate of oxygen (CMRO,) is known to become
inhibited (88). The intravascular quantitative SE BOLD model by van Zijl et al (247) was able
to explain the entire parenchymal T, decline in acute flow compromise to be due to BOLD.
This is interesting, since T> MRI can be expected to reveal a mismatch between the oxygen
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delivery and consumption to the brain and on the other hand, negative BOLD would be
possible only through active oxygen extraction by the tissue (86). Lin et al. have used BOLD
MRI in clinical settings attempting to quantify OER and CMRO; in stroke patients (146).

Another “surprising” observation has been that there is an early T, prolongation in the
ischaemic brain, well before net water gain (35). In some regards, the T, prolongation would
be expected, since CBF as such influences parenchymal T,. On the other hand, it has been
speculated that a part of the acutely increased cerebral T, may be due to other factors such as
exhaustion of tissue oxygen or microenvironmental physico-chemical changes (35, 155).

Very recently it was reported that T, or dispersion of Ty, are sensitive MRI markers of
acute ischaemia (87, 90). Ty, increases up to 30 % of control were detected within the first
hours of focal ischaemia. Interestingly, in a rat model of transient focal ischaemia, Ty, when
quantified in the early minutes of reperfusion provided a high predictive value of the degree of
neuronal loss that was determined 24 hours after the insult (87). The CBF threshold for acute
T contrast was shown to be about 20 ml/100g/min, thus being very similar to that of energy
failure and generation of diffusion contrast (87). The pathophysiological factors causing the
acute T, contrast are evidently of substantial scientific interest.

2.4.3 MRI in the assessment of tissue status

Considerable efforts have been placed to derive predictive models of tissue outcome from
single time point MRI data, a situation most closely resembling clinical work. It has become
clear that no single MRI parameter is able to predict the outcome of tissue, and thus a
multimodal MRI would be needed. As indicated above, perfusion/diffusion mismatch is
currently a very appealing way of revealing reversible ischaemia in human stroke patients
(269), and obviously, one can combine T, relaxation data into it to complement this model of
tissue status. Welch et al. introduced the concept of “tissue signatures” for diffusion and T,
MRI (253). The model of Welch et al. was intended to assign developing and consolidated
infarct with an aim of giving the point-of-no-return for the clinician. Many groups have
recently revised the model (35, 37, 67, 89, 227). The recent revisions are aimed at separation
of irreversible and reversible ischaemia, for instance in the revised model by Gréhn et al. (86),
the negative BOLD effect is used as a marker of reversibility.

2.4.4 MRI in the studies of human acute stroke

A trend toward an active treatment of patients suffering from acute brain insults including
stroke is imminent (12, 148). Currently recombinant tissue plasminogen activator (rt-PA) (83)
is in use for stroke treatment with several other drugs in clinical trials. Since the first clinical
applications of MRI for stroke (206, 217), it has become clear that MRI possesses a better
capability to delineate ischaemic tissue from non-ischaemic tissue as compared to the
computed tomography (CT). As indicated earlier, the diffusion MRI paper by Moseley et al.
(168) certainly multiplied the clinical interest towards the use of MR methods as such for the
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diagnosis of acute cerebrovascular conditions in clinical settings (168, 250) and since then
MRI has become the method of choice for acute stroke diagnosis (181).

It has been interesting to note that a number of MRI observations emerging from
experimental stroke models have been found to be applicable in stroke patients. These include
the time courses of T, and diffusion MRI contrasts during the evolution of ischaemia,
normalisation of diffusion after thrombolytic treatment followed by a secondary decline in the
areas subjected to damage and the presence of negative BOLD in the early hours of stroke at
1.5 T (12, 13, 16, 126). One of the main differences has been the time course of contrast
development, for instance reduced diffusion may be detectable for 4-10 days after the onset of
early symptoms (136, 210, 238) and a perfusion defect without any reduced diffusion may be
present for days (11, 248). The differences may reflect haemodynamic characteristics of
species.

A state-of-the-art protocol for imaging of acute cerebrovascular condition would include
diffusion, perfusion and T, weighted MRI with a possible extension of MRA for detection of
vascular occlusion or T,* MRI for estimation of haemorrhage (12, 13, 181). In particular,
diffusion/perfusion mismatch has proved to be a working concept in clinical settings (12, 16,
181, 221). It should be noted that clinical radiologists usually work with MR images acquired
with weighting to a given contrast rather than those displaying absolute values. The
convention of using weighted images certainly places limits for the possibility of detecting 2-
10% relaxation changes and also it requires high By and B; homogeneity from the MR
scanner.
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3 AIMS OF THE STUDY

It is firmly established that MRI rapidly and reliably identifies the tissue suffering from an
ischaemic insult. Recent experimental studies have suggested that a substantial body of novel
pathophysiologic information would become available through absolute quantification of T,
T, or T1, MRI in hyperacute cerebral ischaemia and that this information may be useful in the
assessment of tissue viability (35, 87, 89). The aim of the present work was to study the
pattern of these MR relaxation changes in the very first minutes of ischaemia in various
animal models and to explore the contribution of pathophysiologic factors to the MRI contrast
generation. A special focus was placed on the effects of haemodynamic factors, macroscopic
and microscopic susceptibility, tissue acidification and water accumulation. The goal was to
distinguish between the intravascular and tissue effects on the MR relaxations and thus, to
assign the contrast generation mechanisms to a given pathophysiologic factor associated with
hyperacute stroke.

The specific aims in these studies were as follows:

1) to estimate the contribution of CBF to parenchymal T, relaxation time in the rat global
and focal ischaemia models. In the latter model, the value of Ty MRI in the prediction
of tissue outcome was also investigated.

2) to explore T, relaxation in acute ischaemia and to identify the contributions of
physico-chemical alterations in the intravascular and tissue compartments. The
experiments were designed to address the contribution of loss of ionic homeostasis to
the changes in T, relaxation time induced by ischaemia, as well as to study the effects
of intracellular pH, BOLD and haemodynamic factors, and tissue oxygen tension.

3) to apply the intravascular SE BOLD model (247) for the assessment of haemodynamic
and metabolic recovery after a brief cerebral ischaemic insult.
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4 MATERIALS AND METHODS
4.1 Preface

In the following, the methods used in the current studies are briefly summarised. For further
details, see individual publications (I-IV).

4.2 Animals

Male Wistar rats (National Laboratory Animal Centre, University of Kuopio) weighting 250-
350 g were used. Animals were fed ad libitum (I, 11, IV) or fasted overnight (III). The
National Laboratory Animal Centre at the University of Kuopio approved all animal
experiments.

4.3 Anaesthesia

For T; experiments, MRI animals were initially anaesthetised with 4.0 % halothane in
70%/30% N,0/O, and maintained with 1.0-1.5 % halothane for surgery after which
anaesthesia was switched to o-chloralose (slow bolus of 80 mg/kg i.v., 20 mg/kg hourly) (I).
In Ty, experiments, either 0.7-1.2 % halothane in 70/30 N>O/O; (global ischaemia experiments
induced by cardiac arrest) or 1.2-1.5 g/kg, 1.p. urethane (all electrophysiology and hypoxia or
hypercapnia experiments) was used (II, III). In T, BOLD MRI (IV), the animals were
anaesthetised with halothane for electrocoagulation of vertebral arteries and re-anaesthetised
three days later with urethane for following surgery and MRI and CBF determination.

4.4 Physiological monitoring

Blood gases and pH were analysed from blood samples obtained through a femoral artery line
[ABL-5, Radiometer Inc., Copenhagen, Denmark (I, III) or i-STAT, i-STAT Co., East
Windsor, NJ, USA (II, IV)] during MRI experiments at the time points indicated in the
individual articles. Blood glucose was assayed [One Touch Basic, Lifescan Inc., Milpitas, CA,
USA (III), Precision Q.I.D., Medisense, Inc, Bedford, MA, USA (IV)]. Mean arterial blood
pressure (MABP, CardioCap II, Datex, Helsinki, Finland) via femoral arterial cannulae and
body temperature were monitored on-line during surgery and MRI (I-IV), and core
temperature was maintained close to 37 °C by circulating warm water in a heating element (I-
IV) or by blowing warm air through the magnet bore (I).

4.5 Animal models

Transient middle cerebral artery occlusion (MCAQ) was produced using the intraluminal
thread model of Longa (152) (I). Briefly, a nylon thread (diameter 0.22 mm) was inserted into
the right common carotid artery (CCA) until the opening of the MCA became blocked. Rats
were transferred into the magnet immediately after the occlusion. The thread was retracted
after 20 or 90 minutes of occlusion while the rat was inside the magnet. In sham-operated
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animals, the thread was inserted only to the opening of the internal carotid artery leaving the
MCA flow intact.

A four-vessel model proposed by Pulsinelli et al. (199) was modified for graded CCAs
occlusion and global ischaemia studies (IV) as previously described (88). Briefly, both
vertebral arteries were occluded by electrocoagulation three days prior to CCA occlusion.
CCAs were exposed and surrounded with silicon-coated snares joined to a controllable screw
device as previously described (88). The device allowed either for graded or complete
occlusion and release of CCAs while the animal was inside the magnet. Two animal groups
with either a 15-minute graded CCA occlusion followed by complete ischaemia or complete
ischaemia of 7 minutes, both with subsequent reperfusion, were studied. In the animals
exposed to graded CCA occlusion without drop in water diffusion coefficient, a complete
occlusion of CCAs for 15 minutes was induced after a recovery period of 30 minutes.

For hypoxic hypoxia, hyperoxia or hypercapnia experiments, the rats were mechanically
ventilated (Harvard Instruments Small Animal Ventilator, Boston, MA, U.S.A.) (II). The
inspired oxygen level was altered to either 100% or 10% to induce hyperoxia or hypoxic
hypoxia, respectively. Hypercapnia was produced by adding 10-40% CO; to inhaled gas
mixture through the ventilator.

Global ischaemia was induced by cardiac arrest with a bolus injection of saturated KCl i.v.
during MR data acquisition (I, I1, III). Cardiac arrest was verified from the collapse of blood
pressure (pressure drop below 15 mmHg) and visually observed cessation of breathing. Pre-
ischaemic hyper- or hypoglycaemia (III) was induced by giving either 2.5 ml of 50% glucose
solution or 3 IU/kg of human insulin (Orion Pharmaceuticals Inc, Espoo, Finland)
intraperitoneally, respectively, 30 minutes prior to the global ischaemia experiments.

4.6 Electrophysiology
4.6.1 Tissue oxygen tension (PtO,)

Tissue oxygen tension (PtO;) was quantified using custom-made carbon-fibre electrodes (II).
Two carbon-fibre electrodes coated with glass (diameter of 30 um) were inserted into both
sides of cortex 1.5 mm caudal to bregma and 3 mm lateral from the midline to a depth of 500
wm, with reference electrodes inserted subcutaneously in the flank. The oxygen-sensitive
electrodes were polarised with a reduction voltage of -0.7 V.

4.6.2 DC potential

DC potentials were recorded using a platinum/iridium electrode inserted into the
somatosensory cortex 1 mm caudal to bregma and 3 mm lateral from midline to left side of the
brain (III). Ag/AgCl reference electrodes were inserted subcutaneously in the flank.
Measurements were continued for the duration of MRI experiment. Electrophysiological
measurements and MRI were synchronised based on MRI artifacts present on the DC traces.
Prior to the analysis of DC traces, a median filter was used to reduce the artifacts.
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4.6.3 Cerebral blood flow

CBF was quantified (IV) using the hydrogen clearance method (42, 88, 263). Briefly, two 1
mm platinum/iridium electrodes were inserted 1 - 1.3 mm into both sides of cortex 1.5 mm
caudal to bregma and 3 mm lateral from midline. Ag/AgCl reference electrodes were inserted
subcutaneously in the flank. A hydrogen clearance curve was recorded following the
inhalation of Hy/N,/O, 10/65/25 (%/%/%) gas mixture and analysed using the initial slope
approach (189).

4.7 Nuclear magnetic resonance methods
4.7.1 Hardware

Magnetic resonance data were acquired using a 4.7 T horizontal magnet (Magnex Scientific
Ltd, Abington, UK) interfaced to an s.mi.s. console (Surrey Medical Imaging Systems Ltd,
Guildford, UK, I, III, IV) or Varian UNITY ;NOV A4 console (Varian Inc, Palo Alto, California,
USA, II, 1IV) and 9.4 T vertical magnet (Oxford Instruments, Oxford, UK) interfaced to an
s.m.i.s. console (I). Both magnets were equipped with actively shielded field gradients
(Magnex). Home-build surface coils, tuned to 'H frequencies of 200 and 400 MHz, were used
for both transmitting and receiving. A linear birdcage/surface coil transmitter/receiver pair was
used for MT measurements (III). A 'H/'P surface coil was used for hypercapnia experiments
(II). Cerebral T; was quantified at 1.5 T (Siemens Vision+, Siemens AG, Erlangen, Germany)
using a body resonator for signal transmission and a surface coil for signal detection (I).

4.7.2 The apparent diffusion coefficient

The trace of the diffusion tensor (D,,) was quantified using a single SE sequence with four or
eight bipolar gradients along each axis (167). The sequence was either an imaging sequence
with a non-selective adiabatic BIR-4 (74) refocusing pulse (I, IV) or a line-scan sequence
(116) with selective sinc pulses (II, III). ADC with diffusion gradient along x-axis was
measured using a modified driven-equilibrium Fourier transform (DEFT) sequence (I) with a
pair of diffusion-sensitising gradients around the 180° refocusing RF pulse in front of a
FLASH imaging scheme (228).

4.7.3 Ty, Tip and T, relaxation times, spin density and MTR

An IR fast spin-echo sequence was used to determine T; at 1.5 T. At 4.7 and 9.4 T, T, was
quantified using a non-selective adiabatic inversion pulse followed by a crusher gradient in
front of either a FLASH imaging scheme (I) or a line-scan sequence (II). In some experiments
carried out at 4.7 T, a Look-and-Locker-type sequence consisting of 20 FLASH images
acquired immediately after a non-selective adiabatic inversion pulse (51, 179), was used for
measuring Ty (I).

On-resonance Ti, was quantified using a spin-lock pulse of variable amplitude of (B,
range 0.2-1.6 G determined across the imaging slice by calibrating the power needed to
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produce 180 degree pulse of respective length). The spin-lock sequence consisted of two
adiabatic half-passages, joined by a spin-lock period of variable length (spin-lock time, SLT)
followed by a crusher gradient (87) in front of a line-scan acquisition (II, IIT). Dispersion of
T, over a range of By fields was quantified by using four spin-lock amplitudes (0.2-1.6 G)
(II0).

A set of T, images were acquired using a single spin-echo sequence with either an BIR-4
refocusing pulse (I, IV) or a line-scan sequence with 180° sinc pulses (II, III). Spin density
was estimated from a single exponential fit of T, MRI data acquired with multiple TEs and
correcting for T, saturation effects (I). Spin density ratio between ischaemic and non-
ischaemic hemispheres was estimated.

MTR was assessed by measuring signal intensity with (Mg,) and without (My) an off-
resonance saturation pulse (I1I).

4.7.4 Relative CBV (CBV,)

Changes in CBV were determined using an iron oxide based blood pool MRI contrast agent,
(AMI-227, 6 mg/kg i.v., Guerbet, France) (I1, IIl, IV) and the established linear relationship
between the relaxation rate change (AR;) and contrast agent concentration (227). Relaxation
data was obtained using a SE pulse sequence. Hematocrit was assumed to remain constant.

AR, o C(t)CBV [17]
AR; was obtained from T, values prior to and after injection of AMI-227
AR, = 1 - 1 [18]
T2,post TZ,pre

AMI-227 has a half-life of >4 hours in the rat (194). In the KCl induced global ischaemia
experiments (III), the delay from AMI-227 injection to cardiac arrest was about 20 minutes,
and the washout of the contrast agent was not corrected for. In other experiments (II, I'V), the
total measurement time was more than an hour, and consequently, the decay of intravascular
contrast agent was corrected to avoid underestimation of CBV. A corrected AR; at each time
point (elimination time constant, A, 0.154 h', # in hours) (194) was calculated according to

AR, o (1) = AR (t)e™ [19]
The relative CBV (CBV,) changes were computed from the equation
AR t
CBV,, = RoconV) [20]
ARZ,COIT (0)

The effect of AMI-227 on the parenchymal T, and T, was quantified by injecting the
contrast agent i.v. in a step-wise manner up to a level of 16 mg/kg.

4.7.5 Intracellular pH (pH;) and energy status: *'P NMR spectroscopy

Surface-coil localised *'P NMR spectra were acquired using a pulse-acquire-sequence (IT) and
PCr, free inorganic phosphorus P;, and ATP peaks were fitted using the Advanced method for
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accurate, robust and efficient spectral fitting [AMARES, (249)] in the Java version of the
Magnetic Resonance User Interface [MRUI (175, 241), www.mrui.uab.es/mrui/]. pH; was
calculated from the chemical shift difference between PCr and P; peaks using calibration curve
by Taylor et al. (226).

4.7.6 Tissue temperature, lactate concentration and pH;: "H NMR spectroscopy

Non-water-suppressed '"H NMR spectra were acquired using a stimulated echo acquisition
mode (STEAM) sequence (69) with a localised 8x8x4 mm® voxel positioned in the area
covering both putamen and parietal cortex (III). Spectra were collected prior to ischaemia and
20 minutes after induction of global ischaemia in animals with varying pre-ischaemic blood
glucose levels.

Water, choline-containing metabolites, creatine+PCr, N-acetyl aspartate (NAA) and lactate
(only in the ischaemic brain) were fitted using a Variable projection method (VARPRO) (129)
in Matlab version of MRUL. Brain temperature was calculated from the frequency difference
between water and NAA utilizing the quantitative interrelationship determined by Cady et al.
(34). Fitted signal amplitudes were used to calculate absolute lactate concentration.
Intracellular pH (pH;) was calculated from brain lactate using an established relationship
taking into account pre-ischaemic pCQ, status (124).

47.7 Blood Ty, and T,

NMR relaxation times Ti, and T, were determined in a fresh bovine blood thermostated to
37°C (II). Oxygen saturation was adjusted by mixing N, and O, each containing 5 % CO,, in
a gas exchange system as previously described (78). Blood was circulated in a cuvette
(diameter of 8 mm) positioned vertically and perpendicular to By. The effect of reduced pH on
blood Ti, MR relaxation was also explored by reducing pH from 7.30£0.04 to 6.90=0.01
while maintaining oxygen saturation >0.95.

Blood Ti, and T, were determined also in the presence of AMI-227 in heparinised rat
blood by increasing the contrast agent concentration up to 200 mg/ul (approximates to an
injection of 12 mg/kg in a 350 g rat). These experiments were carried out in well-mixed blood
samples at room temperature.

4.7.8 Relaxation in BSA solutions

Bovine serum albumin (BSA, fraction V, Sigma Chemicals, St. Louis, MO) was dissolved in
potassium phosphate buffer (pH 7.4) to yield an 8% solution (IT). The dissolved gas content in
the phantoms was manipulated before sealing the samples in 5 mm NMR tubes as follows: (i)
nominal zero dissolved gas was obtained by freezing and thawing the samples in a vacuum,
(il) room air-saturated samples were frozen and thawed under normal air pressure, and (iii)
samples were equilibrated with 100% oxygen for 15 minutes. Relaxation times were
determined spectroscopically as described previously (172).
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4.7.9 Data analysis

Absolute T,, Ty, T), and diffusion images were computed by fitting the data to a single-
exponential as a function of TE, TI, SLT and b-values, respectively. T FLASH data obtained
with the Look and Locker method were analysed taking into account the effect of FLASH
acquisition to the relaxation curve as described by Nekolla et al. (179). MRI parameters during
insult were compared with control values obtained from control hemisphere (focal ischaemia)
(I) or prior to ischaemia (global ischaemia) (I-IV) or hypoxia/hypercapnia (IT). Statistical
significance was analysed using Student’s t-test and one-way analysis of variance (ANOVA)
with Tukey’s honest significant difference post-hoc test (level of significance at p<0.05).

The dependence of T, on spin-lock field amplitude, termed as T, dispersion, was
estimated using an exponential fit of the format (87)

T, =—Ae™™ +B [21]

Fitted coefficients, A and B, can be interpreted so that A describes the T, dispersion (drp)
while B-A estimates Ty, as B; approaches zero. This empirical procedure has been shown to
provide a good estimate for in vivo Ty, values acquired with different B, amplitudes (87).
However it should be noted that the computations were used to facilitate the comparison of
dispersion changes rather than for a rigorous treatment of T, data. Adr, in ischaemic tissue
was calculated as the relative change of coefficient A as compared with the same brain area
prior to the insult.

The kinetics of MRI variables following cardiac arrest was analysed by estimating the time
points where the change in Ty, and D,, started (i) and 50% of the maximal change had
occurred (tso). For this purpose T, and D,, were fitted to equations

X(t) =X, t<tini [22a]

—t—tjni

X(t)= X, + D{l —e O +k(t—t,; )} t>=tin; [22b]

Fitted values for t;,;, Xo (a value prior to KCI injection), C (an exponential term for initial
rapid change), k (a linear term mainly corresponding to slower change in the later phase) and
D (a scaling factor for the overall magnitude of the change) were used to calculate ts.

4.7.10 Simulation of parenchymal T, and T}, relaxation times

A model quantitatively relating SE BOLD changes with physiological parameters including
CBF, CMRO,, CBV and OER (247) has previously been successfully applied to several
haemodynamic challenges including acute hypoperfusion and ischaemia (88, 125), hypoxia
(247) and hypercapnia (237). In the following section, the key equations and quantitative
assumptions of the theory relevant to the current experimental settings (II, IV) are
summarised. The same intravascular T> BOLD model with minor modifications was used for
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estimation of parenchymal T;, changes, since the MRI timing of Ty, and T, experiments are
very similar.

An MRI voxel contains tissue and a mixture of blood vessels with different oxygenation
levels (arterioles, capillaries and venules). Therefore the contribution of both blood and tissue
R; (or Ryp) has to be accounted for in calculating parenchymal relaxation effects. As a slow
exchange of water between microvessels and tissue (193) is expected to prevail also in
ischaemia as long as the blood brain barrier is intact, the signal attenuation in a SE experiment
can be expressed as:

hiig;) _ Xtissuee—Rz,tissueT

in which g, ¢ and v indicate arteriolar, capillary and venular volumes, respectively. The tissue

E ~R2,blood,iTE _ ~R2,appTE
+ 2 Xplo0d,i€ =e [23]
1

fraction (Xsssue) and blood fractions (Xpiceq; ) are related via

CBV, .
X tissue — 1- zi‘dxblood,i =1- 21‘4 Vd +CBV —CBV 1€ a,c,v [24]

norm

where Vq4 (in ul/g) refers to the normal brain water distribution volume [820 ul/g (211)] and
CBVyom (in ul/g) to the CBV under normal conditions [4.77£0.13 % (207)]. To estimate the
combined effect of all the different microvessels, the functional arteriole:capillary:venule
volume ratio of 0.05:0.49:0.46 was used, where the capillary fraction includes capillaries and
smaller arterioles where the gas exchange occurs (88, 214).

The R, in blood can be derived as volume-weighted sum of the relaxation rates in
different compartments (247):

R biood, i = Het ;R +(1—Het DR, s +

2.ery

i iea,c,v [25
Hcti(l—Hcti)(Ami)%{l_ 21, tanh[TczPMG H [25]

Termo T
where R, ey and Ry 14 are the relaxation rates for erythrocytes and plasma, respectively, Aw; is
the susceptibility difference and 1, is the lifetime of exchange of water between plasma and
erythrocytes, Hct is cerebral microvascular hematocrit [the values for the five above-
mentioned parameters were taken from (88)] and Tcpug is the interpulse interval in a Carr-
Purcell-Meiboom-Gill (CPMG) multiecho method (88, 247). Aw; is determined by the fraction
of the deoxygenated haemoglobin (X4eoxy) that in turn depends on the arterial oxygen saturation
fraction (Y,) and OER and can be expressed in microvessels as

Xdeoxy,a =1- Ya [263]

X geoxye =1~ Y, +0.5-OER Y, [26b]

X geoxyy = 1= Y, TOER-Y, [26¢]
CMRO

OER = 2 [27]

[Hb,,]-CBE-Y,
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4 Materials and methods

where [Hbyy] is the haemoglobin concentration (247). It should be noted from eq. [25] that in
the CPMG experiment where there is a very short interpulse interval and a large number
refocusing pulses, the exchange contribution becomes negligible, leading to lower sensitivity
of these sequences to BOLD (247). In contrast, in the Hahn single echo method with
Tcpmc=1E, the exchange effects become maximal resulting in a large BOLD effect with single
echo MRI as well as in a TE dependency of T» (29). Consequently, parenchymal T, must be
determined from data acquired with several TE times from high signal-to-noise ratio images
for quantification of BOLD. To determine the fractional contribution of blood to the
parenchymal T, blood relaxation can be estimated from calibration curves of blood Ty, as a
function of oxygen saturation (IT).

Experimental data from cerebral ischaemia show that the R, of the tissue remains unaltered
after short periods of ischaemia (128, 144). The relaxation rate for the rat cerebral tissue (Ro,
issue) at 4.7 T was determined from control data using OER of 0.36 under normal physiological
conditions (247).

Kuopio Univ. Publ. G. - A.L. Virtanen Institute for Molecular Sciences 2:1-67 (2002) 41



Mikko Kettunen: MRI of acute cerebral ischaemia

5 RESULTS

Physiological values including arterial blood gases, blood glucose, MABP and core
temperature were close to normal during the experiments (I-IV). Hypoxic hypoxia, hyperoxia
or hypercapnia (IT) resulted in altered pO, or pCO, status, respectively, as desired. Similarly
the blood glucose levels were significantly altered in the rats injected with insulin
(hypoglycaemia group) or 50% glucose (hyperglycaemia group) (IIT).

Table 2. Quantitative MRI data from normal rat brainat 4,7 T

Article T, (ms) T, (ms) Ty, (ms) MTR* D, (10°mm?s)
I 1459411 n.d. n.d n.d. 0.74£0.01
11 1390440 51.7x20.5 78.520.6 (B;=0.6 G) n.d. 0.7710.01
111 n.d 56.8+0.4 101.0£0.5 (Bi=1.6 G) 0.60£0.05 0.74£0.01
v n.d. 51.3+0.6 n.d. n.d. 0.70£0.02

Values are as means=SEM. “Pulse length 5 s, B, amplitude 0.3 kHz, 6 kHz off-resonance.
n.d. not determined

5.1 Parenchymal relaxation in hypoxic hypoxia, hyperoxia and hypercapnia (II)

Parenchymal MR relaxation is sensitive to chemical exchange and (paramagnetic)
susceptibility effects. The contributions of acidosis through pH dependent proton exchange
and intra- and extravascular susceptibility to parenchymal T, relaxation were quantified in
energetically competent brain tissue by (i) inducing tissue acidification by hypercapnia and (ii)
by altering PtO, with hypoxic hypoxia and hyperoxia.

During severe hypercapnia, a reduction of pH; by 0.3 was associated with an increase in
T, by 2.910.1 ms, as measured with B, field of 0.6 G. Using the blood T, relaxation data and
the intravascular BOLD model, it was estimated that 50% of the response could be due to the
haemodynamic adaptations to hypercapnia. The computed values were in agreement with the
data from the rats injected with AMI-227 showing an increase in parenchymal Ti, of 1.8+0.3
ms upon severe hypercapnia. Under these conditions, the blood T, had been shortened below
10 ms thus giving negligible contribution from the vascular compartment to the parenchymal
T, relaxation. The plots of parenchymal T, determined either in the presence or absence of
AMI-227 vs. pH; suggest that an acidification of cerebral pH; by one pH unit would prolong
tissue T, approximately by 4-5%.

Molecular oxygen is a well-known paramagnetic agent (40). In line with this, both T; and
Ty, were shorter in BSA phantoms equilibrated in the 100% oxygen atmosphere than in
degassed protein solutions. In the brain parenchyma during hyperoxia with a PtO, of ~60
mmHg, T, was 1.8% shorter than in normoxic brain. Since hyperoxia is known not to
influence cerebral haemodynamics (254), this T| response may be a direct consequence of the
high tissue oxygen content. Parenchymal T, was unchanged both in hyperoxia and hypoxic
hypoxia, despite a 19% increase in CBV during the latter condition. Taking into account the
measured blood Ty, in hypoxic animals, this effect alone would shorten parenchymal T, by
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0.6% as computed using the model. Since no significant change in hypoxic brain was
observed, it appears that the effects of negative BOLD and PtO, of ~25 mmHg on brain T,
are too small to be detected.

These data showed that parenchymal T, relaxation is influenced by pH; and macroscopic
susceptibility effects, but is apparently not sensitive to microscopic susceptibility via PtO,.

5.2 Parenchymal relaxation times following cardiac arrest (I-11I)

The model of global ischaemia induced by cardiac arrest is very useful for studies of a
haemodynamic condition with no residual blood flow and, if induced with KCl injection, also
with small CBV (47). These haemodynamic conditions allow for MRI determination of a
relatively pure tissue response to ischaemia, bearing in mind the possible effect of residual
CBV.

The observed changes in diffusion were consistent with previous reports from
normocapnic, normoxic and normoglycemic rats, where there is a large decline in water
diffusion starting about 50 seconds after cardiac arrest preceded by a small (~5%) drop in
diffusion (Fig. 3) (43, 46, 47, 50, 103, 116).

T, was prolonged immediately after cardiac arrest, clearly preceding the large diffusion
change. By 100 seconds, T, levelled off to values that were 4-7 % higher than controls. The
increase in T; was present at 1.5, 4.7 and 9.4 T both in cortical and striatal brain (I).

A drop in single-echo T, by 8% was evident after cardiac arrest and T, remained 5 %
below the pre-ischaemic value for the observation period of 20 minutes. In the animals
injected with AMI-227 prior to ischaemia, T, started to increase immediately, attaining a 20%
longer level by 20 minutes of ischaemia. This corresponded to about a 40-50 % decrease in
CBV, in agreement with a previous report (47). Since the blood T; in the animal receiving
AMI-227 was <10 ms, these experiments confirm that the T, drop in the global ischaemia is
due to negative BOLD effect (46, 47, 88).
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Fig. 3. Changes in cerebral MR parameters following cardiac arrest in normoglycemic animals at 4.7 T (I, III).
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Fig. 4. Ty, change after 20 minutes of global ischemia in animals with varying tissue lactate levels.

T, acquired with a By field of 1.6 G began to increase after 10-20 seconds of ischaemia,
kinetics that was clearly distinct from the T, response (III). After 200 seconds, the increase in
Ty, levelled off to a value that was ~5 % greater than the pre-ischaemic value. The T,
increase started sooner than either the decline in tissue water diffusion or the anoxic
depolarisation. The kinetics of Ty, in global ischaemia was virtually independent of pre-
ischaemic blood glucose level within the range from 1.7 to 29 mmol/l. In contrast, both
diffusion and anoxic depolarisation were modulated by pre-ischaemic blood glucose so that
the responses were expressed sooner at a low blood glucose level. Interestingly, the time
courses of diffusion decline and anoxic depolarisation did not match, suggesting that water
diffusion was reduced in the tissue before the loss of ionic homeostasis (103, 116). T,
dispersion, as determined from data collected with B; fields of 0.2, 0.6, 1.2 and 1.6 G,
increased shortly after cardiac arrest, reaching values some 30% above control by 20 minutes
of global ischaemia. Ischaemic T, behaved similarly in the presence of AMI-227 contrast
agent, when the contribution of blood was minimal. A plot of AT, vs. lactate concentration
reveals the positive correlation between the two variables in the steady-state ischaemic
conditions (Fig. 4). Using the established pHi/lactate interrelationship (124), the volume-
averaged cerebral pH; was 6.5, 6.3 and 6.0 in hypo-, normo- and hyperglycaemic rats,
respectively.

Magnetisation transfer was assessed in the brain tissue by means of computing MTR.
Global ischaemia resulted in a drop of both My and Mg, an effect caused by rapid T,
shortening. Importantly, the MTR figures did not change during the first minutes of ischaemia,
but a time-dependent downward trend was evident in the slope of MTR values (III).

5.3 T relaxation in rat focal ischaemia model with reperfusion (I)

Increased T; was observed within 8 minutes of MCAOQO in both ischaemic cortex and
striatum, the difference in T; between ischaemic and non-ischaemic volumes increasing over
time. D,, was severely reduced in both brain regions. Diffusion fully recovered upon retraction
of the occluder after 20 minutes of MCAOQ in both tissue types in all animals studied, however,
only a partial return of T; towards the level determined in the non-ischaemic hemisphere was
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evident. After the initial sharp drop, T, did not change significantly in cortex while in striatum,
an increasing trend was observed after the insult. These data indicate that in the focal
ischaemia model where there is inevitable residual collateral flow, acute ischaemia is
associated with an increase in T;, however, this increase appears to be only partial upon
reperfusion with normal diffusion. Since CBF was not determined in the ischaemic volume,
the possibility that flow did not completely recover cannot be excluded. This is due to the fact
that normal diffusion is maintained above CBF of 25 ml/100g/min, and thus CBF in the post-
ischaemic volume might have been only partially restored leading to altered T;.

Retraction of the occluder following 90-minute MCAO lead to either a complete recovery
of Dy, or to no recovery. In the former group of animals, a partial reduction of T was
observed upon reperfusion, while in the latter group T continued to show an increasing trend.
Spin density did not show any consistent changes during MCAO or reperfusion. Ischaemic T,
changes did not appear to predict final tissue status as similar T, responses were observed both
in apparently reversibly (20 minutes MCAOQO) and irreversibly damaged (90 minutes) cortex.

5.4 T, relaxation in the global ischaemia and subsequent reperfusion (IV)

The four-vessel vascular occlusion model used allows for controlling the degree of
haemodynamic collapse as well as for performing the occlusion in the magnet bore. The goal
of using this model was to quantitatively assess the recovery of brain haemodynamics and
metabolism by MRI. This was undertaken (i) to understand the basic physiologic mechanisms
and (ii) to study the MRI relaxation characteristics in association with ischaemia-reperfusion.
Single SE T, MRI was employed to probe haecmodynamic/metabolic variables owing to its
sensitivity to BOLD wusing the intravascular model to determine the contributions of
physiological factors. In the first phase of the study, CBF was gradually reduced for 15
minutes in one to three CBF levels per animals. One key observation from these experiments
was that a positive BOLD response was present after release of occlusion only if CBF had
dropped below 25% of control during the insult. This “threshold” is very close to that causing
ischaemic energy failure and a drop in water diffusion, i.e. 20 m1/100g/min (33, 88). Since the
postocclusion CBF did not show similar threshold pattern, the positive BOLD response may
either be due to increased CBV or a reduced OER or a combination of these two factors.

To address the contributions of these physiologic mechanisms to BOLD, the four-vessel
occlusion method was used to produce global ischaemia of either 7 or 15 minutes. During
occlusion, residual CBF was <20% of normal and consequently, a severe drop in diffusion was
detected. A shortening of T, relaxation time by 4-12% was determined in the early moments
of ischaemia. Luxury perfusion was detected by the hydrogen clearance method after
ischaemia and its duration was dependent on the length of ischaemia. Consistent with earlier
reports (112), luxury perfusion was followed by a decline of CBF below the pre-ischaemic
level. Prolongation of T by about 10% was determined at the first time point both after 7 and
15 minutes of ischaemia, T, stabilising thereafter to the pre-ischaemic levels. CBV was
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initially increased by about 30%, returning and stabilising to the control level by 15 minutes of
reperfusion.

The MRI and haemodynamic data quantified from the brain immediately after ischaemia
were used to estimate the contributions of haemodynamic (CBV) and metabolic (OER) factors
to the BOLD. The computation, using the quantitative SE-BOLD model and the existing blood
relaxation values, with the above data showed that the increase in CBV alone could explain
1/3 of the observed T, increase in post-ischaemic brain. This data indicate that the
haemodynamic factors are only partially responsible for the BOLD occurring during luxury
perfusion. Thus oxygen saturation of blood in the capillary/venular compartments during
luxury perfusion must be very high. Indeed, the simulations show that OER in the order of
0.05 should prevail to account for the post-ischaemic T» BOLD. This suggests that CMRO;
remains depressed during the first minutes of reperfusion. This conclusion is consistent with
the invasive studies showing that metabolic recovery proceeds with delayed kinetics relative to
that of haemodynamics (218).
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6 DISCUSSION
6.1 The animal models

Several kinds of animal models have been used in the present work to perturb
physiological homeostasis or to constrain the blood supply to the brain for mechanistic studies
of MR relaxation times. Most of these rat models have been commonly used to obtain the
desired perturbations, however, from a MR contrast generation point of view it is seldom
possible to influence one specific physiologic or pathologic factor alone. It is therefore rather
difficult to pinpoint the contribution of a given pathophysiological process to the MRI
relaxation or diffusion of cerebral water. In an effort to separate the plausible effects of given
physico-chemical factors on relaxation in vivo, one must accomplish a perturbation in vivo,
say a pH; change, without influencing the system as a whole. This can be obtained by
respiratory acidosis that efficiently acidifies the cell interior without perturbing brain
energetics. In hypercapnic animals, the effects of low pH; on tissue relaxations can be
explored, however, severe haemodynamic adaptations to the condition inevitably alter
parenchymal relaxation times. Similarly, the level of inspired oxygen conveniently modulates
PtO,, yet contributions of haemodynamic factors in hypoxic hypoxia are present. In the
present work, experimentally measured in vivo and in vitro relaxation data and the modelling
of parenchymal relaxation (247) were combined in order to estimate the effects of vascular
and tissue factors to MR relaxation times. These procedures were considered to yield novel
conclusions from relaxation in the brain during the ischaemic insult. This approach has
recently been applied for the single SE T, data from acute hypoperfusion to assign the
negative BOLD effect entirely to intravascular phenomenona (88) demonstrating that
modelling of T, BOLD is a powerful way of assessing tissue viability under compromised
flow conditions (86).

6.2 MRI methodology

The T, and T, MRI relaxation times were quantified with standard methods and the figures
obtained for the cerebral NMR relaxation agree well with reported values (35, 87, 89, 108,
155). One important factor affecting T, is the choice of the transmit rf coil. This is because the
degree of inversion of blood water spin would certainly differ between scans acquired with the
volume coil extending to the heart and a surface coil covering the head. In the former case, an
IR method with a non-selective inversion pulse results in negligible sensitivity of T, to flow,
whereas in the latter case an unavoidable contribution of flow remains. The flow effect was
carefully evaluated in the present work. Single echo T, method used throughout the work has
an inherent sensitivity to exchange related dephasing, making it maximally sensitive to BOLD,
as well as the common features of inherent spin-spin relaxation and diffusion. This effect is
very important if the data should be compared to data acquired with a CPMG method, since
the latter technique shows a Tcpmg —dependent sensitivity to BOLD and would give a different
perspective of T, changes, for instance in acute ischaemia.
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T, MRI is also affected by the type of coil due to its inherent sensitivity to the B
homogeneity. This is because the relaxation takes place in the rotating frame generated by the
rf coil and in the presence of rf field inhomogeneities, the effective field (and the effective
frequency, We.s) sensed by the spins varies leading to dispersion of relaxation times

O =07 + Ao’ [28]

where @, = yB| and A® = @y — @, the difference between the Larmor frequency and the spin-
lock frequency, is determined by both the residual local fields and the varying rf field. Only in
conditions where ; >> A, does the magnetisation remain spin-locked (201). Therefore in
the T, MRI with B; inhomogeneity, the relaxation time may spatially vary because of e
variation. In the Ty, experiments with the surface coil in the transmit mode, this is a potential
source of artifact. In the present work, an adiabatic pulse was used to minimise the sensitivity
of pulse sequence for the B; inhomogeneity, and the imaging slice was selected in the most
homogenous part of the coil as judged from the pilot MRI. Indeed, no significant variation in
absolute Ty, was evident acquired with a B range of 0.2 to 1.6 G. This directly shows that the
rf inhomogeneity was not a confounding factor for T, quantification in vivo.

6.3 Effects of pH on brain T, relaxation

The present data strongly argue for a direct effect of intracellular acidosis on tissue Ty,
relaxation in the energetically viable brain. It is evident that hypercapnia, used to produce
intracellular acidosis, is associated with an increase in CBF and CBV (84, 254) that affects
parenchymal T, and Ti, relaxation. The BOLD contribution to parenchymal Ty, can be
computed by applying the formulas of the intravascular T, BOLD model (247). The
calculations show that about 50% of parenchymal T, response to severe hypercapnia is due to
vasculature, the other half arising from tissue. This estimate agrees well with the cerebral T,
value determined in the hypercapnic animals injected with AMI-227 to remove the blood
contribution from the parenchymal MRI.

The increase in tissue Ty, upon acidification is not unexpected based on the protein
phantom studies demonstrating a slow down of the T, relaxation rate at low pH. The physico-
chemical mechanism mediating the effect is the proton exchange, i.e. exchange of labile
protons of macromolecular —OH, -NH, -SH (59, 192, 260) or amide groups (166) with bulk
water protons. Since it is a base-catalysed process, proton exchange is inhibited at low pH
leading to protonation of these side chain groups. Miakeld et al. (172) have recently shown that
both in native and heat denatured immobilised protein phantoms, both showing 'H NMR
peaks from exchangeable protons; proton exchange is the dominant relaxation mechanism for
T, at a By field range from 0.2 to 2.6 G. The exchange rate for the side chain protons is in the
order of 10%-10* s (145, 260), a rate that matches well with the “resonance” condition
imposed by B fields used in Ty, data acquisition. On the other hand the contribution of
molecule exchange to Ty, in protein phantoms may be small (172). This is important, since the
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molecule exchange is the dominant mechanism mediating MT in vivo (106). Interestingly,

ischaemic MT and T, change apparently independent of each other in the early moments of
both global (IIT) and focal ischaemia (173).

6.4 Effects of macroscopic and microscopic susceptibility on parenchymal T,

Blood and protein phantom results show that BOLD or/and dissolved oxygen influence
Tip. The BOLD effect on Ty, is linear in nature, differing from the behaviour of single SE To.
The difference may reflect the fact that the spin-lock MR is inherently less sensitive to the
susceptibility effects than a spin-echo method. Parenchymal T;, did not change during
hyperoxia suggesting that the concentration range at which molecular oxygen directly shortens
T, may be higher than attainable in vivo.

The low blood oxygen saturation level does not influence parenchymal T, in hypoxic
hypoxia. This observation is consistent with the data from a hypoperfusion model and reveals
the inherently low sensitivity of Ty, to *“true” BOLD (87). Therefore, the susceptibility
gradients by deoxyhaemoglobin under these conditions affecting T,*, apparently are not
sensed by the rotating frame relaxation in vivo. Likewise, the tissue paramagnetic effects by
dissolved oxygen are too small to be detected by T;,. These conclusions are important in the
interpretation of Ty, behaviour in the ischaemic brain, since it appears that the endogenous
paramagnetic susceptibility effects prevailing under any condition in vivo are too small to
influence parenchymal Tp.

6.5 Pathophysiological effects on the MR relaxation in hyperacute cerebral ischaemia

Evidently, substantial changes in Ty, Ty, and T, take place in the parenchyma within the
very first minutes of ischaemia. Ischaemic T> changes have recently been explained by an
intravascular negative BOLD effect (35, 86, 88, 89) and the present data is consistent with this
conclusion. However, the pathophysiologic factors causing the immediate T; increase (I)
require a thorough discussion. The data indicate that cessation of flow as such is one of the
major factors lengthening T;. There are several observations favouring this conclusion. The
kinetics of the relaxation time is very fast, in fact the T change precedes the response of any
other MRI variable studied, and the collapse of flow upon cardiac arrest resembles the T,
increase. Furthermore, one can estimate that cessation of CBF of 100 ml/100g/min would
prolong parenchymal T; by 2-4% matching reasonably well the measured change. One factor
that has to be considered here is the water exchange between blood and tissue. Under
physiological conditions the water lifetime in the capillaries is 500-1000 ms (193), thus
considerable exchange between the water pools occurs during T, measurement (57, 266). The
exchange processes may become influenced by cessation of CBF, leading to altered T,
relaxation. The separation of different mechanisms is complicated, however, by the fact that
due to the time scale of the T, measurement (in the order of seconds), the exchange is in the
slow-intermediate regime (266). On the other hand, the data also suggest that PtO, can
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influence cerebral T; and thus exhaustion of oxygen may well contribute to the immediate
relaxation change. Furthermore, differential field-dependency of cortical and striatal T; in
hyperacute ischaemia argue in favour of a tissue type related effect suggesting that there is an
altered microenvironment of tissue water. The results show that the plausible
microenvironmental effect may not involve a MT change.

In the global ischaemia model evoked by cardiac arrest, net accumulation of water is
impossible and therefore, the T; increase depicted above is certainly independent of tissue
water content. This conclusion is evidently applicable also in the early moments of the focal
ischaemia, where a 5-7% prolongation of T| was detected at 4.7 T without any signs of a spin
density increase. The association of diffusion and T, immediately after retraction of the
occluder thread favour the hypothesis of direct flow contribution to the MR relaxation. The
present data show incomplete recovery of T, during reperfusion and this may either be due to
an incomplete restoration of flow and/or persistently defective water communication in the
post-ischaemic brain. It appears that the kinetics of T; recovery after focal MCAO is not a
predictive MRI index for the long-term tissue outcome, suggesting that the factors influencing
initial T changes are dynamic in their nature. Further experiments are needed to estimate the
application of T; in hyperacute stroke.

One of the key observations in the current studies is that the parenchymal T, indicates
global ischaemia simultaneously or even slightly earlier than diffusion MRI. The spin-lock
method employing non-selective adiabatic spin-lock is evidently not directly sensitive to flow
and in line with this observation, it takes some 10-30 seconds of ischaemia before T, begins
to become prolonged. Therefore, cessation of flow as such may not contribute to the
prolongation of Ty, (87). The time courses for exhaustion of PtO; and expression of negative
BOLD match reasonably well with the Ty, kinetics. The quantitative MR data from phantoms
with varying amounts of dissolved O, in vitro and direct manipulation of O, in vivo
demonstrate negligible direct effect of molecular oxygen at the physiological concentration
range of PtO; on Ty,. Ty, evidently detects BOLD in vitro and in vivo, however, the sign of the
BOLD effect is opposite to that determined by Ti,, in ischaemic brain. Similarly, the data from
intravascular contrast agent experiments suggest that the macroscopic susceptibility
contribution to the ischaemic relaxation is small. Thus, it appears that neither of these factors
affecting susceptibility can explain the hyperacute Ty, increase. One important conclusion to
be drawn from the BOLD and AMI-227 data is that the T, change in hyperacute ischaemia
must take place predominantly within the tissue.

Tissue water Ty, relaxation and diffusion show distinct time courses in global ischaemia
and therefore, the decline of the conventional diffusion of bulk water does not directly
provoke the ischaemic T, increase. The common hypothesis of ischaemic diffusion decline
claims that the shift of water from extracellular environment into the restricted intracellular
space would account for the early diffusion drop. This hypothesis has been recently challenged
on theoretical (220) and experimental (58, 96, 103, 178) grounds. Simultaneous measurements
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of diffusion and DC potential demonstrate a large diffusion drop before anoxic depolarisation
occurs. Since the collapse of ECS size (and thus water movement into cell interior) coincide
with depolarisation, any major delay in the DC potential change relative to the collapse of
diffusion suggests that water movement into cell interior does not directly initiate the decline
in diffusion. The data thus argue against the causal relation of anoxic depolarisation with the
diffusion drop. As far as Ty, is concerned, ionic and water movements are apparently not
responsible for changes seen in hyperacute ischaemia.

Cerebral Ty, is evidently influenced by pH; in energetically viable tissue. Therefore the
inevitable acidification of brain, starting within minutes from the onset of ischaemia (124,
180), is a potential contributing factor to cerebral T, through changes in proton exchange (59,
159, 172, 255, 265). Interestingly, the reported CBF threshold of ~20 ml/100g/min for the
cerebral T, increase (87) is close to that of ischaemic acidification (42, 95). Furthermore, an
association between ischaemic lactate and T}, at steady state supports this view. However, the
data suggests that low pH; may contribute to the prolonged MR relaxation only after the initial
increase. The direct comparison of T, and pH; changes with high temporal resolution was not
determined in the current study. However, data for the kinetics of lactate accumulation and
pHi, determined in the same animal model (50, 124), indicate that the significant lactate build-
up begins after a time lag of 60-90 seconds of cardiac arrest. Similarly, several laboratories
have determined the kinetics of pH in ECS (pH¢) in global ischaemia, and pH. has an
established link to pH;. These data show that pH. starts to decline after 60-90 seconds of
ischaemia, thus following the kinetics of lactate generation. Indeed, Katsura et al. (124) have
shown that the magnitude of pH. acidification is determined by anaerobic lactate production,
however, the initial acid shift may be independent of lactate accumulation. Taking these data
into account, it is concluded that during evolution of ischaemia acidosis is associated with
tissue Ty, yet tissue acidification may have a time course that is too slow to explain the T,
increase in hyperacute ischaemia.

Pre-ischaemic blood glucose evidently determines the capacity of anaerobic glycolysis to
yield ATP (215). Despite the inefficiency of glycolysis to harvest ATP, the anaerobically
produced ATP maintains membrane polarisation for a substantial period after induction of
ischaemia. In the light of this observation, it is interesting that cerebral T, in ischaemia is
apparently not maintained by anaerobic metabolism. The present data suggest that inhibition
of oxidative metabolism evokes perturbations in the cellular homeostasis that alter tissue T,
in ischaemia. This claim is supported by the fact that PtO, is exhausted independent of blood
glucose status and thus mitochondrial ATP synthesis ceases within 10-30 seconds of
ischaemia (151, 158, 174). Inhibition of mitochondrial respiration is associated with marked
reductions of the electron carriers and thus water in the vicinity of mitochondria may
experience altered susceptibility in the ischaemic tissue. Altered magnetic susceptibility in the
ischaemic tissue may influence T), through an effect on the s as explained above.

Kuopio Univ. Publ. G. - A.L. Virtanen Institute for Molecular Sciences 2:1-67 (2002) 51



Mikko Kettunen: MRI of acute cerebral ischaemia

It is firmly established that chemical exchange has an inevitable effect on MRI contrast.
The present data show that MT, commonly believed to be mediated through dipolar coupling
and cross-relaxation (106), does not change in the early phase of global ischaemia. This
observation is consistent with reports showing that the MR rate declines only hours after
permanent (64, 190) or transient (173) focal cerebral ischaemia. It has been proposed that the
magnetisation transfer rate declines due to water accumulation and it is not therefore
surprising that the MT contrast responds only to irreversible ischaemia. These observations
together with the present results suggest that MT and Ty, probe different physico-chemical
mechanisms in vivo.

From the discussion above, it can be concluded that several pathophysiologic factors
potentially contribute to the increase in tissue T, due to acute ischaemia. The current studies
suggest that ionic and water shifts associated with anoxic depolarisation do not significantly
contribute to tissue relaxation change. In contrast, developing acidosis is likely to be involved
in the ischaemic T, change. Furthermore, the fast kinetics of the change point to a role of
inhibition of respiration which potentially may either directly or indirectly influence tissue T,
but this hypothesis remains to be explored in the coming years. Nevertheless, it is concluded
from the existing data that the altered tissue water microenvironment is the main cause for the
hyperacute T, response.

6.6 Potential applications of relaxation measurements in MRI of stroke patients

The relaxation time changes presented in previous studies (35, 87-90, 155) and the present
work carry potential for providing complementary information about tissue status. The BOLD
MRI methodology has established pathophysiologic correlations with acute ischaemia and it is
therefore not surprising that it has attracted clinical attention. One limitation to the quantitative
approach used in the present study is the model’s sensitivity to Ry sissue, @ parameter difficult to
measure using conventional methods. This complicates absolute quantification at later time
points, as it is essential to account for the change in tissue relaxation due to developing
oedema. This problem could possibly be circumvented, however, by studying relaxation in
blood (78, 187) provided that a large vein can be located close to the ischaemic region. BOLD
sensitive MRI techniques have already been employed in the assessment of oxidative
metabolism of acute stroke patients using a standard 1.5 T clinical scanner (146). Ty and Ty,
MRI do not yet have established pathophysiologic correlations, yet the lack of a full
understanding of pathophysiologic mechanisms behind the contrast generation has not
prevented clinical application of valuable MRI methods. This is best exemplified by diffusion
MRI, which has had an enormous impact in the assessment of acute stroke patients, yet the
mechanisms leading to diffusion contrast are still debated. In fact, preliminary T, data from
acute stroke patients has already been reported (213).

Several practical constraints and technical issues have to be dealt with prior to the
application of Ty, Ty or Ty, in stroke patients. The changes observed in animal experiments are
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relatively small in absolute relaxation times. At 4.7 T, the changes in relaxation times can also
be observed by visual evaluation from respectively weighted images (eg. TE ~ T, would lead
to 2-5% signal changes) provided that signal to noise ratio is high. However, for accurate
quantification, the measurement of absolute relaxation times is required. At clinical field
strengths, the situation appears to be different as virtually no changes in relaxation times have
been reported within the first hours of ischemia (12). The different response may be due to
field dependency of relaxation times (23, 62). For example, simulation of T,-BOLD response
to hypoperfusion indicates that changes are smaller at 1.5 T than at 4.7 T (88, 125). It is
therefore possible that small changes in relaxation times are not accurately detected in routine
signal analysis. This would mean in practical terms that absolute relaxation time images have
to be acquired and constructed from the entire brain volume within a limited scan time of
severely ill patients. This is technically feasible with a modern scanner within a couple of
minutes, though all the current clinical equipment does not support tpe EPI-type of fast
imaging methods. Interestingly, a recent study in stroke patients at 1.5 T reports signal
reductions in T,*-weighted images in the areas with compromised perfusion, suggesting that
BOLD related signal changes are also clinically observable (224).

The estimation of the value of T, for the diagnosis and assessment of tissue status requires
more work in the experimental settings. It is foreseeable that the ASL methods will be applied
to acute stroke patients shortly to determine the state of perfusion, and with these methods also
clinical experience of Ty contrast will accumulate. Finally, T;, MRI does face an inherent
problem of exceeding the specific absorption rate of energy (SAR) limits. Until the present,
T, contrast has been clinically used at low By fields (up to 0.2 T) due to the SAR limitations.
Since the rf deposit scales approximately to the second power of By and B, only low spin-lock
fields are applicable in humans at 1.5 T. In order to apply T;, MRI methods used in the
present study to human imaging at equivalent field strengths, very long TR would have to be
used making the methods impractical.

One recent observation towards the clinical applications of T, MRI is that Carr-Purcell
(CP) T, MRI contrast at 4.7 T may share many features of Ty, It was shown that the
Localization by adiabatic selective refocusing (LASER) CP method with short tcp (74)
produces MR contrast akin to the T, contrast in brain tumours at 4.7 T (O. Grohn,
unpublished data). The physical basis for the similar contrasts by LASER and T, lies in the
fact that at short Tcp, the former method approaches the spin-lock condition and thus the
contrast obtained receives contributions from the same physical factors as the on-resonance
Tip (171, 208). The LASER method can be used in clinical settings without exceeding the
SAR limits at 4.7 T thus making it a potential alternative to T;, MRL
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7 SUMMARY AND CONCLUSIONS

The present work demonstrates that subtle changes in Ty, T, and T, MR relaxation times
occur in the very early moments of cerebral ischaemia. T and T, responses are mainly caused
by haemodynamic and metabolic changes, respectively. The kinetics of ischaemic T, change
was distinct from those of diffusion changes and importantly, the former variable was not
influenced by the pre-ischaemic blood glucose level. The data from hypercapnic animals
suggest that acidosis may contribute to the prolonged tissue Tip. Quantitative T> MRI applied
during the early moments of reperfusion after global ischaemia shows a positive BOLD
response with contributions from both haemodynamic and metabolic factors.

The following conclusions are drawn:

1. The MR relaxation times significantly change in the early moments of ischaemia.
Pathophysiologic factors involving both haemodynamics and tissue underlie the altered
parenchymal relaxations.

2. Combination of in vivo and in vitro experiments with modelling of parenchymal
relaxation effects offer valuable tools for estimating contributing mechanisms.

3. The early T, response is mostly a result of reduced CBF.

4. Ty, is among the earliest MRI markers of ischaemia, the effect taking place in tissue
and involving changes in the physico-chemical microenvironment of water. The
pathophysiologic mechanisms causing Ty, are different from diffusion, indicating that
these MRI parameters provide complementary information from the ischaemic brain.

5. Absolute T, BOLD MRI helps to evaluate haemodynamic and metabolic events both
during and after ischaemia. The method can potentially be used in the assessment of
metabolic recovery post-ischaemia.
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