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Abstract
Heart failure is a leading cause of mortality in the Western world. The mouse is a widely
used model for a number of diseases, induced by genetic modification or surgical
intervention. When performing experiments in mice, in vivo magnetic resonance imaging
(MRI) can be used to evaluate heart anatomy and function at multiple levels.
Volumetric measurements of ventricle size at each phase of the heart cycle (obtained with
cine MRI) can be used as a sensitive measure for heart failure. Cine MRI is applied here
to genetic models of heart disease, including stress tests with pharmacological
manipulation. As the long duration of the acquisition for functional assessment is a
critical limitation, a new method to make cine MRI twelve times faster is presented and
validated, maintaining standard accuracy. The method utilises a combination of
compressed sensing and parallel imaging with a radial acquisition of k-space. Eddycurrent induced artifacts, present when acquiring radially, are corrected retrospectively
with a novel scheme.
Tissue viability can be measured with late gadolinium enhancement (LGE) imaging,
where a contrast agent is utilised. After injection, the agent rapidly washes out of healthy
tissue, though has a slower kinetic in infarcted regions. A novel method to perform LGE
efficiently is presented and validated against histology. This method is applied to the
evaluation of a new treatment for infarction.
Finally, a novel method to perform a multi-modal assessment of the mouse heart within
a single exam is presented. The method includes cine and LGE MRI as well as a measure
of mechanical strain in the myocardium with displacement encoding with stimulated
echoes (DENSE) MRI and assessment of cellular metabolism with positron emission
tomography (PET). This method is demonstrated in the evaluation of a new protective
agent for infarction.
This thesis shows that MRI can significantly contribute to refinement and consequent
reduction of animal experiments in experimental cardiology, offering high throughput,
accuracy and versatility. Further, the techniques described in this thesis permit disease
staging on an individual basis, using non-invasive technologies which are readily
translatable to the clinical environment.
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Chapter 1

Introduction

Heart disease is the main cause of mortality in the United Kingdom (1). New therapies
and basic mechanisms of heart disease are being actively studied, however is difficult to
investigate these directly in patients. Research questions on disease and treatment are
most commonly studied in animal models. Among these, mouse models have assumed a
central role, including transgenic and interventional models (2). Evaluation of organ
function as well as tissue viability and metabolism are required for useful translational
studies, however direct assessment of the heart is difficult. Magnetic resonance imaging
(MRI) is an excellent method to investigate the mouse heart in vivo, as it offers high
anatomical accuracy and sensitivity. In this thesis methods for cardiac MRI in the mouse
heart are implemented and expanded. In this chapter, the main motivations behind this
work are introduced. Before outlining these, a brief introduction to the basic physiology
and pathology of the heart is presented as a guide for future chapters.

1.1 The cardiovascular system
The cardiovascular system consists of blood, vessels and the heart, and is essential for
the circulation of blood through the body in order to deliver oxygen and nutrients.
Systemic circulation has the function of supplying organs with oxygenated blood, while
pulmonary circulation has the function of cycling the blood through the lungs, where this
is oxygenated. Part of the systemic circulation, the coronary circulation, has the role of
supplying the heart with oxygenated blood (3).
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Within the cardiovascular system, the heart is responsible for pumping the blood though
the circulation, and can be divided in two sections: the left and the right heart. Each part
is made of two contractile chambers, a ventricle and an atrium. The right ventricle (RV)
pumps the blood into the pulmonary circulation, while the right atrium (RA) receives
blood from the systemic circulation. The left ventricle (LV) pumps blood to the systemic
circulation and the left atrium (LA) receives it from the pulmonary circulation (see Figure
2).
Sequential contraction of atria and ventricles is caused by an action potential travelling
through the muscle. Electro-mechanical coupling promotes the interaction between actin
and myosin filaments, causing the contraction of myocytes (3). As the electrical pulses
travel through the myocardium, the generated electrical potential can be measured from
the surface of the body with an electrocardiogram (ECG, see Figure 1). With an ECG the
main phases of the heart cycle can be discriminated, as the measured potential is
proportional to the number of depolarizing muscle cells. The signal in the ECG is
dominated by the depolarization of the ventricles. Contraction of the ventricles is called
systole while relaxation, when chambers are loaded again with fresh blood, is called
diastole.

Figure 1 Electrocardiogram.
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Figure 2 Anatomy of the circulatory system. a) A four chamber view of the mouse heart. b) The
circulatory system of a mouse.
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1.2 Heart failure
Heart failure occurs when the heart is not capable of pumping sufficient oxygenated
blood through the circulation with enough pressure. This condition leads to
electrophysiological abnormalities and sudden death if no intervention is performed. In
patients, heart failure is most commonly a result of coronary heart disease (CHD). In CHD,
a blood clot forms in a coronary artery, occluding the vessel and depriving the heart tissue
from blood. CHD is the biggest killer in the United Kingdom, causing over 82,000 deaths
per year. It is estimated that one in five men and one in eight women die from the disease
(1, 4). Current therapies for addressing coronary artery disease consist of reperfusion of
the occluded artery during the first hours after the onset of chest pain. Interventions such
as reperfusion, aiming at reducing necrosis in infarction are called cardioprotective. The
utilisation of cardioprotective pharmaceuticals together with reperfusion therapy is an
active area of research, and several strategies are currently under investigation in clinical
trials (5).
CHD is not the only cause of heart failure. Heart failure can be also a result of high blood
pressure, cardiomyopathy, genetic defects, damaged valves, as well as a complication of
other diseases (6). The role of single genes and proteins in cell and organ physiology is
of interest for the understanding of these diseases and to develop new treatments.
However, it is difficult to perform these studies directly, and animal models are most
often used to simplify complex diseases into manageable research questions.

1.3 Mouse models of heart disease
Mouse models have emerged as the most utilised model for heart disease for several
reasons. First, the mouse heart is relatively similar to the human heart, which makes it a
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sensible model when assessing disease. Taken aside obvious size differences and the
anatomy of the venous pole of the heart, the two species have followed similar
evolutionary paths (7). Secondly, mice are housed at a low cost compared with bigger
animals, and disease course is quicker, meaning that the time-course of the experiments
is accelerated and results can be obtained faster. In addition, there is a vast literature on
mouse genome structure and modification. The role of different genes in heart function
and disease can be studied in mice by selectively knocking out genes, or introducing
genes known to generate disease in patients. A great number of relevant transgenic and
knockout (KO) mice have been developed over the years for the investigation of
mechanisms of heart disease as well as new treatments. Further, cardiomyocite-specific
models and inducible knockouts can be used to answer specific questions in experimental
cardiology (2).
In addition to genetically modified models, interventional models are utilised for the
occlusion of the coronaries characterising CHD. Coronary obstruction can be surgically
induced in a controlled environment to obtain acute myocardial infarction and the
subsequent development of heart failure. When a transient coronary obstruction is
followed by a restoration of blood flow, the model mimics a typical situation where a
patient undergoes reperfusion therapy (8).

1.4 Assessing the mouse heart invasively
Traditionally, assessment of heart function in mice uses invasive or terminal procedures,
such as in vivo catheterization of the heart (9) or the ex vivo working heart model (10).
These techniques can offer assessment of heart function in controlled conditions,
however they are either terminal procedures, or can induce injury to the system that they
are measuring due to the severity of the procedure.
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For heart tissue, mouse models are commonly investigated using histopathological
techniques. Wall thickness, as well as tissue viability and cell metabolism have been
traditionally studied on the laboratory bench with ex vivo techniques. One of the most
widely used staining agents is triphenyl tetrazolium chloride (TTC), which is commonly
used in post-mortem identification of myocardial infarctions. As shown in Figure 3,
healthy viable heart muscle stain deep red, while infarcted areas appear brighter.
Volumetric measurements can be used to derive infarct size.

Figure 3 Slices from TTC staining in a mouse model of acute myocardial infarction. TTC stains in the
presence of dehydrogenase enzymes and the non-infarcted myocardium appears brick red. Performed by
Dr Carmen Methner (Department of Medicine, Cambridge).

The last ten years have seen a wide adoption of clinical methods adapted to the preclinical
environment such as ultrasound, computed tomography, and magnetic resonance
imaging (MRI).

1.5 Structure of this thesis
In Section 1, MRI in mouse models of heart disease is introduced in the context of
experimental cardiology. Chapter 2 introduces the theoretical background of MRI,
focussing on the techniques utilised within this thesis, while Chapter 3 puts the work of
this thesis in the context of the relevant literature.
In Section 2, standard methods and improvements of current techniques to measure
heart function with MRI are discussed. Chapter 4 describes a protocol to perform MRI of
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the mouse heart, describing common difficulties and pitfalls. The protocol described in
Chapter 4 is part of the paper “PET and MRI in mouse models of myocardial
infarction”(11). The protocol is demonstrated in a mouse model of cardiomyocytespecific Complex I KO and in the R6/2 mouse model of Huntington’s disease (HD). The
experiment in 4.6 is part of the paper: “Direct evidence of progressive cardiac dysfunction
in a transgenic mouse model of Huntington’s disease”(12). Experiments in 4.5 and 4.7 are
part of separate works currently submitted for publication. In particular, 4.7 describes an
application of cine MRI in the R6/2 mouse model of HD during inotropic stress testing
with dobutamine. In this experiment, a limitation of the MRI protocol was encountered,
represented by the long acquisition times. To accelerate acquisition, Chapter 5 explores
methods to reconstruct cine-MRI acquisitions from undersampled data, implementing
compressed sensing combined with parallel imaging utilising self-gated MRI with
rectilinear and radial acquisition schemes. As radial MRI presented eddy-current induced
artifacts, these were recovered retrospectively with a novel method, described in Chapter
6.
Methods developed within this thesis for assessment of tissue properties in-vivo are
reported in Section 2. A novel method to measure infarct size in vivo that correlates well
with TTC staining has been included in Chapter 7, based on the publication “A fast
protocol for infarct quantification in mice” (13). The method is also demonstrated in the
investigation of a new cardioprotective pharmaceutical in 7.5, which is part of a work
currently submitted for publication.
Although complex cell metabolism experiments remain difficult to be performed in vivo,
tracer techniques such as positron emission tomography (PET) can be used to probe
specific biochemical pathways non-invasively.

In Chapter 8 a new protocol for

performing multi-modality imaging in a single examination is presented, based on the
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publication “PET/MRI assessment of the infarcted mouse heart” (14), while the data
reported in 8.5 demonstrate this method in the assessment of a new pharmaceutical, part
of the publication “Riociguat reduces infarct size and post-infarct heart failure in mouse
hearts: Insights from MRI/PET imaging” - PLoS ONE, in press.

1.6 Chapter summary
Heart failure is one of the major causes of mortality in the United Kingdom. Mouse models
can be utilised to model the effect of different genes on ischaemic heart disease and for
the investigation of new interventions. As well as models for infarction, mice serve as
models for a number of cardiovascular diseases, such as genetic heart disease,
hypertension and cardiomyopathies. The last decades have seen wide adoption of these
models in preclinical research. In order to obtain meaningful translational studies, noninvasive in vivo techniques can be utilised in mice. MRI is a translational tool which has
high anatomical accuracy and can measure heart function as well as viability. The next
chapter introduces the theoretical background of MRI, focussing on the technologies
utilised throughout this thesis.
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Chapter 2

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is an imaging technique based on the nuclear
magnetic resonance (NMR) phenomenon. The MRI signal is commonly generated by the
spin of the hydrogen proton, mostly found biologically in water molecules. Unlike highenergy techniques such as computed tomography (CT), where contrast is generated by
differences in material attenuation, MRI uses the interaction of spins with the local
environment. This provides alternative soft-tissue contrast mechanisms depending on
how the system is excited.
In this chapter, the essential theoretical background of MRI is outlined, focussing on the
terminology and technology that will be used throughout this thesis (for a more detailed
introduction to MRI see (15, 16)).
To perform MRI, a magnet is used to generate a static magnetic field, gradient coils are
used to vary this static field spatially for localization. Transmitter radiofrequency coils
excite the sample, while receiving radiofrequency coils measure the change in magnetic
field generated by the sample using Faraday induction. The signal is then digitized in a
spectrometer. The main steps required to obtain an image are briefly reviewed here.

2.1 Basic principles
The NMR phenomenon can be observed in spin systems within a static magnetic field. In
medical systems the static magnetic field is usually generated by a superconducting
magnet. By convention, the direction of the magnetic field is put along the z coordinate of
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a Cartesian frame of reference. The field, commonly labelled B0, causes the spin of protons
to align in a parallel or antiparallel direction. These two states of the proton nucleus are
commonly referred to as spin-up state and spin-down state, with the following energies:
Spin down: 𝐸↓ =

1
2

𝛾ℏ𝐵0

1

Spin up: 𝐸↑ = − 2 𝛾ℏ𝐵0 .
The energy gap is proportional to B0 (with 𝛾 the gyromagnetic constant of the proton and
ℏ Planck’s constant). At room temperature the thermal equilibrium is given by the
Boltzmann distribution, with 𝑁↑ and 𝑁↓ respectively the number of spins in the up and in
the down state:

∆𝐸≪𝑘𝐵 𝑇
𝑁↑
∆𝐸
= 𝑒𝑥𝑝 (
) →
𝑁↓
𝑘𝐵 𝑇

1+

𝛾ℏ𝐵0
𝑘𝐵 𝑇

The slight excess of spins in the up state with respect to the down state (about one part
in 106 per Tesla at room temperature), gives rise to a macroscopic magnetic moment,
accounting for the whole NMR signal. This equation explains the reason behind the
adoption of high magnetic fields in clinical MRI (1T and above): a higher B0 generates
more signal.
In a static magnetic field, a magnetic moment precesses at the Larmor angular frequency
about the axis of the static magnetic field:

𝜔0 = 𝛾𝐵0

the value of 𝛾⁄2𝜋 for an hydrogen nucleus is ~42 MHz/Tesla, but in the stationary state
in which the magnetic moment is aligned with z, no precession will be observed.
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In NMR, radiofrequency pulses are utilised to flip the direction of the magnetization in
the sample. If an oscillating magnetic field B1 in a direction perpendicular to B0 is applied,
the magnetization will precess about the direction of the vector sum of B0 and B1.
A practical way of thinking of this system is the so-called rotating frame of reference (17):
a frame of reference that rotates about the z axis at the frequency 𝜔0 .

Figure 4 In the rotating frame free precession at the Larmor frequency is eliminated.

In this frame of reference no free precession will be observed, and a radiofrequency
electromagnetic pulse, circularly polarised in plane at the frequency 𝜔0 will look like a
steady vector B1. If a radiofrequency pulse is applied along the x-direction of this frame
of reference, the magnetization will rotate about the x-axis with an angular frequency
𝜔1 = 𝛾𝐵1 while the pulse is present (see Figure 5A-C).
T1, T2, and T2*
After being excited, a system of spins will return to thermal equilibrium. In 1946, Felix
Bloch modelled the magnetisation signal in NMR with two decay constants, which he
labelled T1 and T2 (17) (see Figure 5D-E).
T1 is the time constant for longitudinal relaxation. This time constant is associated with
thermal energy exchanges between the spin system and the surrounding environment,
which are commonly called spin-lattice exchanges. If a spin system is driven away from
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the thermal equilibrium, dictated by the Boltzmann distribution, it will come back to
equilibrium following an exponential function, with the empirical time constant T1.
T2 is the time constant for transverse relaxation. This relaxation is driven by interaction
between spin magnetic moments, commonly called spin-spin interaction. Every water
proton will be in a slightly different environment dictated by the concentration and
location of the neighbouring spins, this will lead to a slightly different precession
frequency of every single magnetic moment, causing a different phase shift with time for
every different particle. That will result in a net signal loss, following an exponential
decay with an empirical constant T2.
In the presence of field inhomogeneities and inhomogeneous materials, the transverse
free relaxation is called T2*. This time constant is similar in nature to T2, but in this case
the main cause of dephasing and a signal loss is not the spin environment, but the main
field inhomogeneity and/or a difference in magnetic susceptibility between neighbouring
materials.
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Figure 5 Diagram of the effect of a radiofrequency pulse on a spin system in the rotating frame of reference.
The net magnetization M0 in A) is rotated using a radiofrequency pulse B1 B), until the desired angle is
obtained C). After the pulse is switched off the magnetization will return to z as shown in D), decaying in
the transverse plane as shown in E).

2.2 Acquisition schemes
After a radiofrequency excitation, the signal decays as displayed in Figure 5E, this is called
a Free Induction Decay (FID). This signal, however, is difficult to encode spatially. The
way the signal is commonly extracted in MRI consists in the formation of a signal echo at
a fixed time after excitation, called echo time (TE).

2.2.1 Spin echo
It is possible to refocus the signal loss due to static field inhomogeneities with a
radiofrequency pulse.
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Even after the signal has decayed with a time constant T2*, it is still possible to measure
it by means of a spin echo, introduced by Hahn in 1950 (18).

Figure 6 Spin echo

After the signal has decayed, at a time TE/2 a 180° pulse inverts all the velocities of the
dephasing isochromats. All the spins will be coherent again at the time TE, while the
signal intensity will have decayed with constants T1 and T2 by that time.

2.2.2 Gradient echo
In order to reconstruct an image, instead of a single-voxel spectrum, the position within
the sample must be encoded. The position encoding to form an MRI image is achieved
using magnetic field gradients. The field gradients are generated by coils adjacent to the
internal surface of the magnet bore. When these are switched on, they will apply a linear
magnetic field gradient along the x- y- or z- axis. If different static field strength is seen
by a spin, this will precess with a different frequency:
𝜔0 = 𝛾(𝐵0 + 𝐺𝑥 ∙ 𝑥 + 𝐺𝑦 ∙ 𝑦 + 𝐺𝑧 ∙ 𝑧)
Where 𝐺𝑥 , 𝐺𝑦 , 𝐺𝑧 are respectively

𝑑𝐵𝑧 𝑑𝐵𝑧 𝑑𝐵𝑧
𝑑𝑥

,

𝑑𝑦

,

𝑑𝑧

.
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In addition, an arbitrary time varying gradient G(t) causes a transverse magnetization
vector to change its phase according to the equation ω(r, t) = γ G(t)·r, so that the total
phase accumulation at time t is:
𝜃(𝑟, 𝑡) = 𝛾 (∫ 𝑮(𝑡′)𝑑𝑡′) ∙ 𝒓

Utilising this effect it is possible to form a signal echo using only the field gradients.

Figure 7 Gradient echo.

After excitation, all the isochromats are dephased by means of a gradient pulse.
Afterwards, another gradient pulse is applied in the opposite direction. At the time TE a
signal echo arises, while the signal intensity will have decayed with a time-constant T2*
by that time. Imaging pulse sequences employing just a gradient to form an echo are
called gradient echo, while imaging pulse sequences employing a refocussing pulse are
called spin echo imaging sequences.
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2.2.3 Slice selection
In MRI, radiofrequency pulses are usually combined with gradient pulses in order to
select a slice of the sample. While applying a gradient along an axis, the excitation RF
pulse is usually modulated with the Fourier transform of the wanted slice profile. The
intensity of the gradient and the bandwidth of the pulse determine the slice thickness, as
shown in Figure 8:

Figure 8 Slice selection.

2.2.4 k-space encoding
It is helpful to consider the encoded signal in frequency space, known as k-space. When
considering the function of an imaging sequence, the k-space is the space formed by the
variables kx, ky and kz, obtained as the product of a field gradient and time:

𝑘𝑖 =

𝛾
𝐺 (𝑡) ∙ 𝑑𝑡
2𝜋 𝑖

The k-space is linearly related with the image, which can be obtained through an inverse
Fourier Transform:

𝐼(𝑥, 𝑦, 𝑧) = ∭ 𝑠(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) 𝑒 𝑖(𝑘𝑥 𝑥+𝑘𝑦 𝑦+𝑘𝑧 𝑧) 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧
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Where s indicates the signal in k-space and I indicates the image.
During a signal echo, a k-space line is sampled. The sequence must be repeated several
times, obtaining a new k-space line every time. The time between repetitions is called
repetition time (TR).
The most common sampling pattern is Cartesian Fourier imaging, illustrated in Figure 9,
but the k-space can be sampled with a pattern of choice, like a radial one, illustrated in
Figure 10, or a spiral etc.

Figure 9 Acquisition of lines of k-space with a Cartesian sampling scheme
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Figure 10 Acquisition of oblique lines of the k-space with a radial sampling scheme.

2.2.5 The contrast of MRI images
Controlling timing between pulses and their intensities, it is possible to create different
contrasts between different tissues. Dedicated pulse sequences can be optimised for
contrast between T1, T2 or proton density in different tissues. Although the signal in MRI
images is rarely quantitative, the tissue contrast between neighbouring tissues and the
high spatial resolution produce an anatomical detail of soft tissue which is superior to
most imaging technologies.
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Figure 11 T1, proton density, and T2 weighted contrast in a rat brain.

Although in MRI endogenous contrast is present between different chemical species, it is
possible to manipulate this contrast using contrast agents. Gadolinium is a paramagnetic
element that can be used to enhance MR images by affecting relaxation times. The main
effect of Gadolinium contrast agents is a reduction of T1. T1-weighted sequences can then
be used to visualise the kinetics of contrast agents within organs (see Chapter 7, where
this is used to probe tissue perfusion and washout performance, in order to assess
viability).

2.2.6 Fast gradient echo sequences
When imaging with a time between repetitions (TR) is of the same order or smaller than
T1, a saturation of the signal is observed. When an excitation pulse is applied, the
magnetization has not completely relaxed from the previous pulse. The number of excited
spins will therefore diminish at each successive excitation until the effect of the excitation
and the relaxation are balanced: a “steady state”. To reach a steady state with sufficient
signal intensity, fast sequences usually involve low excitation flip-angles. By changing the
flip-angle, the amount of T1 weighting is changed.
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This is problematic when TR is of the same order or smaller than T2. In this case, the
encoded magnetization of the previous repetition, not completely decayed, will interfere
with the freshly excited magnetization, with different encoding.
This problem is addressed using one (or a combination) of two separate strategies:


Spoiling: the magnetization in the x-y plane is destroyed prior to every new
excitation.



Refocusing: the magnetization in the x-y plane is refocused to be coherent with
the new excitation.

The main fast gradient echo strategies are called Fast Low Angle SHot (FLASH) and Fast
Imaging with Steady state free Precession (FISP), and these respectively use spoiling and
refocusing.
FLASH
In FLASH (19, 20), a phase offset is applied to successive excitation pulses to “spoil” the
residual magnetization.

Figure 12 Acquisition of a k-line with FLASH.
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FISP
In FISP (21), the magnetization from previous TRs is refocused to be coherent with the
current signal. This increases the total amount of signal and introduces additional T2
weighting. Sequences where the phase is refocussed in all three directions are called
TrueFISP, while when only in-plane magnetization is refocused we speak of “fid” FISP, or
simply FISP.

Figure 13 Acquisition of a k-line with TrueFISP.

2.2.7 Inflow enhancement
Blood moves in vessels at high speed and in large amounts. If a slice perpendicular to a
vessel is imaged with a short TR (less than T1) and high flip-angle, the signal in the slice
becomes saturated. However, as fresh blood flows in the slice at every excitation, the
blood will not saturate and will appear much brighter than the rest of the slice. This
technique can be used to maximise the contrast between blood and other anatomy in
angiography or cine-MRI, where the visualization of the fluid is pivotal.
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Figure 14 Examples of cases where inflow enhancement is used for better contrast: A) Maximum intensity
projection of a mouse brain. B) Cine MRI of a mouse heart (FISP). In both cases fresh blood is flowing in
the slice at each acquisition avoiding saturation, appearing brighter than if it were stationary.

2.2.8 Inversion recovery
In some applications, maximal T1 contrast is required between two or more distinct spin
species. In these situations, an inversion recovery sequence can be used to null the signal
from one of the species, maximising the contrast with the others. This is achieved by
applying an inversion pulse, tipping the magnetization by 180°, at the start of the imaging
sequence. At this point, the magnetization will be left to relax with a time-constant T1
along z for a time called the inversion time (TI). Following this time, the residual
magnetization will be read out by an imaging sequence such as FLASH.
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Figure 15 The longitudinal relaxation of two spin species (shaded lines are the actual magnetization while
solid lines represents the signal that can be read from NMR). A value of TI can be chosen to maximise the
separation between the two species.

When applying inversion recovery in practice the time between successive excitations is
of the same order of T1. In this case, saturation effects due to successive excitations will
be significant as well as the free relaxation (22).

2.3 Reconstruction
If the k-space is acquired on a uniform Cartesian grid, reconstruction is performed by a
Fourier transform of the k-space data. The k-space points are complex numbers, and the
image voxels also have a real and imaginary part. However, MRI images are usually
displayed as magnitude images, discarding the phase information, except for situations
where the phase information is important clinically (for instance, see DENSE in 8.1, where
motion is encoded in the image phase). The noise of real and imaginary channels of
single-channel MRI signals have Gaussian distribution and the noise distribution of the
resulting magnitude images is represented by a Rician distribution (23, 24).

36

2.3.1 Image quality metrics
Quantitative metrics are utilised to assess the quality of the images within standardized
protocols for checking the status of the scanner, or to compare the effectiveness of
different acquisition strategies.
To assess the amount of detected signal within an experiment this is compared to the
noise level. The signal to noise ratio (SNR) is defined as the ratio of signal intensity to the
standard deviation of the noise. The SNR represents an absolute quantification of the
global signal within an object, another useful measure is the capability of discriminating
between two different tissues in the image. This is measured with a contrast to noise ratio
(CNR). Contrast to noise ratio is defined as the ratio of the difference between the signal
in two tissues to the standard deviation of the noise.

2.3.2 Radial MRI
Although the majority of MRI experiments sample uniformly spaced Cartesian points, in
some applications different sampling schemes that do not sample uniformly can be
preferred. One of the most popular acquisition schemes in MRI is radial sampling of kspace (see Chapter 5, where this is used to accelerate the acquisition). To reconstruct
images from radial k-space projection algorithms can be used as well as gridding
approaches.

Filtered backprojection (FBP )was developed for CT as an approximate solution to the
inversion of the radon transform (25). According to the Fourier slice theorem, the radial
spokes acquired in k-space represent the Fourier transform of the image projections, like
those that would be acquired in CT. If backprojection is applied by simple inversion of the
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radon transform, blurring arises due to the radon transformation being non unitary. In
FBP, the profiles are filtered with an M- or ramp filter prior to backprojection to correct
for the blurring. Although FBP is still widely used in nuclear medicine, it has been
replaced in MRI by gridding techniques, due to their superior efficiency (26). In gridding,
the acquired MRI data are interpolated onto a Cartesian grid after convolving with a
convolution kernel. Usually, a Kaiser-Bessel window is used in order to achieve a good
image quality at a reasonable window size. Density correction is applied prior to
convolution to correct for non-uniform sampling of the k-space. For radial trajectories it
is possible to derive an analytic density correction function, yielding the Ram-Lak filter
(27).
Means of performing k-space interpolation with high efficiency and speed have been
developed for use in iterative algorithms. For instance, one such algorithm used in
practice is the non-uniform fast Fourier transform (NUFFT) (28). NUFFT calculates
complex kernels based on the given sampling pattern to minimize the interpolation
error. Utilising NUFFT the kernel can be pre-computed and stored for use in fast iterative
algorithms.

Figure 16 A) Radial MRI in the mouse heart reconstructed with FBP. B) The same slice reconstructed with
NUFFT.
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2.3.3 Trajectory errors
When gradient coils are switched rapidly, the varying magnetic field results in the
induction of currents in the conducting surfaces within the rest of the system. These
currents, known as eddy currents, generate their own magnetic field as they decay,
altering the total magnetic fields thus distorting the desired effect of the gradient
waveforms. Artifacts generated by these can be treated as delays of the effective
gradients seen (29).

Figure 17 Eddy currents generate artifacts. A) Cartesian image of a mouse liver with Cartesian imaging. B)
The same image with radial imaging. Modulation on the intensity of the image is due to eddy currents. C)
Four shots echo planar imaging of a rat brain. Multiples copies of the brain are generated by eddy
currents.

For standard Cartesian MRI, linear eddy currents produce a global shift of k-space in the
readout direction, which cause a global phase-shift of the reconstructed image, with no
observable effect on the magnitude image. In contrast, when segmented k-space
acquisition is employed, significant artifacts are seen. A very common example where this
effect is significant is echo planar imaging (EPI), where each successive k-line is acquired
in opposed directions. Here, opposed k-space shifts in successive k-lines result in
coherent ghosting artifacts.
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Figure 18 Simulated effect of linear eddy currents phantom (1 pixel shift in k-space) on a numerical SheppLogan phantom: A) The Shepp-Logan phantom reconstructed without eddy currents; B) Linear eddy currents
applied to standard Cartesian imaging, no effect is noticeable; C) Effect of Linear eddy currents to EPI
acquisition, visible ghosting is present.

Similarly, in a radial acquisition, shifted lines will result in an erroneous assignment of kspace coordinates to the acquired spokes. However, given the circular trajectory, in this
case the effect will result in radial phase interference between projections rather than
coherent ghosts. The effect of this trajectory error will be mostly visible as a lowfrequency modulation of the image intensity. Some signal will “leak” from the object to
areas around it, generating “shading” and “halos”.

40

Figure 19 Simulated effect of linear eddy currents (1 pixel shift in k-space) on radial MRI: A) Radially
acquired and reconstructed Shepp-Logan Phantom. B) The same phantom in presence of linear eddy
currents. Arrow points to shading, arrowhead to halos.

In some situations, especially for smaller bores (29), eddy currents will produce not only
gradient terms but field (B0) terms. These terms will produce a constant phase-shift along
the readout. When MRI is acquired with standard Cartesian sampling this will produce a
constant displacement of the whole image, while in radial MRI or EPI different lines will
get different displacements, producing artifacts (see Figure 20).

Figure 20 Simulated effects of B0-induced phase errors (1 radians) for A) Cartesian MRI; B) EPI C) Radial
MRI.

In Chapter 6 strategies to correct for eddy currents will be demonstrated in the context
of free-breathing radial MRI in mouse hearts.
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2.4 Acceleration
MRI is time consuming due to the need to fill the k-space one line at a time. In some timecritical applications, however, there is not enough time to acquire the whole k-space. For
these acquisitions, methods for reconstructing partially-acquired k-space are required.
The classical reconstruction of MRI images from k-space data can be seen as a linear
operation going from coefficients in k-space to image pixels. When undersampled
acquisitions are performed for speeding up data acquisitions, the number of coefficients
acquired in the k-space is smaller than the number of required image pixels. As the
system of equations for linear reconstruction becomes underdetermined, multiple
solutions exist for the linear reconstruction problem. As a result, if data is zero-filled and
reconstructed linearly, aliasing will be present in the image.

Figure 21 Simulated effect of undersampling on image reconstruction. Underdetermined systems create
aliasing, dependent on acquisition geometry. A) Fully sampled Shepp-Logan phantom. B) Shepp-Logan
phantom with ¼ of the k-lines acquired with a cartesian scheme. C) Shepp-Logan phantom with ¼ of the
k-lines acquired with a radial scheme.

To solve this, independent information from different receivers can be used, a technique
known as parallel imaging (30). Otherwise, iterative reconstruction can be used instead
of linear techniques, making assumptions on the data through regularization. Methods to
perform these techniques will be introduced here.
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2.4.1 Parallel imaging
Parallel imaging techniques used for acceleration of MRI are based on acquisition of the
signal from different receivers. If the k-space is fully sampled, different receivers can be
combined with a sum of squares.

Figure 22 Different receivers images have different sensitivity profiles. The single coil images are combined
using a sum of squares.

Although the signal is highly correlated between receivers, each of these sees at least
partially uncorrelated noise and has a different sensitivity profile. Due to this property,
independent receivers can be utilised to resolve aliasing in undersampled acquisitions.
The most commonly used algortithms used for parallel imaging are SENSE and GRAPPA.
Sensitivity encoding (SENSE)
If the full image is reconstructed linearly from undersampled data, this results in an
undetermined system. However, the linear system has a unique solution if the image is
reconstructed with a smaller FOV. SENSitivity Encoding (SENSE) starts with
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reconstructing an image on a smaller FOV, which will contain a folded image. Sensitivity
encoding can then be seen as an unfolding algorithm:

Figure 23 In SENSE folded coil images are unfolded utilising coil sensitivities derived from fully sampled
calibration.

SENSE strongly relies on accuracy of prior coil sensitivity estimation (30), but works in
general for any k-space acquisition scheme, as data are handled in the image space.
Generalized autocalibrating partially parallel acquisitions reconstruction
(GRAPPA)
In GeneRalized Autocalibrating Partially Parallel Acquisitions reconstruction (GRAPPA),
full individual coil images are reconstructed from the undersampled data. Combination
of different coils is formulated in k-space, synthetizing non-acquired datapoints from
acquired datapoints across coils, weighted with coefficients obtained from a calibration.
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Figure 24 In GRAPPA, kernel repetitions are acquired to estimates weights, used to estimate non acquired
k-space coordinates from acquired k-space coordinates across coils. Individual coil images are
reconstructed.

GRAPPA possesses a robust estimation of sensitivity (as this is done in k-space at its
centre, in a condition of high SNR) and aims to restore each coil separately, however it
does

not

handle

different

acquisition

strategies

efficiently

(30).

Different

implementations of GRAPPA have aimed to formulate the problem for a number of
different k-space trajectories, however these all rely on some approximation of the data,
reducing the efficiency of the method when compared to SENSE (30).

2.4.2 Compressed sensing
Parallel imaging algorithms utilise multiple coils to increase the number of variables or
to reduce the number of equations in a linear system. In contrast, compressed sensing
techniques do not combine multiple coils, but they challenge the assumption of
independence of image pixels, utilising non-linear iterative reconstruction instead of a
linear system of equations.
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The assumption that compressed sensing makes is that voxels are not independent and
the image is “compressible” in a given space. So, if data are transformed to that space,
only a small number of coefficients will be different from zero. A space with this
characteristics is called a “sparse” domain. Different domains can be used in different
reconstruction problems, based on the properties of the data.
A very common example of a sparse representation is given by the discrete wavelet
transform, at the basis of the compression algorithm adopted by JPEG. The sparse
property of this transform can be readily demonstrated as JPEG compression can be
applied to most medical images, reducing file size without noticing significant alterations
(see Figure 25).

Figure 25 Compression in the wavelet domain. An image from a mouse heart keeping all of the data, only
the 20% biggest wavelet coefficients, 10% and 5%. This image can be compressed 5 fold or 10 fold in the
Wavelet domain with a small impact on quality, while blurring is observable on the 20 fold compressed
image.

The main idea for acquisition in compressed sensing MRI is to minimise coherence in the
sampling of k-space, so that aliasing is incoherent in the sparse domain, and the relevant
coefficients can be easily distinguished from others containing only aliasing. Once a
sparse transform and an acquisition scheme have been established for an imaging
problem, an image can be reconstructed utilizing an iterative algorithm. The solution
presenting the highest number of null coefficients in the sparse domain is chosen utilising
regularized iterative reconstruction.
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Although images can be compressed successfully, even higher success can be achieved
when compressing a video (31). In a video, several frames share spatial features, and
intrinsic correlation between frames can be exploited in the temporal domain. Some MRI
techniques aim to measure the temporal evolution of an organ trough time. These
acquisition can theoretically benefit from temporal compression (see Figure 26).

Figure 26 Sparse representations for a video of a beating mouse heart. A) Frames. B) Frames after applying
finite differences in time domain (each frame has been subtracted from the previous one). C) Fourier
transform in the time domain. B) and C) are sparse representations for cine MRI in the heart.

To summarize, compressed sensing needs three main ingredients:


Sparsifying transform: A sparse domain where most coefficients in the data are
equal to zero must exist.



Incoherent aliasing: Undersampling must generate aliasing which is equally
spread amongst datapoints in the sparse domain. This is most likely obtained
when using incoherent sampling.



Iterative reconstruction: Non-linear reconstruction is needed to get rid of the
aliasing preserving consistency with the acquired data.
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Mathematical formulation
In the previous paragraphs an overview of compressed sensing has been given. Here a
description of an algorithm to implement this in practice will be reviewed briefly.
If x represents the acquired data in the k-space and y the resulting image, in a fully
sampled case:
𝐲=𝐀𝐱

𝐱 = 𝐀∗ 𝐲

Where 𝐀 represents the linear transform between k-space and image space, while 𝐀∗ is
its inverse such that the direct application of 𝐀 without using an iterative algorithm
would produce an aliased image.
The compressed sensing problem can be formulated as a constrained minimization
problem. As proposed by the seminal paper in compressed sensing MRI (32), the
condition of sparsity, formulated theoretically as the condition of most coefficients being
equal to zero in the sparse domain, is practically implemented as a minimization of the l1
norm:
argmin ‖𝐀𝐱 − 𝐲‖22 + 𝜆‖ψ𝐱‖1
𝐱

Where ψ is the sparsifying transform. The l2 term is called the data consistency
condition, while the l1 is called the sparsity condition. The factor 𝜆 is called the
regularization weighting parameter. To solve this we use a projection over convex sets
(POCS) that alternates steps that project the solution perpendicularly to the conditions
(the convex sets).
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Figure 27 Scheme of a POCS algorithm. Each iteration alternates soft thresholding and data consistency
steps.

2.4.3 Combination of parallel imaging and compressed sensing
As special applications require faster and faster acquisition, there is no reason why
parallel imaging and compressed sensing should not be combined to achieve higher
speedup. However, this combination requires some practical considerations to be
performed effectively. Compressed sensing requires incoherent sampling and an
iterative reconstruction where each receiver is handled separately. SENSE is an optimal
image reconstruction framework, where a full battery of k-space sampling schemes can
be utilized. However, this technology handles all the receivers at once. In contrast,
GRAPPA handles each receiver separately, but is optimally applied only to specific
sampling schemes.
To overcome these limitations, a novel framework generalising GRAPPA was developed
by Lustig and Pauly, called SPIRiT (33). The main idea behind SPIRiT is to formulate the
reconstruction problem as an approximate minimization problem. An iterative algorithm
is used, where the solution which is most consistent with the calibration and acquisition
data is found. A scheme of SPIRiT is reported in Figure 28.
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Figure 28 SPIRiT generalises GRAPPA, here kernel repetitions are acquired to estimates weights, used to
estimate non acquired k-space coordinates from the current value of both acquired and non-acquired kspace coordinates across coils. Individual coil images are reconstructed utilising an iterative algorithm
where the solution most consistent with both acquired data and calibration is found. (D is the projector
over acquired data, y is the acquired data, G is the matrix of SPIRiT weights, I the identity matrix).

Due to the shift-invariance of G, SPIRiT can be formulated either in k-space or in the image
space. This represents a great advantage over GRAPPA as any k-space trajectory can be
used within the same formulation.

2.5 Chapter summary
This chapter introduced basics of MRI required for the subsequent chapters, starting
from its physical principles and basic equipment. The generation of the signal, as well as
how this can be spatially encoded to form an image was discussed. Imaging sequences
and mechanisms to generate contrast were presented, as well as image reconstruction
challenges, with a main focus on the techniques used throughout the thesis. Techniques
for acceleration of MRI were also introduced, from parallel imaging to compressed
sensing.
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The following chapters will discuss how these theoretical concepts are put into practice
in the context of cardiac imaging in mice. The next chapter will give an overview the
techniques for cardiac MRI in mice found in recent literature.
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Chapter 3

Cardiac MRI in mice: state of the art

Cardiac MRI is capable of assessing global (whole-organ) as well as local function,
perfusion, viability, and metabolism within a single imaging session. Due to this, as well
as its accuracy and reliability, the use of MRI as a diagnostic tool in cardiology has
increased over the last decades (34). A summary of cardiac MRI techniques, including
standard and experimental methods is reported in Table 1.
In the preclinical environment it is possible to utilise similar methodologies in order to
test new treatments and translate these to patients. However, the implementation of
cardiac MRI in small animals has encountered hurdles during its early development (35).
When performing cardiac MRI in mice, the small size (~ 1 cm) of the heart and the high
heart rates (~ 600 bpm) are a challenge. Due to these spatial and temporal constraints,
development of cardiac MRI in mice has lagged behind its clinical equivalent. While MRI
methods for measuring global functional parameters were developed in the 1980s, the
first results of a mouse cardiac MRI study were reported in 1997 by Siri et al. (36). Since
then, several techniques to image the heart have been developed or adapted for use in
mice, and now the basic technologies for scanning mouse hearts are commercially
available. Techniques for experimental MRI in mice will be briefly reviewed in the
following chapter.
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Parameter
measured
Global function

Imaging
technique
Cine

Application

Target

Functional cine
imaging
Local muscle
Tagging methods, Local tissue
function
velocity
motion
encoding, DENSE
Myocardial
First-pass
Myocardial blood
perfusion
contrast, arterial flow
spin labelling
Myocardial
Late gadolinium
Fibrosis/scar
infarction/viability enhancement

Volumes

Acute ischemic
injury

Oedema
imaging/ T2w

Acute Myocardial
infarction, reversible vs.
irreversible injury

Myocardial
oxygenation
Myocardial
metabolism

BOLD and T2*

Tissue
characterization

T1 mapping, T2
mapping

Extra cellular
volume

T1 mapping with
contrast

Microvascular
obstruction

Early gadolinium
enhancement

1H

and 31P
spectroscopy

Myocardial
oedema and
salvage (when
compared with
LGE)
Deoxygenated
haemoglobin
Quantitative
metabolic
assessment
Tissue
composition,
oedema.
Fibrosis/scar
No reflow

Strain and regional
motion
Myocardial perfusion
reserve, Inducible
ischemia.
Infarct size, fibrosis.

Ischemia, haemorrhage,
iron content
Area at risk, genetic
diseases.
Salvageable
myocardium, scar.
Diffuse fibrosis, infarct
quantification, subtle
abnormalities.
Acute Myocardial
infarction

Table 1 Main techniques to image the heart. Abbreviations: DENSE – displacement enconding with stimulated
echoes; LGE – late gadolinium enhancement; DTI diffusion tensor imaging.

3.1 Global function
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Cine MRI can be used to study the global contractile function of the heart in a healthy or
diseased state by measuring the volumes of the ventricles in different phases (see Figure
29).

Figure 29 Movie frames from short axis stacks in a mouse showing a congenital defect: a hole in the heart. While
the start of systole looks “O” shaped, at the end of systole the myocardium shows a characteristic “D” shape
indicated by the arrow, due to impaired LV pressure.

As shown by the example in Figure 29, impairment in heart function is better seen in
some phases of the cardiac cycle with respect to others. Information from different
phases can therefore be combined and used for diagnosis of different conditions affecting
heart function. Global parameters for systolic function commonly measured with MRI are
defined as follows (see chapter 1 for description of heart phases):



End Diastolic Volume (EDV) [l]: Volume of the LV in end diastole.



End Systolic Volume (ESV) [l]: Volume of the LV in end systole.



Stroke Volume (SV) [l]: difference between EDV and ESV.



Ejection Fraction (EF) [%]: ratio between SV and EDV.



Cardiac Output [l/min]: SV times heart rate.



Left Ventricular Mass (LVM) [g]: Volume of the myocardium. As the heart is incompressible
this should be the same for all the cardiac phases.
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During imaging, mice are usually anaesthetised with gaseous isoflurane, although other
anaesthetics have been tested (37). Different anaesthetics have different hemodynamic
effects on mice, therefore consistent protocols need to be in place in order to compare
data between studies (38). Scouts are first acquired, followed by imaging in the short and
long axes (39). Gating of the scans can be performed prospectively using ECG and
respiratory sensors, or retrospectively utilising navigators (40) or the centre of the kspace with radial k-space acquisition (41). Although radial scans have advantages for
acceleration purposes and are more robust to motion, the Cartesian scheme has achieved
better gating quality in comparison (42).
To capture multiple frames quickly, cine MRI protocols utilise fast 2D gradient echo
images covering the whole heart. In patients, cine MRI is usually performed with
trueFISP, while mice studies commonly use gated FLASH (43) (44, 45) or FISP (46, 47).
Once the gated images are acquired these are analysed in post-processing. Contours on
the frames can be traced manually or semi-automatically (48) (49) (50) to obtain the
relevant volumes. Measures from each slice are then combined to obtain whole-organ
volumes.
Early studies compared MRI with invasive measurements of function showing agreement
(51) and better reproducibility of MRI with respect to conductance catheters (52). MRI
measurements of systolic function have also been compared with echo, showing that the
former technique was more precise in assessing ejection fraction (53). Since the early
2000s cardiac MRI has been used to assess function in a number of disease models (see
Figure 30 for an example in myocardial infarction). Several studies have utilised this noninvasive tool for longitudinal experiments to investigate ageing or disease progression.
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Pharmacological stress tests have also been used to observe the inotropic response of the
heart in several disease states (45) (54).
High resolution cine-MRI is also used for the assessment of muscle dimension. Left
ventricular mass and wall thickness have been successfully measured in mice (36) (55,
56). Standard methods to measure LV mass have used cardiac and respiratory gating and
multiple slices to cover the whole heart with no gap (39). This method is in excellent
agreement with ex-vivo measurements (57) and it significantly outperforms echo as it
does not require geometrical assumptions (36).

a

b

c

Figure 30 Cine-MRI can be used to assess heart function longitudinally: a) End-diastolic view of a mouse
heart at baseline. b) End-diastolic view of the same mouse one day after induced myocardial infarction, by
transient LAD occlusion. c) End-diastolic 4ch view of the same mouse four weeks after induced injury.
Dilatation of the left ventricle indicates heart failure.

Although cine MRI is a highly accurate method, the long scan duration is a limitation of
this technology (58). From the initial studies, where significant averaging was performed,
advances in hardware and sequence optimization have made standard protocols for cine
MRI much shorter, and typical protocols have a duration of about fifteen minutes. In
addition, to further accelerate the acquisition, techniques used in clinical scanners such
as parallel imaging and compressed sensing can be adapted in mice. Studies in mice have
used either parallel imaging (58, 59) or temporal compressed sensing (60) to accelerate
cine imaging.
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3.1.1 Other techniques for global function in vivo
The most commonly used technique to measure heart function is two-dimensional
echocardiography, due to availability and cost, as well as efficiency. This technique can
be used for real-time acquisition in rodents for fast high throughput screening, but is
operator dependent and relies on geometrical assumptions of heart geometry.
To compare MRI and echocardiography techniques in mice within our centre, an
experiment was performed utilising n=5 wild type mice (aged 10 wks) and n=5 chronic
heart failure mice (aged 14 wks, the heart failure was a consequence of acute myocardial
infarction, four weeks after ischemia and reperfusion injury as described in 7.2.3). MRI
was performed as described in Chapter 4, while echo was performed and analysed by an
independent operator. Briefly, echo was performed with 2% isoflurane, using a Vevo 770
ultrasound system (Visual Sonics, Toronto, Ontario, Canada). Hearts were visualised in
the two dimensional short-axis plane and analysis performed in M-mode in the consistent
plane of the papillary muscles. Ejection fraction (EF) was calculated from end-systole and
end-diastole measurements in at least three repeated cardiac cycles.
A Bland-Altman plot was used to assess agreement between echo and MRI (61). Results,
reported in Figure 31, show the degree of agreement between the two techniques, with
echocardiogram overestimating ejection fraction, especially in chronic heart failure mice
where the geometric assumptions of echo lose validity due to remodelling.
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Figure 31 Bland-Altman plot comparing echocardiogram and cine MRI in assessing ejection fraction. The
graph includes control mice and chronic heart failure (CHF) mice.

Micro CT is another technique used to assess global heart function in mice, which is less
user-dependent compared to echo, and can still achieve high throughput acquisition for
heart function in three dimensions in less than 80 seconds (62). However, despite its
promise, CT has not seen widespread adoption in cardiac studies in rodents, perhaps due
to concerns over the radiation dose involved.
MRI is considered the gold standard measurement of systolic function (53), however it
suffers from long scan durations when compared to echo or CT.
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3.1.2 Meta-analysis: aging of the C57BL6 mouse heart
Since the early 2000s the majority of the studies have used C57bl6 mice with similar
regimens of gaseous isoflurane (1-2 % in 1l/min O2). Here left-ventricle data from control
groups of studies from different centres are grouped together in order to derive a time
evolution of the typical C57bl6 mouse heart. Unpublished data from 27 mice acquired
during this doctoral training in Cambridge are also included (the method used to obtain
the measurements is described in Chapter 4). Different study protocols and analysis
methods generate different parameters, and these differences are visualised in the data
reported here. This emphasizes the necessity of fixed rules and protocols to compare data
within a centre. Although there is some centre-induced variability, typical parameters can
be extracted from these data that can be used as a reference when planning studies or
evaluating results. The individual volumes change significantly with age, but ejection
fraction remains relatively stable between 8 weeks and 26 weeks of age for a mouse. As
the range for healthy patients is similar to the range in healthy mice, this parameter can
be used for translational comparisons.
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The figure continues on the next page.
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Figure 32 Functional parameters from the ageing C56BL6 mouse. Next to each symbol the number of
C57BL6 mice utilised in the experiment is reported. The legend reports reference of the relevant papers.

61

3.1.3 The right ventricle
In the past, research on the cardiopulmonary system has lagged behind compared to
work on systemic circulation. Procedures such as Fontaine surgery and cauterization of
the RV lateral wall in dog models have led clinicians to underestimate the role of the RV
(63). Only recently have technical developments in echocardiography and MRI led to
renewed interest in the RV, seen in the broader context of the cardiopulmonary system
(63). Although there is limited information on the role of RV function, impairment plays
a significant part in many diseases, where the extent of RV dysfunction is a predictor of
outcome. In 2006, the National Heart, Lung, and Blood Institute identified RV physiology
as a priority area in cardiovascular research (64).
Imaging the RV remains a challenging task because of fibre orientation, complex
geometry and contraction pattern (65). MRI is an accurate tool for measuring RV function
in humans (66), as well as in mice (67), since it is capable of high spatial, temporal
resolution and of arranging oblique slices to form 3D stacks. For this reason, studies
investigating right ventricle pathology non-invasively in mice have utilised MRI (68) (69).

3.2 Motion and strain estimation
Most forms of heart disease involve some extent of muscle function deficit, and changes
in local contractility can lead to global organ failure in the longer term. MRI can be used
to measure tissue displacements and this information can be converted to stress and
strain measurements to assess contraction and relaxation of the muscle.
The first methods to measure tissue displacement in the myocardium were based on
tissue tagging (70). This method encodes a modulation (tags) on the image at a particular
phase of the heart cycle. With heart motion, the tags move with the muscle, showing the
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spatial deformation. Variations of this technique include spatial modulation of
magnetization (SPAMM) (71) or delay alternating with nutations for tailored excitation
(DANTE) (72). Several studies have successfully adapted tagging techniques in mice.
One limitation of tagging techniques is that the data analysis is lengthy and requires
significant user interaction. To overcome this limitation, harmonic phase (HARP) was
developed (73) and adapted for mice (74). Another limitation of tagging techniques is
spatial resolution, as the distance between tag lines must be larger than image resolution.
In contrast, phase encoded techniques utilise phase information to derive voxel-wise
velocity or displacement maps.

Figure 33 Tagging in the left ventricle of a mouse through systole.

Velocity-encoded phase-contrast methods have been successfully applied to mice,
demonstrating pixel-wise measurements of LV myocardial velocities (75). However, this
technique is less efficient in assessing strain than techniques that use displacement
measurements (38).
Displacement encoding with stimulated echoes (DENSE) MRI encodes spatial
displacements in the image phase, by applying two pulsed gradients (76). This technique
has been successfully adapted in mice both in 2D (77) and 3D (78) (79). In addition,
highly-automated analysis has been developed for temporally-resolved DENSE imaging
(80).
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All of the tissue deformation methods described above can be utilised to extract strain
values, which can be used for local or global metrics of tissue strain. Global values from
tissue deformation imaging have recently shown high prognostic value for remodelling
in acute myocardial infarction (AMI) patients, and it has been suggested that these might
more closely reflect myocardial contractility than traditional measures of systolic
function (81).

Figure 34 LGE (left) and DENSE (right) on the same slice 24 hours after I/R injury. Hypokinetic areas
marked in red (frozen myocites), extend beyond the infarct.

3.3 Perfusion
Perfusion measurements in the myocardium play an important role in the early detection
of occlusive coronary disease. First-pass perfusion techniques observe the transit of a
gadolinium-based contrast agent within the myocardium. Here, T1-weighted fast
gradient-echo images are acquired after injection, measuring different amounts of tissue
enhancement dependent on gadolinium concentration, which can be used to extract
quantitative perfusion parameters (82, 83). Clinically, if this exam is performed in the
presence of a vasodilator, the response of the coronary arteries can be probed and the
area of inducible ischemia can be delineated in order to plan intervention.
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Although this technique presents some extra complications in mice due to faster heart
rate, lower SNR and lower bolus injection reproducibility, quantitative perfusion studies
have been performed recently (84).
As an alternative to first pass perfusion, arterial spin labelling (ASL) techniques can be
used to measure myocardial blood flow. Here, water within blood is used as an
endogenous contrast agent comparing two T1 maps, obtained respectively with a global
and a local inversion pulse. The difference between the two maps represents the blood
that perfuse the slice between the inversion and the excitation. Techniques to perform
ASL in the myocardium of rodents have been used in a number of studies (85-87).

3.4 Viability
Myocardial viability is another important index in the assessment of tissue following
ischemia. After ischemia, a complex cascade of events leads to the development of a scar.
As the extent of nonviable myocardium is a predictor for the severity of heart failure, an
accurate measurement of the non-viable area is required. Techniques to assess
myocardial viability are usually performed using late gadolinium enhancement (LGE).
Here, a Gadolinium contrast agent is injected in the peripheral circulation. After the first
pass of contrast agent perfusing the tissue with arterial blood, healthy areas will have
normal washout characteristics while the contrast agent will remain longer in the infarct
area, and be washed out only later. T1-weighted MRI performed in the late phase of
contrast kinetics shows bright infarcted areas (see Figure 35). Viability measures
obtained with MRI have shown a good correlation with single photon emission computed
tomography SPECT and histology (88).
In patients, LGE is commonly performed with TI-optimized segmented inversion
recovery (IR) within a breath-hold, where images are typically acquired 10-30 minutes
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after intravenous injection of contrast (0.1-0.3 mmol/kg). Techniques to perform this in
mice have used different approaches due to different heart rates and kinetics of contrast.
Some methods have used segmented inversion recovery measurements (89-91), while
others have utilised cine MRI with high flip-angles to generate heavy T1-weighting (92).
Recent accounts, including our method (discussed in Chapter 7), have shown that multislice inversion recovery is highly contrast-efficient (13, 93).

Figure 35 Late gadolinium enhancement in short-axis slices of the mouse heart (from a myocardial infarction
study).

3.5 Oedema and haemorrhage
In ischemia and reperfusion injury, only part of the area at risk supplied by the blocked
artery becomes necrotic. In MRI, an elevated T2 due to tissue oedema is characteristic of
the area at risk and can be detected with MRI. The difference between this area and the
LGE is the salvageable myocardium. In mice, techniques for T2 imaging of the mouse
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heart have been developed based on spin echo (94) or T2 preparation (95). Techniques
for T2 mapping have also been developed for imaging fibrosis (96).
Another important MRI parameter correlated with disease is T2*. An elevation in T2*
values in the myocardium is an indication of haemorrhage in myocardial infarction (97).
In addition, this parameter correlates to iron content in thalassemia (98). Due to the
technical difficulties associated with inhomogeneities, a T2-prepared SSFP BOLD
sequence was proposed to overcome the limitations of traditional BOLD, and
demonstrated in a dog model (99). In mice, studies have attempted to perform blood
oxygen level dependent (BOLD) MRI in order to obtain T2* weighted images (100).

3.6 Angiography, tissue structure and metabolism
Magnetic resonance angiography in small animals is usually performed with time of flight
methods (see 2.2.7). Vascular anatomy can be visualised in the images and rendered in
3D. In mice this technique has been rarely used to look at coronary anatomy due to the
small size, however reports have been produced attempting this technique (101).
Fibre direction in the heart can be probed with diffusion tensor imaging (DTI), in order
to assess structure development and disruption due to disease. Although this method has
been mostly experimented on ex-vivo samples, it holds promise for the assessment of
fibre integrity in response to injury (102). In addition, the development of muscle fibres
in the healthy or diseased foetal heart could be assessed with this method.
Tissue metabolism can be probed utilising magnetic resonance spectroscopy (MRS) in
the heart. The relative abundance of metabolites can be used as a marker for tissue
energetics in genetic diseases as well as in the area at risk of infarction models. Although
in vivo hydrogen spectroscopy studies have been performed in the mouse heart to obtain
information on metabolites, phosphorus has been the most investigated nucleus in
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cardiac MRS (103). By measuring 31P spectra, it is possible to derive phosphocreatine to
adenosine triphosphate ratios, which can be used as a biomarker of cell metabolism. To
guide the prescription of the spectroscopy in vivo, 31P spectroscopy usually employs dualtuned probes (104).

3.7 PET/MRI
Magnetic resonance imaging (MRI) gives excellent views of the heart non-invasively with
clear anatomical detail, which can be used for accurate global and local functional
assessment. Contrast agents can provide basic measures of tissue viability but these are
non-specific. Positron emission tomography (PET) is a complementary technique that
tracks radioactively-labelled molecules to assess cell metabolism. PET is highly specific
for molecular imaging, but lacks the anatomical detail of MRI. Used together, these
techniques offer a sensitive, specific and quantitative tool for the assessment of the heart
in disease and recovery following treatment. Experimental studies combining these
techniques have been performed in mice. Stegger et al utilised sequential acquisition to
validate a method for assessing function with PET (105), while Buscher et al
demonstrated the first simultaneous measurements of PET/MRI in the mouse heart
utilising a PET insert (106). Lee et al combined sequentially acquired LGE MRI with FDG
PET to assess tissue inflammation in follow ups after myocardial infarction, validating
this as a novel clinical tool (107). As shown by this study, PET/MRI technologies in mice
offer promise for the validation of new diagnostic markers. Although most of the first
PET/MRI studies utilised FDG (the method developed within this thesis is reported in
Chapter 8), this field opens to the validation of new tracers with specific molecular
bindings for diagnosis and follow-up of disease.
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Figure 36 Overlaid LGE-MRI and of an infarcted mouse heart obtained during a drug study. FDG-PET
hypointense areas match LGE-MRI hyperintense regions.

3.8 Chapter summary
In this chapter methods to image the mouse heart at different levels were introduced in
the context of recent literature. The review covered global function, local contractility,
perfusion, viability, metabolism as well as structure. This concludes the introductory
section of this thesis. The next section will focus on standard protocols and innovations
for measuring global heart function in mouse models of disease.
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Section 2: Heart function
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Chapter 4

Current techniques for cardiac MRI in mice

As seen in previous chapters, performing cardiac MRI in mice is a challenging task given
the small dimension and high heart rates. To obtain a good outcome, particular attention
is paid to some critical steps of the imaging and data processing protocol. First, a reliable
monitoring signal is obtained, as incorrect gating produces errors in the volumes
estimates. Secondly, slice planning is performed. Sub-optimal geometry produces
inconsistent data that cannot be corrected in post-processing. Last, segmentation of MRI
data, which is performed in post-processing, requires rigorous and fixed rules in order to
avoid inconsistency in the volume estimates.
This chapter focuses on practical aspects of MRI in the mouse heart. Inter and intraobserver agreements are measured for the MRI method, and this is applied to current
problems in experimental cardiology.

4.1 Animal anaesthesia, positioning and monitoring
For the experiments performed here, volatile gas anaesthetics are used. Before starting
the procedure, the mouse is anaesthetised in an induction chamber utilising 3%
isoflurane in 1l/min O2. Within the first five minutes of induction the respiration rate of
the mouse drops significantly, then the mouse can be moved and carefully placed on the
MRI bed, delivering 1-2 % isoflurane in 1l/min O2 with a nose cone for anaesthesia
maintenance as required. Mice are breathing freely. During the scan, respiration rates are
kept between 20 and 70 cycles per minute.
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The animal is positioned prone above the receiver coil. The heart is roughly 0.5 cm below
the forepaws. Accurate placement is crucial in order to maximise the signal intensity.
Initially, an approach with the animal supine and the coil on top was used, which despite
the ease of placing the coil exactly centred on the heart without moving the animal, was
less practical and more time consuming, as care had to be taken not to apply extra
pressure on the chest when securing the coil, especially when mice had undergone a chest
surgery.
For reliable monitoring signals, sensors are carefully placed and their correct functioning
is verified prior to starting the imaging session. To monitor respiration, a small pillow is
placed under the chest slightly below the diaphragm. For ECG monitoring, three
electrodes are located on the anterior paws and on the left rear paw, making sure that
the palm of the toe is completely open. The pair of electrodes achieving the best signal
quality is used for ECG. Cables are twisted together avoiding corruption the ECG signal.
In diseased mice ECG signals can be weak or abnormal, which makes reliable gating
difficult. In addition, the signal quality can degrade during the exam. For these reasons,
ensuring high quality for the ECG signal before the examination is pivotal.
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Figure 37 Monitoring setup.

To avoid changes in the position during the scans, the electrodes are firmly attached to
the bed using tape. The electrodes and the nose cone will hold the animal in place during
the whole procedure. Temperature is measured with a rectal probe thermometer, placed
using a lubricated cover. A water-heated blanket is positioned over the mouse,
encapsulating the monitoring and coil leads to maintain body temperature. If the
temperature is not kept constant during the experiment, the heart rate changes as a
result, leading to incoherent timing of the frames over the course of the experiment. Once
good signals are detected for monitoring, the mouse is positioned in the magnet using an
automatic bed. A laser is used to position the heart in the centre of the bore, where there
is maximal field homogeneity. To identify the heart, the forepaws can be used as a
landmark.
For maximum SNR, fine tuning and matching of both the transmitter and the receiver is
obtained adjusting the capacitance of two trimmer capacitors included in the coils circuit.
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Prior to the acquisition of any imaging sequence, the following standard adjustments are
performed, including:



Central frequency adjustment: the spectrometer is set to acquire at the present
resonant frequency of the system.



Shim adjustment: the line width of the spectrum is minimized by acting on the
currents of shim coils. That makes the main static field as homogeneous as
possible.



Transmit gain adjustment: The transmit gain is set to obtain a 90° pulse, used to
calibrate the power needed to obtain a given flip-angles later in the experiment.

4.2 Cine MRI acquisition
Accurate positioning of the slices for acquisition is vital for quantitative analysis. This
section describes how this can be achieved.
Scout images
The first challenge for cardiac imaging of small animals is to reliably identify the heart
and plan a fast scout with enough resolution and SNR to identify the relevant landmarks
in order to plan the cine imaging. The following paragraph will briefly describe how the
relevant views are obtained starting from the localizers.
Tripilot, 6 cm fov

The aim of this first quick scout is to check the positioning of the coil and localise the heart
among the other organs. In this image, the flow artefacts arising from blood flow are
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helpful to identify the heart. If the heart is correctly placed in the centre of the receiver
coil, it will be roughly in the centre of the RF field profile, as shown in Figure 38.

Figure 38 Image from a Tripilot including the characteristic flow artifacts .

If the animal is not correctly positioned in one of the views, the bed is taken out of the
magnet and positioned again, with major adjustments repeated.

Gated multipilot, 3cm FOV

Figure 39 Multipilot planning on a tripilot and one example of the result in an axial plane.

This scan is acquired in the scanner frame of reference, i.e. axial sagittal and coronal, as
opposed to the heart frame of reference, i.e. long axis, short axis. In the multipilot, five
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slices per orientation are acquired with ECG gating. The aim of this scan is to get the
relevant landmarks to plan the long and short axis views.
Four chamber view (4ch)
A four chamber view scan is planned using the multipilot, and should cut through the
apex and the tricuspid and mitral valves, showing the whole 4 chambers during the heart
cycle.

Figure 40 A frame from a 4-chamber view with an example of the planning on the multipilot

Two chamber view
A two chamber view is planned using the multipilot and the 4ch view, it should cut
through the apex and the tricuspid valve, showing the left atrium and ventricle during the
heart cycle. At this point, the geometry of the two long-axis views can be cross-checked.
If the slice planning is poor, the scans can be repeated.
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Figure 41 A frame from a 2-chamber view with an example of the planning on the multipilot.

Short axis view
A stack of short-axis slices is planned orthogonal to both the four-chamber and to the
two-chamber view. To assess LV and RV function the slices should start from the first
apical slice without blood pool and be repeated with a fixed distance until the first basal
slice without any right ventricle. Slices should be equally spaced with no gaps.
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Figure 42 A frame from short-axis stacks, including the planning of the first slice on 2-ch and 4-ch views.

4.3 Cine MRI segmentation
To achieve a semiautomatic segmentation of the cine images, these are loaded in Segment
v1.9 (48). First, the automatic tools for segmentation are ran. Starting from a point inside
the ventricle, these will inflate the estimated ventricle walls until the best match is found.
Then, LV and the RV volumes are manually delineated at end systole (ES) and end diastole
(ED), defined respectively as the frames with the maximal and with the minimal global
LV volume. Papillary muscles and trabeculations are excluded throughout. Image
contrast is not adjusted between subjects, as inconsistency in the contrast leads to a
different interpretation of partial volume effects. The epicardium is delineated at ES and
ED for LV mass calculations, as shown in Figure 43. The cardiac muscle is incompressible,
so the LV mass must be consistent in ES and ED. If the difference is more than 5%
operator error is likely and these should be reviewed.
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At the base of the ventricles, a straight line is used to discriminate ventricles from atria
as shown in Figure 43, identifying the angle of the slice with the help of the long-axis
views. After the segmentation has been performed on the short-axis slices, it can be crosschecked on the long-axis views.

a

b

Figure 43 a) Segmentation of a mid-ventricular short-axis slice. b) Segmentation of a basal short-axis slice.
Endocardial and epicardial borders are identified and segmented for each short-axis slice. Fixed are applied
to achieve reproducible volume estimates.

4.4 Intra-observer and inter-observer variability
To measure inter-observer and intra-observer variability, C57 male mice (n=7, age 10
weeks) were scanned with the cine-MRI protocol described above. Segmentation was
performed twice to assess intra-observer variability. For inter-observer variability
segmentation was performed once by an independent operator.

4.4.1 Methods
MRI was performed at 4.7 T with a Bruker BioSpec 47/40 system (Bruker Inc., Ettlingen,
Germany). A quadrature birdcage coil of 12cm was used for signal excitation and a fourchannel cardiac receiver coil for signal reception. Animals were positioned prone. After
initial localization images, 4-chamber and 2-chamber views were acquired. Using these
scans as a reference, short axis slices were arranged perpendicularly to both the long-
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axis views to cover the LV (FISP, TR/TE 6 ms/2.1 ms, 13-20 frames, 3.5 cm FOV, 256x256
matrix, 1 mm slice thickness, bandwidth 78 kHz, flip angle 20°, NEX 2). Full LV coverage
was achieved with no slice gap with 8-10 slices.
Data were anonymised and analysed twice by the author (operator 1). To assess interobserver agreement data was analysed by an independent assessor (operator 2). Inter
and intra observer bias were reported as well as inter and intra observer 95% confidence
intervals (CI), obtained by multiplying the standard deviation of the difference between
values by the factor 1.96 (61).

4.4.2 Results and discussion
Inter and intra-observer comparisons are reported in Table 2. Estimates of LV volumes
were relatively unbiased between observers, while RV volumes and LV mass were more
subjective. Rules utilised to segment the hearts achieved high consistency both inter and
intra observers. Values are in line with similar accounts in the literature (108).
Group mean

Inter-observer

Inter-observer

Intra-observer

Intra-observer

± s.d.

bias

95% CI

bias

95% CI

LVM (μl)

101 ± 16

13

3.6

0

6.0

LVEDV (μl)

60 ± 13

-0.7

3.0

0

3.2

LVESV (μl)

16 ± 4

-1.6

2.6

-0.9

1.4

LVSV (μl)

43 ± 9

0.6

2.6

0.5

3.8

LVEF (%)

72 ± 3

2.6

1.4

1.1

2.2

RVEDV (μl)

49 ± 9

-3.4

3.7

-1.3

3.3

RVESV (μl)

11 ± 3

-2.6

4.5

-1.4

2.5

RVSV (μl)

38 ± 7

-0.9

3.0

-0.14

5.5

RVEF (%)

77 ± 5

4.7

4.7

0.9

5.5

Table 2 Intra and inter observer comparisons. Group mean and standard deviation values are reported as
obtained by operator 1 (n=7).
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4.4.3 Conclusion
Mean values obtained from different observers should be compared with care due to
significant biases originating by different interpretation of anatomy. The rules utilised to
segment MRI of mouse hearts achieve high consistency and reproducibility both inter and
intra-observers.
To demonstrate practical applications of the technique described in this chapter, three
studies are reported in the following.

4.5 Application 1: cine MRI in a cardiomyocite-specific KO
In this section results are presented measuring heart function in a cardiomyocite-specific
Complex I knock-out (KO) model. The data shown here represent an example of how the
techniques described in this chapter can be used to detect hypertrophic cardiomyopathy
in a transgenic mouse model in vivo with high sensitivity.

4.5.1 Background
The Ndufs4 gene encodes a 18 kDa subunit of complex I that is not directly involved in
electron transport but plays a role in assembly or stability of the entire complex. Ndufs4null mice have been established as a model for Leigh syndrome and manifest severe
developmental and motor problems, and typically die by post-natal day 55 (109, 110). In
contrast, a recently developed heart-specific Ndufs4-null mouse strain shows no visible
pathology to one year of age despite significant inhibition of complex I activity (111).
Recent studies have demonstrated that a transient inhibition of complex I is protective in
acute myocardial infarction (112) (see also 7.5). The present experiment employed the
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heart specific Ndufs4-null mouse as a model for persistent inhibition of mitochondrial
complex I activity to explore the effects of chronic inhibition of this key node of
myocardial function.

4.5.2 Methods
MRI was performed at 4.7 T with a Bruker BioSpec 47/40 system (Bruker Inc., Ettlingen,
Germany). A quadrature birdcage coil of 12cm was used for signal excitation and a fourchannel cardiac receiver coil for signal reception. Animals were positioned prone. After
initial localization images, 4-chamber and 2-chamber views were acquired. Using these
scans as a reference, short axis slices were arranged perpendicularly to both the longaxis views to cover the LV (FISP, TR/TE 6 ms/2.1 ms, 13-20 frames, 3.5 cm FOV, 256x256
matrix, 1 mm slice thickness, bandwidth 78 kHz, flip angle 20°, NEX 1). Full LV coverage
was achieved with no slice gap with 8-10 slices. Both male (n=5 controls, n=5 KO) and
female mice (n=3 controls, n=2 KO) at 14 ± 3 weeks of age were used in this experiment.

4.5.3 Results
Although the genotype did not impact on behaviour and external appearance, severe
heart disease was visible from the MRI scans. The appearance of a typical transgenic and
a typical control are shown in Figure 44, showing an enlarged heart for the transgenic
animal, with severely impaired contraction capabilities. Quantitative measurements
confirmed this, showing a reduction in function driven by an increase in systolic volumes
and LV mass.

A
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A

B

A

A

D

C

A

A

Figure 44 Long-axis views: A) End diastole in C1KO mouse, B) end systole in the same mouse. C) End diastole
in wildtype control, D) end systole in the same mouse. The C1KO mouse heart fails to contract, furthermore,
the turbulent flow of blood within the ventricle results in a visible reduction of the contrast between the
muscle and the blood.

Controls (n=8)

C1KO (n=7)

LVM(µl)

96 ± 3

115 ± 7 *

LVEDV(µl)

56 ± 2

63 ± 4

LVESV (µl)

19 ±2

44 ±5 ***

LVSV(µl)

37 ± 1

19 ± 3 ***

LVEF(%)

67 ± 3

31 ± 5 ***

Table 3 MRI-derived left ventricular volumes, mean ± SEM. * p <0.05, *** p<0.001. (t-test)
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4.5.4 Conclusions
Cine MRI was successfully used to detect hypertrophic cardiomyopathy in a
cardiomyocite-specific knockout. The data shows that in contrast to the protection
observed by transient inhibition of mitochondrial complex I (112), persistent disruption
by NDUFS4 ablation causes hypertrophic cardiomyopathy.

4.6 Application 2: Cardiac phenotyping of R6/2 mice
In this section cardiac MRI is used to characterise the cardiac phenotype of transgenic
mice obtained by modification of the gene causing Huntington’s disease in humans.

4.6.1 Background
Huntington’s disease (HD) is a hereditary disorder of the central nervous system
characterised by psychological, neurological and physiological symptoms. The disease is
carried by an autosomal dominant gene (IT15, chromosome 4). The defect is caused by a
trinucleotide CAG repeat for a protein called huntingtin.
Although primarily considered as a disease of the CNS, the mutant protein responsible
for disease is expressed throughout the body (113). There is growing awareness of
cardiac dysfunction in HD. Heart failure (HF) is a major cause of death in HD patients
(114-116), and HD patients are 15 times more likely to suffer from heart disease than
age-matched controls (117). It has been suggested that these symptoms are related to
loss of dopamine receptors, microglia activation and neural inclusions in the
hypothalamus of PHD individuals (118), although it is possible that the cardiovascular
system is directly involved.
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The R6/2 mouse has proved to be a useful model of HD, displaying neurodegeneration
(119, 120), behavioural abnormalities (121-126), and altered daily activity patterns
(127-129).

4.6.2 Materials and methods

Animal model

Mice were taken from a colony of R6/2 transgenic mice (130) established at the
University of Cambridge, and maintained by backcrossing onto CBA × C57BL6N F1 female
mice. Genotyping and CAG repeat length measurement were carried out by Laragen (Los
Angeles, CA, USA) as described previously (131). The transgenic mice used in this study
had a mean CAG repeat length of 242 ± 1 (range 237-251).
Experimental design
Two groups of mice (10 WT, 10 R6/2 mice) were imaged at 13 and at 16 weeks. One of
the transgenic died after the first MRI session.
MRI acquisition and analysis methods
After initial localization images, a 4-chamber view was acquired (FLASH, TR/TE
8ms/2.8ms, 20-25 frames, 2.56cm FOV, 256 matrix, 1.5mm slice thickness, bandwidth
70kHz, flip angle 30°, NEX 8). Using this scan as a reference, short axis slices were
arranged perpendicular to the septum to cover the left ventricle (LV).

The black-blood cine-FLASH sequence
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Saturation slices were placed over the pulmonary veins/left atrium for a black-blood
sequence (FLASH, TR/TE 10.9ms/2.8ms, 15-18 frames, 2.56cm FOV, 256 matrix, 1.1mm
slice thickness, bandwidth 70kHz, flip angle 20°, NEX 6). Full LV coverage was achieved
with no slice gap with 6-8 slices.

Figure 45 A-B) Images from a short-axis view black-blood CINE stack in a wildtype, C-D) in a transgenic mouse.
E) four chamber FLASH in a wildtype. F) Four chamber FLASH in a transgenic mouse.

Even if it was possible to segment the blood and the myocardium, this implementation of
a black-blood sequence has shown problems of partial saturation of the blood, especially
in end-systole, that complicated the segmentation of the blood pool, this is discussed in
4.8.2.
MRI assessment of septal bowing
In viewing the MRI cine frame, it was observed that the R6/2 hearts appeared to have a
different shape during contraction, in particular septal bowing seemed to be present.
To assess this, a simple measure of ‘bending’ of the left ventricle was conceived. Three
lines were fitted to the centroids of delineated LV blood pool regions. The first line was
the best fit to the centroids of each slice to determine the ‘midpoint’ of the LV. Two further
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lines were found as the best fits to the slices above and below this midpoint respectively.
The metric considered was the angle made between these lines.

Figure 46 A) The barycentre of each LV slice is calculated. B) The angle θ between the higher and the lower
portion of the heart is used as a measure of distortion.

4.6.3 Results
At 13 weeks, end diastolic volume (EDV) and end systolic volume (ESV) were reduced by
17 ± 4% (p < 0.002) and 28 ± 9% (p < 0.02) respectively, in R6/2 compared with WT mice
(Table 2). By 16 weeks, abnormalities increased to 37 ± 7% (p =< 0.00001) and 53 ± 11%
(p <0.00001), respectively (Table 2). became significantly reduced in R6/2 compared
with WT mice (EF, 18 ± 5%, p < 0.005; SV, 26 ± 6%, p < 0.0001; CO, 31 ± 7%, p < 0.0005;
Table 2).
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Figure 47 MR images in the long axis at end-systole from individual R6/2 mice show apparent adhesions of the
apex of the heart to the pericardium (red circles). These apparent adhesions were not seen in the hearts of WT
mice

Visual inspection of the MRI images revealed that R6/2 hearts were smaller than WT
hearts (Figure 47), and had marked visual differences in the cardiac cycle. Video
recordings of the beating hearts suggest that hearts from R6/2 mice have a distorted
shape during contraction, relative to WT mice. Measurement of bending revealed no
difference between genotypes at 13 weeks, but by 16 weeks the bending angle in R6/2
mice was significantly greater than in WT mice (p<0.05, Table 4). An additional finding is
the appearance of “adhesions” of the apex of the heart to the pericardium in the images
from 16 week old R6/2 mice (Figure 47).
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These phenomena were not seen in 13 week old R6/2 or WT mice at either age.

Scan 1 (13 weeks)

Scan 2 (16 weeks)

WT
(n=10)

R6/2
(n=9)

WT
(n=10)

R6/2
(n=9)

Age (weeks)

13.1 ± 0.2

13.3 ± 0.1

16.7 ± 0.1

16.4 ± 0.1

Body weight (g)

27.7 ± 1.0

21.1 ± 1.4

**

29.3 ± 1.3

19.0 ± 1.1

***

EDV (µl)

45.3 ± 1.5

37.3 ± 1.6

**

46.0 ± 1.4

29.1 ± 1.5

***

ESV (µl)

20.9 ± 1.7

15.0 ± 1.4

*

18.2 ± 1.4

8.6 ±1.1

***

SV (µl)

24.4 ± 1.0

22.3 ± 1.4

27.8 ± 1.2

20.6 ± 0.7

***

6.9 ± 0.5

6.1 ± 0.4

8.1 ± 0.5

5.5 ± 0.5

***

EF (%)

54.0 ± 3.0

60.0 ± 3.0

61.0 ± 2.0

71.0 ± 2.0

**

LV bending angle (°)

13.3 ± 1.5

14.3 ± 1.5

11.0 ± 1.2

15.0 ± 1.4

*

CO (ml/min)

Table 4 Cardiac parameters derived from mice used for MRI scans. EDV, end diastolic volume; ESV, end systolic
volume; SV, stroke volume; CO, cardiac output; EF, ejection fraction; LV, left ventricle. Data are means ± SEM.
Significant differences are R6/2 compared to WT mice. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 48 Bending angle at 16 weeks, solid lines represent group averages: The R6/2
(250 cag) hearts display significant bowing with respect to WT at 16 weeks (p<0.05).

4.6.4 Conclusion
This study has demonstrated in vivo abnormality of heart function in the R6/2 mouse
model of HD, consisting of a reduced cardiac output and septal bowing, but with
preserved systolic function. These data add to the body of work demonstrating the
usefulness of the R6/2 mouse as a model of HD.

4.7 Application 3: Right ventricular dysfunction in R6/2 mice
unmasked by dobutamine
During the preliminary observations in the R6/2 mouse the mice had a reduced CO,
significant septal bowing and an altered anatomy of the diaphragm, though with a
preserved LV systolic function. In this follow-up study we were interested in the role of
the right ventricle (RV) in the cardiac phenotype seen in R6/2 mice. It was hypothesized
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that impaired RV function, and therefore reduced pulmonary circulation, might be an
important component of the circulatory problems seen in HD mice, contributing to a
reduction of LV cardiac output through mechanisms of ventricular independence. In this
study we used in vivo MRI to determine whether the RV was involved in R6/2 cardiac
pathology. We characterised this over time, and also used a pharmacological stress test
to determine whether or not these effects could be unmasked earlier in the disease. Stress
was pharmacologically-induced in vivo with dobutamine, a drug that is commonly used
to increase sensitivity and specificity in the assessment of patients with suspected
coronary artery disease (132).

4.7.1 Materials and methods
Animals
Mice were taken from a colony of R6/2 transgenic mice (130) established at the
University of Cambridge, and maintained by backcrossing onto CBA × C57BL6N F1 female
mice. Genotyping and CAG repeat length measurement were carried out by Laragen (Los
Angeles, CA, USA) as described previously (131). The R6/2 mice used in this study had a
mean CAG repeat length of 226 ± 7 (mean ± s.d.).
Magnetic Resonance Imaging
Two experiments were performed: the first to evaluate the functional parameters
longitudinally in transgenic mice (n=5) that were not exposed to dobutamine, the second
to evaluate the difference in the effect of dobutamine on C57BL6 WT (n=6) and R6/2
(n=6) mice at a presymptomatic timepoint.
Longitudinal characterization
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Five male R6/2 mice were scanned at three time points, designed to capture an initial
period before severe symptoms developed (t1=7±1 weeks of age; mean ± s.d.) and two
later scans reflecting different stages of pathology. In R6/2 mice, body weight increases
with development and, after the onset of the symptoms, it falls as a consequence of
disease progression. Disease-induced weight loss was therefore used for pathology
staging. To evaluate changes in heart size independently of bodyweight, a second scan
(t2=14±1 weeks of age) was performed when the bodyweight had decreased to the same
point as it was at the initial scan. A third scan was performed at a later stage of the disease,
when the bodyweight was 75% of the initial weight (t3=16±1 weeks of age).
Stress test

Six male R6/2 mice and six male WT controls (C57Bl6N/CBA) were scanned at 10 weeks
of age. This corresponded to the last time point before the disease phenotype starts to
show and body weight starts to decrease. In addition to the protocol described below,
pharmacological stress was induced with an in situ intraperitoneal (i.p.) bolus injection
of dobutamine (12 μg/g) to induce chronotropic, as well as inotropic and lusitropic
response (54). For 30 minutes following injection three short axis mid-ventricular slices
with no gap were acquired in order to observe the changes in LV and RV volumes caused
by beta-adrenergic stimulation.
Imaging protocol

Anaesthesia was induced with 3% isoflurane in 1l/min O2 and maintained with 1-2%
isoflurane in 1l/min O2. A pressure sensor for respiration rate was used to monitor
anaesthesia depth and a rectal sensor was utilised to monitor the core temperature,
which was maintained at 36-37° with the use of a flowing-water heating blanket. Gating
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of the MRI sequences was achieved prospectively with electrocardiogram (ECG). The ECG
trace was visually inspected between MRI sequences to identify severe arrhythmias if
present. MRI was performed at 4.7T with a Bruker BioSpec 47/40 system (Bruker Inc.,
Ettlingen, Germany). A birdcage coil of 12cm was used for signal excitation and a 2cm
surface coil for signal reception with the animals positioned prone. After initial
localization images, 4-chamber and 2-chamber views were acquired (FISP, TR/TE
7ms/2.4ms, 13-20 frames, 3.5 cm FOV, 256x256 matrix, 1 mm slice thickness, bandwidth
64kHz, flip angle 20°, NEX 2). Using these scans as a reference, short axis slices were
arranged perpendicularly to both the long-axis views (FISP, TR/TE 7ms/2.4ms, 13-20
frames, 3.5 cm FOV, 256x256 matrix, 1 mm slice thickness, bandwidth 64.1kHz, flip angle
20°, NEX 2). Full LV and RV coverage was achieved with no slice gap with 8-10 slices
following Weissman et al (67).
Data analysis

To analyse the effects of inotropic stimulation, ejection fraction from the slices acquired
30 minutes after the injection of dobutamine was compared with the same slices acquired
at baseline performing a paired Student’s t-test.
In the longitudinal analysis parameters were tested for significant differences using a
paired Student’s t-test. Differences between WT and R6/2 mice were tested with a two
samples different variance t-test.

4.7.2 Results
During MRI examinations, mean heart rates were in the range of 350-450 beats/minute,
and respiratory rates were between 25-65 breaths/minute. Visual inspection of the ECG
signals during the MRI studies did not reveal arrhythmia in any subject.
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Age (wk)

7± 1

14± 1

16± 1

(presymptomatic)

(symptomatic)

(late stage)

mean ± s.d.

mean ± s.d.

mean ± s.d.

23 ± 1

23 ± 1

16 ± 1**

425 ± 40

400 ± 80

375 ± 40

76 ± 10

65 ± 7**

58 ± 9*

LVEDV (μl)

42 ± 5

40 ± 5

30 ± 5*

LVESV (μl)

15 ± 1

11 ± 2

8 ± 4*

LVEF (%)

65 ± 4

72 ± 6

73 ± 7

LVSV (μl)

28 ± 3

29 ± 5

21 ± 2*

LVCO (ml/min)

12 ± 1

11 ± 3

8.0 ± 0.7*

RVEDV (μl)

40 ± 4

42 ± 9

44 ± 6

RVESV (μl)

12 ± 2

14 ± 6

22 ± 6*

RVEF (%)

71 ± 5

68 ± 10

51 ± 9*

RVSV (μl)

28 ± 4

29 ± 6

22 ± 2*

RVCO (ml/min)

12 ± 1

11 ± 3

8.2 ± 0.7*

Body weight (g)
Heart rate (bpm)
LVM (μl)

Table 5 Cardiac parameters for R6/2 mice at different disease stages (n=5).
*: p<0.05, **: p<0.01.
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Cardiac functional parameters and body weight at different stages of the disease in R6/2
mice are shown in Table 1. R6/2 mice develop normally, and body weight increased as
expected in the first 8-10 weeks. Body weight then falls as a result of disease progression.
For this reason, weight was the same at 7 weeks (t1) and 14 weeks (t2), and had declined
further by 16 weeks (t3). No significant change in heart rate was observed due to disease
progression. Nevertheless, a significant decrease in LV mass starting from middle stage
of the disease (t2) was observed. At a later stage (t3), a substantial decrease in cardiac
output was observed. The LV volume measurements (Table 1) show a progressive
reduction of EDV and ESV, consistent with the reduced cardiac output, but LVEF was
unaffected.

Figure 49 Right ventricular function during systole in WT and R6/2 mice. (a) Long axis view of the mouse heart,
showing the position of the mid-ventricular short axis slice seen in (b). (b) Images from mid-ventricular short-axis slices
from WT (upper panels) and R6/2 (lower panels) mice, showing an enlarged RV throughout systole in 16 weeks old
R6/2 mice.

Visual inspection of the short-axis images (Figure 1) showed a substantial impairment of
RV systolic function. Remodelling of the RV was represented by a substantial increase in
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ESV, as confirmed by the volumetric measurements (Table 1). RVEF measurements
showed significant deterioration from 71% to 51%.

Baseline values (mean ± s.d.)
Genotype

WT (n=6)

R6/2 (n=6)

Age (wk)

10 ± 2

10 ± 2

Body weight (g)

25 ± 5

25 ± 4

LVM (μl)

84 ± 15

79 ± 14

LVEDV (μl)

46 ± 11

43 ± 10

LVESV (μl)

13 ± 5

14 ± 5

LVEF (%)

73 ± 4

68 ± 5

RVEDV (μl)

42 ± 8

38 ± 10

RVESV (μl)

11 ± 3

10 ± 4

RVEF (%)

74 ± 5

75 ± 4

Table 6: Cardiac parameters in WT and R6/2 mice at 10 weeks, prior to dobutamine administration.

At 10 weeks of age, when R6/2 mice show no overt symptoms, LV mass and ventricle
volumes were similar in WT and R6/2 mice (Table 2). Furthermore, no significant
differences in LVEF or RVEF were present between WT and R6/2 before inotropic
stimulation. After dobutamine administration, a significant increase in the heart rate was
observed for both groups (p<0.001), although the increase was not significantly different
between the two groups (20 ± 15 % in WT, 30 ± 15 % in R6/2 mice, p>0.10). Nevertheless,
under dobutamine-induced stress, RV systolic function dropped dramatically in the R6/2
mice, but not in the WT mice (Figure 2).
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Figure 50: Changes in ejection fraction during dobutamine stress test.
RV = right ventricle, LV = left ventricle.
Data are mean ± SEM. *=p<0.05

Decrease in RV function of R6/2 mice was driven by a significant increase in both RVEDV
and RVESV (Table 3). LV ejection fraction significantly increased in both groups
(p<0.001), but there was no significant difference in the effect of dobutamine on LVEF on
mice of different genotypes.

% increase (mean ± s.d.)
Genotype

WT (n=6)

R6/2 (n=6)

LVEDV (μl)

-32 ± 10

-35 ± 10

LVESV (μl)

-71 ± 30

-50 ± 15

RVEDV (μl)

-5 ± 15

15 ± 40

RVESV (μl)

30 ± 15

115 ± 50

Table 3: Percentage changes in ventricular volumes caused by dobutamine.
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4.7.3 Conclusions
MRI was successfully used to investigate the RV in the R6/2 mouse model of Huntington’s
disease. These data add to previous findings of LV pathology in the R6/2 mice by showing
that RV function is also impaired. Importantly, these changes can be unmasked in young,
otherwise asymptomatic animals with the beta-adrenergic agonist dobutamine. Using a
serial and non-invasive method, this work successfully identified a specific dysfunction
of the cardiovascular system in this model of human disease.

4.8 Discussion
4.8.1 FLASH vs. FISP
As seen in 2.2.6 fast gradient echoes use spoiling or refocussing. To compare the
approaches in the system utilised throughout the thesis (Bruker Biospec 47/40), a longaxis view was acquired with FLASH and FISP, keeping all the other parameters constant
(TE/TR= 2.8/8 ms, 20° flip angle and 2 NEX). The SNR of the blood was measured in the
first frame and found to be higher in FISP with respect to FLASH with a factor of 3/2,
while the SNR of the myocardium was higher in FISP by a factor of 1.14. Higher SNR in
FISP over FLASH was consistent over movie frames. This is not surprising, as FISP rescues
signal from precedent repetitions instead of spoiling. The reason behind the wider
adoption of FLASH in mouse studies has been the robustness to artifacts (103).
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Cine FISP

Cine FLASH

A

B

C

D

Figure 51 Visual comparison between FISP and FLASH. A-B) First frame acquired after the ECG trigger. C-D)
Third frame acquired after the trigger. The arrow points to a banding artifact, typical of FISP images, not present
in FLASH.

Typical banding artefacts were observable in FISP images, but these were always outside
of the heart. Banding artifacts have not caused problems during any of the experiments
performed throughout this thesis. Other mouse studies that have used FLASH due to
banding artifacts in the heart were often performed at higher field and with smaller bore
systems. The fact that these artifacts are less prominent in a 47/40 system may be due to
lower field and larger bore (40 cm), producing a larger homogeneous area.

99

4.8.2 Bright blood vs. Black blood
The study in 4.6 employed a black blood sequence achieved by saturation of the blood
from incoming vessels. This achieved unreliable saturation of the blood, which caused
difficulties in segmenting the blood from the myocardium. More effective methods have
been reported in the literature, utilising double inversion preparation in order to achieve
a better suppression of the inflowing blood (133). Black-blood methods rely on the null
of the blood signal in order to achieve high CNR, and have shown to achieve high
reproducibility especially in diastole, where fast inflow of blood produces artifacts in
bright-blood images.
In contrast, bright blood techniques can achieve high CNR due to an effect known as
inflow enhancement (see 2.2.7). As blood moving into the slice has not received any
previous excitation, the full population can be magnetized and much higher signal can be
extracted from the blood. Due to the flow enhancement effect, in bright blood cine MRI
the myocardial wall can be visualised even in an environment where myocardial SNR is
low.

4.8.3 Speed
Using the protocol described in this chapter, functional parameters can be extracted with
an acquisition time of around 12 minutes. Although this scan time is accepted for stateof-the art cine MRI experiments, in some applications this reduces the feasibility of
experimental protocols. For instance in 4.7, when imaging the inotropic response of the
heart to dobutamine, the coverage had to be limited to three slices only, due to the change
of the heart-rate during these examinations. On one hand, better control of the stress
utilising an i.v infusion pump would have achieved higher reproducibility of the dose and
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more stability for performing the scans. However, lengthy stress times are problematic
for diseased animals as the stress agent has counter indications (134).
Faster acquisition would allow freezing of the inotropic state of the heart during stress
tests with multiple steps, as performed in the clinic for pharmacological stress functional
examinations (132).

4.9 Chapter summary
Here standard methods to perform cine MRI efficiently and accurately were presented
and demonstrated in two genetic models. The main technical challenges and drawbacks
were discussed. Although cine-MRI in mice is now feasible in many centres and can be
used for useful translational studies, a constraint of this technique is the length of the
examination. In this chapter, this limitation was encountered when studying the inotropic
response to dobutamine of the R6/2 mouse model of Huntington’s disease. The next
chapter will explore methods to accelerate cine MRI in mice.

101

Chapter 5

Accelerated cine MRI: assessment of systolic
function with a one-minute acquisition

As seen in the previous chapter, in-vivo assessment of heart function is useful for
phenotyping of transgenic models of heart disease. However, lengthy times under
anaesthesia reduce throughput and effectiveness of stress test experiments. In this
chapter a method to perform a full functional assessment in one minute is presented and
validated.

5.1 Introduction
As discussed in previous chapters, Cine MRI is considered the gold standard
measurement of systolic and diastolic function (53), producing images with anatomical
detail superior to any other in vivo technology. MRI can be used for assessment of the left
as well as the right heart, and does not require geometrical assumptions on heart shape
and contraction (67). In addition, as discussed in Chapter 3, MRI is a highly versatile
technique, capable of assessing the heart at multiple levels.
Despite its high accuracy, the application of cardiac MRI in mice has been limited in the
past by several challenges. Fast heart rates and small dimensions, together with the
difficulties in gating meant that this technology has lagged behind clinical MRI (35). Most
of these problems have now been resolved with the adoption of the latest generation of
small-bore MRI systems and techniques such as retrospective gating (40). Nevertheless,
the procedure to assess function is still time consuming when compared to echo or CT,
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imposing lengthy anaesthesia and limiting the number of animals that can be done in each
session. Long scan times are prohibitive to techniques such as pharmacological stress
testing, which can be used to boost sensitivity and specificity during functional
examinations, and are important clinically (132). Speeding up the MRI experiment for
mice would therefore make the cardiac examination more translatable to the clinic,
allowing a full battery of testing to be performed.
In recent years, acceleration techniques such as parallel imaging and compressed sensing
have been successfully applied to cardiac MRI in clinical settings. Parallel imaging uses
multiple radiofrequency receivers to reduce the number of samples required (see 2.4.1).
Compressed sensing achieves the same goal exploiting redundancy of the image in space
or time by means of regularized iterative reconstruction (see 2.4.2). Although these
techniques have been used in clinical research studies, only a few reports so far have
attempted to accelerate cine MRI in rodents. These studies have used either parallel
imaging (58, 59) or temporal compressed sensing (60), achieving 2-4 fold acceleration.
Spatiotemporal compressed sensing has previously been implemented in the mouse
heart using retrospective gating, in order to increase temporal resolution (135) or
accelerate the acquisition in the rat (136) obtaining scan times of 20-30 seconds per slice
reconstructing a limited number of heart phases (8-16 per heart cycle).
To date, there have been no reports of the combination of compressed sensing and
parallel imaging in the mouse heart. Here these are used in concert for the first time to
accelerate cine-MRI the mouse heart, comparing rectilinear and radial acquisition
protocols. The effects of acceleration are evaluated by comparing measured parameters
of function.
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5.2 Materials and methods
5.2.1 Animals
Five male C57/bl6 mice (20 weeks) were used. Animals were anaesthetised with gaseous
isoflurane both for induction (3% in 1l/min O2) and maintenance (1-1.5% in 1l/min O2).
A pressure sensor for respiration was used to monitor anaesthesia depth with breathing
rates maintained in the range 30-60 breaths per minute. ECG signals were monitored
with graphite electrodes. Body temperature was monitored using a rectal thermometer
and a flowing-water heating blanket was used to maintain animal temperature at 37°C
throughout the experiment.

5.2.2 Imaging
Imaging was performed at 4.7T with a Bruker BioSpec 47/40 system equipped with 400
mT/m gradients (Bruker Inc., Ettlingen, Germany). A birdcage coil of 12cm was used for
signal excitation and a four-channel receiver array for signal reception (Bruker Inc.,
Ettlingen, Germany). Animals were positioned prone. After the initial localizers, standard
prospectively-gated cine MRI was acquired (see Chapter 4).
For the rectilinear scheme, the sequence was modified to include a navigator after slice
excitation (40). In the radial scheme, spokes were acquired spanning 360°, and the
forward and reverse spokes were used to estimate and correct gradient inaccuracies as
discussed in Chapter 6. The k-space centre signal was used for navigation.
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Sequence

FISP

FLASH

FLASH

Scheme

Cartesian

Cartesian

radial

Gating

prospective

retrospective

retrospective

TR/TE

6.0 / 2.1 ms

4.8 / 1.7 ms

5.6 / 1.1 ms

FOV

3.5 × 3.5 cm2

3.5 × 3.5 cm2

3.84 × 3.84 cm2

Echo position

50 %

15 %

5%

Matrix size

256 × 256

192 × 192

256 × 1440

Rec BW

78 kHz

100 kHz

100 kHz

Pulse

flip angle 20°

flip angle 20°

flip angle 20°

BW 5.4 kHz

BW 18 kHz

BW 14 kHz

15-20 frames,

100 repetitions

12 repetitions

Repetitions

1 NEX

Table 7 Sequence parameters.

5.2.3 Retrospective gating
Retrospective gating was achieved by performing principal component analysis (PCA) on
the navigator signals, using all of the receivers. For the rectilinear case, data in the
navigator signals were concatenated across coils. For the radial case, the whole k-lines
were concatenated across coils. The first component of the PCA was high-pass filtered to
extract cardiac gates. Prediction error on a band-pass Fourier filter centred on the heart
rate was used to identify and exclude respiration events. Cine-MRI images were
reconstructed with 20 cardiac phases. Typical self-gating signals are shown in Figure 52.
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Figure 52 Comparison between typical gating signals in the radial case. Blue signals are raw data, Red signals
are high-pass filtered. Features with the frequency of the order of 1 Hz are respiration events, while higher
frequency oscillations represent heart beats.

5.2.4 Iterative reconstruction
Compressed sensing was applied to both radially- and rectilinearly-acquired data, using
a projection over convex sets (POCS) algorithm (137) (see 3.1). Each iteration of the
algorithm included two data consistency steps (acquired k-space consistency and SPIRiT
consistency across receivers in the image domain (33)) and two soft thresholding steps
in sparse domains (wavelet transform to take advantage of spatial compressibility;
temporal Fourier transform to exploit the periodicity of the heart cycle). In the radial
case, the algorithm employed implicit gridding with non-uniform fast Fourier transform
(NuFFT (28)) to avoid feedback of numerical errors. The code was implemented using

106

Matlab (Mathworks, USA). Open-access, freely available libraries were used for SPIRiT,
wavelet and NuFFT.
Undersampled datasets were obtained taking only the first part of the acquisition and
discarding the rest. For each acquisition strategy we reconstructed 6-fold undersampled
images (15 seconds per slice) and 12-fold undersampled images (7.5 seconds per slice),
to compare with fully sampled images (90 seconds per slice). Standard functional
parameters for the LV were derived using Segment v1.9 (48). Precision in the volume
estimates between acquisition schemes and undersampling factors was assessed by
means of Bland-Altman plots (61). To validate the self-gating strategy, parameters from
fully sampled Cartesian and radial acquisitions were compared with standard
prospectively gated scans using a t-test.

107

5.3 Results
The heart rate was 454 ± 30 bpm (mean ± s.d.) during the examination. Using PCA, our
self-gating routine extracted the relevant information automatically for both radial and
rectilinear MRI. The gating procedure required minimal manual interaction to define the
threshold for rejection of respiratory events, which was selected on an individual basis
by visual inspection. No significant differences were found in measurements using
prospective gating and the two retrospectively-gated schemes.

FISP –
FISP

Rectilinear
FLASH

FISP – Radial
FLASH

LVEDV (µl)

79 ± 7

-0.8 ± 4.9

3.0 ± 5.3

LVESV (µl)

27 ± 3

-0.4 ± 3.0

1.6 ± 2.5

LVSV (µl)

51 ± 6

-0.4 ± 3.3

1.4 ± 3.8

LVEF (%)

65 ± 4

-0.2 ± 2.8

-0.4 ± 2.3

Table 8: Differences between functional parameters obtained from prospectively-gated Cartesian FISP
(reported in the first column) and retrospectively gated scans, respectively rectilinear and radial FLASH
(mean ± s.d.). No significant differences were found between prospective and retrospective gating.

The compressed sensing algorithm successfully anti-aliased the cine images, which could
be used to produce accelerated whole-heart stacks. Image quality of 6-fold undersampled
rectilinear MRI was sufficient to segment the ventricles, while residual aliasing corrupted
the measurement on the 12-fold rectilinear undersampling (Figure 53). Residual aliasing
was mostly present in the slices with higher diastolic inflow at the base of the heart, while
mid-ventricular and apical slices were still artefact-free. On the other hand, 12-fold
accelerated radial images were alias-free throughout the heart (Figure 54).
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Figure 53: Mid-ventricular short-axis slice comparing full sampling, 6x and 12x acceleration for Cartesian
and radial sampling. Each image is reconstructed both by applying straightforward transformation to zerofilled data and iterative reconstruction including compressed sensing and parallel imaging.
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Figure 54 Comparison between fully sampled and 12x accelerated radial MRI. Although signal to noise
ratio is lower in the 12x images due to fewer datapoints acquired, the anatomical detail is preserved for
functional examination as aliasing has been successfully removed.

Despite a reduction in signal to noise ratio due to the fewer datapoints acquired, the
anatomical detail was preserved and it was possible to segment all the images. BlandAltman plots for functional parameters are shown in Figure 55 for Cartesian sampling
and in Figure 56 for the radial case.
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Figure 55: Bland-Altman plot comparing functional parameters derived from full Cartesian sampling and
6x accelerated Cartesian cine MRI (full-undersampled vs average). Lines are mean with 95% confidence
intervals.
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Figure 56: Bland-Altman plot comparing functional parameters derived from full radial sampling and 12x
accelerated radial cine MRI (full-undersampled vs average). Lines are mean with 95% confidence intervals.

Good agreement was observed for the undersampled two-minute rectilinear and oneminute radial set compared with full sampling. Precision was comparable between
acquisition schemes, but undersampling with the radial scheme had lower bias than
using rectilinear sampling.

5.4 Discussion
The results show that imaging times for complete functional assessment of heart function
in mice can be accelerated 12-fold to obtain an acquisition time of one minute.
Importantly this experiment considered not only the visual quality of the images, but also
the quantification of the functional parameters. There was no change in the volumes
obtained in any of the tested mice and the group variability was not increased. To assess
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an optimal regime to achieve the required acceleration, the performance of rectilinear
and radial acquisition of k-space were compared. Unlike the radial case, rectilinear
sampling led to a bias in measures caused by coherent aliasing. This is unsurprising as
the radial data achieve a less coherent sampling of k-space, producing noise-like aliasing,
which is vital for the application of compressed sensing.
Compared to prospective ECG gating, using navigators for retrospective gating results in
higher resistance to arrhythmias (40). Furthermore, the gating procedure can be
performed in post-processing and is less prone to human error. Through PCA, the method
described here made efficient use of all physiological information at once, minimising
operator interaction. Although the procedure for obtaining the cine images is relatively
straightforward, preparatory steps such as positioning and imaging scouts are required
for careful planning of the short-axis scan. Nevertheless, landmarks such as the apex, the
aorta and the LV wall can be easily and quickly identified to guide the prescription of
oblique short axis slices (see 4.2).
Parallel imaging and compressed sensing have been used to reconstruct images from
partial data, therefore accelerating the acquisition. Importantly, the undersampled data
used here were not synthetized, but obtained from the first part of the acquisition,
therefore demonstrating directly the acceleration capabilities of this method. In order to
reconstruct images from partial data, iterative reconstruction must be employed. As this
comes with high computational burden, especially when re-gridding steps are needed, at
present reconstruction is performed off-line. However, with multi-core computers and
graphical processing units being employed in scientific programming, strategies to
perform these algorithms faster have been proposed that may permit online
reconstruction in the future (138).
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Fast in-vivo techniques for assessing function of both ventricles are required, for
longitudinal phenotyping and meaningful translation of new treatments. In
echocardiography, volumes are derived from two-dimensional datasets making
assumptions on ventricular shape based on a geometrical model. This can potentially
produce some discrepancy in diseased hearts with abnormal anatomy and function (139)
(see 3.1.1). Furthermore, it is difficult to apply such models accurately to the right
ventricle, due to its complex shape and contraction pattern. MRI can derive those volumes
directly from three-dimensional data. MRI is considered the non-invasive reference
standard (139) when accurate assessment of left or right ventricular volumes is needed,
and the method is particularly suited to longitudinal studies as smaller sample sizes are
needed compared to other techniques (140).

5.5 Chapter summary
In this chapter a protocol to accelerate self-gated retrospective cine MRI in mice using
spatiotemporal compressed sensing and parallel imaging was demonstrated. This can be
performed with either Cartesian or radial MRI, utilising an optimum self-gating strategy.
MRI assessment of left and right ventricular systolic function in mice can be significantly
accelerated maintaining high accuracy performing a one-minute acquisition. Fast
protocols such as these will enable high throughput phenotyping or translational studies
investigating left or right heart, including pharmacological stress experiments, favouring
reduction and refinement of preclinical research. The next chapter addresses the issue of
trajectory correction in radial MRI.
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Chapter 6

Trajectory correction for radial MRI in mice

Radial sampling has inherent advantages over Cartesian k-space sampling, such as lower
sensitivity to motion, flow, and incoherent aliasing (41). Repeated sampling of the kspace centre yields a signal that can be used as a navigator for retrospective gating of klines into frames covering the cardiac or respiratory cycles. Since the coherence between
sampled points is reduced compared to Cartesian imaging, the method is popular with
compressed sensing for fast MRI techniques employed in real-time imaging applications
(141).
As demonstrated in Chapter 5, these advantages extend also to the imaging of mouse
hearts. However, images from radial acquisitions are prone to eddy current artifacts (as
simulated numerically in paragraph 2.3.3). In this chapter eddy-current induced artifacts
are characterized in the mouse heart, and novel methods to correct for retrospective
correction are tested.

6.1 Introduction
Fast MRI techniques require switching of high magnetic field gradients within the magnet
bore, which induces eddy currents in surrounding conductive structures, each of which
decays exponentially (142). These eddy currents alter the effective field gradient seen by
the imaged object. Linear terms will result in shifts of the k-space, while B0 terms will
result in phase accumulation (143). In standard Cartesian schemes, both of these terms
produce a uniform shift and phase error throughout and therefore do not have an effect
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on image quality. On the other hand, using non-Cartesian or segmented acquisition, a
different term will corrupt each readout, leading to visible artifacts in the images. While
B0 terms are significant only for ultra-high fields or small bores (29), artifacts due to
linear terms are also present in standard wide-bore systems. In radial MRI, imperfect kspace trajectories caused by these effects lead to artifactual hypointense regions within
images (‘shading’) and hyperintense regions outside of them (‘halos’).
Some efforts have been made to address these by pre-scan calibration shots measuring
the phase offset between forward and reverse acquisition of the same line in two
perpendicular directions (144) and B0 correction (29). In the present study, these
correction methods were compared with some improvements specifically for cine MRI of
the mouse heart.
Experiments reported in this chapter aimed to test different means of correcting k-space
trajectories retrospectively using the imaging data and to evaluate their performance
during free breathing and cardiac motion.

6.2 Materials and Methods
6.2.1 Image acquisition
Radial scan data were acquired using ten male C57/Bl6 mice (16-20 weeks old) at 4.7T
using a Bruker BioSpec 47/40 system (Bruker Inc., Ettlingen, Germany). A birdcage coil
of 12cm was used for signal excitation and a four-channel cardiac array (Bruker) for
signal reception, animals were in a prone position. After initial localizers, 2D cine-MRI
slices were acquired in short axis views covering the left ventricle. To obtain radial
images, 1,440 spokes were acquired covering 360° with 256 points per spoke with the
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echo occurring 5% along the spoke length. Other scan parameters were: TR/TE 5.6/1.1
ms, FOV 3.84×3.84cm2 with a receiver bandwidth of 100 kHz and a flip angle of 20°.
Cartesian data prescribed over the same geometry were acquired for comparison with
the radial data. The scan parameters were TR/TE 4.8/1.7ms with matrix size 192x192,
FOV 3.5×3.5cm2 with the echo position at 15%, receiver bandwidth 100kHz and flip angle
20°.

6.2.2 Animals
Animals were anaesthetised with gaseous isoflurane both for induction (3% in 1l/min
O2) and maintenance (1-1.5% in 1l/min O2). A pressure sensor for respiration was used
to monitor anaesthesia depth, rate was maintained in the range 30-60 breaths per
minute. Body temperature was monitored using a rectal thermometer and a flowingwater heating blanket was used to maintain animal temperature at 37° C throughout the
experiment.

6.2.3 Trajectory correction
Trajectory correction was first considered using two perpendicular k-space lines
(acquired along the x- and y- directions, respectively) compared to using all antiparallel
spokes covering 360°. Each method is based on the projection data from each radial
spoke, but the use of magnitude or phase data were considered separately (full details
given below). In each case, the additional impact of correcting for B0 effects was
considered.
The first correction strategy used spoke magnitudes. This method was based on the
assumption that the spoke point with the largest amplitude corresponds to the k-space
centre. The correction to apply in each case was derived using quadratic interpolation of
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the k-line for each projection to find the maximum point and translating it so it would
coincide with the k-space centre.
The second strategy was based on the phase of the projections. Previous work to correct
radial trajectories measured the phase offset between projections of forward and reverse
acquisitions of the same k-space line in two perpendicular directions (144). In the ideal
case this offset should be zero. If it is not, the value can be used to adjust the k-space lines
to correct the artifacts.
B0-phase induced errors were corrected independently for each receiver following (29).
Briefly, a constant shift in phase is estimated for each k-line using the central point in
each line.
Images were reconstructed with a non-uniform fast Fourier transform (NuFFT (28)) and
reconstructed with 20 heart phases. Radial artifacts caused by trajectory errors tend to
manifest as signal loss (shading) inside the object and hyperintense regions (halos)
outside the object. As these artifacts were similar in all heart phases, metrics to measure
artifact presence were applied to the average of the frames in order to obtain a high SNR
environment. The success of the artifact correction was determined with two metrics.
The first metric used was the mean signal inside the object, while the second metric was
the mean signal in air. The object mask used was derived from the Cartesian images
automatically using a threshold.
The correction schemes were also compared in terms of their effect on the navigator
signal used for retrospective gating: the central k-space point. Trajectory errors lead to
an extra modulation of this signal depending on the angle of each spoke, and can be seen
by finding peaks in the power spectrum of the signal at frequencies corresponding to
complete cycles of angular variation (the ‘sweep frequency’). As a further metric of
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trajectory correction, the first two harmonics of this frequency were summed under each
scheme tested and compared to uncorrected data.
Comparisons between schemes were performed statistically using a two-tailed paired ttest on all slices acquired. Results where p < 0.01 were considered to be statistically
significant.

Figure 57 Effects of trajectory correction using the phase of the projections on a short-axis slice before
applying gating. Arrows point to shading artifacts, arrowhead to halos. A) Cartesian image. B) Radial image
before any correction is applied. Shading is visible in several parts of the body. C) Correction of linear eddy
current terms is applied using the Cartesian axes. Artifacts are still visible especially at the edge between
body and air. D) Correction of linear terms using the whole sweep. The image is artifact-free. E) B0
correction is applied, edges are sharper.

6.3 Results
With no correction applied, artefacts were present in all images (Figure 57B). As
expected, these artifacts consisted of shading (Figure 57B, arrow) and/or halos (Figure
57B, arrowhead). The figure shows the corrected images using the phase information
with two perpendicular directions (Figure 57C) and with every direction (Figure 57D).
The additional effect of B0 correction is shown in Figure 57E, little further improvement
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was seen in our images. Similar results in terms of image quality were obtained with the
magnitude images.

Figure 58 Performance of phase method (black) and magnitude method (white) comparing correction
schemes.

Quantification of the improvement is shown in Figure 58. An increase in signal inside the
object is seen with all correction methods and this improves when more spokes are used,
and furthermore with the B0 correction even though the improvement in the image
appearance was minor. Furthermore, reductions in signal in air were seen with all
improvement schemes and these were significantly lower when more spokes were used.
In cases where motion corrupted the acquisition along x and y Cartesian axes, the
correction schemes based on these directions failed. Effects of this are shown in Figure
59. In our dataset this was observed on 4% of the acquired slices, mostly at the apex of
the heart.
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Figure 59 When a respiration event occurs during the acquisition of two perpendicular directions in the x/y
scheme the correction can fail: A) Uncorrected image. B) Linear terms are corrected using x and y axes
(phase method). C) Linear terms are corrected using the whole sweep (phase method). Similar results are
obtained with the magnitude method.

The phase correction method gives consistently better results than the magnitude
correction method, with more signal inside the image and less signal outside of the image
in each case.
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Figure 60 Gating signals and respective spectra showing the modulation at the “sweep frequency” (SF): A)
before any correction. B) after correction using magnitude of spokes (using the whole sweep). C) after
correction using phase of projections (using the whole sweep).

The gating signals are shown in Figure 60 for each correction scheme along with their
power spectra. A significant reduction in components corresponding to the sweep
frequency and its first harmonic is seen with each correction method, again with the
phase correction performing better than the magnitude correction.

6.4 Discussion
The methods proposed for radial trajectory correction perform well in the difficult
context of mouse cardiac imaging in free breathing. Corrections based on phase data were
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more effective than the magnitude data and that it is worthwhile correcting for the B0
effect. For retrospectively-gated sequences, the navigator signal is better with the phase
correction method.
To measure k-space shifts, this experiment compared a method based on the magnitude
of the spokes to one based on the phase of the projections. Not surprisingly, using the
phase of the projections gave a more accurate estimate of gradient inaccuracies, due to
the high sensitivity of this method. However, the method based on the magnitude
achieved significant reduction in the image artifacts, and is still of clear benefit in cases
where noise prohibits use of the phase data.
In order to improve the correction in the presence of cardiac and respiratory motion
spokes sweeping a full circle were used. Although data was acquired with a small angle
increment, any radial acquisition scheme could in theory be used (for example, a golden
ratio scheme is often used (145)). In most cine MRI protocols each frame of the cardiac
cycle is reconstructed independently, and opposite spokes acquired with this scheme are
unlikely to fall within the same heart phase. In free breathing, if just two spokes are used
to calculate the correction factors it is possible that they are acquired at peculiar instants
in the cardiac or respiratory cycles that gives a poor fit to the average situation for the
mouse. A greater number of spokes acquired as the heart moves leads to an averaging
out of these types of effect making the correction scheme less likely to be influenced by
abhorrent signals.

6.5 Chapter summary
Retrospective correction of free-breathing radial MRI data can be obtained using the
imaging data, without requiring additional calibration or preparation. This correction can
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be used to improve image and navigator signal quality in radially acquired cine MRI. As
seen in Chapter 5, this acquisition scheme is useful to obtain high speed-up with
acceleration methods. This chapter concludes the section of this thesis focussing on
global function. The next section will describe methods for tissue characterization with
MRI in the context of mouse models of myocardial infarction.
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Section 3: Tissue characterization
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Chapter 7

A fast protocol for tissue viability assessment
in mice

In this chapter a method to perform late gadolinium enhancement (LGE) imaging is
presented, optimized for tissue viability assessment in interventional mouse models of
myocardial infarction.

7.1 Introduction
In preclinical studies assessing efficacy of novel treatments for myocardial infarction
(MI), reliable quantification of infarct size is key in addressing the pathophysiology of
ischaemia and predict long-term outcome (146). MRI is non-invasive and allows
longitudinal assessment of the same animal from the acute stage to the subsequent weeks
to monitor adverse remodelling (34, 147, 148). For this purpose, late gadolinium
enhancement (LGE) imaging can be used to visualise tissue viability in vivo after injection
of a contrast agent (149, 150). This protocol is routinely performed in patients with
suspected MI via breath-hold segmented inversion recovery (IR), where images are
typically acquired 10-30 minutes after intravenous injection of a gadolinium-based
contrast agent (0.1-0.3 mmol/kg) (149). Optimisation of the inversion time is performed
for each patient to null healthy myocardium signal in order to obtain maximum contrast
in the late enhancement images (151).
In mice, the technique is more challenging due to the faster heart rate and smaller
dimensions of the heart (38). Variability between subjects, both at baseline and in

126

response to induced injuries, means that considerable numbers of mice can be required
to establish treatment efficacy. Furthermore, long term doses of anaesthesia themselves
cause cardiovascular effects confounding measurements (37). It is clear therefore that
both fast and high-throughput protocols are needed for useful translational studies.
Studies of late gadolinium enhancement in rodents using IR at field strengths of 4.7T(89),
7T(92), and 9.4T(90, 91) have used segmented gradient-recalled echo (GRE) or fast lowangle shot (FLASH) sequences, acquiring several echo lines following an inversion.
Recently, Price et al. (93) have proposed a LGE protocol for rodents based on a fast multislice approach. Contrast is optimised in each mouse by acquiring a Look-Locker sequence
(22) to select the optimum TI to null healthy myocardium, a multi-slice IR-GRE sequence
is then used for LGE imaging. Multi-slice acquisition in place of multi-echo allows for
higher flip angles and therefore higher SNR efficiency (93).
In clinical examinations it is possible to perform the LGE acquisition during a breath-hold
(151). In anaesthetised rodents, the reduced time and signal available prevents this kind
of acquisition. To avoid motion artifacts, respiration signals are commonly used to trigger
the inversion pulses (90, 92, 93). The variability of respiration rate between subjects
leads to different saturation effects for each scan, reducing the reproducibility of the
contrast between different subjects or sessions.
In an effort to accelerate acquisition, an IR sequence was developed and validated at 4.7T,
providing high-quality LGE images as a three-minute extension to our standard imaging
protocol for functional assessment. This strategy relies on acquiring multiple slices in
every heartbeat interleaving slice packages between alternate TRs, and can be applied
successfully at any point during the first 15 minutes after intravenous contrast agent
injection. It was found that gating based solely on ECG gives artifact-free images and the
sequence TR can be kept consistent within 550-750 ms. Choosing a suitable flip angle and
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TR, an optimum compromise was found between contrast and speed. With our sequence,
contrast is consistent between animals for the same dose of gadolinium, and individual
TI optimization is not crucial for reliable contrast.

7.2 Materials and methods
7.2.1 Phantom Experiments
To select the parameters in our in vivo sequence, healthy and infarcted tissue were
modelled with 7 vials containing different concentrations of Gadovist (Bayer Schering
Pharma, Berlin, Germany) in water. Three of the concentrations used were chosen to
model healthy myocardial tissue (T1>0.5 s) and four for a range of potential pathological
enhancements (T1<0.5 s). Imaging was performed at 4.7 T with a Bruker BioSpec 47/40
system (Bruker Inc., Ettlingen, Germany). A birdcage coil of 12cm was used for both signal
excitation and reception. T1 mapping was performed with an inversion-recovery LookLocker sequence (FOV 8 cm, 128x128, TR/TE=10s/6.5 ms, BW 50 kHz, FA=20°, interecho
time 30 ms, 50 echoes, 1 NEX). Data were fitted with an algorithm based on minimising
χ2 with Look-Locker correction factors as described in Deichmann et al (152).
IR sequences were then acquired with different flip angles and TRs (FOV 8 cm, 128x128,
TE=2.8 ms, sequence TR 350-1550 ms, TI=280, BW 64 kHz, FA=10°-90°, 1 NEX, slice
thickness 0.8 mm, 0.2 mm gap, selective inversion 0.8 mm thickness with 5 ms sech
shaped pulse) to evaluate SNR and contrast for T1 and TR values covering the range of
parameters that might be used in in vivo experiments. Like in the in vivo experiments,
slices were acquired in two groups in alternate TRs to allow time for efficient T1 recovery
following inversion (Figure 61).
Hyperenhancement (i.e. the ratio of the difference between enhanced and normal
myocardial signal to normal myocardial signal, as described in Simonetti et al.(150)) and
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contrast to noise ratio (CNR, here defined as the ratio of the difference between enhanced
and normal myocardial signal to the standard deviation of the noise (150)) were
calculated in ROIs manually drawn in each vial. Hyperenhancements and CNR between
pairs of vials were observed to find optimal scan parameters for in vivo scans. Optimal
scan parameters would maximise both hyperenhancement and CNR.

7.2.2 In Vivo Experiments
Thirty-five C57bl6 male mice (8-10 weeks) from on-going drug assessment studies were
selected to be scanned with our protocol 24 hours after induced acute MI.

7.2.3 Animal model of acute myocardial infarction
The animal model of acute myocardial infarction was obtained ligating the left coronary
descending artery (LAD). Classically, the territory perfused by the human LAD involves
the anterior aspect of the LV wall and the anterior two thirds of the septum. Ligations of
the LAD in mice, instead, consistently cause infarction of the free wall of the LV extending
to the apex, with sparing of the septum (153).
Surgery was performed by an independent operator (Dr Carmen Methner, Dept. of
medicine). Myocardial infarction was induced in mice as previously described (154).
Briefly, mice were anaesthetized with gaseous isoflurane, intubated endotracheally, and
ventilated with 3 cmH2O positive end-expiratory pressure. A small thoracotomy was
performed and the heart was exposed via stripping of the pericardium. The main branch
of the LAD was identified and ligated for one hour using a 7.0 suture. The thoracic incision
was closed and mice were monitored until recovery. Buprenorphine (0.05 mg/kg) was
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given subcutaneously just prior the end of the surgery and during the recovery period as
necessary.

7.2.4 Image Acquisition
Animals were anaesthetised with gaseous isoflurane both for induction (3% in 1l/min
O2) and maintenance (1.5-2% in 1l/min O2). A pressure sensor for respiration rate was
used to monitor anaesthesia depth, rate was maintained in the range 30-45 breaths per
minute. Prospective gating of the MRI sequences was achieved with ECG monitoring
using paediatric EGC electrodes (3M Europe, Diegem, Belgium) on left and right
forepaws. Body temperature was monitored using a rectal thermometer and a flowingwater heating blanket was used to maintain animal temperature at 37° C throughout the
experiment.
A birdcage coil of 12cm was used for signal excitation and animals were positioned prone
over a 2cm surface coil for signal reception. Depending on the heart rate of the animal,
total scan time including functional evaluation before the LGE assessment ranged from
15 to 20 minutes.

7.2.5 Cine-MRI
After initial localization images, 4-chamber and 2-chamber views were acquired (FISP,
TR/TE 7 ms/2.4 ms, 13-20 frames, 3.5 cm FOV, 256x256 matrix, 1 mm slice thickness,
bandwidth 64 kHz, flip angle 20°, NEX 2). Using these scans as a reference, short axis
slices were arranged perpendicularly to both the long-axis views to cover the left
ventricle (LV) (FISP, TR/TE 7ms/2.4ms, 13-20 frames, 3.5 cm FOV, 256x256 matrix, 1
mm slice thickness, bandwidth 64 kHz, flip angle 20°, NEX 2). Full LV coverage was
achieved with no slice gap with 8-10 slices.
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7.2.6 Inversion Recovery Sequence
After the acquisition of the standard cine protocol, contrast agent was injected in situ
(Gadovist, Bayer; 0.3 mmol/kg i.v.). Within the first 15 minutes after injection, IR images
were acquired (FLASH, FOV 3.5 cm, 256x256, 0.8 mm slice thickness with 0.2 mm gap
between adjacent slices TE= 2.8 ms, sequence TR=550-750 ms, FLASH TR 7 ms,
bandwidth 64 kHz, flip angle 60°, 1 NEX, 0.8 mm, 0.2 mm gap, selective inversion 0.8 mm
thickness with 5 ms sech shaped pulse). No respiration gating was used. For each mouse,
a delay was calculated for the trigger such that after the inversion pulses and a fixed TI of
280 ms, acquisition would occur at end-diastole. The sequence TR was, as a result, an
even multiple (4 or 6 times the heart period) between 550 and 750 ms. Slices were
acquired in two groups in alternate TRs to allow time for efficient T1 recovery following
inversion (Figure 61). Eight slices were usually required to cover the entire heart in a
typical time of 3 minutes (depending on HR).

Figure 61 Schematic representation of the acquisition strategy for our inversion recovery sequence. Odd
and even slices are inverted and acquired in alternate blocks within each sequence TR. The delay Δ is
calculated such that the inversion time TI is reached during end-diastole.
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7.2.7 Image Analysis
Delineation of the LV at each phase of the cardiac cycle excluded the papillary muscles
and trabeculations throughout, which has been reported as improving reproducibility in
LV mass measurements (155). The regions from each slice were combined using
Simpson’s rule to provide LV mass using Segment v1.9 (48).
To assess repeatability of these measurements, eight healthy male mice from the same
batch were selected for repeated acquisition during the same session. Data were then
analysed in a random order.

7.2.8 Viability Assessment

Infarcts were manually delineated on the inversion recovery images.

Values are

expressed as ratios of the LV mass as measured from the standard cine protocol. The
hyperenhancement was measured for each mouse. To assess repeatability of infarct size
measurements, eight mice were selected randomly and infarct size measurements were
repeated twice on the same image stack.

7.2.9 Comparison with Histology
After completion of the protocol, six mice were randomly selected for histological
assessment of infarct size to compare with the MRI measurements.
Histological measures were performed by an independent investigator (Dr. Carmen
Methner, Dept. of Medicine). Hearts were excised, frozen, and then cut into 1 mm thick
transverse slices. The slices were incubated in 1% triphenyltetrazolium chloride (TTC)
in sodium phosphate buffer (pH 7.4) at 37°C for 20 min. This protocol stains the noninfarcted myocardium brick red. The slices were immersed in 10% formaldehyde
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solution to enhance the contrast between stained (viable) and unstained (necrotic)
tissue. The infarct zone was determined by a planimetry measurement and was
expressed as a percentage of LV.

7.3 Results

7.3.1 Phantom Experiments
The T1 measurements of the vials were 0.25, 0.29, 0.36, 0.45, 0.60, 1.0, 2.80 s respectively
(Figure 62). T1 values of 0.5-3 s were used to model healthy myocardium and vials with
T1 < 0.5 s were used to model varying degrees of possible enhancement. The choice of
0.5 s as a threshold was made based on typical values observed during in-vivo
experiments in our centre.

Figure 62 Phantom used to optimize the IR sequence, T1 values are shown on each tube. For CNR and
hyperenhancement calculations, values between 0.5-3 s (A-C) were used to model viable myocardium,
values between 0-0.5 s (D-G) were used to model non-viable myocardium.
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The resulting hyperenhancements and CNRs between couples of vials can be observed in
Figure 63. An area exists, corresponding to a sequence TR between 550-750 ms, a fixed
TI of 280 ms, and a FA of 60° where the hyperenhancement was at least 200% in every
case.

7.3.2 Late Gadolinium Enhancement
During the LGE protocol the heart rate and respiration rate were stable within 10%
throughout each examination (intervals for heart rate were 400-500 bpm, respiration
rate 30-45 bpm). The demonstrated protocol gave good contrast for each mouse, and
hyperenhancement was at least 200% (apex 404 ± 265 [186-893], mid-ventricle 580 ±
366 [254-1291], base 540 ± 325 [268-1238], percentage mean ± s.d. [range], one slice per
location, n=35) between infarcted and remote tissue for all the mice examined. No
significant difference was observed between enhancement in apex, mid-ventricle or base.
Intra-observer variability of LV mass measurement was found to be within 4%, in line
with similar experiments (40, 43, 156). Infarct size intra-observer variability was within
4%. No artifacts arising from respiration were observed in any of the acquired images.
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Figure 63 i) Hyperenhancement between vials representing non-viable tissue and vials representing viable
tissue as a function of FA and TR, from top left: Hyperenhancement between vial G and vial A, vial F and
vial A,etc. ii) CNR between vials representing non-viable tissue and vials representing viable tissue as a
function of FA and TR, from top left: CNR between vial G and vial A, vial F and vial A, etc. The noise ROI
used to calculate CNR is shown in Figure 62.
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Figure 64 Regression plot (slope=0.87, intercept=4.2, r2=0.67) and Bland-Altman plot comparing TTC
staining with MRI. The graphs show excellent agreement between the two measurement techniques.

7.3.3 Comparison with Histology
MRI measures and TTC results for the same animals are shown in Bland-Altman and
correlation plots in Figure 64. Our data show excellent correlation and agreement
between the techniques. Representative images of histology and MRI are shown in Figure
65.

Figure 65 Comparison of TTC histological stain (top) and MRI LGE imaging. In both images the infarcted
regions appear hyperintense.
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7.4 Discussion
Late gadolinium enhancement imaging is a clear and accurate way to assess infarct size
in vivo. While the protocols for performing this technique in humans are already well
established, in rodents there is still a debate about the best method to use (92, 93). For
instance, a recent study from Protti et al (92), has shown that in mice, TI-optimised
standard IR FLASH does not perform better than a cine-MRI sequence without
preparation at 7T.
In common with a recent study from Price et al. (93), this approach samples multiple
slices rather than multiple echoes in each repetition. Most other LGE studies in rodents
use repeated sampling of the same slices per TR (i.e. in Look-Locker sequences), which
limits the flip angles that can be used. Since this sequence does not require this, larger
flip angles can be used without saturating the slices and a greater SNR efficiency is
therefore achieved.
The present study builds on the work of Price et al. by demonstrating in a phantom of
typical parameters expected in healthy and infarcted myocardium that a subject-specific
optimisation of TI is not required. This is further demonstrated in the consistency of
contrast obtained between the animals in this study which all had the same TI. In preclinical LGE sequences, T1 saturation is usually exploited using sequence TRs similar to
the T1 relaxation time of healthy myocardium (92, 93). In our protocol a similar principle
is used, although our phantom experiments predicted that for a multi-slice experiment a
shorter TR (550-750 ms) gives optimal contrast, higher speed and reliable
hyperenhancement, confirmed by our in vivo results.
In small animals, the respiratory period is comparable with TR. A consequence of this is
that if respiratory signals are used to gate the acquisition, their variability limits
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reproducibility. For this reason, to obtain higher repeatability of contrast, individual TI
optimisation is usually performed in the most recent techniques using respiration signals
to gate inversion pulses (92, 93). Our protocol does not use respiratory gating so that TR
can be maintained in a confined range (550-750 ms) and contrast is reliable.
The present study demonstrates that a relatively low concentration of contrast agent can
be used at 4.7T (0.3 mmol/kg, compared to 0.5-0.6 mmol/kg commonly used in mice (90,
91)), yielding good contrast which can be observed moments after injection.
Furthermore, the contrast achieved is consistent between animals.
A multi-slice approach with a selective inversion (rather than a global inversion) may
suffer from crosstalk between slices. In addition, the delay between inversion pulses
being applied and the slices being acquired (i.e. 280 ms) allows time for cardiac motion,
which can be deleterious to image quality. In this study, the effect of these potential issues
was assessed by comparing hyperenhancement levels in neighbouring slices through the
heart. There was no significant difference between slices, so these potential issues are
not problematic in this sequence. This is further supported by the good agreement
between the MRI assessment of infarct size and the TTC measurement of non-viable
tissue.
None of the images showed motion artifacts, and even if the cardiac and respiratory rates
throughout the scans were similar to typical literature values (90, 92), the relatively low
breath rate was a consequence of the rather high (1.5-2%) isoflurane concentration used
in this study. Under different anaesthetic regimes that do not achieve similar respiration
rates to the present study, it may no longer be possible to achieve high quality images
without appropriate gating.
While for studies requiring a complete assessment of the infarct on an individual basis a
3D method (i.e. Bohl et al. (90)) could be preferred, the protocol described here is suited

138

to group analysis investigating infarct size. Serial, longitudinal scanning in mouse studies
is expensive and time consuming, moreover it is a stressful procedure for animals in the
acute stage following surgery. This protocol is fast and requires less time under
anaesthesia, which makes it tailored to the testing of multiple experimental drugs with
multiple dose levels in mouse models of acute MI.
In summary, this protocol consists in a multi-slice method with an efficient sampling
scheme: multiple slices in successive TRs with an interleaved acquisition. The protocol
achieves excellent CNR and accuracy in a short time for increased throughput and
reliability. The strategy described here provides a fast viability assessment in mice one
day after infarction, as an add-on at the end of the standard cine-imaging protocol. The
total protocol time is 35 minutes from the start of anaesthesia to the end of MRI, so that
more than 10 scans in a typical day are feasible. The protocol is easy to implement and
does not require an additional sequence for TI optimization. In the context of drug testing
in MI, a fast protocol achieves greater throughput and reduces mortality and adverse
effects of anaesthesia.

7.5 Application: testing the efficacy of MitoSNO
The following paragraphs will present an experiment investigating the pharmaceutical
efficacy of MitoSNO, a mitochondria-targeted drug (112). In this study, MRI was used to
assess tissue viability at the acute stage and then to follow up heart function in the same
mice 28 days after I/R injury. Mitochondria-targeted agents for protection in I/R injury
were given intravenously before reperfusion. Importantly, a longitudinal study design
was used which is ready for translation to clinical trials.
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7.5.1 Background
Recently it has been shown that the mitochondria-targeted S-nitrosothiol MitoSNO
protects against acute ischemia/reperfusion (IR) injury by inhibiting the reactivation of
mitochondrial complex I in the first minutes of reperfusion of ischemic tissue, thereby
preventing free radical formation that underlies IR injury (112). However, it remains
unclear how this transient inhibition of mitochondrial complex I at reperfusion affects
the long-term recovery of the heart following I/R injury.
In this experiment infarct size was assessed in vivo and heart function was assessed on
the same mice at the chronic stage.

7.5.2 Methods
Mice were subjected to 30 min left coronary artery occlusion followed by reperfusion and
recovery over 28 days. In seven mice, MitoSNO (100 ng/kg) was applied 5 min before the
onset of reperfusion followed by 20 min infusion (1 ng/kg/min). Control mice (n=7)
received a saline injection. Surgery was performed by an independent operator.
MRI was performed 24 hours after I/R injury at 4.7 T with a Bruker BioSpec 47/40
system (Bruker Inc., Ettlingen, Germany). A quadrature birdcage coil of 12cm was used
for signal excitation and a four-channel cardiac receiver coil for signal reception. Animals
were positioned prone. After initial localization images, 4-chamber and 2-chamber views
were acquired. Using these scans as a reference, short axis slices were arranged
perpendicularly to both the long-axis views to cover the LV (FISP, TR/TE 6 ms/2.1 ms,
13-20 frames, 3.5 cm FOV, 256x256 matrix, 1 mm slice thickness, bandwidth 78 kHz, flip
angle 20°, NEX 1). Full LV coverage was achieved with no slice gap with 8-10 slices.
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After the acquisition of the standard cine protocol, late gadolinium enhancement (LGE)
was performed using a multi-slice inversion recovery sequence as described above.
The MRI protocol excluding the LGE was repeated 28 days after I/R injury.

7.5.3 Results
MitoSNO treated mice exhibited reduced infarct size (2.1% ± 0.5% of total LV mass vs.
16.4 ± 2.2% in controls, p=0.001) and preserved function (64.4% ± 1.9% left ventricular
ejection fraction vs. 51.3 ± 2.1% in controls, p=0.001). In addition, MitoSNO at
reperfusion improved outcome measures 28 days post-IR, as preserved systolic function
(63.7% ± 1.8% left ventricular ejection fraction vs. 53.7 ± 2.1% in controls, p=0.01).

A

B

C

D

E

F

Figure 66 Late gadolinium enhancement at 24 hours post I/R injury: A-C) Short axis slices in an untreated
mouse: bright areas indicate non-viable tissue. D-F) Corresponding slices in a mouse treated with mitoSNO,
the infarct area is significantly smaller.
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Figure 67 Long-axis 2 chamber view slices showing heart function in the follow-up 28 days after I/R injury:
A) Untreated mouse in End diastole. B) Untreated mouse in end-systole. C) Mouse treated with MitoSNO in
end diastole. D) Mouse treated with MitoSNO in end-systole. MitoSNO prevents the development of heart
failure.

Controls (n=7)

MitoSNO (n=7)

LVM(µl)

104 ± 4

88 ± 5 *

LVEDV(µl)

65 ± 6

49 ± 4 *

LVESV (µl)

32 ±3

18 ±2 **

LVSV(µl)

34 ± 3

31 ± 2

LVEF(%)

51 ± 2

64 ± 2 ***

Infarct size (% LV)

16 ± 2

2.1 ± 0.5***

Table 9 MRI-derived left ventricular volumes at the acute stage, data are mean ± SEM. * p <0.05, ** p<0.01,
*** p<0.001
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Controls (n=7)

MitoSNO (n=7)

LVM(µl)

120 ± 7

101 ± 6 *

LVEDV(µl)

76 ± 6

60 ± 6 *

LVESV (µl)

36 ± 4

22 ± 3 *

LVSV(µl)

40 ± 3

38 ± 3

LVEF(%)

54 ±2

64 ±1 **

Table 10 MRI-derived left ventricular volumes at the chronic stage, data are mean ± SEM. * p <0.05, **
p<0.01

7.5.4 Conclusions
LGE MRI was successfully used to investigate a novel pharmaceutical in-vivo, performing
a follow-up on the same mice to assess remodelling. MitoSNO action acutely at
reperfusion reduces infarct size and protects from post post-myocardial infarction heart
failure. Therefore, targeted inhibition of mitochondrial complex I in the first minutes of
reperfusion by MitoSNO is a rational therapeutic strategy for preventing subsequent
heart failure in patients undergoing IR injury.

7.6 Chapter summary
This chapter has introduced a new method for fast assessment of tissue viability in the
mouse heart. Comparing to existing methods, the protocol exposed here is faster and
requires no TI optimization prior to scanning. The application of this method to a current
problem in pharmacology demonstrates its potential in a practical situation. The protocol
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exposed here offers a new efficient tool for the measurement of infarct size in mouse
models of heart disease. Although this method correlates well with histology and is highly
sensitive in detecting scar, it lacks molecular specificity. Positron emission tomography,
on the other hand, can be used for molecular imaging of specific metabolites but it lacks
anatomical detail. The next chapter exposes a novel method for combining MRI and PET
in the mouse heart.
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Chapter 8

Multimodality assessment of the infarcted
mouse heart

As seen in the precedent chapters, MRI achieves unparalleled anatomical detail and can
be used to assess function and viability in vivo. However, all of the methods described so
far rely on contrast between different tissues to derive volumetric measurements and not
on a quantitative measure extracted from the signal itself. Although MRI gives excellent
contrast and anatomical detail, the signal is non-specific. Positron emission tomography
is a complementary technique highly specific to molecular binding but lacking the
anatomical detail of MRI.
By combining these imaging techniques, damage and recovery can be assessed in vivo on
the cellular, tissue and whole-organ scale. In this chapter, a novel method is presented
using a combination of complementary measures of heart function on multiple levels
using magnetic resonance imaging (MRI) and positron emission tomography (PET).

8.1 Introduction
Staging of the treatment in vivo is crucial to test novel pharmaceuticals for acute MI.
Standard volumetric measurements of ventricle size at each phase of the heart (cine MRI)
can be used to mesure volumes through systole. These parameters give the performance
of the heart and provide a sensitive measure for heart failure (see 3.1).
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Tissue perfusion can be measured by injecting a contrast agent which rapidly washes out
of healthy tissue, though slowly accumulates in infarcted regions. Late gadolinium
enhancement (LGE) imaging provides a measure of the infarcted region which compares
well with direct histological measures of tissue viability (as described in Chapter 7).
By measuring the motion of the myocardium, muscular stress and contractility can be
assessed to evaluate muscular performance throughout the left ventricle (LV) (see 3.1).
Displacement encoding with stimulated echoes (DENSE) (78) is an MRI technique that
provides these measures.
PET provides molecular imaging of tracers as they accumulate in metabolism. Here the
glucose analogue 18F-fluorodeoxyglucose (FDG) was used as a direct marker of cellular
viability (see Figure 68).

Figure 68 Maximum intensity projection of a Mouse FDG-PET image.

Used together, these different markers can give a holistic view of the heart: from cell
metabolism to tissue perfusion, to muscle performance and finally to the overall function
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of the organ as a whole. Here a protocol to perform these techniques together in vivo is
demonstrated.

8.2 Methods

Male C57Bl/6J mice (n=12) were used and the left anterior descending coronary artery
(LAD) was occluded for 30 minutes to induce an ischaemic insult (see 7.2.3) (154, 157).
Imaging was performed after 24 hours of reperfusion for every mouse.

Figure 69 Overview of the sequential multi-modality imaging protocol. The time spent in the MRI and the
time spent in the PET are similar, suggesting that the same examination performed on a combined PET/MRI
scanner would take half the time.

A scheme of the imaging protocol is presented in Figure 69. MRI was performed with a
4.7T Bruker BioSpec system. Anaesthesia was induced with 3% and maintained with
1.25% isoflurane in oxygen. Temperature was monitored with a rectal probe and
maintained constant via a heated water blanket, respiration was monitored using a
pillow connected to a piezoelectric transducer. ECG signals, used for gating, were
acquired with neonatal graphite (3M) electrodes placed over the forepaws.
A 12cm diameter birdcage was used to transmit the signal and a 2cm diameter surface
coil was used for signal reception. The imaging protocol consisted of scout scans followed
by ECG-gated FISP slices (TR/TE 7ms/2.4ms, 13-20 frames, 3.5 cm FOV, 256 matrix, 1
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mm slice thickness, bandwidth 64kHz, flip angle 20°, 2 NEX), in the long-axis and in the
short-axis to cover the whole heart. In post processing, volumes during different phases
of the ECG were delineated and integrated over the whole heart using Simpson’s rule to
obtain global functional parameters.
Cine MRI was followed by DENSE imaging (3 short-axis slices encoding from end-diastole
to end-systole, 1 mm thick, TR/TE ~200 ms/9.5ms, 3.5 cm FOV, 128 matrix, bandwidth
64kHz, flip angle 90°, 4 NEX with CANSEL (158). The DENSE images were analysed with
in-house code using Matlab: phase images were extracted and unwrapped (159) to obtain
displacement maps. The Green strain tensor (E) was calculated from the Jacobian matrix
(F) by means of E=(FF-I)/2, then decomposed into radial and circumferential strain
components.
LGE MRI was then performed as described in Chapter 7. After 0.3 mmol/kg i.v.
administration of Gd-DTPA, an ECG-gated FLASH IR-sequence was acquired with slices
0.8 mm thick with 0.2 mm gap (FOV 3.5 cm, 256x256, TE/TR 2.8/800 ms, bandwidth
64kHz, flip angle 60°, 1 NEX). Infarct size was measured by delineating the enhanced
regions in the slices and integrating over the left ventricle.
After MRI, the imaging bed was transferred to the Focus 120 PET camera housed in the
Cambridge PET/MRI scanner (160, 161) leaving the MRI receiver coil in place. The heart
was positioned in the centre of the PET field of view moving the bed only axially. After
injecting 10-30 MBq FDG, list mode gated PET was acquired for 45 minutes. PET data was
corrected for detector efficiency, random and dead time, binned into 8 heart phases and
reconstructed with a 3D filtered back projection algorithm (128x128x95 matrix 0.8 mm
resolution). Standard uptake values were calculated over the last 15 minutes of the scan.
For PET/MRI coregistration, a fixed matrix was used to adjust scaling and rotations (162).
To derive translations, the slices from cine-MRI were stacked to obtain a 3D
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reconstruction and interpolated to obtain 0.3 mm isotropic resolution, PET images were
interpolated to obtain the same resolution. The end-diastolic PET volume was registered
to the end-diastolic MRI volume using SPM-Mouse coregistration tools (119).

8.3 Results
During the imaging protocol heart rate was in the range of 400-500 bpm. LGE images 24
hours after I/R injury confirmed that a region of the myocardium had become necrotic in
each mouse examined due to the LAD occlusion. The measurement of left ventricular EF
revealed a marked decrease of function in mice with larger infarcts (Figure 72 R2=0.76).

Figure 70 End systolic short-axis slice from a single mouse: a) Voxel-wise displacements measured by DENSE
MRI, areas of reduced contraction are indicated in red. b) Radial strain. c) Circumferential strain: areas of
increased circumferential strain correspond to the hypokinetic areas in the displacement map.

DENSE MRI images showed that the necrotic area and the tissue immediately close to the
infarct had a reduced displacement (see Figure 71). Displacement images were processed
to obtain radial and circumferential strains. As shown in Figure 70, regions of reduced
displacement corresponded to areas with increased circumferential strain, indicating
passive contraction.
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Figure 71 One short-axis slice from a single mouse. a) End diastolic LGE image, areas of hyperenhancement
correspond to non-viable tissue. b) End systolic DENSE-derived Displacement map: a hypokinetic area
(marked in red) is present larger than the infarct. c) End diastolic FDG-PET uptake is reduced in the
infarcted areas, although small infarcts are not visualised in the PET image.

Global parameters plotted against LGE MRI infarct size are reported in Figure 72. Radial
strain was globally reduced in mice with larger infarcts, due to an impairment in muscle
thickening performance. On the other hand, circumferential strain values were globally
increased in mice with bigger infarcts, with weakened circumferential shortening. Both
strain components correlated well with infarct size (circumferential strain: R2=0.88,
radial strain: R2=0.68).
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Figure 72 Ejection fraction and DENSE-derived strains Vs. LGE MRI infarct size.

Coregistration of PET and MRI was performed easily, requiring only an axial translation.
FDG-PET uptake was reduced in the necrotic area, although non-transmural infarcts did
not show an observable reduction in the signal (cfr Figure 71). There was good
correlation between PET and MRI infarct size (R2=0.57, see Figure 73).
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Figure 73 PET infarct size Vs. MRI infarct size

8.4 Discussion
In vivo imaging represents a non-invasive and translational approach for assessing
efficacy of novel treatments targeting MI. In this work cine MRI, LGE MRI, DENSE MRI and
FDG PET were performed for the first time in a single session. Each of these provides
complementary information about heart disease and treatment to give a fuller picture of
the response of the heart to therapy.

Figure 74 LGE MRI, DENSE and FDG PET in the same heart, showing different aspects of acute disease.
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LGE MRI successfully identified the extent of the induced infarcts, by probing the tissue
perfusion and washout characteristics of the myocardium after injecting a gadolinium
contrast agent. EF measured with cine-MRI showed a reduction in function correlated
with infarct size at 24 hours after I/R injury. This indicated a decreased efficiency of the
whole organ in the acute stage of the disease. DENSE measurements showed that the
infarcted as well as neighbouring tissue had become hypokinetic. The inability of these
areas to contract efficiently, due to the recent I/R injury, will impact negatively on the
disease progression, contributing to adverse remodelling.
On a molecular level, PET was used to assess tissue metabolism showing that glucose
metabolism was reduced in the infarction. Despite the high correlation between data
from different modalities, the quantities measured represent different aspects of the
disease. The information derived from different metrics can be therefore used to stage
disease and evaluate the time-course of treatment efficacy.
The acquisition of multi-modal data within one examination can be used to increase
sensitivity and specificity of preclinical studies. Cine MRI is considered the gold standard
for evaluating global heart function, outperforming echocardiogram, therefore requiring
smaller group sizes (53). LGE, on the other hand, is a unique tool for measuring infarct
size in vivo, providing information otherwise obtained with histological staining. These
measures, performed on the same mice, can be used to refine and replace standard
staining and echocardiographic measures, staging the disease in vivo with a longitudinal
design. In addition, displacement maps derived using DENSE can measure muscle
performance with higher resolution than other techniques. Possessing a spatial
resolution almost ten times higher than standard MRI tagging techniques, DENSE strain
maps can show regions of myocardium that are not functioning correctly despite having
normal perfusion and thus having normal appearance in LGE or cine-MRI images. Within

153

the same examination, the molecular mechanisms can be probed directly using
radiolabelled compounds detected by PET. The main benefit of combining these
techniques together is that it yields a fuller picture on multiple scales of recovery
following damage. This is important as new therapeutic approaches are tested in the
laboratory.
This protocol can be applied using standard equipment as found in most preclinical
imaging facilities performing MRI and PET, moving the mouse on the same bed between
scanners. However, the protocol would benefit substantially from simultaneity of PET
and MRI (163). First, shorter imaging times mean less anaesthetic stress on the animals
(therefore reduced mortality) as well as higher throughput. Secondly, using a combined
PET/MRI scanner, the coregistration pipeline would be further improved. This would
allow MRI data to be more readily used to improve PET reconstruction, for example by
modelling partial volume effects and motion.

8.5 Application: protection in I/R injury with Riociguat
In the following, the application of this method to the evaluation a novel pharmaceutical
for myocardial infarction is described.

8.5.1 Background
Recently, a new class of drugs, the so-called sGC stimulators, entered the clinical
development for the treatment of pulmonary hypertension. The sGC stimulator Riociguat,
has recently undergone Phase III clinical trials in patients with several subforms of
pulmonary arterial hypertension (PAH) and with chronic thromboembolic pulmonary
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hypertension (CTEPH). However, The NO – sGC - PKG pathway is known to play an
important role in the acute protection against cardiac reperfusion injury.
In this study we tested the effects of Riociguat on MI in a mouse model of
ischemia/reperfusion.

8.5.2 Methods
Mice were subjected to 30 min ischaemia via ligation of the left main coronary artery to
induce MI and either placebo or Riociguat (1.2 μmol/l) were given as a bolus 5 min before
and 5 min after onset of reperfusion. Surgery and treatment was performed by an
independent operator. After 24 hours the novel method described above was performed
to assess viability, function and metabolism at the acute setting.

8.5.3 Results
In the Riociguat-treated mice, the resulting infarct size was smaller and LV systolic
function analysed by MRI was better preserved. Strain measures were highly congruent.
Results are reported in Table 11. Typical images are reported in Figure 75, Figure 76, and
Figure 77.
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Figure 75 Typical LGE-MRI and DENSE results for untreated and Riociguat treated mice.

Figure 76 Typical overlaid long axis cine-MRI and FDG PET frames from an untreated infarct.
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Figure 77 Typical overlaid long axis cine-MRI and FDG PET frames from a mouse treated with Riociguat.

control

Riociguat

LVM (μl)

99 ± 4

92 ± 5

LVEDV (μl)

56 ± 3

46 ± 3*

LVESV (μl)

32 ± 3

18 ± 1**

LVSV (μl)

24 ± 1

27 ± 3

LVEF (%)

44 ± 3

60 ± 4**

RVEDV (μl)

36 ± 2

41 ± 4

RVESV (μl)

13 ± 2

14 ± 1

RVSV (μl)

24 ± 1

27 ± 3

RVEF (%)

66 ± 3

66 ± 1

MRI - Infarct size (%LV)

22 ± 2

8 ± 3**

Radial strain

0.144 ± 0.009

0.168 ± 0.007*

Circumferential strain

-0.061 ± 0.004

-0.106 ± 0.013*

PET - Infarct size (%LV)

18 ± 4

4 ± 3**

Table 11 Key values obtained by MRI and PET 24 h after myocardial infarction from control and Riociguat
treated mice. Values are mean ± sem. *p<0.05 **p<0.01
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8.5.4 Conclusions
PET/MRI was successfully used to assess the effect of Riociguat in acute myocardial
infarction. Mice treated acutely at the onset of reperfusion with the sGC stimulator
Riociguat have smaller infarct size and better preserved function at the acute stage. These
findings suggest that sGC stimulation after an acute MI may be a powerful therapeutic
treatment strategy for preventing post-MI heart failure.

8.6 Chapter summary
This chapter has shown that PET/MRI is an efficient tool for the assessment of disease
and treatment in models of MI, achieving high accuracy and maintaining a high
throughput. With PET/MRI technologies expanding at a fast pace, versatile protocols
such as the one described here are a viable option for the wide-spread application of this
technology in preclinical cardiac applications.
The potential of this method was demonstrated in a study investigating efficacy of a novel
compound for myocardial infarction, finding that it reduces damage at the acute stge.
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Chapter 9

Conclusions

In this thesis advanced methods for performing MRI in the mouse heart were developed
and validated, outperforming current protocols for speed, accuracy and versatility. Each
of these has been demonstrated in the context of current biomedical problems. In these
contexts, the developed methods were not only proven accurate, but applicable to the
practical situations where they are commonly needed. In each of the applications
presented, the methods were able to determine differences between groups with a small
number of animals, demonstrating high sensitivity to identify disease and treatment
efficacy in preclinical cardiology.

9.1 Global heart function
Assessment of LV morphology throughout the cardiac cycle with MRI allowed for
detection of abnormal LV chamber enlargement or increased wall thickness with high
accuracy. Standard methods and common drawbacks were discussed in Chapter 4 and
applied to current biological studies. Methods for semi-automatic segmentation were
discussed to obtain functional values, obtaining high consistency both between and
within observers, although high biases were measured between observers due to a
subjective interpretation of anatomy.
Cine MRI techniques were applied to transgenic mice and myocardial infarction models.
The technique was able to detect hypertrophic cardiomyopathy in the Complex I KO
model. Preliminary observations were performed in the R6/2 mouse model of HD
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utilising a black-blood technique. However, the technique for black blood based on the
saturation of signal in the major vessels was sub-optimal for an effective cancellation of
the blood signal, and was therefore abandoned in future studies. A follow-up study in the
same model used a pharmacological stress test with dobutamine, which unmasked right
ventricular dysfunction in R6/2 mice. During measurement of heart response to inotropic
stress, time limitations did not permit acquisition of the whole heart. Although better
control of the stress could have been obtained using continuous infusion through direct
vascular access instead of intraperitoneal injections, counter indications of dobutamine
are reduced when using lower doses (134, 164). Scan durations remain a major
limitation of standard cine MRI techniques (58, 59).
To address the problem of scan time, Chapter 5 investigated means of reconstructing
partially-sampled data to accelerate acquisition. Cine MRI was made twelve times faster
by applying a combination of parallel imaging and compressed sensing. In this
experiment, retrospectively-gated techniques were used to extract functional
parameters in free breathing for complete systolic assessment lasting just one minute.
The technique was able to determine left and right ventricular function with preserved
accuracy. Radial techniques were successfully used for the first time in accelerating cine
MRI of the mouse heart, outperforming rectilinear sampling methods. When acquiring
radial k-space, eddy currents generated artifacts in the images such as shading and halos.
To correct these artifacts retrospectively, a novel method for trajectory correction was
developed, described in Chapter 6. The combination of the acceleration methods and
trajectory correction strategies can be implemented in imaging centres requiring highthroughput characterization of left or right ventricular function. Currently, the main
drawback of the acceleration method is the processing time, which is prohibitive for
online reconstruction of the data.
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Further work advancing techniques to measure heart function can use undersampling
techniques for achieving higher temporal resolution rather than speed. This is important
for the assessment of diastolic dysfunction, which is currently difficult in mice due to the
high temporal resolution required (165).

9.2 Tissue characterization
Contrast-enhanced MRI offers the unique feature of high-resolution characterization of
tissue viability in mice in vivo, which can be then followed up longitudinally to assess
different stages of heart failure for meaningful translational studies. A novel LGE method
was developed for this purpose in Chapter 7, achieving results in good agreement with
TTC staining. It was shown that in mice LGE imaging can be performed efficiently using
multi-slice inversion recovery without TI optimization, simplifying the acquisition
protocol and making faster protocols possible. The protocol achieves excellent CNR and
accuracy in a short time for increased throughput and reliability, and can be performed
as a three-minute “add-on” to the end of the cardiac examination. A drawback that
remains when comparing this technique to histology is the absence in this setting of a
method to measure area at risk. A T2-prepared scan before contrast agent injection
would therefore represent an obvious extension of the current protocol (see 3.5).
As demonstrated here, techniques for assessing displacement and mechanical strains can
be included in the imaging pipeline to identify hypokinetic areas, which often extend
beyond the scar in infarcted tissue, and can be useful for assessment of acute disease. In
addition, PET can be combined with MRI within a single examination, adding the
capability of molecular imaging with a simplified coregistration pipeline. As shown in
Chapter 8, FDG-PET performed one day after infarction shows glucose metabolism in the
aftermath of the ischaemic insult, showing areas that are still metabolically functional.
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This, combined with an assessment of global function, myocardial strain, and LGE
imaging for viability, gives a complete evaluation of the heart in response to injury, from
the macroscopic to the cellular level (Figure 78).

Figure 78 Complementary information from multi-modality imaging can provide an accurate assessment of
different aspects of a putative treatment: a) LGE MRI shows non-viable tissue. b) Cine MRI evaluates global
heart function. c) DENSE MRI enquires muscle performance. d) PET is used for molecular imaging.

The PET/MRI method demonstrated in this thesis is not specific to one tracer and can be
used with different probes to answer specific questions in basic science or pharmacology.
A substantial improvement to the methodology used here would derive blood plasma
levels of tracer for full kinetic modelling thus directly quantifying metabolic rates. As well
as for current investigations in preclinical cardiology, PET/MRI could be utilised for the
implementation and cross-validation of diagnostic techniques with a direct comparison
with histological methods. For instance, evaluation of tissue metabolism in the area at
risk is important for clinical assessment of acute treatments. In addition, multi-modal
approaches are a route to gain better knowledge of the mechanisms and limitations of
current imaging examinations, such as gadolinium enhancement, as well as validating
new diagnostic tools for clinical cardiology.
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To summarise, MRI can be utilised to obtain a highly accurate assessment of heart
function in mice non-invasively in a competitive time-scale. Highly-efficient methods to
perform late gadolinium enhancement (LGE) can be utilised as a three-minute add-on to
the cardiac MRI examination, in good agreement with tissue staining techniques. Further,
DENSE and PET imaging can be added on to the imaging protocol in order to get a more
detailed characterization of the heart, including respectively myocardial strains and
metabolism. The methods exposed in this thesis have proven useful in the investigation
of mechanisms behind disease using genetically modified mice, as well as the
investigation of new compounds for acute myocardial infarction. Further investigation of
these compounds in larger animal models and in clinical trials could confirm their efficacy
and ultimately benefit patients. Consequently, the methodologies demonstrated in this
thesis represent a significant advance for researchers in preclinical cardiology.

Guido Buonincontri
November 2013
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