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Chapter 1

This thesis focuses on mouse heart Magnetic Resonance Imaging (MRI), and more
specifically on developing strategies to accelerate the MRI measurements. In this
introductory chapter, first a general introduction about the cardiovascular system and
cardiac MRI is presented. Next a short outline of common murine cardiac MRI imaging
strategies is reported. Finally a brief overview for accelerating MRI scans with some of

the commonly used strategies will be discussed.
1.1  The cardiovascular system

The heart is a vital organ that is responsible for pumping out the blood to the whole body.
The heart, blood and vessels build up the cardiovascular system. This is a closed system
where oxygen delivery to the different cells inside the body takes place. In the
cardiovascular system, three blood circulations are present; 1-The systemic circulation:
transporting the blood from/to heart and whole body, 2-pulmonary circulation:
transporting the blood from/to heart and lungs, 3-coronary circulation: providing the

heart with oxygenated blood through the coronary arteries.

In the systemic circulation, the oxygen saturated blood is transported from the heart,
specifically from the left ventricle, through the arteries to the capillaries where
oxygen/carbon-dioxide exchange takes place, since the blood supplies the surroundings
cells with oxygen and withdraws the carbon dioxide that is produced due to the cell
metabolism. Blood carrying carbon dioxide is then collected through veins and delivered
back to the heart, specifically to the right atrium. From this point, the pulmonary
circulation is responsible for taking out the blood carrying carbon dioxide from the right
ventricle and pumps it to the lungs via the pulmonary artery. In the lungs, oxygenation
takes place and the oxygen-saturated blood is returned back to the heart, specifically to
the left atrium, through the pulmonary veins. The atrium collects the blood and stores it
for a short period during the ventricle contraction, and during ventricular relaxations, the

atria contract pushing the blood to the ventricles for quick filling of the ventricles. Heart
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valves prevent the backflow of the blood from ventricles to atrium. The tricuspid and
mitral valves are the valves between right- atrium and ventricle, and left- atrium and

ventricle, respectively. The valves are very important for the pump efficiency.

As explained above, contractions of atria and ventricles take place, and strict coordination
of these contractions are mandatory for stable and efficient blood pumping. This
coordination of contraction is caused by an electric pulse which is traveling through the
heart muscle from the atria to both ventricles. This electrical pulse is generated by the
sinoatrial node (SA node), which is located on the surface of the right atrium of the heart.
The electrical signal is strong enough to be measured and recorded using

electrocardiography (ECG) [1]. Fig. 1 shows the anatomical map of the heart.

With ECG the different heart phases can be distinguished. The cardiac cycle is defined by
the state of the ventricles. The systolic heart phase is defined as the period where
ventricles pump the blood into the aorta or the pulmonary artery. On the other hand, the
period during ventricular relaxation in which the ventricles are filled with blood from the
atria is defined as the diastolic heart phase. By detecting the depolarization of the

ventricles within the ECG signal the start of the systolic heart phase can be identified. z

/ R
Aorta
Pulmonary Artery
Pulmonary Veins Pulmonary Veins T-Wave
Right Atrium P-Wave Repolarization of ventricles

Left Atrium Depolarization of atria
PulmonicValve

Mitral Valve

Tricuspid Valve Aortic Valve

Left Ventricle QRS Complex
Depolarization of ventricles, triggers
main heart contraction

Inferior Vena cava

Right Ventricle

Figure 1. A) Schematic diagram showing the anatomical map of the heart with the most important
blood vessels, valves and the different heart chambers. B) The ECG signal that coordinates the beating
pattern of the heart, showing the different phases of the heart muscle relaxation and contraction.
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1.2  Cardiac Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a versatile imaging technique, which has evolved
tremendously in the past decades. It plays an important role in the field of cardiovascular
research as it offers exceptional precision in the depiction of the anatomy and function. Its
broad spectrum of soft-tissue contrast options provides a multiplicity of tools for

cardiovascular status assessment.

At present, and because of the remarkable advances in MRI hardware and innovation in
imaging strategies, many MRI-based assays of in-vivo tissue status have much matured.
MRI offers superb image quality with high spatial and temporal resolutions. Besides,
avoiding using ionizing radiations, which is a negative aspect of other imaging modalities
such as computed tomography (CT) or positron emission tomography (PET), is a merit [2].
The variety of applications makes MRI the most valuable imaging technique for medical

diagnostics and monitoring therapeutic interventions.

Technological developments in cardiovascular MRI presently proceed very much along
similar paths for human and small animal applications. Rodents such as mice and rats
become popular models to study the cardiovascular status. The studies in this thesis
mainly deal with mouse and rats models. However, there is a profound difference in heart
rate and size between man and rodents. The typical heart rates of 60 beats-per-min (bpm)
allow measurements of human cardiac function within a single breath hold with state-of-
the-art hardware. However, even the very short minimal repetition times (TR) that can be
achieved on nowadays, animal scanners are still too slow to allow for measurements of
cardiac function in mice, having heart rates between 400 and 600 bpm at rest, within

similar acquisition times as those achieved in human.

Obviously the large differences in heart size as well as respiration frequency between man
and mouse also contribute to the fact that the acquisition of cardiac images with

sufficiently high spatial resolution and acceptable signal to noise ratio (SNR) is a lot more
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challenging in mice than man. Despite of the fact that MRI of the small animal
cardiovascular system is technologically more difficult than MR studies in man, there is
still a strong impetus for developing advanced MR tools in rodents. The main driver is the
fact that mouse models of cardiovascular diseases and to a lesser extent rat models, are
indispensable for unraveling disease mechanisms and for early stage drug development.
Most developments for mouse cardiac MRI have focused on measuring cardiac function,
which has been used for studying several cardiac diseases, such as myocardial infarction

[3-5], cardiac hypertrophy [6, 7] and aortic valve dysfunction [8].

Translation of cardiac imaging protocols from/to mice and human requires careful
reconsideration of sequence design parameters. Recently, considerable progress in
protocols for mouse as well as human cardiac MRI has been made, improving the
contrast-to-noise ratio (CNR), speed and sensitivity. Fig. 2 shows an example of mouse

and human cardiac MR images.

Figure 2. Short axis views of a mouse heart at A) end-diastole and B) end-systole and of a human

heart at C) end-diastole and D) end-systole.

1.3  Cardiac MRI Strategies

a. Murine Cardiac MRI Acquisition Setup

Extracting the functional parameters of the heart is carried by measuring series of images
at different time points during the cardiac cycle. Thus, measurements to find the accurate

location and orientation of the heart are mandatory for accurate measurements. The
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procedure for finding the different chamber views in human MRI cannot be directly
applied to the mouse heart because the mouse heart differs in geometry from the human
heart. The main difference is that the right ventricle of the mouse heart is positioned at
the upper part of the left ventricle. However, in the human heart the right and left
ventricles are positioned at almost the same height between base and apex. Most of the
parameters defining myocardial function can be deduced from measurements of the end-
systolic and end-diastolic volumes. Thus short-axis and long-axis views of the heart are
required. The short-axis view shows cross-sections of the left and right ventricle that are
useful for volumetric measurements. The short axis view is chosen such that a series of

slices perpendicular to the long axis of the LV are obtained.

The procedure for finding the different chambers is usually started by accurate planning
of the long-axis through the mouse heart. From this long-axis, the short-axis as well as
other long-axis, and two- or four-chamber view orientations can be found easily. The
planning of the different planes is always done on the basis of the image collected at the
end-diastolic heart phase. Fig. 3 shows a schematic diagram of the mouse heart with the

short- and long-axis views.

b. Data Acquisition and Animal Handling

Horizontal bore magnets with field strengths up to 15 Tesla are commercially available for
small animal MR research, with bore diameters typically ranging between 10 and 30 cm.
The advantage of high field magnets is that the sensitivity of MR measurements increases
approximately linearly with field strength. However, the costs of ultra-high field
instruments are very high and therefore most small animal cardiovascular MR is done at
systems with 7 and 9.4 Tesla magnets. Another important aspect of the hardware
specifications of small animal MR instruments are the maximal gradient strengths,
switching rates and duty cycles that are provided by the linear magnetic field gradients.

These specifications among others strongly affect the minimal echo time (TE) and
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repetition time (TR) that can be achieved and thus the scan duration. Depending on the
inner diameter maximal gradient amplitudes typically range from 100 to 1,000 mT/m.
Similarly vital to data quality and flexibility in pulse sequence design is the choice of radio-
frequency (RF) coils. A major topical advance in RF coils for small animal cardiovascular
MR is the construction of phased-array coils for accelerated imaging. The development of
parallel imaging techniques has revolutionized the field of human MR and has recently

also found its way to preclinical MR research.

Figure 3. A) A mouse heart showing the different chambers, and the MRI
views for the B) short, C) 4-chamber-, and D) 2-chamber long-axis views.

During the MRI session, the temperature and the anesthesia should be constantly
monitored and controlled in order to keep the subject physiologically stable during the
scan [9]. Temperature should be kept stable around 36-37°C using a heating blanket or
heated air, typically monitored using a rectal probe. The level of anesthesia strongly
influences the respiration rate [10]. Commonly animals are anesthetized using inhalation

anesthesia (Isoflurane in oxygen or medical air).
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c. Cardiac triggering and respiratory gating

To obtain a series of artifact-free images for a moving object such as the beating heart,
triggering the sequence to the cardiac and respiratory motion is crucial. Conventional
prospective triggering is conducted where the ECG is measured using electrodes, while
respiratory movements are monitored with a pressure balloon placed on the mouse
abdomen. The ECG signal, most commonly the R-peak, synchronizes the MR scanner
pulses and acquisition window during imaging to cardiac activity. In prospective ECG
triggered Cine-MRI, the time of repetition (TR) of pulse sequence mainly determines the

highest frame rate that can be achieved [11].

Alternatively, with the retrospective triggering strategy, data is acquired continuously,
asynchronous with the cardiac cycle, thus maintaining a steady-state of the MRI signal as
shown in Fig. 4. After acquisition is completed, the cine movie is reconstructed by binning
the data into a specified number of cardiac frames and data affected by respiratory

activity is discarded.

Different strategies have been proposed to retrospectively assign each k-line to the
correct cardiac time point, and to determine respiration intervals. The assignment can
be done by: (a) parallel recording of the physiological signals, (b) by acquiring a
navigator signal from a specific slice to extract the cardiac and respiratory cycle
information at the cost of increased TE [11, 12], or (c) when using specific acquisition
strategies like radial imaging [12-14], the center point in the k-space that is recorded each
TR can be used for self-gating purposes as shown in Fig. 5. In this scenario, cardiac
triggering and respiratory gating is therefore derived directly from the radial readout with

the shortest possible TE and TR.

Retrospective triggering sometimes might be problematic due to poor navigator signals
that might be present in mice with severely compromised cardiac function. Nonetheless,

retrospective triggering becomes more popular because of its practical ease of use.
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cardiovascular MRI. The small size of the murine heart requires high imaging gradients
that may lead to ECG distortions and unreliable cardiac and respiratory triggering. The
high heart rate and high blood flow velocities result in residual movement artifacts in the
images. Moreover, full heart coverage requires lengthy acquisitions when using traditional

MRI methods [17-19].

A TR O Navigator Data Points B TR

TE Navigator Sigal TE Regulsr Signad
RF —«(ﬂ), A\ aﬂ:ﬂc A\ RF —dﬂ;b o2 ({U}: o2 dﬂﬂ}
s. 7 \— -1 \— \— !
=== =
G, — &/ 6 =

Figure 5. In the self-gated sequence, the navigator is either A) derived from the first data point of

each acquisition in radial readout, or B) from a navigator slice, which increases the minimum TR.

Therefore, effort has been put in optimizing MRI protocols specifically for the mouse
heart. MRI allows for high spatial resolution imaging making it possible to accurately
assess cardiac functional parameters, e.g. end-diastolic volume (EDV), end-systolic volume
(ESV), ejection fraction (EF) and wall thickening [20], as well as regional heart wall motion
and myocardial strain using tagged MR images [21]. Most of the cardiac function
parameters can be determined based on low temporal resolution imaging, where a small
set of time frames are obtained by ECG-triggering. However, recently it was proven that

diastolic function assessment requires high frame-rate cardiac imaging [22-23].

Currently, Cinematic (Cine) MRl is the gold standard for measurement of cardiac function
in mice and humans, because of its excellent endogenous soft tissue contrast and its high
spatial and temporal resolution [24]. The most common parameters derived from cine
MRI are the parameters for systolic function. From the segmentation of the left
ventricular (LV) myocardium and cavity (Fig. 6A), LV myocardial mass, end-diastolic

volume (EDV), and end-systolic volume (ESV) can be derived. From this data, systolic

10
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function parameters can be calculated, such as stroke volume (SV) = EDV-ESV, ejection

fraction (EF) = (EDV-ESV)/EDV, and cardiac output = SV x heart rate.

Next to systolic function, diastolic function is also an important parameter in cardiac
function. Diabetic or obesity-related cardiomyopathy is often preceded by diastolic
dysfunction [25]. Furthermore, heart failure can also occur with preserved systolic
function, while diastolic function is reduced [26]. The diastolic phase of the cardiac cycle is
characterized by two separate filling phases: the early filling (E) phase, which is due to
active LV relaxation, and the late filling (A) phase, which is due to atrial contraction. The E
rate, A rate, as well as the E/A ratio are commonly determined by echocardiography.
Unfortunately, the time resolution of cine MRI in most cases is too low to separate the
two diastolic filling phases. The two diastolic filling phases can only be differentiated when

using ~50-60 frames/cardiac cycle [27] (Fig. 6B and C).

The time resolution in the prospective triggering method is constrained by the TR. For the
gradient echo sequence, TR is limited by the lengths of the excitation pulse, the amplitude
of the spatial encoding gradients, spoiler gradients, and echo readout. TR therefore
becomes constrained by the desired spatial resolution, gradient performance, and SNR. At
a given spatial resolution, TR can only be made shorter at the expense of a shorter
excitation pulse with a higher slice selection gradient, shorter and higher spatial encoding
and spoiler gradients, and a shorter echo readout with higher readout gradient and higher
receiver bandwidth. However, gradient rise-time and strength are hardware limited, and
increasing the gradient strength may cause gradient duty cycle problems. Also, a higher
receiver bandwidth will lead to lower SNR. Therefore, to achieve the high time resolution
required for diastolic function assessment, a high-performance gradient system is
necessary, such as used in the study of Stuckey et al. of diabetic murine models [27]. As an
alternative strategy to obtain high time-resolution cine MRI data, retrospective triggering
with a long acquisition time is implemented. As reported in this thesis, we showed that

the retrospective triggering method allows the reconstruction of up to 90 frames/cardiac

11



Chapter 1

cycle, which enabled the identification of subtle impairments in diastolic function in

diabetic mice [22, 23].
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Figure 6. Analysis of cine MRI for the quantification of cardiac systolic and diastolic function. A) Series
of short-axis images at different cardiac phases. Blue and red represent the segmentation of the
myocardium and LV cavity, respectively, from which end diastolic volume (EDV) and end systolic
volume (ESV) can be quantified. B) LV cavity volume-time curve, in which the early (E) and late peak
diastolic filling (A) phases are visible. Red lines indicate the slopes/the rates of the diastolic filling. C)
The first derivative of the LV cavity volume-time curve in (B), depicting the LV ejection rate (PER),
early peak filling E rate (E), and late peak filling A rate (A).

Signal voids and ghosting due to rapid blood flow are the most pronounced artifacts in the
standard Cine MRI acquisition of the murine heart. Additionally, susceptibility artifacts
near the lungs and liver may result in local signal loss. Both types of artifacts can be
mitigated by decreasing the echo time (TE). However, in the established Cine sequence TE
cannot be chosen adequately short due to image resolution requirements and bandwidth
limitations [28]. A solution to flow and susceptibility related artifacts can be found in the
use of an ultra-short echo time (UTE) sequence [29-30]. The use of a radial readout
shortens TE considerably and enables artifacts free Cine of the murine heart as shown in

Fig. 7 [14, 29].

12
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Measuring blood flow rates and profiles could be achieved through Phase Contrast (PC)
MRI that employs a pair of symmetric bipolar gradients between signal excitation and
readout to label the phase of the MRI signal [31, 32]. The net phase effect of the gradient
pair on flowing spins is linearly proportional to the flow velocity, while zero for static
spins. Both the flow direction and the range of flow velocities to which the sequence is
sensitized can be selected by the choice of the direction, amplitude and duration of the
linear magnetic field gradient. The absolute phase of the MRI signal is affected by many

different factors.

Inflow (mid Diastole) End Diastole

Figure 7 [12]. Comparison between cardiac (A, C) UTE and (B, D) FLASH MRI images at mid and end
diastole, respectively. Using UTE sequence, blood flow and susceptibility artefacts, normally present in
FLASH images (B, D), are avoided.

To cancel the background phase noise, the effects of static magnetic field inhomogeneity,
etc., and single out the wanted phase effects of the bipolar gradient pair, a minimum of
two acquisitions is needed in which the polarity of the gradient pairs is reversed. In order
to resolve the blood flow velocity field in 3D, multiple acquisitions with gradient pairs
played out in different spatial directions are needed, which substantially prolongs the scan
times. Moreover, a prolonged measurement normally results in less accuracy due to, for
instance, subjects’ movement during scanning. Pelc et al. proposed a novel flow encoding
scheme in which there are only four experiments required to measure the flow
information in the three orthogonal directions [33]. Despite the improved efficiency of
flow measurement, PC MRI is still a lengthy modality, especially in the context of clinical

practices.

13
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Therefore, most often scans are planned perpendicular to the flow direction and flow
encoding is only done parallel to the main direction of flow. TR’s are typically between 5
and 15 ms, with TE’s as short as possible. It should be noted that the gradient-based

velocity encoding inherent to PC MRI inevitably prolongs TE's.

PC MRA has been applied to small animals particularly in the setting of vascular diseases.
It was used in apo-E deficient mice to quantify 2D blood flow velocities in the carotid
arteries and used these to estimate wall shear stresses, in view of their importance in
atherosclerotic plaque formation [34]. Herold et al. used similar PC MRA approaches to
qguantify pulse wave velocities in the ascending and descending aortae of wild type and

apo-E knock out mice [35].

Maximizing the contrast between healthy and infarcted tissue is important for accurate
guantification of the infarcted area. However, delineation of the infarct area is
complicated due to a low CNR between the cardiac tissue and the LV blood. The same
occurs in ultra-short echo times imaging due to the used short echo time that reduces the
contrast between the blood and myocardium. Black-blood imaging has been used to
enhance the contrast between blood and myocardium. A well stablished method for
blood suppression is the application of one or more saturation slices at the base of the
heart, saturating the magnetization of inflowing blood [36, 37], as shown in Fig. 8.

Saturation is most efficient in 3D imaging, because of the repeated 3D volume excitations.

1.5 Towards Faster Acquisition

Imaging speed is an important consideration in magnetic resonance imaging (MRI).
However, MRI scanners often operate at the limits of potential imaging speed as the
acquisition speed is constrained by hardware performance (such as gradient amplitudes
and slew rates), physiological factors and the available signal-to-noise per unit time.
Therefore, faster imaging can only be achieved by a reduction in the amount of acquired

data by skipping some of the data that are normally acquired. However, when data is

14
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acquired at sub-Nyquist resolution or rates, images corrupted with undersampling
artifacts are generated. The field of accelerated MRI deals with how to mitigate aliasing

and produce artifact free images and movies.

If the underlying images show a predictable pattern, estimating the missing information
becomes feasible. Many techniques have been developed to uncover the underlying

predictability or redundancy and to utilize it to recover the missing data.

-
gaturation / navigator slice

3D imaging volume

Figure 8. [37] A 3D volume was scanned to cover the entire left ventricle and
consisted of 20 slices. (A) The upper, thicker slice used as navigator slice in
retrospectively triggered imaging, or as saturation slice to obtain black-blood images
by choosing flip angle = 90°, as shown in (B).

In MRI, the data is collected in what is called a k-space matrix. This k-space could be a 2-D
or a 3-D matrix depending on the dimensionality reconstructed image from the object
undergoes the MR scan. Each acquired MR signal represents a line in a k-space, where
images are reconstructed at the end after acquiring all the k-space data. K-space
represents the spatial frequencies of an image. k-t space is an extension of k-space with an

additional time axis, t.

Several reconstruction techniques for accelerated imaging have been developed which
differ in their strategy how to recover or estimate the missing data. Basically, these

techniques fall in one of three main categories. First, methods aim to make the artifacts

15
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less visually apparent by an incoherent or weighted acquisition. Also, data may be shared
between acquisitions and zero-filling may be applied. Examples in this family of methods
are radial undersampling, key-hole imaging, and partial Fourier imaging. A drawback to
this strategy is loss of spatiotemporal resolution, reduced SNR, and residual artifacts.
Second, methods that use parallel imaging (pMRI) scan, i.e. using multiple coils as signal
receivers, to partially replace phase encoding steps and then eliminate the effect of
undersampling whether by “un-aliase” the image or directly recover the missing lines in k-
space. The pMRI reconstruction methods can be classified into two groups. Those in which
the reconstruction takes place in image space such as in sensitivity encoding (SENSE), and
those in which the reconstruction procedure takes place in k-space such as generalized
autocalibrating partially parallel acquisition (GRAPPA). In this family of techniques, coil
sensitivity information is required, which can be derived either by means of a pre-scan or
by means of a few additionally acquired k-space lines (auto-calibration). A third class of
methods exploits spatio-temporal redundancy in the image or movie and a non-linear
optimization algorithm to reconstruct artifact free images from undersampled data,
without the need for multiple receiver coils. Examples of this class of methods are k-t-

principle component analysis (k-t-PCA) and compressed sensing (CS).

In all these cases the goal of acceleration is to permit higher spatial resolution, increased
temporal resolution, shorter scan duration, or a combination of these benefits. In this
section, the major image acceleration techniques that are successfully applied in the

preclinical setting are briefly discussed.

a. Sensitivity Encoding (SENSE)

The SENSE reconstruction is perhaps the most frequently used parallel imaging technique
[38]. Its basic principle relies on unfolding the aliasing in the image domain given that the
coil sensitivity maps are known. Consider an image that is undersampled in k-space by
skipping some k-space lines. The undersampling in k-space results in aliasing in the image

domain as shown in Fig. 9A. The image can be unfolded by combining the aliased images
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from multiple coils and the coil sensitivity maps, since every pixel in the aliased images is a
superposition of different pixels at specific locations in the full FOV image weighted by the

coil sensitivity maps at those locations as shown in Fig. 9B.

SENSE provides reduction in the scan time with arbitrary coil configurations, however, at
the expense of SNR loss, which depends on the level of acquisition reduction and a
spatially dependent geometry factor (g), which describes the underlying geometry of the
coil array. SENSE reconstruction is feasible as long as the reconstruction problem is a
determined system, i.e. the number of pixels that contribute to a specific pixel in the
aliased image and need to be separated is less than or equal to the number of coils in the

receiver array.

The use of SENSE for accelerating self-gated CMR in mice was demonstrated in [39] using
a 4-element (2x2) phased array receiver coil with 3-fold acceleration. High spatial
resolution at sufficiently high contrast to noise ratio (CNR) was obtained in short scan
times without compromising the accuracy of estimated structural and functional

parameters of the mouse heart.

b. GeneRalized Autocalibrating Partially Parallel Acquisitions (GRAPPA)

GRAPPA is a k-space based reconstruction technique [40]. One of the k-space properties is
that the signal intensity in a given location is generated by applying phase or frequency
encoding, which is normally produced by magnetic field gradients, to the MR signal.
GRAPPA is a generalized implementation of the Simultaneous Acquisition of Spatial
Harmonics (SMASH) technique [41]. The basic concept in using SMASH is that a linear
combination of coil sensitivities can directly generate missing phase-encoding steps by
imposing a phase shift to the MR signal, which would normally be performed by using

phase-encoding magnetic field gradients.

17



Chapter 1

However, in GRAPPA, a set of linear weights is used to reconstruct missing k-space points
from the acquired neighborhood k-space points. The weights are estimated using a kernel
for fitting k-space points from multiple receivers to a single coil Auto-Calibration signal
(ACS), as schematically shown in Fig. 9C. This procedure is repeated for every receiver coil
separately. After estimating all the missing k-space points in the different coils, the final
image is reconstructed using a sum of squares combination of the individual coil images.
GRAPPA is beneficial in cases when extraction of accurate coil sensitivity maps is difficult.
Also, there is some flexibility, e.g. in the size of the kernel for better weights estimation, to
tweak the reconstruction and provide good quality images. Accelerated imaging of inflow
of contrast agent to quantify myocardial perfusion using GRAPPA was demonstrated in
[42]. GRAPPA acceleration enabled sufficient temporal and spatial resolution to capture
the first pass of a Gd-DTPA bolus through the mouse myocardium. With a measurement
time of <2 minutes, a time series of 250 images was acquired, where each image was
acquired in a segmented fashion over three consecutive heart beats. Missing k-lines were

recovered using GRAPPA reconstruction with an effective acceleration factor of 1.64.

The GRAPPA concept was extended to also incorporate the time domain using a kernel for
estimating missing data simultaneously in the k-t domain. Using kt-GRAPPA a complete
cardiac functional study could be conducted in less than 3 minutes with up to 4-fold
acceleration [43]. In another study, using an eight channel receiver coil, 3-fold
acceleration was achieved using two- and three-dimensional sequences combined with

GRAPPA to quantify global cardiac function, T1-relaxation times and infarct sizes [44].

c. SpatioTemporal Redundancy Techniques

Various dynamic imaging methods have been developed through the last years, which
exploit spatiotemporal correlations to achieve higher frame rate, or shorter scan duration,
since these dynamic images exhibit significant correlations in k-space and time. For some
of these reconstruction techniques it is assumed that nearby data are similar and can be

recovered using interpolation techniques. Others use low spatial resolution training data,
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with full temporal resolution, to deduce the temporal correlation that can be used to
recover the missing data. Examples of the latter are the Broad-use Linear Acquisition
Speed-up Technique (k-t BLAST) [45] and temporally constrained reconstruction using

principal component analysis (k-t PCA) [46].
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Figure 9. A) SENSE acquisition with acceleration factor R, here R=4. By skipping k-space lines and
apply inverse Fourier transformation, aliased with reduced field of view images in all the receiver coils
will be produced. B) Each aliased pixel in the different coils images is a superposition of a number of
different pixels, depending on the reduction factor, in the full FOV multiplied by the sensitivity values of
the coils at those pixels locations in the Full FOV image. By solving this inverse problem, the pixels in
the Full FOV could be accurately recovered. C) Schematic diagram of the GRAPPA kernel for estimating
missing k-space points. Weighting factors are determined by fitting one ACS point at one coil, here at
coil=Cn, from multiple acquired points at this coil as well as the other different receiver coils. After this
fitting process, the weighting parameters, W, can be calculated and D) subsequently used to calculate

the missing k-points from the neighbourhood k-space sampled points.

In these two techniques a central part of k-t-space with full sampled time points is
acquired as a source of training data, while on the other hand, accelerated,

undersampled, scans are acquired with full temporal and spatial resolutions. In k-t-BLAST



Chapter 1

both reconstructed data, the training and the undersampled data, could be converted to
x-f space (x = spatial axis, f = temporal frequency), where the training data provides a low-
spatial-resolution x-f space which is used to extract information reflecting the temporal
correlations. However, the undersampled data produces an aliased x-f space because of
undersampling. Using the training data, and by knowing the undersampling pattern,
recovering the aliased signal in the undersampled data becomes possible. k-t SENSE is an
extension of k-t BLAST and incorporates parallel imaging in the signal recovery process. k-t
PCA is very similar to k-t BLAST. However, the basic difference is that instead of
reconstructing the data in x-f space, the reconstruction process takes place in the x-PC
space, where PC stands for principle components, by applying principle component
analysis in the time direction. The k-t-PCA shows higher performance compared to k-t-
BLAST in application that exhibiting broad range of temporal frequencies. This enables
achieving higher acceleration factors with better reconstruction quality. Fig. 10A shows a

schematic diagram for k-t-BLAST and k-t-PCA techniques.

kt-BLAST was applied for cardiac MRI in healthy and infarcted mice with 3-fold
acceleration [47]. Dynamic imaging of hyperpolarized 13C labeled pyruvate and its
downstream products lactate and bicarbonate in rat heart in vivo was achieved with kt-
PCA and 5-fold undersampling [48]. Hyperemic first-pass perfusion MRI during vasodilator
stress in mice was achieved at 3T with 10-fold undersampling and kt-PCA reconstruction

[49].

d. Compressed Sensing (CS)

A complementary mathematical framework to reconstruct images from highly
undersampled data is compressed sensing [49]. This technique enables scan acceleration
by taking advantage of intrinsic redundancy (sparsity) in the MR images themselves, which
makes it possible to acquire only a small portion of data and recover artifact-free images
afterwards. For CS MRI to work, briefly, three requirements need to be fulfilled. First, the

data to be reconstructed should be sparse, i.e. compressible, which means that it could be
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compactly described in the spatial domain or in other transform domain e.g: discrete
cosine, Fourier, wavelet, or finite difference domain. Moreover, the undersampling
acquisition trajectory should lead to incoherent, noise-like, aliasing artifacts. This could be
achieved through random sampling of the raw data. As a consequence, the compressed
signal stands well above these resulted incoherent diffused undersampling artifacts. Then
by cleaning up the signal in an iterative manner, the compressed signal could be separated
from the undersampled artifacts by using a non-linear reconstruction algorithm utilizing

both the image sparsity and the acquired raw data (Fig. 10B).

In model based compressed sensing technique [50], the signal is allowed to be sparse with
respect to an overcomplete dictionary learned from a data model, where the acquired
data could be described by a model with few parameters. Representing the signal with
respect to overcomplete dictionaries instead of the commonly used orthonormal bases as

sparsifying transforms, improve the sparsity significantly.

CS reconstruction was used to accelerate the assessment of left ventricular systolic
function in mice at 4.7 T [51]. Time accelerations of 6- and 12-fold were achieved using
rectilinear and radial acquisitions, respectively. In several other studies compressed
sensing was used to accelerate Cine functional assessment of the mouse heart [23, 52-53],
where it has been shown that time accelerations up to 15-fold in global cardiac functional

imaging at 7T and 9.4T was achievable.

Model-based CS method for fast cardiac T1 mapping at high spatial resolution in the
mouse heart using single channel surface coil at 7T was reported by exploiting the sparsity
of the signals in the T1 recovery direction, where an acceleration factor of two was

achieved [54].

Higher acceleration factors could be obtained by combining CS and parallel imaging
techniques. Based on CS theory and by incorporating parallel imaging techniques and

sensitivity profiles, techniques like k-t SPARSE-/SENSE [56] and I1-SPIRIT [57] were
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proposed. In k-t SPARSE, the random variable density undersampling generates high
incoherent artifacts that could be eliminated from the true signal through an iterative
process. The signal recovery is carried in the x-f space. SPIRIT stands for Iterative self-
consistent parallel imaging reconstruction. It is heavily based on GRAPPA, however the
reconstruction process is formulated as an optimization problem that estimates a solution
consistent with the calibration and acquired data. I1-SPIRIT adds some data penalties that

incorporate prior data knowledge, for example TV penalty, has been proposed.
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Figure 10. A) Schematic diagram of k-t-BLAST and k-t-PCA techniques. Low resolution training data
as well as undersampled data with full spatial and temporal resolutions are acquired. From the training
data, temporal correlations could be deducted. This will guide the reconstruction afterwards to produce
artefacts free images. In k-t-PCA, transforming the temporal frequency to the principle components
domain using principle component analysis, results in achieving higher acceleration factors. B)
Schematic diagram of the compressed sensing reconstruction pipeline. Through random sampling,
images with incoherent artefacts are produced. Extracting clean signal can be done through iterative

process, given that some apriori knowledge about the data is known, e.g. related to sparstiy.
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1.6 Conclusions

In conclusion, seeking improved noninvasive monitoring of patients with heart disease is
stimulating the development of novel MR imaging strategies for visualizing and
guantitatively assessing the cardiovascular status. Recent advances in murine cardiac MRI
have made a substantial contribution to the understanding of the pathophysiology of
myocardial infarction, the cardiac remodeling processes and heart failure [57-60]. Future
improvements in imaging hardware and sequences are necessary to cope with the
difficult tradeoff between temporal and spatial resolution when imaging the small and
fast beating mouse heart. Scan time reduction in small animal MRI is also desired,
particularly if one wants to combine different protocols in the same session, e.g. Cine MRI,
T1 mapping, T2 mapping and perfusion imaging. Novel strategies are explored that
increase overall MR efficacy, including retrospective imaging, parallel imaging and

reconstruction algorithms for undersampled data.

Several MRI and MRS acceleration techniques have been developed in the past years for
in vivo cardiac applications in rodents. Basically, the acceleration is achieved by skipping
some data that are normally acquired. However, this leads to image artifacts, and the role
of these acceleration techniques is to estimate the missing/skipped data. For mild
artifacts, most of the techniques seek a variable-density sampling with dense sampling at
the center of the k-space that contains most of the signal information. Also, using non-
Cartesian readout results in benign artifacts compared to those generated when using the
Cartesian sampling. However, they are more demanding computationally. Using
acceleration techniques helps in reducing the scan time tremendously while still achieving
high spatial or high temporal resolution data. As a consequence, accurate assessment of
the cardiovascular status in short acquisition times becomes possible. The research
presented in this thesis is centered on innovations in the field of mouse cardiac MRI,

building on and inspired by the topics discussed in this chapter.
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1.7  Outline of this thesis

The research described in this thesis focuses on MRI of the mouse heart, and more
specifically on developing strategies to accelerate the MRI measurements. Self-gated
sequences were used in all the projects presented in this thesis, since the self-gated
strategy allows more flexibility for scan acceleration than the prospective triggering
strategy. Chapter 2 shows the application of compressed sensing reconstruction to
accelerate the acquisition of the recently developed retrospectively triggered high
temporal resolution MR sequence to measure diastolic function in mice. Chapter 3 focuses
on flow-artifact-free imaging of mouse heart using ultra short echo time MRI, and also
exploits the benefits of radial trajectory used in the data acquisition to achieve high
acceleration factors using compressed sensing reconstruction. In Chapter 4, we aimed for
volume acquisition and phase contrast imaging to estimate blood flow velocity. The
acquired phantom data has a very high spatial resolution in the slice direction leading to
accurate quantification of blood flow profiles. In chapter 5, a clinical feasibility study is
presented that shows the successful application of compressed sensing reconstruction in
high temporal resolution pulse wave velocity measurements in human carotids. This thesis

ends with a general discussion and some future perspectives in Chapter 6.
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Chapter 2

Abstract

For accurate assessment of the left ventricular diastolic function using Cine MRI, a high
frame rate is required. We introduce a new protocol to obtain very high frame-rate Cine
MRI movies of the beating mouse heart within reasonable measurement time. The
method is based on a self-gated accelerated FLASH acquisition and compressed sensing
reconstruction. Key to our approach is that we exploit the stochastic nature of the
retrospective triggering acquisition scheme to produce an undersampled and random k-t-
space filling that allows for compressed sensing reconstruction and acceleration. As a
standard, a self-gated FLASH sequence with a total acquisition time of 10 min was used to
produce single-slice Cine movies of 7 mouse hearts with 90 frames per cardiac cycle. 2X
and 3X k-t-space undersampled Cine movies were produced from 2.5 and 1.5 min data
acquisitions. The accelerated 90-frames Cine movies of the mouse hearts were
successfully reconstructed with a compressed sensing algorithm. The movies had high
image quality and the undersampling artifacts were effectively removed. Left ventricular
functional parameters, i.e. end-systolic and end-diastolic lumen surface areas and early-
to-late filling rate ratio (E/A) ratio as a parameter to evaluate diastolic function, derived

from the standard and the accelerated Cine movies were nearly identical.
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2.1 Introduction

Magnetic Resonance Imaging (MRI) of heart anatomy and function is an important
diagnostic tool to study the heart in mouse models of myocardial disease [1-4]. Functional
parameters, such as end-systolic volume (ESV), end-diastolic volume (EDV), ejection
fraction (EF) and cardiac output (CO), are derived from a dynamic series of images through
the cardiac cycle (Cine). Commonly, Cine MR images of the fast beating mouse heart (400
- 600 bpm) are recorded with a relatively low frame rate (typically less than 25 frames per
cardiac cycle), and this is because the speed of acquisition is constrained by hardware
performance (gradient amplitudes and slew rates) and available signal-to-noise per unit

time [5].

However, a significant drawback of low frame-rate Cine evaluation of heart function is
that details on myocardial motion during the phases of systolic contraction and diastolic
relaxation go undetected [6-8]. For example, during diastole, filling of the left ventricle
(LV) occurs in two phases — the early filling (E) phase as a result of LV relaxation followed
by late filling induced by atrial contraction (A) — and these two phases cannot be
distinguished unless high temporal resolution (high frame rate) Cine imaging is conducted
[9, 10]. E and A denote the peak filling rates of the two phases. Alteration of the E/A ratio
is widely accepted as a clinical marker of diastolic heart dysfunction [6, 9]. In rats and
mice, the E and A diastolic filling phases were previously quantified using ECG-triggered
Cine MRI with a frame rate of 62 frames/cardiac cycle using short repetition time (TR = 2.4

ms) [11].

In a recent publication, we described quantification of the E and A diastolic filling phases
of mouse hearts using a self-gated Cine MRI with a frame rate of >80 frames/cardiac cycle
[10]. High frame rates were achieved by acquiring k-lines with constant TR asynchronously
with the cardiac and respiratory cycle. Synchronization was performed retrospectively

from a navigator echo that was incorporated in the imaging sequence and is sensitive to
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the heart and respiratory motion [10, 12-14]. However, a significant drawback of the
method was the long acquisition time. The reason for the long acquisition time is that a
classical Fourier transform reconstruction requires a completely filled k-space for each
Cine frame, which may take very long for high spatial-resolution and high frame-rate Cine
movies due to the stochastic nature of k-space filling with the retrospective approach. For
example, acquisition of a single-slice 93 frames Cine movie of a mouse heart with high
number of averages (NA = 13) took approximately 25 min. Therefore, acceleration of this

self-gated high frame rate Cine technique is highly desired.

In this chapter we introduce a new self-gated Cine MRI protocol for measuring high frame
rate movies of the mouse heart within a much shorter acquisition time. Acceleration of
the method is achieved with a compressed sensing (CS) reconstruction algorithm [15-17].
Unique to our approach is that we exploit the stochastic nature of the retrospective
triggering acquisition scheme to produce an undersampled and random k-t-space filling
that allows for CS reconstruction and acceleration. With this strategy mouse cardiac Cine
MRI is demonstrated with very high frame rates (90 frames/cardiac cycle) within much
shorter acquisition times of typically 2.5 and 1.5 min, which roughly corresponds to 2X
and 3X undersampled k-t-spaces. The acquired k-lines, on average, stochastically, are
measured with 1-2 averages. The technique was validated by comparing the compressed

sensing reconstructions with standard long acquisition time Cine movies.

2.2 Materials and Methods

2.2.1 Invivo measurements

The local institutional animal care committee (Maastricht University, Maastricht, The
Netherlands) reviewed and approved all experimental procedures. During imaging, mice
were sedated by inhalation of 1 - 2% isoflurane in medical air (0.4 |/min). Temperature

was maintained at 36 - 37 °C with a heating pad and monitored using a rectal probe. After
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the MRI experiment, the mice were killed by cervical dislocation. A total of N = 7 healthy

mice (C57BL/Ks mice) were included in the experiment.

2.2.2 MRI protocol

Scanning was performed with a 9.4 T Bruker animal scanner (Bruker BioSpin MRl GmbH,
Ettlingen, Germany). The gradient system allows a maximal gradient strength of 740
mT/m with a slew rate of 6600 T/m/s. A 4-element mouse cardiac phased-array surface
receive coil was used in combination with a 72-mm-diameter volume transmit coil (Bruker
BioSpin). To determine the orientation of the short axis, several scout images were
acquired in the transverse plane and the long-axis plane of the left ventricle at the start of
each examination. The location of the central short-axis slice was planned halfway

between the apex and base.

A single-slice FLASH sequence with a navigator echo was used [10, 18]. Sequence
parameters were: Gaussian-shaped RF pulse of 300 us; flip angle = 15% TR = 4.7 ms; TE =
2.35 ms; bandwidth = 150 kHz; field of view = 3 x 3 cm?; acquisition matrix (NF x NP) = 192
x 128; reconstruction matrix = 192 x 192; slice thickness = 1 mm; number of repetitions
(NR) = 1000. The resulting total acquisition time was NR x NP x TR = 10 min. The resulting
k-space trajectory was under-sampled with a factor 1.5 corresponding to 64 auto-
calibration signal (ACS) lines in the center of k-space. The navigator echo analyses were
done retrospectively with homebuilt software in Matlab 8.1 (The Mathworks, Natick, MA,
USA) using a local maximum detection algorithm to determine the start of the cardiac
cycle. K-lines acquired during respiration (~¥30% of the data) were discarded. No sharing of
k-lines between frames or interpolation was applied. Images from the 4 coil elements
were reconstructed individually and subsequently combined using a sum-of-squares
method weighted by fixed coil sensitivities. The coil sensitivities were pre-calibrated using

a homogeneous agar phantom.
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All Cine movies were reconstructed with 90 frames, well above the number for which
accurate determination of diastolic function in mice was demonstrated by others [10, 11].
The effective number of averages for the standard Cine movies acquired in 10 min was NA
= 4.3. The under-sampled data was taken from the first 2.5 and 1.5 min of the fully
sampled data. Reconstructions of 2.5 and 1.5 min acquisition time movies, roughly
corresponding to 2X and 3X under-sampling, were done by CS reconstruction as explained

below.

2.2.3 CS reconstruction

Originating from the field of information theory and approximation, the CS theory has
recently found application in MRI [16]. Briefly, CS aims to accurately reconstruct a signal
from a small subset of random linear combinations of signal samples. For MRI this means
that we could achieve accurate image reconstructions by only measuring a small subset of
k-space. However, there are some requirements that have to be satisfied for successful CS
image reconstruction [15, 16]. First, the desired data needs to be compressible, which
means that the data has a sparse representation in a transform domain. Image data can
be sparse represented in e.g. the finite-difference, the wavelet or discrete cosine
transform domain. Second, aliasing artifacts due to k-space under-sampling have to be
incoherent (noise-like) in the transform domain. Random undersampling has been
proposed as an acceleration method because it produces incoherent or low-coherent
artifacts [20, 21]. The coherence can be defined as the maximum off-diagonal element in
a normalized point spread function (PSF) for the k-space trajectory used, which measures
the tendency of linear reconstruction to leak energy from the underlying source pixel to
other pixels, or equivalently as the side lobe to principal peak ratio [16]. Finally, a
nonlinear reconstruction has to be applied to enforce sparsity of the image and

consistency with the acquired data.
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In Cine MRI, static tissue and background regions are sparsely represented in the
temporal frequency domain. Besides, the quasi-periodicity of myocardial activity has a
sparse temporal Fourier transform. Additionally, a single voxel is sparsely represented by

spatio-temporal total variation. The spatio-temporal total variation is given by:

TV(m) = /A, (m)|2 + [A, (m)|? + |A(m)|? (2.1)

where m is a voxel, A, A, and A; are the finite difference in the frequency, phase and time
directions. The difference operator used for the TV is one sided difference. For example,
Ay (m) is calculated by:

A,(m) =m(x+ 1,y t)— m(x,y, t) (2.2)

In this work we exploit both temporal and spatial sparsity using these sparse

transformations.

Due to the stochastic nature of the retrospective triggering acquisition, a random under-
sampled k-t-space is achieved, which — as will be demonstrated — satisfies the CS
reconstruction requirement of incoherent undersampling artifacts. Fig. 1A schematically
illustrates the acquisition of k-lines asynchronously with the periodic cardiac motion. The
k-lines are binned in cardiac frames of duration y, which results in a random filling of k-
space for a small number of repetitions (NR = 150). The random filling is different for each
of the 90 frames, which introduces a random sampling in the time direction as well (Fig.

1B).

The resulting k-t-space, sampled at significantly sub-Nyquist rates (up to 4X), is
reconstructed with a non-linear compressed sensing algorithm. Mathematically, the

following constrained optimization problem is solved:

min ||d(m)||, subjectto |[|[FEm — ||, < € (2.3)
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where m is the reconstructed Cine movie, d is the sparse transformation (temporal and
spatial sparse transformations), F, is the sampled Fourier transform corresponding to a
given undersampling scheme, y is the measured k-space data, and € controls the fidelity of

the reconstructed to the measured data, where it is set to be the expected noise level.

A g
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| Phase Encoding

Readout
A

Frequency Encoding

Figure 1. The self-gated acquisition scheme. A) K-lines are acquired asynchronously with the periodic
cardiac motion. Retrospectively, k-lines are collected in bins of length y using the cardiac triggering and
respiratory gating information from a navigator echo. Small variations in cardiac cycle length ensure
that TR is not a multiple of the R-R interval as indicated with A, leading to time-shifted acquisition of k-
lines and a random filling of k-space. B) kt-space after a small number of shots (NR = 150), illustrating

the random filling.

The objective function is the €1 norm that promotes sparsity. The constrained
optimization problem in Eq.2.3, could be reformulated as unconstrained optimization

form by solving the Lagrangian |;-minimization problem:
ming{ [|Fm = yl|l,* + L[0m)|], + TV (m) (2.4)

where TV is the total variation penalty, and ¢ is a regularization parameter that
determines the trade-off between data consistency and sparsity. Several methods for

solving Eg. 4 have been proposed in literature [22-24]. In this work, we use a modified
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version for the €, penalized nonlinear conjugate gradients and backtracking line-search

method as described by Lustig et al. [16].

2.2.4 Data analysis

To validate CS reconstructions of the high frame rate Cine movies, the root-mean-square
errors (RMSe) between full and undersampled datasets were calculated. The RMSe was

calculated by

RMSe = (2.5)

n
z (5i—Si")?
i=1
n

where S; and S/ are the gold standard and estimated reconstructions at voxel i
respectively, and n is the number of voxels of the Cine image. Additionally, heart
functional parameters (end-systolic LV lumen surface area, end-diastolic LV cavity lumen
surface area, LV lumen surface area-time curves correlation and E/A ratio) of the under-
sampled CS reconstructions were compared to the standard datasets. Global heart
parameters were calculated using a semi-automatic segmentation with the software
Segment (version 1.8 R1145, http://segment.heiberg.se). To avoid large errors in surface
area determination, contours were manually corrected for the papillary muscle area. The
E/A ratio was calculated by taking the time derivative for the LV lumen surface area as a
function of time. Agreement in LV lumen surface area and E/A between fully sampled, 2X

and 3X under-sampled data sets were graphically assessed using Bland-Altman analysis.
2.3  Results

Fig.2 shows the k-t sampled trajectory for representative cases after 1.5 and 2.5 min
scans with the corresponding point spread functions. As shown, the kt-space is randomly
sampled. The elevated side lobes at the edges of the point spread functions occur because
of the GRAPPA-Like acquisition. Further improvements are feasible as will be addressed in

the discussion section. It is clear that the point spread function after the 2.5 min scan has
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decreased side lobes compared to the point spread function after 1.5 min scan. The
incoherence values for the 7 mice were 0.35 + 0.014 and 0.35 + 0.007 for the 1.5 and 2.5

min scans, respectively.

For each mouse, 10 min acquisition was used to obtain the standard dataset, to which the

newly proposed accelerated acquisitions were subsequently compared.

Reduced Side Lobes

Figure 2. Incoherence Measurements. The k,-t sampled trajectory for a representative case after A) 1.5
and B) 2.5 min scans and the corresponding C, D) PSFs.

Fig. 3 shows still frames at end-diastole, mid-systole and end-systole for the standard
reconstruction, compared with the corresponding 2X-, 3X- and 4X-accelerated CS
reconstructions and the corresponding difference maps. The image quality of the
standard acquisition was nearly recovered for the 2X and 3X CS accelerations. Image
quality of the 4X-accelerated movies was visually judged insufficient for evaluation. We
therefore limited further analyses to the 2X and 3X accelerated movies. The CS
reconstruction recovered a good quality image of the heart in which the endocardium,
epicardium and papillary muscles were well distinguished. To assess the quality of the CS

reconstruction more quantitatively for the 7 mice, the RMSe between the CS
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reconstructions using the standard reconstructions as a gold standard was measured

using Eq.5. The RMSe were 5.0% + 0.8% and 6.0% + 0.6% for the 2X and 3X CS

reconstructions, respectively.

To evaluate the effect of CS reconstruction on derived heart functional parameters, the LV
lumen surface area at end-systole and end-diastole of standard and CS reconstructions
were compared in Bland-Altman plots for 2X and 3X under-sampling factors as shown in
Fig. 4. For the end-diastole lumen surface area, differences were almost equally
distributed around small bias values of 2.1% and 2.8% with 95% observation intervals of [-
6.5%, 10.6%] and [-6.7%, 12.3%] for the 2X and 3X under-sampled datasets, respectively.
For the end-systole lumen surface area, differences were also almost equally distributed
around small bias values of 2.5% and 2.9% with 95% observation intervals of [-10.2%,

15.1%] and [-16.9%, -10.2%] for the 2X and 3X under-sampled datasets, respectively.

Standard 2X Diff 3X Diff 4x Diff

End Diastole

Mid Systole

End Systole

Figure 3. Accelerated CS reconstructions of high frame-rate Cine movies. End-diastolic, mid-systolic
and end-systolic frames of a standard acquisition, and 2X-, 3X- and 4x-accelerated CS reconstructions.
The second, fourth and sixth columns show the difference images with the standard reconstruction. All

the images have the same intensity scale.

The correlation coefficients for the lumen surface area-time curves of the 2X and 3X

under-sampled datasets compared to the standard datasets of are 0.986 + 0.007 and
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0.975 £ 0.015, respectively. Finally, the LV lumen surface area versus time curves and
filling-rate versus time curves for standard and 2X and 3X accelerated CS reconstructions
were compared. A representative example (Fig. 5) shows that the curves correspond very
well throughout the cardiac cycle. The E/A ratio’s of the 2X and 3X CS reconstructions
were analyzed with respect to the standard acquisition in a Bland-Altman graph (Fig. 6).
Differences in E/A values for 2X and 3X were centered on a bias of 5% and 6% with 95%
observation intervals of [-3.1%, 13%] and [-3.5%, 15.6%] for the 2X and 3X under-sampled

datasets, respectively.
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Figure 4. Bland-Altman analysis of LV lumen surface area at end-systole and end-diastole.

Comparison between standard and 2X-accelerated CS acquisitions at A) end-diastole and B) end-

systole. Comparison between standard and 3X-accelerated CS acquisitions at C) end-diastole and

D) end-systole.

2.4 Discussion

Compressed sensing reconstruction facilitates accurate image reconstructions of highly
undersampled accelerated acquisitions. It provides an elegant and effective way to speed

up the cardiac MRI measurements as an alternative or in addition to parallel imaging by
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multi-coil arrays. CS has been successfully demonstrated in many MRI applications [16]
and was found particularly useful in cardiac imaging where imaging speed is a prerequisite
[25-27]. Recently, CS was also implemented to speed up regular ECG-triggered mouse

cardiac Cine MRI and for rapid T; mapping of the mouse myocardium [17, 28-29].
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Figure 5. Normalized LV lumen surface area and ejection-rates. A) Normalized LV lumen surface area
as function of time through the cardiac cycle for standard, 2X and 3X-accelerated CS reconstructions for
a representative mouse. B) Corresponding ejection-rates, showing E and A peak filling rates.
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Figure 6. Bland-Altman analysis of E/A ratio. Comparison between standard and A) 2X- and B) 3X-

accelerated CS acquisitions.

Cine CMR with high temporal resolution well below the TR can be achieved using a self-
gated acquisition. However, the statistical nature of k-space filling and binning of cardiac

time frames results in long acquisition times to ensure that all k-lines are measured at
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least once and averaging is homogeneous in k-space. Starting from a non-accelerated
standard 90-frame Cine acquisition of the left ventricle with a total scan time of 10 min
resulting in an effective number of averages of approximately 4.3 to ensure that all k-lines
are measured, we demonstrated in this chapter that undersampling by at least a factor 3
is possible using a CS reconstruction. The accuracy of derived LV functional parameters
such as end-systolic and end-diastolic lumen surface area as well as diastolic E/A filling

ratios were not significantly compromised within acceptable confidence intervals.

Unique to our approach of CS acquisition and reconstruction is that we exploit the
stochastic nature of the self-gated acquisition scheme to produce an undersampled and
random k-t-space. Randomness results naturally from the asynchrony between the
duration of the cardiac cycle and TR and thus there was no need to predefine an
undersampled k-space trajectory for the different frames in the cardiac cycle. A potential
drawback of this approach is that k-space is filled completely random, which would result
in a rather unfavorable PSF. However, in our implementation the acquisition of additional
auto-calibration signal (ACS) lines in the middle of k-space resulted in a variable density
(random) filling of k-space. In other words, higher probability that most of the signal
information is acquired since most of this information is located at the center of the k-
space. Therefore, the incoherence was adequate to achieve 2X and 3X kt-space

undersampled reconstructions.

We demonstrated that for a single slice with FOV = 3 x 3 cm? and in-plane pixel
dimensions = 156 x 156 um?, reconstruction of 90 frames/cardiac cycle from 2.5 min (2X
undersampling) or even 1.5 min (3X undersampling) datasets was possible. Thus multi-
slice imaging of high frame rate Cine within acceptable measurement times is now

feasible.

Further improvements and higher acceleration factors might be achieved by increasing

the incoherence of the undersampling artifacts, which can be done by undersampling in
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two dimensions rather than in one as is the case for the Cartesian sampling trajectory
used here. This can be realized by radial and spiral k-space filling trajectories. In such
schemes, the incoherence is maximized compared to the traditional Cartesian sampling

trajectory.

By using the proposed method, the acquired k-t space cannot be fully predicted or
predetermined as this depends on the heart and respiration rates of the mouse. However,
because of the GRAPPA-like acquisition, there is a higher probability to acquire k-lines in
the center of k-space, where most of the signal information presents. On the other side,
the used acquisition strategy does not provide the optimum incoherence, as the GRAPPA
like acquisition, specifically at the outer regions of the frames’ k-spaces, gives elevated
side peaks in the transform point spread function (TPSF). However, since a large region of
the center of the k-space is acquired, under-sampling outer regions does not result in

severe, coherent, artifacts.

For better incoherence, another possible solution would be to spend more time in the
center of k-space to achieve a variable density filling with, for example, a Gaussian profile
in k-space without GRAPPA skipping strategy. Simulation studies could be carried out to
determine the optimum sampling profile compared to different heart rates. This would

improve the TPSF, thus yield better CS reconstructions.

Besides these multi-slice sampling strategies, 3D volume imaging with radial readout
would be more favorable for several reasons. First, the incoherence of the under-sampling
artifacts in case of using random 3D radial sampling is much higher than using the random
multi-slice sampling. Thus, the under-sampling artifacts are more incoherent which allows
better CS reconstruction. Second, the radial readout contains motion information in itself,
so compared to the pulse sequence used here, there is no need to acquire navigator echo

data in every TR, which will lead to shorter imaging time.
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In summary, in this chapter we presented a new self-gated Cine MRI protocol for making
high frame rate movies of the mouse heart within a much shorter acquisition time. The
technique exploits the retrospective triggering acquisition scheme to produce an
undersampled, random k-t-space filling and CS reconstruction. 2X and 3X accelerated
acquisitions were possible with high image quality and without significantly compromising

the determination of the derived cardiac functional parameters.
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Chapter 3

Abstract

A fast protocol for Ultra-Short Echo Time (UTE) Cine MRI of the beating murine heart is
presented in this chapter. The sequence involves a self-gated UTE with golden angle radial
acquisition and compressed sensing reconstruction. The self-gated acquisition is
performed asynchronously with the heartbeat, resulting in a randomly undersampled kt-
space that facilitates compressed sensing reconstruction. The sequence was tested in 4
healthy rats and 4 rats with chronic myocardial infarction, approximately 2 months after
surgery. As a control, a non-accelerated self-gated multi-slice FLASH sequence with an
echo time (TE) of 2.76 ms, 4.5 signal averages, a matrix of 192x192, and an acquisition
time of 2min34s per slice was used to obtain Cine MRI with 15 frames per heartbeat. Non-
accelerated UTE MRI was performed with TE=0.29ms, a reconstruction matrix of 192X192,
and an acquisition time of 3min47s per slice for 3.5 averages. Accelerated imaging with
2X, 4X and 5X undersampled kt-space data was performed with 1min, 30s and 15s
acquisitions, respectively. UTE Cine images up to 5X undersampled kt-space data could be
successfully reconstructed using a compressed sensing algorithm. In contrast to the FLASH
Cine images, flow artifacts in the UTE images were nearly absent due to the short echo
time, simplifying segmentation of the left ventricular (LV) lumen. LV functional
parameters derived from the control and the accelerated Cine movies were statistically

identical.
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3.1 Introduction

Cardiovascular magnetic resonance imaging (MRI) is considered the gold standard for
accurate assessment of cardiac anatomy and function [1-3]. In murine animal models of
myocardial diseases MRI provides a unique technique to get detailed longitudinal
information on disease progression [4, 5]. Nevertheless, there are considerable
experimental limitations to small animal cardiovascular MRI. The small size of the murine
heart requires powerful imaging gradients that may lead to ECG distortions and unreliable
cardiac and respiratory triggering. The high heart rate and high blood flow velocities result
in residual movement artifacts in the images. Moreover, full heart coverage requires

lengthy acquisitions [6-8].

Signal voids and ghosting due to rapid blood flow are the most pronounced artifacts in the
standard FLASH Cine MRI acquisition of the murine heart. Additionally, susceptibility
artifacts near the lungs and liver may result in signal loss. Both types of artifacts can be
mitigated by decreasing the echo time (TE). However, in the FLASH sequence TE cannot be

chosen adequately short due to image resolution requirements and bandwidth limitations

[9].

A solution to flow and susceptibility related artifacts can be found in the use of an ultra-
short echo time (UTE) sequence [10, 11]. The use of a radial readout shortens TE
considerably and enables artifacts free Cine of the murine heart, as was shown previously
by Hoerr et al. [12]. In the latter study a self-gating technique was used for cardiac
triggering and respiratory gating. Heart and respiratory movements were obtained from
the center k-space point that is acquired each TR in the radial readout scheme. Movies
were reconstructed by retrospectively binning data into the desired cardiac time frames
[13-16]. A major drawback of this retrospective gating scheme is the long acquisition time
that is needed to ensure full stochastic filling of k-space for each cardiac time frame, as

each k-line has to be measured at least once. Assignment of echoes to the different k-
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space time points is a random process that depends on the asynchronous timing of TR
with respect to heart and respiration rates [15]. Moreover, to fulfill the radial Nyquist
criterion more k-spokes need to be measured than for an equal image matrix in regular
Cartesian FLASH imaging, leading to an even longer imaging time. To reduce the
acquisition time, novel sparse sampling and reconstruction strategies such as compressed
sensing (CS) can be employed. The radial readout scheme of the UTE sequence fits very

well with the CS requirements and high acceleration factors can be achieved [17].

In this chapter, we introduce a fast protocol for multi-slice Cine MRI of the murine heart,
which combines a self-gated radial UTE Cine sequence and CS reconstruction, where a
golden-angle undersampling scheme is used to provide homogenous coverage and higher
incoherence of the undersampling artifacts. The sequence was tested in 4 rats with
chronic myocardial infarction, approximately 2 months after surgery, and 4 age-matched
sham control rats. The technique was validated in a comparison to the acquired with the

regular non-accelerated self-gated multi-slice FLASH sequence.

3.2 Materials and Methods

3.2.1 Invivo measurements

The local institutional animal care committee (Maastricht University, Maastricht, The
Netherlands) reviewed and approved all experimental procedures. In this study, 8 male
Lewis rats (Charles River, Paris, France) 12 weeks of age were used. All animals underwent
surgery, where in 4 rats ligation of the left anterior descending artery (LAD) was
performed to induce chronic myocardial infarction, while for the other 4 rats no knot was
placed pulled in the ligation suture. During surgery animals were anesthetized using
inhalation anesthesia (2-3% Isoflurane in oxygen (0.8 |/min) after intubation). Animals
were placed on a heating pad and their temperature was continuously monitored by a

rectal probe and maintained between 36 and 37.5 °C. To treat pain, sufentanil as an
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analgesic was used during the procedure, and after recovery buprenorphine was given
subcutaneously at least up till 48 hours. Animals were daily checked for weight, hydration,
behavior, pain and wound healing. No animals died during or directly after the ligation
procedure. Animals were housed under specific pathogen free (SPF) conditions with two
per cage and were provided with food and water ad libitum. The imaging experiments
were performed 2 months after the surgery. During imaging, rats were sedated by
inhalation of 2 — 3% isoflurane in oxygen (0.8 I/min). Temperature was maintained at 36 —

37.5 °C with a heating pad and monitored using a rectal probe.

3.2.2 MRI protocol

Scanning was performed with a 7T Bruker animal scanner (Bruker BioSpin MRl GmbH,
Ettlingen, Germany). The gradient system allowed a maximal gradient strength of 660
mT/m with a slew rate of 4570 T/m/s. A 86 mm quadrature coil (Bruker BioSpin) was used
for RF transmission and a 4x1 cardiac phased array coil (Bruker BioSpin) was used for RF
reception. To determine the orientation of the short axis, several scout images were
acquired in the transverse plane and the long-axis plane of the left ventricle at the start of

each examination.

As a reference, a standard multi-slice short axis self-gated FLASH sequence was used with
5 slices (NS=5) covering the heart from base to apex. Self-gating was performed using an
in-slice navigator echo. Sequence parameters were: Gaussian-shaped RF pulse of 300 ps;
flip angle = 15°% TR = 8 ms; TE = 2.76 ms; field of view = 5 x 5 cm?; acquisition matrix (NF x
NP) = 192 x 192; reconstruction matrix = 256 x 256; slice thickness = 1 mm; number of
repetitions (NR) per slice = 100. This number of repetitions resulted in number of averages
NA = 4.5 £ 0.3 on average over the 8 animals. The resulting total acquisition time was NR x
NP x TR = 2min34s per slice. Cine movies with 15 frames per slice were reconstructed

retrospectively.
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For the proposed method, a multi-slice self-gated 2D UTE sequence was implemented as
schematically shown in Fig. 1A. Imaging was performed in the same geometry (short axis)
and with the same number of slices (NS = 5) as for the reference datasets. Sequence
parameters were: Gaussian-shaped RF pulse of 300 ps; flip angle = 15% TR = 5 ms; TE =
0.29 ms; field of view = 5 x 5 cm?%; readout data (Number Radial Spokes (NP) x Spoke
Length) = 604 x 96; reconstruction matrix = 256 x 256; slice thickness = 1 mm; number of
repetitions (NR) = 75 resulting in NA = 3.4 + 0.2 on average over the 8 animals. The
resulting total acquisition time was NP x TR x NR = 3min47s min per slice. The radial
spokes that were sampled with golden angle angular spacing, were assigned to the
corresponding time frames and Cine images were reconstructed using a non-uniform fast

Fourier transform (NUFFT) [18].

The navigator echo analyses were done retrospectively with homebuilt software in Matlab
8.1 using a local maximum detection algorithm to determine the start of the cardiac cycle.
K-spokes acquired during respiration (~¥30% of the data) were discarded. Unless stated

otherwise, Cine movies were reconstructed with 15 cardiac time frames.

Shorter acquisition times were achieved by taking the first 1min, 30s, and 15s of the fully
sampled data that correspond to approximately 2X, 4X, and 5X undersampled k-space
data, respectively. The % k-space filling and effective number of averages varied over the
animals and cardiac time frames because of the stochastic filling method. In Table 1 the
different protocols are listed with the acquisition time per slice, as well as the effective k-

space filling percentages and NA averaged over the 8 animals.

3.2.3 CS reconstruction

Compressed sensing (CS) has proven a valuable technique for speeding up data
acquisition in MRI by exploiting the compressibility of MR images [19-22]. The ability to

transform the data to a sparse representation and the radial trajectory, which is used in
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Cine UTE imaging, both fit very well with the sparsity and incoherence requirements for

CS.

Table 1: Acquisition time, percentage k-space filling, and effective number of averages for the different

protocols
FLASH full UTE full
y M UTE 2X UTE 4X UTE 5X
sampled sampled
AR 2min34s 3min47s 1min 30s 155
time
k-
,SPace 95.7+3.1% 947 +4.1% 55.6 +8.1% 26.2 £5.6% 19.9+3.9%
fillingt
NA*t 45+0.3 3.4+0.2 1.50 £ 0.09 1.16 £0.15 1.09£0.11

* NA refers to the effective number of averages for the part of the k-space that was filled.
t Values are mean + standard deviation.

Due to the stochastic nature of the retrospective gating acquisition, a randomly
undersampled kt-space was achieved. The resulting kt-space, sampled at significant sub-
Nyquist rates, was reconstructed with a non-linear compressed sensing algorithm.

Mathematically, the following constrained optimization problem was solved:

min ||0(m)||, subjectto ||[R"Em —y||, < € (3.1)

where 0 is the sparsifying transformation, m is the reconstructed data, y is the measured
undersampled kt-space, and Fs is the sampled Fourier transformation and R is a gridding
operator that interpolates the Fourier data to radial spokes to ensure data consistency
with acquired data, and € controls the fidelity of the reconstructed to the measured data.
For Non-uniform Fourier transformation (NUFFT), the online available Fessler toolbox was
used [18]. The objective function is the £1 norm that promotes sparsity. The constrained
optimization problem in Eqg. 1, could be reformulated as unconstrained optimization form

by solving the Lagrangian £1-minimization problem:

ming{ [|[R"1Fm — y||,° + a |[d(m)|]; (3.2)
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where m is the Cine image to be reconstructed, a is a weighting parameter, d is the total-

variation (TV) (sparse-transform) along the temporal direction and defined as

a(m) = |Be(m)| (3.3)

where m is a voxel, and By is the finite difference in the temporal direction. The difference

operator used for the total variation was a one-sided difference.

For successful compressed sensing application, sampling trajectories that induce
incoherent, noise-like, artifacts should be used. This can be satisfied by using radial
trajectories where undersampling is achieved in two dimensions. This makes radial
sampling very robust with respect to undersampling, as the undersampling artifacts
appear as slight streaking and increased pseudo-noise. In radial sampling, radial spokes
passing through the k-space origin are acquired with uniform angular spacing. However,
homogenous coverage and higher incoherence values were achieved by sampling with
non-uniform golden angle angular spacing [23-25]. This reduces the symmetry of the point
spread function (PSF) of radial sampling, allowing for better compressed sensing
reconstruction. The repetitive acquisition of the center of the k-space is of special
interest, leading to dense oversampling of the center of k-space suppressing motion

artifacts.
3.2.4 Self-gating

For self-gated cardiac Cine MRI, the cardiac and respiratory cycle information is extracted
from the MRI data itself. For the FLASH sequence, self-gating information can be retrieved
from the echo that is produced by the slice-refocusing gradient, at the cost of increased
TE [14]. In the radial acquisition scheme of the UTE sequence the center point in the k-
space that is recorded each TR can be used for self-gating purposes. Cardiac triggering and
respiratory gating is therefore derived directly from the radial readout with the shortest

possible TE and TR.
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3.2.5 Data analysis

To validate the multi-slice self-gated UTE reconstructions, cardiac functional parameters
(end-systolic and end-diastolic LV cavity lumen volume, and ejection fraction) derived
from the fully sampled and undersampled CS reconstructions were compared to those
obtained from the FLASH acquisitions. Global heart parameters were calculated using a
semi-automatic segmentation with the QMass MR software (version 7.5) by Medis (Medis
Medical Imaging Systems B.V., Leiden, The Netherlands). One person performed all the
segmentations. Contours were manually corrected for the papillary muscle area.
Statistical analysis was performed using SPSS 20.0 (SPPS, Inc., Chicago, IL, USA). A t-test
with post-hoc Bonferroni correction was performed to compare the EF for the different
reconstructions between and within the healthy and infarct groups. The level of statistical
significance was set at p = 0.05. A Bland-Altman analysis was performed for ESV, EDV, EF,
and CO to test the level of agreement between cardiac parameters derived from fully

sampled and undersampled reconstructions.

Additionally, 4 independent observers, who were blinded to the type of sequence and
reconstruction, visually scored the diagnostic quality of the movies from the different
protocols. The movies were presented to the observers in a random order. Criteria
included signal to noise (SNR), contrast to noise (CNR) between myocardium and blood
pool, presence of reconstruction artifacts (e.g. streaking due to radial sampling or
ghosting due to undersampling), and presence of flow artifacts. Scoring in these
categories was performed on a standard 4 point scale, with 1 = poor to 4 = excellent for
SNR and CNR, and 1 = uninterpretable due artifacts to 4 = no artifacts for scoring artifacts.
A Wilcoxon’s signed ranked test was used for comparing the scores. The level of statistical

significance was set at p = 0.05.
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3.3 Results

The navigator information was obtained from the first sampled point at the start of the
radial readout. Cardiac and respiratory cycles could be clearly distinguished in a trace of
the navigator signal intensity, as shown in Fig. 1B for a representative example from one
of the in-vivo measurements. Consequently, the acquired radial k-lines could be
accurately assigned to the corresponding cardiac time frames and approximately 30% of
the k-lines acquired during respiration were rejected. The average heart rate for all the

rats included in the experiment was 348 + 51 beats per min.
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Figure 1. Schematic of the 2D self-gated UTE sequence. A) Readout is performed with short TE and
directly after the slice refocusing gradient. A navigator signal for the recording of cardiac and respiratory
motion is extracted from the first point (circle) of the readout. B) Representative example of the
navigator signal amplitude as function of time. The rapid oscillation in the amplitude is due to cardiac
motion, whereas the larger changes, lower frequency in amplitude are due to respiration. The solid line

is a spline fit through the individual navigator samples (solid circles).
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The top left panel in Fig. 2 shows a long-axis image of a rat with myocardial infarction at
end-diastole with lines indicating the position of the 5 short-axis slices shown in the other
panels. Long-axis and short-axis images were acquired with the fully sampled 3min47s
self-gated 2D UTE acquisition. The 5 slices covered the heart from base to apex. Good
contrast between blood and myocardium was achieved, facilitating accurate segmentation
of the left ventricular (LV) wall and lumen. Movies were visually free from flow or other

artifacts.

Figure 2. Long-axis and 5 short-axis slices at end-diastole of an infarcted rat heart obtained with
the fully sampled 3min47s self-gated 2D UTE acquisition. The position of the 5 short-axis slices is

indicated in the long-axis image.

A comparison between the fully sampled UTE Cine acquisition and the standard self-gated
FLASH is presented in Fig. 3 for several time frames in the cardiac cycle at a mid-
ventricular slice of a healthy rat. FLASH acquisitions suffered from flow artifacts
particularly during the filling phases in diastole. In contrast, uniform blood signal intensity
was observed in UTE acquisitions with no visible flow artifacts in the left and right

ventricle. Undersampling of the radial acquisition with golden-angle k-space filling leads to
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relatively mild artifacts using a standard linear Fourier transform reconstruction, as shown
in the top row of Fig. 4 for the 1min (2X undersampling), 30s (4X undersampling) and 15s
(5X undersampling) at a mid-ventricular slice of a healthy rat at end-diastole.
Undersamplng artifacts were incoherent and noise-like, which is a requirement facilitating
CS reconstruction, clearly leading to improved image quality. Even for 5X undersampling in
Fig. 4F the CS reconstruction nearly recovered the image quality of the 1min linear
reconstruction shown in Fig. 4A. Movies with higher undersampling factor were judged

visually unfit for quantitative analysis.

End Systole Mid Diastole End Diastole

FLASH

UTE

Figure 3. Comparison of fully sampled FLASH and UTE. Short-axis mid-ventricular end-systolic, mid-
diastolic, and end-diastolic time frames from a Cine of a healthy rat heart using the fully sampled
self-gated FLASH and UTE scans. In contrast to the FLASH, the UTE scans are free from blood flow
artifacts in the left and right ventricle.

Frames at end-diastole and end-systole, as well as magnifications of the heart region for
fully sampled and undersampled UTE acquisitions are shown in Fig. 5 A and B for a healthy
rat and a rat with myocardial infarction, respectively. For all 4 healthy rats and the 4 rats
with myocardial infarction, cardiac movies in all 5 slices were successfully reconstructed

by CS up to 5X kt-space undersampling.

56



Functional Imaging of Murine Hearts Using Accelerated Self-Gated UTE Cine MRI

Four observers blinded to the type of scan and reconstruction method visually scored the
quality of the cardiac movies using a standard 4-point scoring scale. The average scores in
4 categories, i.e. SNR, CNR between blood and myocardium, presence of reconstruction
artifacts and presence of flow artifacts, are summarized in Table 2. As shown in the table,
the quality of the fully sampled UTE movies was superior to the fully sampled FLASH
movies. For the UTE protocols, there was a significant decrease in the average scoring of
the SNR, CNR and reconstruction artifacts with increasing degree of undersampling. In
contrast to the FLASH protocol, the UTE protocols were free of flow-artifact free images.

For a quantitative analysis, in Fig. 6 a bar chart of the EF for the healthy and infarct rats

comparing FLASH and UTE acquisitions is shown.

1 min 30s 15s

Linear

cs

Figure 4. Difference between Linear and CS reconstructions of undersampled UTE scans. Shown is a
mid-ventricular slice of a healthy rat heart at end-diastole. Image quality of linear reconstructions of
the 2x (1min), 4X (30s), and 5X (15s) undersampled data was poor with noise-like and streaking
artifacts. The CS reconstruction mitigated the undersampling artifacts resulting in greatly improved

image quality.

As expected, the animals with myocardial infarction showed significantly lower ejection

fractions than healthy ones in both FLASH and UTE images. However, within the standard
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deviation of the admittedly limited (N=4) number of animals there were no statistical
differences between FLASH, fully sampled, and accelerated UTE acquisitions within the

infarct and healthy groups.

Table 2: Average scoring of the different protocols by 4 observers. Scoring in the categories SNR, CNR,
presence of reconstruction artifacts, and presence of flow artifacts was performed on a standard 4-point
scale, with 1 = poor to 4 = excellent for SNR and CNR, and 1 = uninterpretable due artifacts to 4 = no
artifacts for scoring the presence of artifacts.

FLASH fully | UTE full
y M UTE 2X UTE 4X UTE 5X
sampled sampled
SNR 3134064 | 3.75+0.44% | 345+052 | 2.87+055# | 2.66+0.634
CNR 3524052 | 3.66+058 | 3.56+044 | 331+054# | 3.12+0.66#
Reconstruction |, ., g9 4.0* 3.64+0.45%# | 2.54+0.50%4 | 2.12 + 0.42%#
artifacts
Flow artifacts 2.54 +0.46 4.0* 4.0%* 4.0% 4.0%

All values are mean + standard deviation. * Indicates significantly different from FLASH fully sampled. # Indicates significantly different
from UTE fully sampled.
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Figure 5. Short-axis frames at end-diastole and end-systole comparing the fully sampled UTE scan
and the undersampled UTE scans with CS reconstruction for a A) healthy and B) Infarcted rat. C,D)

Magnification of the region containing the heart.
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Additionally, to evaluate the effect of CS reconstruction and degree of undersampling on
derived heart functional parameters of standard and CS reconstructions in more detail,
the end-systolic volume (ESV), end-diastolic volume (EDV), ejection fraction (EF) and
cardiac output (CO) from the FLASH and UTE scans were compared. As an example, Fig. 7
shows the Bland-Altman plot for the functional parameters of a 4X undersampled UTE
acquisition with CS reconstruction compared to the FLASH acquisition for the 8 rats
included in the experiment. Differences in ESV, EDV, EF and CO only had a small bias.
Table 3 summarizes the Bland-Altman analysis of the heart functional parameters for all

the UTE acquisitions compared to the FLASH scans.

FLASH fully Sampled

Ejection Fraction (%)

Healthy Infarcted

Figure 6. Comparisons of EF between the experimental groups and for the FLASH and UTE
acquisitions.

3.4 Discussion

Radial k-space encoding schemes are becoming popular and find successful applications in
clinical and preclinical studies [26-28]. The repetitive and dense acquisition of the center
of the k-space makes the sequence relatively robust to motion [29]. This allows for better
performance in capturing dynamic information. Besides, radial undersampling results in

relatively mild streaking artifacts, which can be effectively removed by novel compressed

59



Chapter 3

sensing reconstruction methods making the technique suitable for high acceleration
factors [23, 24]. The short TE that can be achieved in UTE sequences traditionally finds
applications in bone, fibro-cartilage and lung imaging [30, 31]. Radial and spiral k-space
filling schemes are employed for cardiovascular imaging in humans [27, 32-36] and

animals [28, 37-40].
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Figure 7. Bland-Altman analysis of the heart functional parameters, A) ESV, B) EDV, C) EF and D)
CO, for 4X undersampled UTE in comparison to fully sampled FLASH. Solid and open points indicate
data for healthy and infarcted rat hearts, respectively.

Recently, UTE MRI was employed to detect developing myocardial fibrosis after
myocardium infarction, exploiting the short T2* of fibrous tissue [37, 38]. Moreover, a

radial readout proved beneficial in phase-contrast velocity encoded imaging for high
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velocity blood flow quantification in stenotic jets, present in arterial occlusions due to
atherosclerosis, which cannot be recorded using the conventional phase contrast

sequences with longer TE [41].

Table 3: Bland-Altman analysis of cardiac functional parameters. Comparisons of FLASH with UTE protocols.

UTE fully UTE 2X UTE 4X UTE 5X

sampled
ESV -0.2+11.0 -2.1+10.5 -2.1+10.3 -4.1+9.5
EDV -0.5+4.3 -0.1+5.2 0.04 +5.80 -0.0+5.6
EF -1.6+2.8 -1.0+2.6 -0.7+54 -1.2+24
CcoO -3.7+7.1 -3.1+6.0 -2.3+13.9 -42+8.3

All values are mean * 1.96 standard deviation in percentages. ESV = end-systolic volume; EDV = end-diastolic volume; EF = ejection
fraction; CO = cardiac output.

In this study, an accelerated 2D multislice self-gated UTE sequence was implemented.
Ultimately, volumetric imaging with 3D radial readout would be even more favorable. In
3D, the undersampling artifacts display more incoherence, which allows for a higher
degree of acquisition undersampling [17, 23]. Moreover, in our sequence TE could be
further reduced from 290 us for 2D to about 20-50 ps for 3D due to the absence of a slice

selection refocusing gradient.

Presently, for the 15-frame Cine reconstructions 5X undersampling was the upper limit.
With this technology the measurement of a single slice takes only 15s and full heart
coverage was obtained within 1min30s, which is much faster than traditional murine Cine
imaging [14, 15]. For higher undersampling factors a number of frames within the cardiac
cycle displayed artifacts that made them unsuitable for accurate segmentation and

further analysis. The number of frames with artifacts increased with acceleration factor.

Qualitative visual scoring of movie quality by four blinded observers revealed that quality
of the fully sampled UTE movies was superior to the fully sampled FLASH movies,
primarily due to the absence of flow artifacts in the UTE protocols. For the UTE protocol,

SNR and CNR decreased with increasing degree of undersampling and the number of
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reconstruction artifacts increased. Nevertheless, a quantitative comparison revealed no
statistical difference between the mean EF derived from movies obtained by the different
protocols (Fig. 6) and Bland-Altman analysis (Fig. 7) showed only minor differences for the
cardiac functional parameters ESV, EDV, EF, and CO of FLASH and UTE protocols. Taken
together, this shows that LV functional parameters could be derived accurately with the

UTE protocol and CS reconstruction up to 5X undersampling.

Since we are using a self-gated sequence with no ECG triggering, filling of kt-space cannot
be fully predetermined as it relies on the asynchronous timing between heartbeat,
respiration and TR. The effective number of averages for the acquired k-lines and the
percentage of k-space filling therefore vary over the acquisitions (Table 1) as well as over
the cardiac time frames. The acquisition of a fully sampled dataset therefore takes
relatively long as we have to ensure that at least approximately 95% of all k-lines are filled
[15, 42]. The use of self-gating has the distinct advantage that the number of time frames
in the cardiac cycle is not predetermined but can be chosen after scan completion. In this
work, the standard Cine reconstructions were performed with 15 cardiac time frames.
However, we can also achieve a higher number of cardiac frames with the same effective
undersampling factor at the expensive of a longer acquisition time. High frame rate Cine is
useful to assess diastolic function, which requires a high temporal resolution particularly
in the filling phase of the heart [15, 42]. As an example, in Fig. 8 several frames from a 60-

frames Cine are shown, reconstructed from a 1 min acquisition with 5X undersampling.

In this paper, we implemented a self-gated UTE sequence with golden-angle radial
acquisition and CS reconstruction for studying murine heart. We believe that self-gating
and accelerated UTE scanning could also prove beneficial for human application to
decrease scanning time and reduce image artifacts, particularly at high magnetic field

strengths.
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Mid Systole End Systole Mid Diastole End Diastole

Figure 8. High frame rate CINE UTE reconstruction. Short-axis slices of a healthy rat heart at
various time points in the cardiac cycle, A) Mid Systole, B) End Systole, C) Mid Diastole and D) End
Diastole, taken from a 60-frames CINE. The data was recorded using the self-gated UTE with a total

acquisition time of 1min and 5X undersampling.

In summary, in this work we presented a multi-slice UTE MRI protocol for whole heart
Cine imaging of the rat heart. The technique exploits the self-gated acquisition scheme to
produce an undersampled, random kt-space. Compressed sensing reconstructions were
successful in mitigating undersampling artifacts up to 5X undersampling. Whole heart
coverage 15-frame Cine was achieved in 1min30s. Cardiac functional parameters of
healthy and infarcted rat hearts derived from fully and undersampled acquisitions were

statistically the same as those derived from standard Cine FLASH.
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Towards 4D UTE Flow MRI

As you go, you will make mistakes of your own

But son, that's alright, you live and you learn ...
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Chapter 4

Abstract

MRI of the mouse heart is usually performed with a gradient echo based sequence. Blood
flow related artifacts are common since the echo time (TE) of a traditional gradient echo
sequence in the order of milliseconds is not short enough to prevent dephasing of signal
during the rapid filling and ejection phases of the heart. A shorter TE for mouse heart
functional Cine and 4D flow imaging is therefore desired and this can be achieved by the
use of an ultra-short echo time (UTE) MRI sequence with TEs in the range of 0.01 to 0.5
ms. Here, we introduce a preliminary study towards the development of a quantitative 4D
UTE flow imaging sequence. We aimed for a 3D time resolved UTE Flow protocol for the
whole mouse heart with self-gating and CS accelerated reconstruction. Phantom results
showed good results in terms of flow velocity estimation with echo time (TE) of 0.68 ms in
comparison to the standard FLASH based 3D Flow MR sequence. Preliminary in vivo
experiments have been carried, where the objective was not fully reached yet and is still
work in progress. When successful in vivo, full anatomical and functional maps for the
whole heart could be acquired in a single scan session, which will assist in better and

comprehensive assessment of the cardiovascular system.
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4.1 Introduction

Cardiovascular diseases are major causes of death in the world. Magnetic resonance
imaging (MRI) is an established technique to assess cardiac morphology and function in a
clinical as well as preclinical setting. The mouse is a commonly used animal model to study
cardiovascular diseases. Cardiac MRI of the mouse is a well-established technique,
although MRI of the mouse heart is challenging due to its small size and high heart rate.
MRI of the murine heart is commonly performed using gradient echo type sequences.
Despite the fact that these sequences perform well to measure cardiac function and
anatomy, blood flow related artifacts are common since the echo time (TE) of a traditional
gradient echo sequence in the order of milliseconds is not short enough to prevent
dephasing of signal during the rapid filling and ejection phases of the heart. Such artifacts
can be avoided by the use of an Ultra Short Echo Time (UTE) sequence, with a TE in the

range of 0.01 to 0.5 ms [1-6].

Apart from improved image quality by prevention of blood flow artifacts, UTE heart
imaging might be advantageous for other reasons. First of all, the use of a UTE sequence
allows the measurement of tissue components with short T2 relaxation time, which go
undetected by the gradient echo sequence. For example, UTE sequences are extensively
used for imaging the musculoskeletal system, particularly bone, ligaments and cartilage
[4]. UTE sequences have found application in the cardiovascular system to image calcified

plaque [5] and for the detection of fibrosis [6].

Phase contrast (PC) MRI is widely applied for blood flow mapping in clinical studies as well
as in preclinical applications [7-10]. The bipolar gradients used in the PC sequences
increase the echo time. However, by combining short TE sequences with PC method, the
suppression of flow artifacts by the relatively short TE facilitates improved assessment of
cardiovascular blood flow. In 4D MRI flow measurements, a time-resolved PC technique is

combined with 3D volume acquisition, which enables a comprehensive assessment of the
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cardiovascular system [11-13]. Most of the 4D PC MRI sequences are based on multi-slice
acquisitions rather than volume excitation [14-15], which is still very challenging and

suffers from long scan times [12].

In this chapter, we introduce a protocol for 4D PC UTE imaging in the mouse. It combines
a self-gated 3D radial sequence with accelerated imaging using compressed sensing (CS)
reconstruction. The aim of this work is to achieve time resolved 3D Flow Cine imaging of
the mouse heart with a very short TE (0.68 ms). As a starting point, 3D PC blood flow
measurements were conducted in phantoms, where the flow sequence was validated and
compared to a standard 3D PC FLASH sequence. The here presented work is still in
progress and image quality needs to be improved and more validations need to be

performed prior to robust implementation for in vivo applications.

4.2 Materials and Methods

4.2.1 Measurement Setup

For sequence validation, a customized flow phantom was used. The phantom consisted of
a cylindrical acrylic glass body filled with water with four small tubes placed inside and
connected to a peristaltic water pump (Medorex e.K., Horten-Hardenberg, Germany) as
shown in Fig. 1. The pumping rate was ranging between v=0-400 ml/min. The water pump

was calibrated and it was confirmed that the pump provided the desired water flow rates.

The local animal care committee of the local government in Germany (North Rhine-
Westphalia State Agency for Nature, Environment and consumer protection) reviewed

and approved all experimental procedures.

For the in vivo experiments on mice, the animals were anesthetized using inhalation
anesthesia (2-3% Isoflurane in oxygen (0.8 I/min) after intubation). Animals were placed

on a heating pad and their temperature was continuously monitored by a rectal probe
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and maintained between 36 and 37.5 °C. Mice were sedated by inhalation of 1.5 — 2.5%
isoflurane in 0.7/0.3 air/0,. After induction of anesthesia, the respiration of the mice was

monitored continuously (SA instruments, Stony Brook, USA).

Figure 1. A) The customized flow phantom with B) an axial mid-slice proton density image
from the reconstructed 3D volume, where the red arrow points toward the acrylic class
container, white and black arrows point towards tubes where water flows in the through
plane direction and in the opposite direction, respectively.

MRI measurements were performed with a 9.4 T small animal MRI system with a
horizontal bore with a diameter of 20 cm (Bruker BioSpin GmbH, Ettlingen, Germany). A
35-mm-diameter mouse body quadrature volume coil (Rapid Biomedical, Germany) was
used for signal transmission and reception. The scanner was equipped with a 1 T/m
gradient insert (BGA-6S, Bruker BioSpin GmbH, Ettlingen, Germany). The MRI scanner was

operated using the Bruker Paravision 6.0 acquisition software.
4.2.2 MRl protocol

The pulse sequence is schematically shown in Fig. 2. For validating the phase contrast
measurements, the customized flow phantom was scanned with the lowest achievable TE
of 0.68 ms as the length of bipolar gradients was 0.6 ms. Sequence parameters were:
Block shaped RF pulse of 2 ps; flip angle = 5°; TR = 4 ms; number of spokes (NS) = 36424;
field of view = 3 x 3 x 3 cm?; isotropic acquisition matrix = 108; number of repetitions (NR)
= 1; velocity encoding experiments to obtain 3D flow information (NV) = 4. The resulting

total acquisition time was NR x NS x NV x TR = 9min42s.
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Under-sampled data was generated by subsampling the fully sampled dataset
retrospectively with different undersampling factors (2, 4, 6, 8, 9 and 10). Subsequently,
the data has been reconstructed using compressed sensing algorithm as explained in

section 4.2.4.

As a reference, a 3D FLASH based PC MR sequence with a four-point Hadamard encoding
was used [16, 17]. Sequence parameters of the 3D FLASH were: TE/TR = 2.2/6.9 ms; FA =
15°% FOV = 3 x 3 x 3 cm?; NA = 2; acquisition matrix (NF x NP x NS) = 108 x 108 x 108. The
resulting total acquisition time was 10min42s. The 3D UTE flow sequence was calibrated

and compared with the FLASH-based phase contrast measurement reference sequence.

In vivo MRl measurements were performed and sequence parameters were: Block shaped
RF pulse of 2 ps; flip angle = 5% TR = 5 ms; TE = 0.68 ms; number of spokes (NS) = 28733;
field of view = 2.5 x 2.5 x 2.5 cm?; isotropic acquisition matrix = 96; number of repetitions
(NR) = 8. The resulting total acquisition time was NR x NS x TR x NV = 1h16min37s. Cine
movies with 8 frames were reconstructed retrospectively by compressed sensing

reconstruction.

TR
o Navigator Signal = TE Radial Readout
x= a=5
o m\ M \ n_
Flow Encoding Module
Nav/Sat Slice
o - = "
* - Z
- - Z

Figure 2. Schematic of the 3D Cine UTE sequence. For 4D PC UTE the flow-encoding module can be
switched on. A navigator signal readout in a single slice is acquired every TR, preceding volume
excitation. Cardiac and respiratory motion is extracted from the signal modulation of the navigator. Bi-
polar gradients are added for PC measurements, where the dotted lines indicate the switching of the
bipolar gradients to the opposite polarity with every flow encoding experiment.
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4.2.3 Cardiac and Respiratory Gating

For retrospective reconstruction, a navigator slice was placed at the base of the heart,
where the navigator signal could be extracted. The navigator signal intensity is modulated
by the cardiac and respiratory movement and therefore can be used to assign the
acquired k-spokes to the corresponding cardiac time points and reject data during
respiratory motion. In a 2D radial acquisition scheme, the center point in the k-space that
is recorded each TR can be used for self-gating purposes as was shown in chapter 3.
However, in the 3D sequence this was not sensitive enough to extract the cardiac and
respiratory movements. This is probably due to the fact that the total signal in the 3D
imaging volume does not vary much with cardiac and respiratory motion. Another
advantage of using a separate navigator slice is that a higher flip angle might be used to
saturate inflowing blood leading to improved contrast between blood and myocardium.
The navigator echo analyses were done off-line with homebuilt software in Matlab 8.1
using a local maximum detection algorithm to determine the start of the cardiac cycle. K-

spokes acquired during respiration (~30% of the data) were discarded.
4.2.4 CSreconstruction

As demonstrated in the previous chapters, CS reconstruction can be used for accurate
reconstruction of highly undersampled data under the conditions that data is sparse and
undersampling is performed in an incoherent way. Because acquisitions were performed
asynchronously with cardiac motion, the resulting 4D kt-space is filled at significant sub-

Nyquist rates incoherently in space and time, which facilitates CS reconstruction.

A non-linear CS algorithm was used for reconstruction. Mathematically, the following

unconstrained optimization €;-minimization problem was solved:

. _ 2
min, { ||R"*FEm —yl||," + a |[o(m)]|; (4.1)
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where m is the 4D kt-space data to be reconstructed, d is the sparsifying transformation,
where spatio-temporal finite difference domain was selected as a sparsifying domain, m is
the reconstructed data, y is the measured undersampled kt-space, and Fs is the Fourier
transformation, R is a gridding operator that interpolates the Fourier data to radial spokes
to ensure data consistency with acquired data. For Non-uniform Fourier transformation

(NUFFT), the online available Fessler toolbox was used [18].

4.3 Results

A linear phase shift through the slices in the phase maps was noticed. The cause for such
linear phase is the eddy current induced by the pulsed or the bipolar gradients that lead
to miscalculation of flow velocity [19]. A simple correction algorithm was used, where the
background linear phase shift that is estimated from a no-flow (static region) through all

the slices is subtracted from the estimated phase maps, as shown in Fig. 3.

Fig. 4A shows an axial slice of the flow phantom used for phase contrast experiments. The
corresponding flow map, providing calculated flow velocities, is shown in Fig. 4B. The map
shows hyper- and hypo-intense regions representing the in-/out water flow in the tubes.
In Fig. 4C, the average flow velocities in two regions of interest (flow-in and flow-out
tubes) are calculated in all the slices. It shows that the estimated flow in all the slices is
nearly identical. For sequence calibration, the experiments were carried out with different
flow rates (Q ranges from 30 to 300 ml/min with step of 30 ml/min) using the proposed
and the standard FLASH based 3D PC sequence that gives accurate velocity estimation.
The estimated velocity using the 3D PC UTE sequence increased linearly with the increase
in the input flow as shown in Fig. 5A. The relation between the velocity estimated from
the 3D UTE Flow and 3D PC FLASH experiment is shown in Fig. 5B. Although there is a
linear relationship, there is an underestimation compared to the gold standard 3D PC

FLASH sequence. Therefore, the flow velocity estimated from the 3D UTE Flow
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experiments were corrected using the calibration coefficient estimated from the linear

fitted line in Fig. 5B.
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Figure 3. A) Axial mid-slice proton density image from a reconstructed 3D volume, and the B)
estimated flow velocity as a function of the slice location drawn in a dashed line and is estimated from
a region of interest shown in A with a black circle. The corrected flow estimation curve is shown in
solid line that has been calculated from the difference of the estimated flow curve and the background

linear phase that is shown in dotted lines.
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Figure 4. A) Axial mid-slice proton density image from a reconstructed 3D volume, and the
corresponding B) phase map of the slice showing the two opposite through plane flow of water shown
in hypo-/hyper intensities respectively. C) The estimated velocities as a function of the slice location
estimated from different region of interest as shown in A with blue and red circles.

Fig. 6 shows an axial slice reconstructed from the fully sampled and the undersampled
datasets using CS reconstruction with different acceleration factors. The image quality of
the standard acquisition was nearly recovered for up to 6X acceleration. Image quality of

the >=8X-accelerated reconstructions were visually judged insufficient for evaluation.
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Figure 5. A) The relation between the input flow rate and estimated velocity using the proposed
sequence, where it shows they are linearly correlated. B) The relation between the flow velocity
estimated using the proposed sequence and the 3D PC FLASH sequence, which shows that the
estimated velocity using the proposed sequence is underestimated compared to 3D PC FLASH sequence.

Figure 6. A) Axial mid-slice from a reconstructed 3D volume of a fully sampled (FS) standard
acquisition, and different under sampled accelerated CS reconstructions. Accelerations up-to 6X
could recover the image quality of the standard acquisition. Higher accelerations (>=8X) were

visually judged poor in quality.

Fig. 7A shows the placement of the navigator slice and the 3D imaging volume on a long-
axis survey scan of the mouse heart. In Fig. 7B, a representative signal trace from the
navigator slice placed at the base of the heart is plotted as function of time. The navigator
slice was examined at different locations (apex, base and middle of the heart). In all cases
the navigator signal was sensitive to the cardiac and respiratory motion. The cardiac cycle

and respiratory phases could be easily distinguished as rapid oscillations (cardiac motion)
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interrupted by periodic larger signal changes (respiratory motion), respectively. Based on
this navigator signal, the data could be reconstructed retrospectively with 8 frames per
cardiac cycle. Because of the retrospective triggering and relatively short scan time for the
4D acquisition, the k-space is not fully acquired. The acquired k-space was ~60%.
However, better and more accurate reconstruction could be achieved using compressed

sensing method applied on the acquired undersampled kt-space.

Navigator/Sat. Slice B Navigator Signal

A

Amplitude
_>

Time
—

Figure 7. A) The navigator slice is planned at the base of the heart. B) Representative example
of the navigator signal amplitude as function of time. The rapid oscillation in the amplitude is due
to cardiac motion, whereas the larger changes, lower frequency in amplitude are due to

respiration.

In Figs. 8A and 8B, the comparison between linear and CS reconstructions of the murine
abdomen at one of the time points in both the axial and coronal views is shown. CS
reconstruction improved the image quality markedly. Basic anatomical features, including
heart, lungs, aorta and stomach could be distinguished. However, overall the images had
a blurred appearance and the contrast in the images is particularly poor. Focusing on the
heart, because of poor contrast it was extremely difficult to distinguish the myocardial

wall from the blood pool in the LV lumen, making accurate segmentations impossible.

4.4 Discussion
Reduction of the TE is beneficial for PC flow measurements as it reduces intravoxel
dephasing particularly at high magnetic field strength [20-24]. O’Brein et al. reported a TE

of 0.65 ms for more accurate flow measurement of high-velocity turbulent stenotic jets
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when utilizing UTE-based PC technique [25]. Therefore, developing and implementing
UTE-based phase-contrast sequences is necessary in order to improve fast flow imaging.
Moreover, radial sampling is beneficial for accelerated imaging with CS reconstruction as
it achieves undersampling aliasing artifacts with high incoherence [26-27]. It has been
reported that in high-field pre-clinical scanners, the accuracy of spin phase could be
severely affected by strong eddy currents which are inevitably induced during the switch
of magnetic gradients [28-30]. The radial acquisitions like the UTE sequence used in this

study, are more susceptible to eddy current problems.

A Linear cs B Linear cs

Figure 8. A) Coronal and B) axial views of the abdomen (LR: liver, H: Heart, L: Lung, S: Stomach
and AA: Abdominal Aorta) for a representative case using the proposed sequence with (left) linear
and (right) CS accelerated reconstructions. Improved reconstructions could be achieved using

compressed sensing method applied on the acquired undersampled kt-space

As shown in the results section, the induced eddy current leads to phase accumulation
and miscalculation of flow velocity. In addition, the bipolar gradients produce eddy
currents that induce a linear phase shift in the phase maps. For minimizing this effect, a
delay between bipolar gradients and the start of the readout could be added. However
this will affect the TR leading to longer acquisition time as well as to longer TE. In this
chapter, we showed a simple correction algorithm in which the background linear phase
shift that is estimated from a no-flow (static region) through all the slices is subtracted
from the estimated phase maps. In future work, a more robust correction algorithm as

reported in [19, 29-31] could be implemented.
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Apparently, in the preliminary in vivo results, there was a poor contrast to noise ratio
(CNR) between the blood and myocardium. This makes it very difficult to distinguish the
myocardial wall. Maximizing the contrast between the blood and myocardium could be
achieved by the application of a saturation slices at the base of the heart. This will
saturate the magnetization of inflowing blood as shown in [32, 33]. Another way could be
to make the blood brighter by the injection of Gd-based blood-pool agent that reduces the
T, of blood. For phase contrast experiments, the signal from the blood is the signal of
interest. This means that application of signal saturation cannot be employed. However,
contrast between blood and myocardium is not critical for 4D flow as long as a proper

anatomical reference scan with sufficient contrast is available.

In this chapter, the reconstruction quality with different degrees of undersampling was
judged visually. In future work, in vivo experiments to calculate the highest achievable
degree of undersampling, quantitatively, are still to be conducted. We also believe that
other sparsifying transforms that exploit the redundancy of the phase contrast
experiments might be useful rather than the spatio-temporal variation used in this work.
Phantom measurements showed promising results for phase contrast experiments.
However, sequence optimization and in vivo phase contrast experiments still have to be

performed.

4.5 Conclusion

In conclusion, the aim of this chapter was to explore the utility of a 4D UTE sequence to
acquire full anatomical and flow maps with high isotropic resolution and short echo times.
4D imaging suffers from long scan times, which could be mitigated by using
undersampling and a CS reconstruction pipeline. Phantom experiments showed promising
results. However in vivo sequence optimization and further validation have to be

conducted in future experiments.
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Chapter 5

Abstract

Arterial stiffness is one of the major biomarkers of early atherosclerotic disease.
A common method to assess vessel wall stiffness is measuring the pulse wave velocity
(PWV) of the pulse wave created by cardiac contraction. Global PWV measurements are
possible by using carotid/femoral Doppler Ultrasound. However, these give little
information on local changes in vessel wall stiffness at relevant atherosclerotic-prone
sites. In this chapter, we present a novel method for local PWV measurements in the
carotid artery based on highly accelerated phase-contrast MRI flow measurements with
high temporal resolution of 200 frames/cardiac cycle. PWV was determined based on two
methods: 1) cross correlation (CC-method) of two time-resolved flow curves from the
common and internal carotid artery, 2) a slice-specific measurement of the flow vs. lumen
area time curve (QA-method). The reconstructed images have high in-plane spatial
resolution of 0.54 mm and 0.86 mm for the QA and CC method, respectively. Estimated
PWV values in healthy volunteers were in the range of 2.5-6.5 m/sec. The two methods
were highly correlated (r=0.82), with a mean difference of 0.42 m/s. Reproducibility
measurements showed a coefficient of variation of 15.6% and 12.1% for the CC- and QA-
method, respectively. In conclusion, we showed that MRI based measurements of local
carotid PWV are feasible. We expect that our novel method will facilitate measurements

in elderly volunteers and patients with above-normal PWV values.
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5.1 Introduction

Atherosclerosis is the main underlying cause of cardiovascular disease and considered one
of the leading causes of death worldwide. To improve treatment and risk prevention,
a great need exists for diagnostic tools that identify patients at high risk and assess the
vulnerability of the vessel wall for atherosclerosis at an early stage. The pulse
wave velocity (PWV) of the pulse wave created by cardiac contraction is a measure of
arterial stiffness and has been proven to deliver an independent predictor for
cardiovascular events [1]. Nesbitt et al. reported elevation of PWV in patients with
atherosclerosis [2]. Furthermore, age-related regional aortic PWV changes have recently

been demonstrated [3].

Currently, Doppler Ultrasound measurements of carotid-femoral pulse wave velocity
(cf-PWV) are considered the non-invasive gold standard index for global arterial stiffness
assessment. PWV is calculated by determining the time taken for the arterial pulse to
propagate from the carotid to the femoral artery relative to the distance between these
points. There is, however, considerable importance of obtaining local PWV values in
specific regions of interest. First, it is well known that the stiffness of the arteries is not
uniform along the vasculature tree and it increases from proximal to the distal regions [4].
Secondly, the arteries are non-uniform along the vasculature especially in elderly and
patients with vascular diseases, which as a consequence affects the distance
measurements. Finally, in the carotid and femoral arteries, the two measurement points
do not lie on the same path of the pulse wave propagation [5], since the pulse wave
travels in two opposite directions. Therefore, measurements of regional PWYV, instead of

global PWV, can be of great interest.

Phase-contrast MRI is a promising technique for assessment of local PWV, in which time-
resolved flow measurements are acquired throughout the cardiac cycle [6-10]. This has

been applied in the aorta by measuring a slice that intersects both the descending and

85



Chapter 5

ascending aorta. Using the so called foot-to-foot method (FF), PWV is calculated as the
ratio of the distance between descending and ascending aortas and the time difference
between the arrival of the foot of the pulse wave at these levels [11-14]. A more robust
approach is the cross-correlation method (CC) [15], in which the correlation between the
two pulse waves is calculated for several time shifts. The maximum value will correspond
to the actual time shift between the two flow curves, after which the PWV can then be
estimated from the traveled distance. An even more local PWV quantification method is
based on the relationship between the flow (Q) and the area (A) of the vessel in early
systole [3, 16-18]. So far, this so-called QA-method has only rarely been used in the MRI
field, mainly because of the high demands on the quality of the MRI scans and the

subsequent post processing for accurate lumen area detection.

Of all the larger arteries, PWV measurements in the carotids are of particular interest,
since they are major atherosclerosis-prone site associated with stroke [19]. Compared to
the aorta, PWV measurements in the carotid artery using MRI require a significant
increase in spatial and temporal resolution in order to cope with the smaller lumen
diameter (4-6 mm) and the shorter time lag between the flow profiles observed in two
slices. Currently, the spatiotemporal resolution is limited by available scan time and the

lowest achievable repetition time of the velocity-encoded phase-contrast acquisition.

In this chapter, we demonstrate a new protocol for high spatiotemporal resolution flow-
encoded imaging and PWV quantification in the carotid arteries, based on a combination
of a Compressed Sensing (CS) acceleration technique [20] and retrospective triggering
reconstruction [21-23]. We will show that this approach allows for flow measurements
with a high temporal resolution up to 5 ms with spatial resolution of 0.54 mm and 0.86
mm for the QA and CC methods, respectively, and with a total scan time of 6 min for both
methods. The methods were validated using a flow phantom. Subsequently, the PWVs in

the carotids of 5 volunteers were measured and compared.
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5.2 Material and Methods

5.2.1 MR Measurements

MRI measurements were performed with a whole-body 3T MR scanner (Philips Ingenia)
and eight-channel RF receiver neck coil. A fast field echo (FFE) phase contrast MR
sequence with unidirectional velocity encoding, i.e. velocity encoding experiments (VE) =
2, was used with the following parameters: VENC = 120 cm/s; TE/TR/FA = 3.28 ms/10.58
ms/20°; slice thickness = 3 mm; FOV = 136x136 mmz, and acquisition matrix = 160x160
and 250x250, resulting in a spatial resolution of 0.85 and 0.54 mm and for the CC and QA
methods, respectively. The higher spatial resolution for the QA method is needed for
accurate lumen area detection. Fig. 1 shows the proposed MR sequence, with which a
very high temporal resolution data with sufficient number of averages could be achieved
using a retrospective triggering method. The data is acquired continuously and
asynchronously with the heartbeat, while the phase encoding gradient is changed every R-

R interval.
5.2.2 Under sampled Variable-Density Sampling

As the center of k-space contains most of the signal information, a Gaussian-shaped
variable-density sampling pattern was designed to sample the center k-lines more
frequently compared to the rest of k-space regions. The use of retrospective triggering
with constant TR leads to random sampling because of the R-R variability as shown in Fig.
2. The weighted pseudo-random sampling is favorable because of the high incoherence of
the undersampling artifacts produced in the corresponding spatial domain [24, 25].
The unit with which the acquisition duration of one specific k-line is described is the
heartbeat (e.g., n heartbeats of k-line p). The number of repetitions N; for a specific k-line i
is given:

(i-w?

N,=8.e2d (5.1)
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Here N; is given in units of heartbeat, u is the number of k-lines/2, £ determines the
number of repetitions of the central k-line, and o is the width of the Gaussian function.

In addition, for efficient k-space sampling, a partial Fourier factor of 30% was used.
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Figure 1. Schematic diagram of the pulse sequence. The phase encoding step was switched every R-R
interval, and the data was acquired continuously and asynchronously with the cardiac motion. Small
variations in cardiac cycle length ensure that TR is not a multiple of the R-R interval as indicated with
M, leading to time-shifted acquisition of k-lines and a random filling of k-space. Retrospectively, k-lines
are collected in bins of the desired temporal resolution, a ,using the cardiac triggering and respiratory

gating information from the recorded ECG.

5.2.3 Compressed Sensing Reconstruction

Retrospectively undersampled data were reconstructed using a three-dimensional
compressed sensing algorithm. Sparsity of the desired image in spatial domain and along
the time-axis, as well as its total variation along time-axis were used as constraints. The

image reconstruction can be formulated as the following optimization problem:
min{ |[Fsm = y|12* + 91 [18(m)| 1y + 9, TV (m) (5.2)
where m is a (3D) volume of the reconstructed images, d is the sparsifying transformation,

y is the acquired data from the scanner, TV stands for total variation along the time-axis,
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and F; is the undersampled Fourier operator according to the designed sampling pattern.
The optimization involves 3 dimensions (2 spatial and 1 time dimension). The
regularization parameters 91 and 9J2 control the trade-off between reconstructed image
sparsity in the transform domain and TV penalty. They were heuristically defined by
comparing CS-reconstructed magnitude and phase images to the fully-sampled dataset. 91
and 92 were set to 0.03 and 0.12, respectively. Once optimized and calibrated using the
phantom data, all parameters were fixed to reconstruct the in vivo images. A non-linear

conjugated gradient descending algorithm was used to solve the minimization problem.

5.2.4 Flow phantom and simulations

A customized in vitro flow phantom (Fig. 3) was used to validate whether the weighted
retrospectively gated acquisition was suitable for reconstructing high temporal resolution
flow values. The phantom was a model created by segmenting a healthy volunteer carotid
artery and smoothing the surface. Three flow-extensions (straight pipes) were connected
to a computer-controlled water pump that applied a flow waveform mimicking the carotid

arterial blood flow pattern.

The MR sequence parameters were equal to those of the CC-method (see section 5.2.1).
A fully-sampled Cartesian k-space was then acquired with 25 dynamics (ND = 25), where
one dynamic is capable to reconstruct ~ 50 fully sampled time frames (NF = 50). The total
scan time for the phantom measurement was (NP x ND x NF x TR x VE) = 62 min. This
highly oversampled dataset allowed reconstruction of 200 fully sampled time frames,
resulting in high temporal resolution gold standard flow profiles. Undersampled kt-space
sampling patterns were generated using computer simulations with different B and o
values, as explained in the previous section. The trajectory that gave the highest
incoherent artifacts was selected, and subsequently, undersampled acquisition schemes
were generated by subsampling the fully-sampled data. We aimed to achieve 3 and 6

minute scan times per slice for the CC and the QA method, respectively.
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Figure 2. A) The phase encoding sampling scheme as a function of time (in
heartbeats). B) The resulting histogram, including partial Fourier filling. C, D)
The simulated acquired kt spaces assuming C) constant heart rate and D)
varying heart rate (5%). The small variation in heart rate in (D) leads to a

random weighted filling of kt-space required for CS reconstruction.

5.2.5 In-Vivo Experiments

Carotid artery PWV scans were performed in 5 healthy male volunteers (age: 25-30).
Axial slices were positioned to intersect the common and internal carotid arteries as
shown in Fig. 4. The resulting data was subsequently reconstructed with a three-
dimensional (2D + time) CS algorithm as described in section 5.2.3. Using the phase
images, flow-time curves were calculated for each vessel. Finally, PWV analysis was
performed using 1)-CC method by calculating the time-shift in the flow curves of the
vessels in two axial slices separated with a distance d. The time-shift ‘t’ was determined
by the maximum cross-correlation between the (time-shifted) flow curves. The PWV is

then given by PWV=d/t. 2)- QA method in single slice, where the PWV could be calculated
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from the relation of the change of the blood flow and surface area during systole. In this

case, the PWV is given by PWV=AQ/AA.

Figure 3. The phantom model. A) Surface rendering for the segmentation of healthy volunteer carotid
artery. The model is connected to a computer-controlled water pump. B) Cross section in the common

carotid artery at the location of the dashed line in A, where the arrow points to eye sight direction.

5.2.6 Automatic Segmentation and PVW Calculation

Accurate segmentation of the carotid lumen area is essential for an accurate PWV
estimation using the QA method. The high temporal resolution of our method makes
manual delineation unpractical and time consuming. Therefore an automatic 2D-t
segmentation approach was implemented [26]. The segmentation was based on a
deformable contour v(s, t) optimized to equilibrate internal and external energy terms.

The internal energy is given by:

2

+ Bt

2 2

+ a;
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5t

E()int = as (5.3)

where as and a; are elasticity parameters that aim to shorten the contour length and P
and B; are curvature smoothness parameters. These regularization parameters act both in
the spatial domain as well as in the time domain. The time domain regularization ensures

the frame-to-frame contour stability. The parameters as, a;, Bs and B; were set to 0.3, 1.5,
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0.01 and 0.75 respectively. Values were heuristically defined using a visual assessment of
the quality of the segmentation. The external energy, Eey, is based on the gradient field of
the original image, which was estimated from the first-order finite difference calculated in

the x and y directions.

i! -
Y ) A
A VR -

F

Figure 4. A) The slice planning for the QA method. Normally, it is an axial slice cutting the
common carotid artery and perfectly planned perpendicular to the carotid of interest (in this case,
it is the right carotid). B, C) Two slices planned for the CC method. It is favourable to maximize the
distance between the slices. The maximum separation is restricted by the coil coverage region.

5.3 Results

Fig. 5A and 5B show representative magnitude and phase images from the flow phantom
measurements after reconstruction of 200 frames/sec. Because of the retrospective
triggering acquisition and the relatively short scan time, the acquired k-space was
significantly undersampled, with an average coverage of kt-space of only 25%. When
applying a regular inverse Fourier directly to the undersampled data, aliasing occurs in the
magnitude and flow image data (Figs. 5A and 5B, left images). However, the CS
reconstruction algorithm effectively removed these undersampling artifacts (Figs. 5A and

B, right images).

Fig.5C shows flow curves as function of time from the red ROI in Fig.5A. The open circles
form the gold standard flow curve, reconstructed from fully sampled data. For the regular

linear inverse Fourier data (dashed line), the flow curve followed the general trend of the
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gold standard curve. However, the flow curve was severely distorted by aliasing artifacts.
The CS reconstruction (solid line) was able to recover the gold standard flow curve
accurately and both flow curves were visually nearly identical. The differences between

the gold standard and CS and linear reconstructed flow curves are shown in Fig.5D.
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Figure 5. The comparison of linear and CS reconstructions for the A) anatomy and
B) phase maps for a time frame of the reconstructed phantom Cine. C) The
estimated flow curves in a ROI for the linear and CS reconstructions compared to the
gold standard reconstruction. D) The difference in the estimated velocities between
the gold standard and the linear and CS reconstructions.

For the in vivo experiments, the top row in Fig. 6 shows the comparison of linear and CS
reconstructions of one of the time frames. Clearly, CS reconstruction cleans up the
aliasing artifacts and better image quality with good delineation of the carotids was
achieved as shown in Fig. 6D. By using a retrospective triggering scheme, detailed flow
curves, in which clearly the peak flow point and uniform flow pattern, could be estimated

from the reconstructed Cine as shown in Fig. 6E.

Results obtained by CC and QA methods are depicted in Fig. 7 and 8. For the CC method,
in the top row of Fig. 7, the normalized blood flow curves of the carotid artery of a

representative case for the two slices are shown (the time axis is cropped and only the
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early time points of the flow curves are displayed). High resolution curve of the cross
correlation between the two flow curves was obtained allowing accurate determination of

the time shift of the peak flow arrival at the two slices.
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Figure 6. The comparsion of A) linear and B) CS reconstructions for a specific time
frame (time = 49 ms). The zoomed images, C and D, show better delineation of the
carotid wall for the CS reconstruction. E) The estimated high temporal resolution flow
curve estimated from the CS reconstruction accurately sampling systolic peak flow, as
well as the characteristic flow profile during the remainder of the cardiac cycle.

For the QA method, in the left column of Fig. 8, the normalized blood flow and surface
area of the right carotid artery of a representative case is shown. Clearly it shows the
change of the carotid artery lumen area with the blood flow rate, illustrating the response

of vessel dilation to the increase in blood flow. In the right column, the change in the
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blood flow and carotid surface area with time is plotted. During systole, a clear linear
relation was observed, allowing linear fitting from which the PWV could be estimated.
Reproducibility results are shown in Figs. 9A and 9B, together with corresponding Bland
Altman plots in Fig. 10A and 10B. The estimated PWV differences were almost equal and
distributed around small bias values of 0.416 m/s and -1.13 m/s with confidence intervals

of [-0.93 1.77] and of [2.57 -4.84] m/s for the right and left carotid arteries, respectively.
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Figure 7. A) Normalized blood flow curves in the right carotid artery for the 2 slices.
B) Cross correlation between the two curves for the time difference that yields the
highest correlation is calculated. By estimating the shift and by knowing the distance
between the two slices, the PWV could be calculated.

The coefficient of variation (CV) was 15.29% and 27.7% for CC and QA methods
respectively. In case of taking into consideration only the right carotid artery, to which the
imaging slice was perpendicularly planned in the QA method, the CV of the CC and QA
method was 15.62 and 12.1%. The relation and agreement between the CC and QA
methods for estimating the PWV in the right carotid for the two scan sessions is plotted

in Fig. 10C. It is shown that the two methods were well correlated with R=0.83. The
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correlation coefficient between the two methods for estimating the PWV in the left

carotid artery was R=0.014.
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Figure 8. A) The blood flow curves and the surface area of the right carotid artery in a high spatial
resolution slice as a function of time. B) The relation between the blood flow and carotid surface area,
where during systole the relation was fitted linearly. From this estimated linear fitting the PWV was

calculated.

5.4 Discussion

Carotid—femoral PWV estimation using Doppler ultrasound is the most established index
of the arterial stiffness. This method provides global information about the arterial tree
status. However, the different measurement methods to estimate the arterial path length
produces substantial variations in the estimated values [27]. Moreover, the global PWV
estimation may fail to detect focal regions of altered stiffness at sites prone to plaque
formation. Thus, regional PWV is of clinical importance. Carotid PWV is of great interest,

since the carotids are a major site of atherosclerosis development.

Recent progress in MRI technology allows for measuring regional PWV [15, 17, 18, 28-29],
avoiding some of the drawbacks related to the standard Doppler ultrasound
measurements. Several analytical methods have been used to analyze the acquired data.

A frequently used method in both ultrasound and MR based measurements is calculating
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the time difference between flow curves at different sites. Therefore, accurate

measurement of the distance between the two imaging planes is important.
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Figure 9. Repeated measurement for the 5 volunteers and the estimated PWV
using A) CC and B) QA method in the right and left carotid arteries.
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Figure 10. The Bland Altman plot between the QA and CC methods of estimating the PWV in the A)
right and B) left carotid arteries for the 5 volunteers in. C) The relation between the two methods for

estimating the PWV for the right carotid artery in the two scans session for the five volunteers.

In this chapter, we described a new method to allow for high temporal resolution MRI
carotid flow measurements for calculation of local carotid PWV. In the CC-method, based
on a sequential acquisition of 2 different slices, average PWV values were obtained
representing the most vulnerable part of the carotid around the bifurcation. In a recent
study by Westenberg et al. [30] the PWV in the carotid artery was measured using a neck

coil with a large coverage (180x172 mm) and temporal resolution of 12.4 ms. The mean
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PWV in young volunteers (<30) was 5.7 m/s. Using the slice-specific QA-method, we were
able to measure an even more local carotid PWV. In this approach, we found that
accurate lumen contour area calculation is crucial to obtain reproducible values. Fig. 11
shows the segmentation results at three different time points, where the segmentation
contour is displayed over both the anatomical and phase maps. As shown, the contour
tracks the borders of the carotid artery, from which the change in the lumen area with the
cardiac cycle was calculated. For optimum choice of parameters involved in the
segmentation, a high spatial resolution low temporal resolution T1 weighted scan to
measure the actual lumen diameter at several points in the cardiac cycle could be
acquired. For our QA analysis, we therefore acquired higher spatial resolution data (0.54
mm) compared to the data acquired for the CC method (0.85 mm), which naturally
improved the segmentation procedure. In addition, it is important that the slice is planned
perpendicular to the carotid vessel, which restricts accurate measuring of the PWV for
both carotid vessels at the same time, since these are not perfectly parallel to each other.
This could be the reason of the low correlation between the QA and CC method that we

obtained in the left carotid artery.

t=58.8ms t=103ms i1

O el

Figure 11. The segmentation results at three different time points (9.8, 58.8

Anatomy

Phase Map

and 103 ms) after the R-peak of the ECG signal. The contour tracks the borders
of the carotid artery, from which the change in the lumen area with the cardiac
cycle is calculated. The images in the figure are normalized and shown in the

correspondina colour scale.
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For early atherosclerosis detection we believe that the CC method might be more
appropriate since this allows for a PWV estimation within a larger part of the carotid
artery and for left and right arteries, simultaneously. In addition, the CC approach is more
stable and simple method compared to the QA method, since there is no need for
subsequent advanced post processing steps, like automatic segmentation in the QA
method. The QA method might be more suitable for characterization of the PWV in a

specific location of interest.

Several scan acceleration techniques have been applied for accelerated flow-imaging,
including parallel imaging and spatiotemporal acceleration techniques [31-34]. In general,
these acceleration techniques allow for a shortening of the scan time by a factor of 2-5
and were applied on low temporal resolution data (<35 frames/s). Recently, an
acceleration factor of eight was achieved on higher temporal resolution data (100
frames/s) [35], which is still only half of the temporal resolution of 200 frames/s we

achieved in this chapter.

The PWV data we showed in this chapter are in line with the values reported in the
literature. A range of reference values for the global PWV measurements using ultrasound
have been reported. In one of the studies the average PWV is < 7 m/s for healthy young
volunteers [36]. Recently, a feasibility study have been conducted to measure regional
PWV in the carotids using ultrasound and the reported PWV range was (4.0 - 5.2 m/s)
[27]. In elderly subjects and atherosclerotic patients, several studies showed elevated
PWV values >10 m/s [2, 3, 27, 36, 37]. Although this may require a further increase in
temporal resolution, due to the retrospective nature of the sequence, this can be

achieved solely by prolongation of the imaging time.

Conclusion

In conclusion, a combination of retrospectively triggered phase-contrast MRI and

compressed sensing reconstruction allows for regional carotid pulse wave velocity
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measurements. Good reproducibility was observed across different imaging sessions.
We believe this method serves as an important addition to the vessel wall MRI toolkit for

the non-invasive characterization of atherosclerotic disease.
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As you go, you will make mistakes of your own
But son, that's alright, you live and you learn

I'm here and I'll be if | can a father and a friend.



Chapter 6

Accelerating Cardiovascular MRI

Cardiovascular diseases are the major cause of death worldwide. MRl is the gold standard
method to assess cardiac function. MRI plays an important role in the field of
cardiovascular research and made a substantial contribution to the understanding of
cardiac disease. In this thesis, strategies for better imaging and accelerating the
cardiovascular MRl measurements were presented. In this final chapter, a summary and
discussion for each of the presented protocols is given, followed by a brief perspective on

future developments.

Murine Cardiovascular MRI

Mouse cardiac imaging is challenging because of the small size of the mouse heart and the
high heart and breathing rates. The aim of this thesis was to develop in vivo magnetic
resonance imaging (MRI) techniques that can help in assessing the cardiovascular status,
and more specifically the thesis is focused on developing strategies to accelerate the MRI
measurements. In chapter 1, a general introduction about the cardiovascular system and
cardiac MRI was presented with an outline of common murine cardiac MR imaging
strategies. This was followed by an overview of strategies for accelerating MRI in general

and cardiovascular MRI in particular.

Retrospective Triggering

The development of retrospective triggering was a common theme in all of the chapters
of this thesis. Retrospective triggering (often referred to as self-gating) is one of the most
promising developments in the field of cardiovascular imaging. It provides robust
reconstructions of Cinematic (Cine) MR images [1-5] without the need for ECG-based
synchronization. Additionally, it allows for continuous steady-state imaging without
periodic interrupts from cardiac and respiratory motion, which is beneficial for parametric

mapping of tissue relaxation parameters. Data is acquired continuously, asynchronously
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with the cardiac and respiratory cycle. After the acquisition is completed, a Cine movie or
static images are reconstructed by binning the data into a specified number of cardiac
frames and data affected by respiratory activity is discarded. Different strategies have
been proposed to retrospectively assign each k-line to the corresponding cardiac time
point and to determine respiration intervals. Several strategies exist to make these
assignments. A separate navigator signal can be extracted from the refocusing gradient of
the imaging slice as shown in chapter 2. Navigators can alternatively be obtained using
specific acquisition strategies, such as radial imaging, for which the center point in k-space
is recorded each TR as shown in Chapter 3. A navigator signal can also be obtained from a
specific slice as shown in chapter 4. Moreover, a parallel recording of the physiological
signals (ECG and respiratory) can be used for assigning k-lines to cardiac and respiratory

intervals, as used in chapter 5.

Accelerating diastolic function cardiac MRI

For accurate assessment of the left ventricular diastolic function, a moderate temporal
resolution imaging is required [5, 6]. The time resolution of mouse cardiac MRI is not
sufficient to extract the detailed cardiac movement information during diastole. In
chapter 2, we introduce a new protocol to obtain very high temporal resolution Cine MRI
of the beating mouse heart within reasonable measurement time. The method is based
on a self-gated accelerated FLASH acquisition [7] and CS reconstruction [8, 9]. The
retrospective reconstruction produced undersampled and random k-t-space filling that
allowed for CS reconstruction and acceleration. High acceleration factors were achieved
which reduced scan times to 1.5 min instead of >10 min for a fully sampled scan. The
accelerated high temporal resolution reconstructions preserve high image quality and the
undersampling artifacts were effectively removed without compromising the
guantification of the left ventricular functional parameters. The early-to-late filling rate
(E/A) ratio was extracted from these accelerated reconstructions, which is considered one

of the important parameters to assess diastolic function [10].

105



Chapter 6

Fast Ultrashort Echo Time (UTE) Cine Imaging

One of the main artifacts in the standard FLASH approach cine MRI of the murine heart
presented in chapter 2 is the signal voids and ghosting in the left ventricle (LV) lumen due
to rapid blood flow. A solution to prevent such artifacts can be found in the use of an
ultra-short echo time (UTE) sequence [11-12]. The use of a radial readout shortens TE
considerably and enables artifact-free Cine of the murine heart. In line with the main
theme presented in this thesis, in chapter 3, we presented a multi-slice protocol for whole
heart Cine imaging, where the sequence was validated and tested in rats with chronic
myocardial infarction as well as control rats, and all the cardiac movies were
retrospectively reconstructed using navigator signals produced from the acquired radial
spokes for each TR. However, a major drawback of the retrospective gating scheme was
the long acquisition time. Full heart coverage with high acceleration factors was achieved
with golden-angle radial undersampling and CS reconstruction. The sampling with the
golden angle spacing presented in this protocol is favorable for CS construction pipeline,

since they produce aliasing artifacts with high degree of incoherence [13].

Towards Accelerated 4D Flow Imaging

In Chapter 4, a preliminary study towards the development of a quantitative 4D UTE flow
imaging sequence was presented. We aimed for a 3D time resolved UTE Flow MR imaging
protocol for the whole mouse heart with self-gating and CS accelerated reconstruction.
However, this objective was not fully reached yet and is still works in progress. Image
quality needs to be improved and more validations need to be performed. Nevertheless,
the phantom results showed good results in terms of flow velocity estimation in
comparison to the standard FLASH based 3D Flow MR sequence. In-vivo validations still
need to be performed. In case of the successful application of the proposed technique,

full anatomical and functional maps for the whole heart can be acquired in a single scan
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session, which will assist in better and comprehensive assessment of the cardiovascular

system.

Regional PWV Estimation in Human Carotids

In Chapter 5, we presented a clinical development study. A method was proposed to
estimate the regional pulse wave velocity (PWV) in the carotid artery. The sequence is
based on phase contrast MRI, where we combine retrospective triggering and CS
reconstruction, resulting in accelerated flow measurements with in-plane spatial
resolution of 0.54 mm and temporal resolution of ~ 5 ms in 6 min total scan time. The
PWYV was estimated using two different methods: the cross correlation (CC) and the flow-
area (QA) methods. The two methods were highly correlated (r=0.82), with a mean
difference of 0.42 m/s [14]. Given the achieved accelerated high temporal resolution
imaging, besides the clinically feasible scan times (3-6 min/slice), measuring the PWV in
elderly persons and patients seems feasible. In addition, the retrospective triggering
protocol would allow for increasing the temporal resolution even further at the expense

of a moderate increase in total scan time.

Future perspective

The ultimate goal for cardiovascular MRl is a comprehensive 4D imaging protocol that can
be completed in a reasonable scanning time. This goal is the main drive of many research
efforts that are carried out in the cardiovascular research field. In vivo 4D MRI
measurements would be a very powerful tool to extract anatomical and functional details
of the heart. However, acquiring 4D MRI data in rodents as well as humans is very
challenging and suffers from very long scan times and demands concerning post-
processing [15-17]. One of the most powerful imaging techniques that has emerged
recently in the field of cardiovascular MRI is radial imaging. For example, we showed in

chapter 3 that it is able to provide flow-artifact free images of LV function. Radial imaging
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(UTE) also is a promising technique for the detection of short T2 components and showed
successful application in muscoskeletal studies [18]. Recently, ex vivo UTE imaging was
applied to image infarcted rat hearts [19]. In addition, in vivo application of multi-slice

cardiac Cine UTE has already been successfully implemented as shown in chapter 3 [13].

In chapter 4, we have taken the next step to combine 4D UTE imaging with phase contrast
flow quantification. Successful application of this technique would yield full anatomical
and quantitative functional maps of the heart in a single scan session, combining
information concerning the cardiac anatomy, systolic function, infarcted region and

guantitative flow measurements.

MRI is a relatively slow imaging modality compared to other imaging modalities such as
ultrasound or CT because the speed of acquisition is constrained by hardware
performance, such as gradient amplitudes and slew rates. In addition, signal averaging to
achieve an acceptable signal to noise ratio (SNR) adds scan time. In a preclinical research
setting, the total scan time is less of an issue as compared to clinical MRI [20], where
patient compliance and comfort play an important role. Through acceleration, higher
spatial resolution, temporal resolution or increased SNR through signal averaging can be
achieved. As we described in chapter 1, the use of parallel imaging (Pl) and multiple
receiver coils has provided the opportunity to speed up the MRI [21-24]. In addition, novel
acceleration techniques, like spatio-temporal and CS acceleration, have been developed in
the last decade that add flexibility to the acquisition requirements and permit higher

acceleration factors [8, 25-26].

Even higher acceleration factors could be obtained by combining CS and PI [27, 28]. CS
follows the basic principle that the true full signal can be recovered from a low number of,
incomplete, measurements, under the conditions that the signal is sparse in a specific
transform domain and that the acquisition trajectory yields a high degree of incoherence.

A recent extension to CS is Blind Compressed Sensing (BCS), which does not require any
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prior knowledge about the sparsifying transform [29]. In BCS, a dictionary learning
technique is used to find the optimal set of base elements to describe the MR image or
movie in the most sparse fashion. In a recent study, the BCS method was applied to
accelerate free breathing myocardial perfusion MRI showing significant improvement over
compressed sensing reconstruction [30]. Spatio-temporal acceleration techniques, like kt-
PCA, has found several successful applications in the field of cardiovascular research as
detailed in chapter 1. Improving these techniques by adding additional constraints and
penalties, will make them more robust and will help in achieving higher acceleration

factors as shown in recent studies [31-32].

Conclusion

Improving noninvasive techniques for cardiovascular disease assessment is a hot topic in
the medical imaging field. This fuels the development of novel MR imaging strategies and
inspires many researchers to develop advanced techniques for cardiovascular status
assessment. Further improvements in imaging hardware, sequences and acceleration
techniques are necessary to mitigate the challenging tradeoff between temporal and
spatial resolution and to facilitate comprehensive cardiovascular imaging in a short scan

time.
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