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Abstract 
  

Tomographic imaging has become indispensable in the clinical routine. In a tomographic scan, 

images of the inner human body are produced without the need of dissecting the human skin. 

The common types of medical images are two-dimensional slices and entire three-dimensional 

volumes.  To image dynamic processes such as organ function or perfusion, time series are 

produced at multiple spatial locations. To date, the most common medical imaging modalities 

are X-ray imaging, Computed Tomography (CT), Magnetic Resonance Imaging (MRI) or 

tracer-based imaging such as Positron-Emission Tomography (PET) or Single-Photon Emission 

Tomography (SPECT). Next to the common modalities, a novel medical imaging modality 

called Magnetic Particle Imaging (MPI) has been introduced, and its position between the 

established modalities still needs to be defined.   

In general, cardiovascular applications impose specific challenges on medical imaging. Imaging 

speed is required to compensate for respiratory and cardiac motions, and to capture rapid uptake 

rates of contrast agents in the heart tissue. At the same time, high spatial resolution is demanded 

to accurately assess cardiac anatomy. In this work, we focus on two main cardiovascular 

applications: cardiac perfusion imaging and cardiac function imaging. 

Each imaging modality stands out with particular advantages and drawbacks for cardiovascular 

imaging. Magnetic Resonance Imaging (MRI), for example, has its main advantage in the use of 

non-ionizing radiation and its superb soft-tissue contrast and is hence suitable for cardiac 

function assessment. However, due to non-linearity of the MR signal with the contrast 

concentration, an application such as cardiac perfusion imaging is challenging and requires 

complex mathematical and practical treatment to measure the arterial input function. A more 

adequate tool for application on perfusion imaging would be Magnetic Particle Imaging (MPI) 

since its signal is linear with the contrast concentration over a wide range of concentration. Yet, 

a drawback of MPI is that no anatomic information is inside the MPI images since it is a purely 

tracer-based imaging method such as PET or SPECT. Therefore, image registration is required 

to fuse anatomic reference scans with MRI or CT with obtained MPI images in order to locate 

cardiac tissues. 

Magnetic Particle Imaging (MPI) renders for the application on cardiac perfusion imaging, due 

to its high spatial and temporal resolution and the linearity of the signal with the contrast 

concentration.  Nevertheless, spatial coverage of MPI is currently limited to small volumes, thus 

there is a need for extended spatial coverage to assess human tissue structures maintaining high 
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temporal resolution. In this work, methods are explored to extend spatial coverage with the aim 

to improve image registration of MPI images with anatomic reference scans from MRI or CT.  

Magnetic Resonance Imaging (MRI) is a suitable tool for cardiac function assessment. Cardiac 

cine imaging is the standard method to acquire heart motion during the entire cardiac cycle. 

Though, practical challenges still remain in the clinical application of cardiac cine MRI.  The 

common way to obtain cine images is a stack of slices in short axis and long axis orientation, 

each acquired during 10-12 separate breath-holds. This is a time-consuming task and can be a 

tedious procedure especially for elder or illed patients in a clinical scenario. Additionally, due to 

possible patient movements between the breath-holds, slices at different locations can be 

miss-aligned leading to decreased accuracy in the assessment of cardiac function.   

We introduce and implement in this work a novel method for cardiac cine MRI called VF 3D-

BRISA (“Very Fast 3D Breath-hold ISotropic Imaging using Spatio-temporal Acceleration”) 

allowing high image acceleration rates of over 30 and implement it on a real 3T MRI system. 

The high image acceleration is appreciated to perform non-angulated isotropic 3D cine imaging 

in a single breath-hold, overcoming the challenges of multi-slice 2D cine imaging.     

For the objective of this thesis, 2D and 3D experiments are conducted to assess optimal imaging 

parameters for VF 3D-BRISA. Furthermore, we conduct an in-vivo validation study of VF 3D-

BRISA to demonstrate that cardiac function can be assessed with the same accuracy as with a 

reference method of 2D multi-slice cine imaging.  
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Resumen 
 

Obtener imágenes mediante equipos de tomografía se ha convertido en una parte indispensable 

en la rutina clínica. Durante una examinación tomográfica, se producen imágenes del interior 

del cuerpo humano sin la necesidad disectar la piel humana. La forma más común es a través 

cortes  bidimensionales o volúmenes tridimensionales completos. Para capturar procesos 

dinámicos tales como la función o la perfusión de un órgano, se adquieren en diferentes 

momentos y ubicaciones espaciales. Las técnicas de imagen más comunes son típicas de 

imágenes de rayos X, tomografía computarizada (TAC), resonancia magnética (RM) o de 

imágenes basadas en trazador: como Tomografía por Emisión de Positrones (PET) o tomografía 

por emisión de fotón único (SPECT). Paralelo a las modalidades comunes, se ha introducido 

una técnica nueva llamada Imaging de Partículas Magnéticas (MPI) y su posición entre las 

modalidades establecidas todavía está por definirse.   

En general, se imponen retos específicos sobre una aplicación cardiovascular de equipos 

tomográficos. Se requiere velocidad de adquisición para compensar los movimientos 

respiratorios y cardíacos, y para capturar bien las tasas de absorción rápida de agentes de 

contraste en el tejido cardíaco. Al mismo tiempo, se exige una alta resolución espacial para 

evaluar con más precisión la función cardíaca. En esta tesis, nos centramos en las dos 

principales aplicaciones cardiovasculares: La imagen de perfusión cardiaca y la imagen de 

función cardíaca. 

Cada modalidad de tomografía se destaca con sus ventajas e inconvenientes particulares para 

aplicaciones cardiovasculares. Imagen por Resonancia Magnética (RM), por ejemplo, tiene su 

principal ventaja en el uso de las radiaciones no ionizantes y su excelente contraste de los 

tejidos blandos y, por tanto, es adecuada para la evaluación de la función cardíaco. Sin embargo, 

debido a la no-linealidad de la señal de RM con la concentración de contraste, obtener imágenes 

de perfusión cardiaca con la RM es difícil y requiere tratamiento matemático y un manejo 

complejo para medir la función de entrada arterial (“arterial input function”, AIF). Una 

herramienta más adecuada para la aplicación en imágenes de perfusión es Imaging de partículas 

magnéticas (MPI), ya que su señal es lineal con la concentración de contraste en un amplio 

intervalo de concentración. Sin embargo, un inconveniente de MPI es que no hay información 

anatómica dentro de las imágenes MPI ya que es un método de formación de imágenes basado a 

trazadores tal como PET o SPECT, por lo que requiere exploraciones de referencia anatómicos 

con RM o TAC para la fusión de imágenes con imágenes MPI para localizar la ubicación de 

tejido cardiaco.  



 

iv 
 

Imaging de Partículas Magnéticas (MPI) puede ser adecuada para la aplicación de imágenes de 

perfusión cardiaca, debido a su alta resolución espacial y temporal y la linealidad de la señal con 

la concentración de contraste. No obstante, la cobertura espacial de MPI se limita actualmente a 

pequeños volúmenes, por lo tanto se desea una necesidad de cobertura espacial extendida para 

evaluar las estructuras de tejido humano. En esta tesis, se trabajan  métodos para ampliar la 

cobertura espacial manteniendo alta resolución temporal. Se estima que una cobertura espacial 

más amplia mejora el registro de imágenes, de imágenes MPI con imágenes de referencia 

anatómicas por resonancia magnética o tomografía computarizada.  

La Resonancia Magnética (RM) es adecuada para la evaluación de la función cardíaca. Es el 

método estándar para adquirir el latido del ventrículo izquierdo durante todo el ciclo cardíaco a 

través de las imágenes “cine” cardiaca. Aunque, prevalecen desafíos prácticos aún en la 

aplicación clínica de MRI cine cardíaco. La forma más común de obtener imágenes de cine 

cardiacas es a través de un grupo de cortes de orientación en eje corto y eje largo, cada uno 

adquirido en 10-12 apneas separadas. Esta tarea  consume tiempo y puede ser un procedimiento 

tedioso, especialmente para pacientes ancianos y/o enfermos en un escenario clínico. Además, 

debido a posibles movimientos del paciente entre la retención de respiración, sectores en 

diferentes lugares pueden ser mal alineados reduciendo la exactitud en la evaluación de la 

función cardíaca. 

En esta tesis, se introduce un nuevo método para resonancia magnética cardiaca llamada VF-3D 

BRISA ("Very Fast 3D Breath-hold ISotropic Imaging using Spatio-temporal Acceleration") 

que permite grados altos de aceleración de cine RM cardiaca. Se implementa BRISA en un 

sistema de RM 3T. Se aprecia esta aceleración alta para adquirir imágenes cine 3D isótropo 

completo en una sola apnea, superando  los retos de la adquisición en múltiples cortes 2D en el 

estándar cine durante múltiples apneas.  

Se llevan a cabo experimentos en 2D y 3D para evaluar los parámetros óptimos para la 

formación de imágenes en 3D VF-BRISA. Además, se lleva a cabo un estudio de validación en 

vivo de la 3D-VF-BRISA  para demostrar que la función cardiaca puede evaluarse con la misma 

precisión que con el método de referencia utilizando el estándar 2D cine de cortes múltiples. 
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1.  Medical Imaging with MPI and MRI 
 

1.1  Magnetic Particle Imaging 

 

Magnetic Particle Imaging (MPI) is a novel medical imaging technology that has been invented 

by Philips Research Laboratories, Hamburg, in 2001 by Bernhard Gleich und Jürgen 

Weizenecker and has been published first in “Nature” in 2006 (1). MPI is a method that 

visualizes the concentration of an applied contrast agent, similar to Position-Emission 

Tomography (PET) or Single-Photon Emission Computed Tomography (SPECT) without 

ionizing radiation. Briefly after its first technical publication, a preclinical demonstrator system 

has been built and applied on cardiac in-vivo imaging of a mouse model with 3D-encoded 

volumes at a frame rate of 46 volumes per second(2). The signal in MPI is generated by a fluid 

of super-paramagnetic iron oxide particles (“SPIO”) that are interacting with an oscillating 

magnetic field, in MPI called “Drive Field”. The characteristic of the SPIOs is that its 

magnetization curve can be approximated by a Langevin curve which is highly non-linear and 

without hysteresis.  Based on Faradays law, time-changing magnetization induces a current in a 

receive coil which can be separated from the feed-through interference of the excitation 

frequency by a band-stop filter. A sound introduction to MPI and signal generation can be found 

in(3). 

Briefly, the design of an MPI scanner is usually based on hardware components that generate 

and move a “Field-Free Point” (FFP) or a “Field-Free-Line” (FFL). The movement of the FFP 

over the SPIOs stimulates a time changing magnetization and thus a voltage signal in the 

receive coils. The main field in MPI is conventionally named “Selection Field” as it generates 

or selects the region of the FFP or FFL. It can be created by two opposing magnets in Maxwell 

configuration or by an open coil design applying all magnetic fields from one side (4)(5). As 

long as the particles are outside the FFP or the FFL region, their magnetization is saturated and 

aligns with the local magnetic field of their surrounding area and thus generates no signal. 

Eventually, when the FFP is moved over the position of an SPIO, its magnetization follows the 

local magnetic field instantly and hence induces a signal peak in the receive coils. On Fig. 1, the 

principle of signal excitation for MPI is visualized. It consists of an oscillating field strength 

𝐻(𝑡) with a pure sinusoidal frequency in kHz-range and a small field amplitude of several 

mT/μ0. This field, conventionally named “Drive Field”, superimposes the Selection Field to 

drive the FFP on a fast movement with small amplitude. The resulting magnetization curve 

𝑀(𝐻(𝑡)) is transformed into a signal which spectrum contains higher harmonics of the 
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excitation frequency. After signal recording, the signal from the SPIOs can be separated from 

the feed-through interference of the Drive Field by a band-stop filter. The remaining signal 

spectra from the higher harmonics contain thus pure MPI signals from the particles and give 

direct quantitative information about the particle concentration. In MPI, up to the 40th harmonics 

can be are detected. To compare MPI with MRI, the reason why MPI is fast is because all 

frequencies of the k-space are measured simultaneously (see k-space definition in the Chapter 

1.2). Conventional MRI, in contrast to MPI, is a technique that measures frequencies one-by-

one in conventional Cartesian k-space or with few frequencies simultaneously at a time by 

advanced k-space sampling trajectories such as spiral or radial sampling.  

 
Figure 1. Basic signal generation in MPI (1). A sinusoidal excitation field H(t)  (green curve) is 

transformed into a magnetization curve M(H(t)t) (red curve) via the non-linear Langevin model 

of the particle magnetization response (black curve). After Fourier transform, signal processing 

is applied to suppress the excitation frequency 𝑓1 of the recorded signal. The higher harmonics 

3𝑓1, 5𝑓1, 7𝑓1 are used for image reconstruction. 

 

Mathematically, the image reconstruction follows a linear model that can be described as 

suggested by Knopp (6). In this approach, the signal generation is described as a linear system 

model that transforms a particle concentration in the spatial domain to a measured signal. The 

image reconstruction consists then as inversion of the system model. With an infinitesimal 

spectral signal response 𝑢𝑖 of a particle concentration 𝑐 in a spatial region Ω at a spatial position 

r ∈ Ω, one can write the measured frequency component 𝑓𝑖 by   

 
𝑓𝑖 = ∫ 𝑢𝑖(𝑟)𝑐(𝑟)𝑑𝑟

𝑟∈𝛺

 
(1) 
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In a discretized version, assuming point-like signal sources in a FOV with N voxel containing 

particle concentration 𝑐𝑖, and the spectral response 𝑢𝑖 of a point-like sample from voxel i, 

equation (1) is transitioned to 

 
𝑓𝑖 = ∑ 𝑢𝑖(𝑟)𝑐𝑖(𝑟)

𝑁

𝑖=0
 

(2) 

Taking into account all measured frequency components 𝑓 of the MPI scan, equation (2) can be 

written in matrix notation with a linear system matrix U and the particle concentration 𝑐 as  

 𝑓 = 𝑈 𝑐 (3) 

Then, the image reconstruction of the particle concentration 𝑐 can be written as the matrix 

inversion of equation (3) by  

 ‖𝑈 𝑐 − 𝑓‖
2

= 𝑚𝑖𝑛! (4) 

This linear system of equation can be solved by a Conjugate Gradient algorithm, for instance, or 

by a Kaczmarz method(7). Additionally, to increase SNR a regularization term with a 

regularization weight λ can be introduced in equation (4) to 

 ‖𝑈 𝑐 − 𝑓‖
2

+ λ‖ 𝑐‖2 = 𝑚𝑖𝑛!  (5) 

However at the cost of decreased spatial resolution. A more in-depth description of the image 

reconstruction process and the structure and acquisition of the system matrix U can be found in 

(8). 

The Field-of-View in basic MPI is limited to a small region due to physiological limits. As the 

Drive Field operates in the kHz range, its amplitude needs to be limited in order to avoid nerve 

stimulation and is typically in the range of below 20 mT/μ0 (9). In general, a Drive Field-only 

encoded FOV is limited by the Drive Field Amplitude H and the field gradient strength G   

 𝐹𝑂𝑉 = 2 𝐻 / 𝐺, (6) 

in a MPI system where the FFP is generated by a linear field gradient G.  Hence, the movement 

of the FFP and thus the range in which signal can be generated is limited by only a volume of 

few cubic centimeters, see figure 2a. For example, in an MPI system with a linear field gradient 

of G=1.25 T/m/μ0 and a Drive field amplitude of 15 mT/μ0, the basic FOV is limited to 24.0 

mm.  To extend the FOV, a concept has been introduced that uses low-frequency offset fields 

that can operate at larger field amplitudes(10). The method is visualized on Figure 2b and is 

conventionally named “Multi-Station MPI”. The principle is to shift the complete FFP encoded 

region of the Drive Field by static offset fields, the so-called Focus Fields, on several 

neighboring stations, see Figure 2b. Thus, a larger region can be encoded at the cost of temporal 

resolution as every station needs to be acquired successively. Additionally, some extra time is 
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needed to switch from one station to the next. With this strategy, multi-station MPI has been 

realized using 12 Focus field stations enlarging the FOV to a region of 34.5 x 24.3 x 17.0 mm3, 

however at a reduced repetition time of 517 milliseconds per volume (11).  This approach has 

drawbacks for dynamic acquisition since to each small volume will have slightly different 

information from another. 

To make use of the MPI signal also during the switching time, the temporal resolution can be 

increased or SNR can be gained. A method to reconstruct MPI signals acquired during the 

transition between focus field stations is visualized on Fig. 2c. Here, MPI signal is recorded on 

the linear transition and reconstructed with a modified system function(12). In this work, the 

transition speed of the Focus Field was smaller than one encoded voxel per Drive Field 

repetition time. In a following work, the maximum speed limit of the linear FOV transition was 

in increased to a speed limit of several voxels per Drive field repetition time (13).  

 

Figure 2. (a) basic small FOV of MPI , encoding only by Drive Fields (b) multi-station MPI 

making use of static offset fields or so-called “Focus Field” to shift the entire small imaging 

volume (c) multi-station MPI imaging recovering MPI signal during the transition from one 

focus field station to another (d) FOV positions in the scanner bore or an MPI system taken 

from (14) (e) sketch of the additional hardware to superimpose the Drive Fields with the Focus 

Field system based on electromagnets generating static magnetic  offset fields . 
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The idea presented in this work is to evaluate the performance of MPI during transitions of 

more complex movements of the FOV and not only on during linear movements. Also, 

continuously moving FOV trajectories are investigated instead of waiting periods on Focus 

Field stations. The goal was to prepare fast cardiac MPI sequences that require both high 

temporal resolution in order to capture the contrast dynamics of cardiac perfusion and large 

spatial coverage to facilitate image registration to anatomic reference pre-scans The 

performance of the modified system function from (15) is compared with an approach to 

measure an extended system function containing the whole encoded region of Drive Fields and 

Focus Fields combined with an appropriate regularization.   

 

1.2  Cardiac imaging techniques for Magnetic Resonance Imaging 
 

Magnetic Resonance Imaging (MRI) has become a gold-standard for many non-invasive 

medical imaging applications due to its superb soft-tissue contrast and its use of non-ionizing 

magnetic fields. The basic phenomenon of MRI, the spin resonance, has been discovered in 

1946 by Bloch and Purcell. It is based on the property of certain atoms such as 1H or 13C to have 

a magnetic moment or spin that rotates around its axis with a precession frequency that depends 

on the surrounding magnetic field. In a resonance excitation of those atoms, the spins are 

twisted out of their normal rotation movement by radiofrequency pulses. Based on the 

relaxation times, also called T1 and T2 relaxation times, much useful clinical information can be 

gained about the function and the local structure of tissue. In 1971, Mansfield and Lauterbur 

were the first who applied the spin resonance phenomenon on medical imaging and gained the 

first tomographic MRI image of a human body(16,17). 

Since its invention in the seventies, MRI has gone through decades of hardware and software 

development. To-date MRI scanners have reached a speed that enables clinical application on 

dynamic processes like cardiovascular imaging. On figure 3 is shown a picture of a state-of-the-

art MRI scanner and on figure 3b a sketch of its main hardware components. The first 

component of a conventional MRI scanner is a superconductive coil element. It generates a 

homogeneous B0-field with high field homogeneity of around 10 ppm over a large area inside 

the bore. The purpose of the main field is to align the rotation of the 1H spins along the main 

axis of the magnetic field. The second main hardware component is the gradient system that 

superimposes the main magnetic field with linear field gradients. It consists of three 

independent systems for x,y and z that generate each orthogonal gradient fields of the z-

component and is used for spatial encoding of the MR signal. The third component is the radio-

frequency (RF) system that is used to excite the rotating 1H-spins at their characteristic 
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resonance frequency, the so-called Larmor frequency. The Larmor frequency ωL is related to the 

local magnetic field strength B and is given by 

 ω𝐿 = 𝛾 𝐵, (7) 

with the gyromagnetic constant 𝛾 , which is characteristic for each nucleus. For instance, 1H has 

a gyromagnetic constant of  𝛾𝐻 = 42.58  MHz/T. Usually, the RF system is tuned to the 

frequency range of 1H as the human body is around 70 % made of water (H20) molecules. It 

consists of an excitation and receive system that stimulates and records the generated MR signal 

and is placed on the subject as a surface coil.   

 

 
Figure 3: (a) State-of-the art MRI scanner (b) sketch of the main MRI hardware components 

taken from (18): main magnet, linear field gradient, RF system 

 

The conventional way to acquire an MRI image is the so-called Fourier imaging mode. Briefly, 

the recorded MRI time-domain signal S(t) for magnetic moments of a 1H density distribution 

ρ(x) depends on the local magnetic field 𝐵 = 𝐵0 + 𝐺𝑥. The magnetic field B consists of a 

superimposition of the main magnetic field 𝐵0 and the linear field gradient, leading to a Larmor 

frequency ω = 𝛾 (𝐵0 + 𝐺𝑥)  (eq. 7) and a recorded MRI signal  

 
S(t) = ∫ ρ(𝑥)𝑒−𝑖𝜔𝑡𝑑𝑥

∞

−∞

 
(8) 

for an MRI experiment in one spatial dimension. Defining the value   

 k(t) = ∫ 𝛾𝐺(𝑡)𝑑𝑡
𝑡

0
 , (9) 

the MRI signal of eq.8 can hence be written in a so-called “k-space” formulation of MRI 

Fourier imaging as  
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S(k) = ∫ ρ(𝑥)𝑒−𝑖2𝜋𝑘𝑥𝑑𝑥

∞

−∞

 
(10) 

which is in the form of the conventional well-known Fourier transform in one dimension. After 

discretization, it follows that  

 
S(k𝑗) = ∑ ρ(𝑥𝑖)𝑒−𝑖2𝜋k𝑗𝑥

𝑁

𝑖=0
 

(11) 

In this case, image reconstruction can be performed via the mathematical application of the 

inverse Fourier transform when all frequencies S(k𝑗) of an MRI spectrum are measured. A more 

detailed description can be found in(19).   

As a consequence of the inverse Fourier relationship, the FOV in MRI imaging is determined by 

the k-space sampling rate ∆𝑘 . In the same manner, the resolution ∆𝑥 of the MRI image is 

determined by the maximum k-space value 𝑘𝑚𝑎𝑥 by  

 
FOV =

1

2 ∙ ∆𝑘
 

∆𝑥 =
1

2 ∙ 𝑘𝑚𝑎𝑥
 

 

(12) 

The fundamental connection between the final image and its measurement in the Fourier 

domain is visualized on Figure 5. The image and its k-space representation is linked via Fourier 

transform. Many developments have been achieved for fast sampling strategies of the k-space; 

such as spiral or radial trajectories, or recent research includes random under-sampling with 

variable density sampling (20–23). However, Non-Cartesian sampling of the k-space requires 

other reconstruction techniques than Fourier transform such as NUFFT or Compressed Sensing 

Reconstruction(24,25). 
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cardiovascular imaging. A cardiovascular MRI scan to measure the cardiac function usually 

consists of the assessment of the left-ventricle function. The ventricle is segmented into 15-17 

slices in short-axis orientation as indicated on Figure 5a. Clinically relevant time-information of 

the muscle contraction can be acquired in a so-called “cine” mode that generates movie-like 

images of the heart.  The entire cardiac cycle is segmented from the detection of the RR wave 

over systole to diastole into small windows of typically 20-60 milliseconds. For each small time 

frame, a full image is acquired. Two exemplary time frames of the cardiac cycle are shown on 

Fig. 5b, showing the contraction of the dark muscle tissue and the bright blood pool. The small 

time windows are conventionally named as “time stamps” or “cardiac phases”, and typically 15-

30 phases are acquired for each slice. Therefore, a total number of 200-500 images are acquired 

per cine scan taking into account all slices and all cardiac phases. More details can be found in 

(34). 

Due to chest movement during breathing, cardiac imaging typically requires breath-hold 

acquisitions, with a scan of typically one or two slices per breath-hold. To synchronize the MRI 

acquisition with the heartbeat, the patient is equipped with a non-magnetic ECG trigger or a 

pulse oximetry device to detect the RR waves of the cardiac cycle. From a k-space point of 

view, in every cardiac phase a full k-space needs to be acquired, as depicted on Fig. 5c. As the 

acquisition of all k-space profiles typically takes longer than the duration of one cardiac phase, 

the acquisition is segmented into small parts of the k-space. Then, the k-space is acquired 

segment-by-segment in every RR interval until the end of the breath-hold which is typically 

between 10 to 20 seconds. The procedure is repeated in successive breath-holds until all short 

axis slices of the ventricle are acquired, which can be a tedious procedure for the examined 

patient especially in a clinical scenario. 

The cardiac cine MRI post-processing is visualized on Fig. 6. For cardiac function analysis, the 

stack of acquired short-axis slices is loaded in a cardiac MRI analysis workstation. From the 

data, the goal is to obtain quantitative clinical data such as systolic and diastolic left-ventricle 

volume, left-ventricle mass, stroke volume or ejection fraction. The main step in cardiac 

analysis consists of manual or semi-automatic segmentation of the left-ventricle contours 

between blood and muscle tissue. The segmentation process needs to be done for each slice and 

each cardiac phase and can be a tedious procedure. After segmentation, the volumetric 

measurements are obtained by numerical integration of the 2D contours, for instance via Simson 

rule (35). 
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the corresponding cardiac MR signal of the static tissue is rather constant over time, which 

introduces a spatio-temporal redundancy in the acquired data and can thus appreciated in several 

acceleration methods.  Examples for reduced FOV techniques are: 

 UNFOLD (39) 

 kt-BLAST or kt-SENSE (38) 

 NoQuist (43) 

 PINOT (44) 

 ZOOM imaging (45) 

 

A third group of cardiac MRI acceleration methods are based on Compressed Sensing or sparse 

reconstruction. Sparse matrices contain only zeros except very few non-zero elements.  The idea 

of sparse reconstruction is that MRI images are compressible to a sparse representation and 

already few random k-space samples are sufficient information for an approximate image 

reconstruction. The reconstruction process is performed with a non-linear procedure in a sparse 

domain. As the number of k-space samples is small, acquisition time is significantly reduced. A 

sparse transform for the MRI images can be the Fourier transform, but also Finite Difference or 

Wavelet transforms are investigated to treat the reconstruction as denoising problem which is 

well established in wavelet theory. Recent research show the successful application of 

Compressed Sensing on preclinical and clinical cardiac cine MRI (41,46) . However, 

Compressed Sensing strategies are still only used inside the research community and many 

obstacles need to be overcome to incorporate the methods in a clinical environment. One of 

such obstacles is the long reconstruction time needed for the non-linear algorithms, which is 

more pronounced when applied on large cardiac data sets.  

 

A clear trend of cardiovascular MRI imaging is 3D imaging. In the case of cine imaging, the 

optimal solution is 3D imaging with all volumes acquired in a single breath-hold. The first 

advantage of this approach is that the number of breath-holds are reduced making the MRI 

procedure less fatigue for the patients, which is more pronounced in a clinical scenario with 

elder patients or patients with severe diseases. The second advantage of single breath-hold 3D 

cine imaging is that the acquired slices are perfectly aligned. In contrast, for repeated 2D slice 

imaging, the slices can be possibly mis-aligned due to patient motion between the breath-holds 

or different breath-hold states. Another strong advantage of 3D imaging is the simplified overall 

workflow, since the volumes can be acquired as non-angulated full-thorax images. Then, no 

slice angulation is required during the acquisition and MRI operators need less training and 

experience to perform a cardiac MRI exam. The slice angulation such as slices in short axis 

view can be performed during post-processing by reformatting of the 3D data. Alternatively, the 



Medical Imaging with MPI and MRI 

 

13 
 

cardiovascular MRI analysis could be done directly in 3D leading to more accurate volume 

estimations. One goal of this thesis is to introduce and optimize a completely novel cardiac cine 

imaging method for the assessment of cardiac function in a single breath-hold. We present in 

this thesis “VF 3D-BRISA” (“Very Fast 3D Breath-hold Isotropic imaging using Spatio-

temporal Acceleration”) and implement it on a 3T MRI system demonstrating acceleration 

factors of over 30 for cardiac cine MRI. The aim is to acquire all cardiac slices in a single 

breath-hold and performing whole-chest 3D cine imaging with minimal 3D slice planning. 

All in all, cardiovascular MRI is an active field of research that still requires more image 

acceleration than has already been achieved, since the slice planning and acquisition in different 

breath-holds is a tedious and time-consuming procedure.  Further acceleration enables whole-

chest 3D cine imaging in a single breath-hold, which is investigated in this thesis.   
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2. Motivation and Objectives of the Thesis  
 

2.1 Motivation 

 

Cardiovascular disease (CVD) is the main cause of death in the European Union (EU) (47). 

Each year, 4 million deaths in Europe and 1.9 million deaths in the EU are caused by the 

consequences of a CVD (48). In clinical practice, patients with symptoms of a CVD are 

assessed with medical imaging for the diagnosis of the disease. Typical diagnostic parameters 

obtained by medical imaging are cardiac perfusion (ml/min/kg), Left Ventricle Mass (LVM), 

End-diastolic volume (EDV) and End-systolic volume (ESV) or stroke volume (SV). To obtain 

these values, a wide range of different diagnostic modalities are available, for example 

echocardiography, nuclear imaging, X-Ray, computed tomography (CT) or magnetic resonance 

imaging (MR). 

The current gold-standard diagnostic technique for many cardiac parameters is Magnetic 

Resonance Imaging  (MRI), due to its superb soft-tissue contrast and its high spatial resolution. 

Furthermore, MRI scans do not expose the patient with ionizing radiation which is potentially 

harmful to the tissue, unlike conventional X-Ray or CT. A new promising medical imaging 

technique with application also in cardiac imaging is Magnetic Particle Imaging (MPI), a new 

imaging technology invented by Philips Research Laboratories in 2005(1). In particular, MPI is 

a promising candidate for the measurement of dynamic parameters like cardiac blood flow and 

cardiac perfusion (in ml/min/kg), due to its high sensitivity and its potential for rapid imaging of 

up to 46 3D volumes per seconds, at a spatial resolution below 1 mm in a FOV of 20.4 x 12.0 x 

16.8 mm3 (2).  A scan with these parameters is up to date yet quite hard to achieve with MRI 

due to its lack of imaging speed.  

Imaging speed is crucial for these dynamic parameters, since the physiological uptake of the 

applied contrast agent in the heart tissue requires high image update rates. One approach to 

obtain cardiac perfusion with MRI is a dual bolus strategy (49) or a high-dose single-bolus 

acquisition(50,51). In the latter, the Arterial Input Function and cardiac muscle contrast uptake 

is measured by two different contrast boluses and are corrected for its non-linear saturation 

curve. However, a faster method like MPI would be beneficial for dynamic cardiac imaging, 

since the contrast dynamics can be resolved with higher temporal accuracy. Furthermore, the 

MPI signal strength is linear with the contrast concentration, making it feasible to measure the 

Arterial Input Function and cardiac muscle contrast uptake at the same time without any 
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corrections.  However, since MPI is still in the preclinical evaluation phase, its application is not 

yet ready for clinical cardiac imaging and many limitations still need to be overcome until a 

human-sized MPI scanner will be available in clinics. One of these limitations is the currently 

small spatial coverage for in-vivo applications (small animals) with a Field-of-View (FOV) of 

only a few cubic centimetres. Insufficient spatial coverage prevents to measure both 

surrounding anatomy and cardiac perfusion at the same time.  Thus, we propose to work on the 

development of methods for larger spatial coverage by extending the FOV during dynamic MPI 

acquisition, making it feasible to cover the anatomy of interest and its surrounding arteries and 

organs. This additional information can be used to improve image registration with high-

resolution anatomic reference images to measure accurately the contrast dynamics in the heart 

muscle. 

Although widely investigated during the last decades since its invention by Mansfield and 

Lauterbur in 1971(16), the application of MRI on cardiovascular imaging is still not wide-

spread. One reason is the complexity of the scan procedure in MRI, requiring sophisticated slice 

planning to angulate the standard cardiac views, in which the cardiac parameters are typically 

measured. Another reason is the need for multiple breath-holds during image acquisitions to 

avoid image errors due to breathing movements. Thus, currently one to two slices are measured 

per breath-hold, which is an exhaustive task especially for patients of high age or patients with 

lung diseases. Consequently, there is a fundamental need for new imaging acceleration 

techniques acquiring all MRI data in a single breath-hold, preferably with an isotropic 3D 

resolution. Since improvements in imaging hardware are limited by physiological parameters 

like peripheral nerve stimulation and maximum RF energy disposition, the achievement of high 

acceleration factors is the key to cardiac 3D cine imaging.  

2.2 Objectives  

 

The aim of this thesis is to develop new imaging strategies to improve cardiac assessment using 

non-invasive medical imaging. This goal has been divided in two different secondary objectives 

for improved evaluation of cardiac perfusion and cardiac function assessment. 

First, we develop a method for improved assessment of cardiac perfusion, with a focus on 

Magnetic Particle Imaging (MPI). We investigate a way to improve the spatial coverage by 

extending the Field-of-View (FOV), which is currently limited to a few cubic centimetres for 

small animal sizes. For the assessment of cardiac perfusion in humans, the spatial coverage 

needs to be enlarged to cover both heart tissue and surrounding anatomy. We develop an FOV 
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extension method and optimize its acquisition parameters in simulations and phantom 

measurements at a preclinical MPI scanner at Philips Research, Hamburg, Germany.  

The second aim is to develop a completely novel imaging method for the improved assessment 

of cardiac function. We introduce a new parallel imaging technique called VF 3D BRISA 

(“Very Fast Breath-hold Isotropic imaging using Spatio-temporal Acceleration”) and apply it to 

cardiovascular cine MRI, which will allow the assessment of cardiac function in a 3D single 

breath-hold acquisition. This has a strong advantage against conventional multi-slice 2D cine 

imaging which requires multiple breath-holds during the acquisition and scout planning scans. 

We show preliminary results of cardiac 3D cine imaging using VF 3D-BRISA and demonstrate 

the feasibility of this single-breath hold technique in humans. Additionally, we validate the 

proposed 3D technique in an in-vivo study at the National Center for Cardiovascular Research 

(CNIC) by comparison of VF 3D-BRISA cine imaging with the conventional multi-slice 2D 

cine imaging in an animal model (pig) with different degree of cardiac infarct size.   

In the following areas, this work provides novel research:  

 In the first part, a novel methodology for MPI is investigated that extends the spatial 

coverage during image acquisition. In the extended FOV, both cardiac function and 

surrounding anatomy like carotid arteries can be imaged. As a consequence, registration 

from the tracer medium-based MPI images to detailed CT or MRI anatomy reference 

scans is improved, which improves the quality of the cardiac perfusion assessment with 

MPI 

 The second part is the introduction and implementation of a new image acceleration 

technique called VF 3D-BRISA for cardiac cine MRI. It is a combination of parallel 

imaging with a static tissue removal technique that provides high image acceleration 

factors, thus allowing cardiac function assessment in a single breath-hold.  

 Since the image noise distribution is spatially inhomogeneous in parallel imaging in 

general, the noise enhancement of BRISA is studied in MRI simulations and real MRI 

data sets. As an output, limits and optimal imaging parameters for VF 3D-BRISA are 

obtained 

 To demonstrate the feasibility of the novel technique, an in-vivo validation study is 

conducted in an animal model (pig). In this work, it is shown that 3D-BRISA measures 

cardiac function as accurate as conventional 2D multi-slice MRI and can thus be 

interchangeably used.    
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2.3 Outline of the document 

This document is divided into seven chapters. In Chapter 1, an introduction is given to medical 

imaging using MPI and MRI. Details and literature references are given about image generation, 

image reconstruction and practical challenges of MPI and cardiac MRI.  

Chapter 2 presents the motivation and the objectives of the thesis.  

Chapter 3 contains a proposed methodology to increase spatial coverage of MPI acquisitions 

and is compared to an existing method, and it is demonstrated that the proposed method leads to 

improved image quality at the cost of increased acquisition time.  

In Chapter 4, a completely novel cardiac cine MRI imaging method is introduced called “VF 

3D-BRISA” (“Very Fast 3D Breath-hold Isotropic Imaging using Spatio-temporal 

Acceleration”). The method is implemented on a 3T human MR system (Achieva 3T-TX, 

Philips Healthcare, Best, The Netherlands) and is demonstrated to reconstruct non-angulated 3D 

cine images acquired in a single breath-hold. Optimal imaging parameters for the method are 

derived in 2D and 3D experiments.   

Chapter 5 deals with an in-vivo validation of the proposed VF 3D-BRISA methodology to 

assess cardiac function with 3D cine imaging. The method is validated against a reference 

method using multi-slice 2D cine imaging. Linear Correlation analysis and Bland-Altman plots 

show good correlation and agreement between the two methods and they can hence be used 

interchangeably.   

In Chapter 6, an overall discussion is presented with main contributions and conclusions of the 

thesis. Future lines of research starting from this work are discussed. In Chapter 7, publications 

obtained from this work are presented. 
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3. Measurement of System Function with extended 

Field-of-View  
 

3.1  Introduction  

Magnetic Particle Imaging (MPI) is a new medical imaging technology which obtains dynamic 

images at high spatial and temporal resolution (1,2). In principle, there is no need for image 

reconstruction in MPI and the recorded signal can be mapped into the image domain, resulting 

in 3D images with high spatial resolution, in an approach called x-space MPI (52). However, 

this approach is currently limited to rather simple trajectories of the Field-Free Point (FFP). To 

date, more complex trajectories of the FFP require a reconstruction that involves inversion of a 

system function. To obtain a system function, a calibration scan is performed by moving a small 

delta-like sample point-by-point through each voxel of the final image and measuring the signal 

response. This area contains the Field-of-View (FOV) in MPI, to which we refer as the area 

which is covered by the FFP trajectory encoded by the oscillating drive fields. Since the size of 

the FOV is determined by the drive field amplitude and the magnetic field gradient, the size 

limit of the FOV is typically small for current MPI scanners due to SAR and nerve stimulation 

issues (9).   

To cover a larger area, a concept has been introduced that acquires several adjacent FOVs, at the 

cost of decreased temporal resolution(53,54). In the latter, additional homogeneous offset fields, 

in MPI so-called focus fields, are applied step-wise to shift the center of the FOV, leading to 

increased volume coverage on several adjacent focus field stations. To this increased area we 

refer as “extended FOV”. In the next step, it has been experimentally demonstrated in (15) that 

signal encoding in MPI can be also done during the linear transit motion when the FOV is 

changed from one neighbouring focus field station to the other.  

We investigate in this contribution a more complex motion of the FOV. We apply a complex 

FOV trajectory with two different acquisition strategies: In the first, a large system function is 

acquired that contains the extended FOV. In the second approach, we acquire a small system 

function of the FOV without a focus field sequence and apply the correction method proposed 

in (15) according to the applied FOV trajectory. For both approaches, we use simulations and a 

real MPI system with phantom measurements (Philips Research Laboratories, Hamburg, 

Germany). 
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With a continuous motion of the FOV on complex trajectories, sequences with large spatial 

coverage become possible with good performance in both spatial and temporal dimension. 

Further, one is not limited to stick to a static focus field station pattern and can adapt the 

sweeping path to have only desired regions in the final image, and thus the image acquisition 

time is only used for encoding of anatomic parts that are relevant for the current application.  

  

3.2  Material and Methods  

A sketch of the MPI field generator for the experiments in this paper can be found in(53). Two 

selection field magnets generate a single FFP in the center of the setup and a linear magnetic 

field gradient. 

For the 2D experiments, two drive field coils are placed orthogonal around the center and 

generate a sinusoidal oscillating offset field. Thus, the FFP is shifted rapidly on a 2D Lissajous 

trajectory, which encodes a small rectangular FoV of: 

 
[
𝐹𝑜𝑉𝑥

𝐹𝑜𝑉𝑦
] = [

2 ∙ 𝐻𝐷,𝑥 𝐺𝑥⁄

2 ∙ 𝐻𝐷,𝑦 𝐺𝑦⁄
] 

(1) 

with magnetic field gradients Gx and Gy, drive field amplitudes HD,x and HD,y. Thus, the size 

of the FOV encoded by the drive fields can be changed either by increasing the drive field 

amplitude or by decreasing the magnetic field gradient.  

The focus field superimposes the drive field sequence with a sequence of time-varying 

homogenous offset fields, thus shifting the FOV in space. With magnetic offset field strength 

HFF,x  and HFF,y  of the focus field, the extended FoV has a size of 

 
[
𝐹𝑜𝑉𝑥

𝐹𝑜𝑉𝑦
] = [

2 ∙ 𝐻𝐷,𝑥 𝐺𝑥⁄

2 ∙ 𝐻𝐷,𝑦 𝐺𝑦⁄
] + [

2 ∙ 𝐻𝐹𝐹,𝑥 𝐺𝑥⁄

2 ∙ 𝐻𝐹𝐹,𝑦 𝐺𝑦⁄
] 

(2) 

at a potential cost of increased acquisition time for the additional focus field sequence. 

However, the acquisition time is not increased, when the same repetition times for the focus and 

drive field cycles is applied. In this work, we apply one focus field cycle in several drive field 

cycles. 

3.2.1 Complete System Function Acquisition 

 

The common way to describe the imaging system in MPI is the characterization with a transfer 

function(55). Unlike the k-space formulation in Magnetic Resonance Imaging or Computed 

Tomography, there has not yet been found an equivalent mathematical theory to describe the 3D 

imaging process in MPI such as Fourier transform of the data.  



Measurement of System Function with extended Field-of-View 

 
 

21 
 

Thus, the system is characterized by shifting a point-like sample of the contrast agent voxel by 

voxel through the extended FOV and measuring its signal response at each sample position. In 

the end, all information is collected to characterize the system of contrast agent, scanner 

properties and applied excitation sequence. One way to do the sample motion is by physical 

movement with a robot, as it was done in the first publication on MPI (1). It can also be done by 

means of the focus field, where the sample rests in the center of the MPI scanner and only the 

field configuration changes (56). In general, the measured signal response of one voxel is stored 

along one axis of the transfer matrix, in MPI called system matrix. This transformation matrix 

maps the distribution of the contrast agent to the acquired signal space, and the jth column of the 

system matrix A can be acquired as   

 𝐴𝑗 = 𝑠𝑗 (3) 

with the signal response 𝑠𝑗 of the delta-like sample at the image voxel position j. With an 

unknown distribution c of the contrast agent, the imaging equation can be written using the 

signal response b from the phantom scan as 

 𝐴𝒄 = 𝒃 (4) 

Since the number of voxels can become large for a large and dense 3D grid, the number of 

columns and thus the time to acquire the complete system matrix can become long and may take 

up to one day. To accelerate the acquisition, several approaches have been proposed, such as 

using a simulated model (57) or a dedicated system calibration unit (56). Recently, a sparse 

acquisition of the system matrix has been proposed using compressed sensing (58). However, 

the best image quality has been so far reached by measuring a complete system matrix at all 

voxels, which is still the reference method for all strategies (59,60). 

3.2.2 Correction Method 

 

In the case of a combined focus and drive field sequence, a method has been proposed that 

recovers a system function of an extended FOV by a small system function with a FOV without 

focus sequence. The basic idea is to assign new spatial coordinates of the signal response from 

each voxel of the small system function according to the applied focus field trajectory. For FOV 

motion on straight lines, this method has been demonstrated to allow for the acquisition of 

images during a linear 3D- FOV motion of up to 1 m/s before significant artifacts arise(15).  

For the correction method, first a small static system function is acquired with only a drive field 

sequence. If the columns in eq. (4) are stored in frequency-domain, an inverse Fourier transform 

needs to be applied to get a signal response in time-domain. Then, a coordinate transform of the 
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voxel coordinates is performed according to the time evolution of the focus field sequence, 

which is mathematically a row transform of A . 

In the row transform, the rows in the corrected system function ,A~  here denoted as ,A~i  are 

shifted according to 

 (𝐴𝑖)0,1,…,𝑁 → (�̃�𝑖)
𝑠(𝑡),𝑠(𝑡)+1,…,𝑠(𝑡)+𝑁

 (5) 

                           

with a small system function of N+1 voxels. Before the row shift s(t) is applied, the matrix is 

extended with columns containing zeros to make sure that the shifted imaging region is still 

contained in the system function. A row shift induced by a linear one-dimensional focus field 

sequence can be written as  

 𝑠(𝑡) = 𝑟𝑜𝑢𝑛𝑑( 2 ∙ 𝐻𝐹𝐹,𝑥(𝑡) 𝐺𝑥⁄ /𝑠𝑥), (6) 

with the focus field offset HFF, magnetic field gradient Gx and voxel size sx. For non-linear 

shifts, for instance with a one-dimensional sinusoidal focus field sequence, the row shift is 

given by 

 𝑠(𝑡) = 𝑟𝑜𝑢𝑛𝑑( 2 ∙ 𝐻𝐹𝐹,𝑥𝑠𝑖𝑛(𝑡) 𝐺𝑥⁄ /𝑠𝑥), (7) 

                              

For higher-dimensional shifts, the index function has to be adapted according to the storage 

format of the columns. For the voxels outside the shifted FOV, the signal is zero-padded. At the 

border voxels between FOV and zero-padded region, a linear ramp with nearest-neighbour 

method is applied to suppress extrapolation artefacts. After the row transform, the columns of 

the system matrix are back transformed in frequency-domain for the reconstruction. In this 

contribution, we show that this correction method can be applied also on non-linear trajectories.  

3.2.3 Image Reconstruction 

For image reconstruction, a regularized least-squares approach is used with Algebraic 

Reconstruction Technique. Before the reconstruction step, the response spectrum is reduced 

using a signal-to-noise (SNR) measure as described in (61). After this reduction, the problem is 

solved as optimization problem    

 ‖𝐴𝒄 − 𝒃‖2
2 + ‖𝒄‖2

2 = 𝑚𝑖𝑛!  (8) 

 

The regularization parameter λ deals with the balance between improved SNR at the cost of 

reduced spatial resolution. In the reconstruction used in this paper, λ is chosen with a heuristic 

approach. Alternatively, it could be chosen using more sophisticated methods such as L-curve, 

see (62). 
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3.2.4 Simulations 

 

An MPI field generator is simulated according to the one used in [6]. The field gradient is 1.25 

T/m x 1.25 T/m in the horizontal plane, in which the phantom is placed. The drive fields are 

applied with frequencies of 24.15 kHz and 25.25 kHz at amplitudes of 14 mT. With these 

frequencies, the FFP is shifted rapidly on a 2D Lissajous trajectory, at a repetition time of 0.625 

milliseconds [2] and a FOV of 2.2 cm x 2.2 cm.  

For the focus fields, the complex trajectory is visualized in Figure 1. The focus field was 

applied with a sinusoidal sequence with amplitude of 16 mT, which results in a complex FOV 

trajectory of a closed 2D Lissajous cycle. The area covered by extended FOV is 4.8 cm x 4.8 

cm. The area covered by the system function is 5.0 cm x 5.0 cm, containing the FoV motion. 

One focus field cycle is driven in two different acquisition times and thus in different average 

speed: 

 One focus field cycle in ten drive field cycles (repetition time: 6.25 milliseconds, 

average FOV speed: 17 m/s) 

 One focus field cycle in two drive field cycles (repetition time: 1.31 milliseconds, 

average FOV speed: 86 m/s) 

In an optimized scanner, it would be possible to find drive field and focus frequencies that have 

same repetition time. However, in the constraints of currently available MPI systems the drive 

frequency is a fixed value and only the focus field frequency can be adapted. For the complete 

2D system function, a region of 5.0 cm x 5.0 cm is discretized in 50x50 voxels at a spacing of 

1.0 mm x 1.0 mm, in order to contain the FOV motion. To increase SNR of the system function, 

the focus field sequence is three times averaged for each voxel. For the small system function in 

the correction method, a system function with 30x30 voxel and 1.0 mm x 1.0 mm spacing is 

used, with three times signal averaging as well.  

For the phantom scan, a Derenzo-like phantom is filled with Langevin particles of magnetic 

core diameter of 25 nm and 40 nm. The spacing is 1.2 mm - 1.6 mm - 2.5 mm - 3.5 mm - 4.2 

mm.   The dimension of the phantom is 4.8 cm x 4.8 cm. The simulations are performed by an 

internal software tool of Philips Research Hamburg, Germany.  

3.2.5 Real MPI data 

 

As MPI field generator, a preclinical MPI demonstrator is used at Philips Research Laboratories 

Hamburg, Germany. Its selection field consists in the horizontal plane of a magnetic field 
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3.3  Results  
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3.4  Discussion and Conclusion 
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included in the acquired system function although further research needs to be done in this field.   

For future validation on a real MPI scanner, it would be interesting to implement 3D complex 

movements and a technical modification to enable higher FOV speed. 
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4. VF 3D-BRISA: Very Fast 3D BReath-hold Isotropic 

imaging using Spatio-temporal Acceleration for 

non-angulated whole-chest 3D cardiac cine MRI  
 

4.1  Introduction 

The standard clinical measurement of left-ventricular function by MRI involves time-

consuming acquisition of a stack of at least 10-12 slices in short-axis and long-axis orientation. 

Typically one or two slices are acquired per breath-hold. In addition to the actual (accumulated) 

scan time, this introduces additional time for patient breathing recovery between the breath-

holds. Moreover, patient bulk movement and the fact that the breath-holds are often not 

identical, results in misregistration between breath-holds, which can compromise estimates of 

left-ventricular function. For these reasons there is a great interest in developing a highly 

accelerated cardiac cine acquisition method that acquires the entire heart in a single breath-hold 

and with sufficiently isotropic spatial resolution to allow subsequent reformatting in any desired 

orientation. In general, cine imaging to assess cardiac motion consists of a multi-phase 

acquisition to capture multiple time windows of the cardiac cycle.  

The past 10 years have witnessed many advances in MRI imaging acceleration techniques for 

cardiac cine applications (28,30,32,38,39,46,63–69). Parallel imaging techniques use receiver 

coil sensitivities in the reconstruction process to reduce the number of k-space profiles, reaching 

acceleration factors of up to 3 for 2D cine acquisitions (28,30). K-t acceleration techniques 

extract signal correlation from a low-resolution training dataset to recover omitted k-space 

profiles, achieving acceleration factors of up to 8 (38,63–65). The kat-ARC technique improves 

image quality of k-t acquisitions by adapting the local cardiac motion at each cardiac phase,  

(66,67). Compressed sensing techniques have been successfully applied to multi-slice cardiac 

cine imaging with an acceleration factor of around 11 (32,46,68).  

A particular acceleration technique for cardiac cine imaging is NoQuist (43). In NoQuist, the 

FOV is divided into a static and dynamic image region based on prior anatomical knowledge.  

The signal from those static and dynamic image regions is modelled in a system matrix that 

simultaneously takes into account all acquired k-space data. Then, NoQuist reconstruction 

consists of inverting this system model matrix. The NoQuist technique has also been combined 

with parallel imaging (PINOT, Parallel Imaging and NoQuist in Tandem (44), which allows 

higher acceleration factors at the cost of an SNR penalty and an enlarged system matrix. In both 
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techniques, the maximum acceleration factor is limited by the size of the dynamic region in 

comparison to the entire FOV. This limitation is less pronounced in 3D acquisitions where the 

FOV reduction can be applied in two phase encoding directions. However, the computational 

complexity of the system matrix inversion becomes too computationally expensive in the case 

of 3D cardiac cine datasets. 

In this contribution, the VF 3D-BRISA technique (Very Fast 3D BReath-hold Isotropic imaging 

with Spatiotemporal Acceleration) is presented for highly accelerated 3D cardiac cine imaging. 

BRISA shares with PINOT the idea of combining parallel reconstruction techniques with FOV 

reduction to a dynamic image region. However, BRISA substitutes the inversion of the large 

system matrix, as used in PINOT, by an extension of SENSE reconstruction algorithm.  

 

4.2 Theory 

BRISA consists of acquiring two different datasets in the same scan in an interleaved fashion 

with different SENSE acceleration factors (Fig. 1a, b). The first dataset (Fig. 1a) does not 

contain any temporal information and is obtained in a single-phase acquisition with relative low 

acceleration factor (E). The second dataset (Fig 1b) contains dynamic information and is 

obtained in a multi-phase cine acquisition with higher acceleration factor D (D>E). The first 

(static) dataset is used to remove signals of static image regions in the second (dynamic) dataset 

(marked region in Fig. 1c). After the signal has been removed, the reconstruction FOV of the 

second dataset can be reduced to a smaller region, to which we refer to as “dynamic FOV” (Fig. 

1c), since the outer image regions no longer contribute signal. In the example of Fig. 1c, the 

reconstruction FOV is reduced by a factor 4 (2x2 in LR and AP) compared with the entire FOV. 

As a result, the corresponding SENSE factor is reduced from 8 (4x2 in LR an AP) in the entire 

FOV to a SENSE factor of 2 (2x1 in LR an AP) in the dynamic FOV. The hypothesis of BRISA 

is that this reduction of the effective parallel imaging factor improves SENSE performance and 

reduces noise amplification.   

Reconstruction in BRISA starts with the first dataset covering the entire FOV. This dataset is 

acquired with low acceleration factors and can be reconstructed using conventional SENSE (28) 

(Fig 2a). In this image, the dynamic FOV is selected by using prior knowledge about static and 

dynamic image regions. SENSE reconstruction of the first dataset provides an image corrected 

by the coil sensitivities(70). For BRISA, this image is weighted by coil sensitivities for each 

receive coil element to match the signal received by each coil element from the second dataset 

by voxel-wise multiplication (Fig 2b). The previous step produces synthetic (static) images 

equivalent to fully sampled images received by each coil element.  The synthetic images are 
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4.2.1 Calculation of net acceleration for BRISA  







3D-BRISA : 3D BReath-hold Isotropic imaging using Spatio-temporal Acceleration for 3D cardiac cine MRI  

 

33 
 

 



Development of novel quantitative non-invasive cardiac imaging techniques for MRI and MPI 

 

34 
 

4.3 Methods  

Three experiments were performed to validate the feasibility of BRISA. The first experiment 

was designed to evaluate noise amplification in the dynamic FOV.  The second experiment was 

designed to compare BRISA with conventional SENSE reconstructions over a range of net 

subsampling factors. Finally, the third experiment was designed to evaluate BRISA feasibility 

on real 3D cardiac cases.  

All experiments were performed with a 3T MRI system (Achieva 3T-TX, Philips Healthcare, 

Best, The Netherlands) using a 16-channel phased-array receive coil (SENSE XL Torso – 3.0 T 

Achieva, Philips Healthcare, Best, The Netherlands). The coil was configured with two 8 

element coil layers (in AP direction), 4 coil element rows in LR direction, and 2 coil element 

rows in FH direction (65 cm L x 10 cm H x 45 cm W). The experiments were performed after 

obtaining written consent and approval from the local institutional review board. For the 2D 

experiments, no contrast agent was used. For the 3D experiments, the reduced blood-

myocardium contrast in 3D excitation was compensated by acquiring images 10 minutes after 

injection of 0.2 mM/kg gadoterate meglumine (gadoliniuum-DOTA, marked as Dotarem, 

Guerbet S.A., Paris, France)((72).   

For 2D experiments, theoretical noise amplification was assessed by geometric factor maps (g-

maps) (1). For BRISA g-maps were computed inside the dynamic FOV with the virtual 

subsampling factor D*. For the background, g-map values were taken from the first SENSE 

reconstruction in the full FOV using the subsampling factor E.   

4.3.1 Parallel Imaging in small Dynamic FOVs 

 

The aim of this experiment was to assess the performance of parallel imaging reconstruction for 

different sizes of the dynamic FOV. For this experiment, one image was acquired from a single 

axial MRI slice at abdominal level, avoiding cardiac motion artifacts. Images were acquired 

with a 2D steady-state free precession technique (SSFP) (TR/TE/FA= 2.9ms/1.44ms/45º) with 

and FOV of 550x352mm (LRxAP), 2x2mm in-plane voxel size and 8mm slice thickness. 

Dynamic FOV size was chosen between 367 mm x 352 mm and 157mm x 141 mm (LR-AP). 

The data were acquired with a fully sampled k-space, and later subsampled in the phase-

encoding direction and the readout direction in order to simulate the subsampled acquisitions 

used in BRISA for 3D acquisition. The subtraction of the signal from the static region in the 

BRISA reconstruction was performed from the same data set ensuring complete removal. 

Subsampling factor D*, for the dynamic FOV, was kept constant at D*=2x2 (RL-AP).  
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4.3.2 Comparison of SENSE and BRISA  

The aim of the second experiment was to compare BRISA reconstruction with conventional 

SENSE reconstruction from the same cardiac triggered dataset. For this experiment, one image 

was acquired from a single axial slice at the level of the heart. Images were acquired by 

retrospective cardiac triggered 2D-SSFP (TR/TE/FA= 2.9ms/1.44ms/45º) with and FOV of 

550x320mm (LRxAP), 2.6x2.6mm in-plane voxel size, 8mm slice thickness and 20 cardiac 

phases. Data were acquired with fully sampled k-space, and later subsampled in both the phase-

encoding and readout directions in order to simulate 3D accelerated acquisition with BRISA and 

SENSE. Four k-space subsampling combinations of the acceleration factors D and E were used 

and shown on table 1, together with resulting net acceleration factors for BRISA and SENSE 

and dynamic FOV sizes. Q-body coil regularization was applied during reconstruction process 

in both cases (73). Total acquisition time in both techniques were equal although BRISA need 

to interleave three extra cardiac phases to generate the static information, producing less 

temporal resolution in the diastolic part of the cardiac cycle.  

 

Subsampling 
Factor D  

Subsampling  
Factor E 

Net acc.  
factor R  
(BRISA)  

 Net acc.  
factor R 
 (SENSE)  

Dynamic 
FOV LR-AP 
(mm2 ) 

2 x 2  2 x 2 
2 x 2 
3 x 2 
3 x 2 

 3.8    4.0 275 x 160 

4 x 2  7.6    8.0 275 x 160 

6 x 2  11.4    12.0 183 x 160 

6 x 3  16.3    18.0 183 X 213 

 

Table 1.  Reconstruction parameters for the second experiment. BRISA reconstruction uses the following 

parameters: SENSE subsampling factors D and E in the entire FOV, and dynamic FOV size. For BRISA, 

calculation of net acceleration takes account of D, E and number of cardiac phases. For conventional 

SENSE, the net acceleration factor is equal to the subsampling factor D. 

 

4.3.3 Isotropic, non-angulated, whole-heart cardiac 3D cine imaging  

The aim of the third experiment was to show the feasibility of VF 3D-BRISA to acquire single 

breath-hold whole-chest 3D SSFP cine acquisitions in humans. Non-angulated 3D coronal 

volume were acquired with, 300 x 520 x 310-316 mm FOV (FH-LR-AP), FA 42º, TR 2.4ms, 

TE 1.18ms (full echo), readout bandwidth =2160 Hz/pixel, Acquisition voxel Size 2.6x2.6x2.6 

mm (reconstructed to 2.0x2.0x2.0 mm), 16 cardiac phases (retrospectively triggered), partial 

Fourier factors 0.7x0.7 (LRxAP), and elliptical k-space shutter; these parameters resulted in a 

scan time of 23-25 seconds (depending on heart rate and patient size). Non-selective RF 

excitation pulses were used to obtain a short TR while allowing relatively high flip angles. The 
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selected flip angle was chosen as a compromise between a short TR and the recommendations 

for cardiac SSFP imaging at 3T with contrast agents (74). To ensure homogeneous excitation 

RF shimming was applied (75). 

Additionally, in all volunteers, 2D-SSFP reference cine images were acquired in a 2D multi-

slice sequence with 12 breath-holds, in order to qualitatively compare the reformatted short axis 

from the 3D-BRISA acquisition with a standard cardiac cine MRI acquisition, with the 

following imaging parameters:  FOV 380mm,  FA 40º, TR 2.7ms, TE 1.3ms, readout bandwidth 

= 2016 Hz/pixel, acquisition pixel size 1.8x1.8mm, slice thickness 8 mm with no gaps, 30 

cardiac phases, and scan time 10.4 seconds per slice  

For cine acquisition in the entire FOV, a second (dynamic) dataset was acquired with a 

subsampling factor of D=6x3 (RL-AP), with respect to the original (full) FOV. For BRISA 

reconstruction, the size of the dynamic FOV was set at 173mm x 206 mm (LR-AP), and was 

reconstructed using a SENSE factor of D∗ = 2x2 (LR-AP) in the dynamic FOV after 

subtraction of the signal from the static image regions. The acceleration factor E for the first 

(static) dataset was set to E=3x1.5 (LR-AP). Together with 3D partial Fourier of 49% (70% in 

LR and 70% in AP) and, 75% elliptical shutter the net acceleration, taking into account the 

subsampling factors D and E, was 34 (acceleration factor without partial Fourier and elliptical 

shutter was 15).   

For the reconstruction of the first (static) dataset in the entire FOV, no regularization was 

applied.  For the reconstruction of the second (dynamic) dataset in the reduced FOV, quadrature 

body coil regularization was used (73). Reconstructed 3D-BRISA images were transferred to 

Extended MR Workspace (Philips, The Netherlands) to perform double oblique multi-planar 

reconstruction (MPR) for short axes and 4-chamber orientations. Reconstruction time was 

measured excluding SENSE inversion matrix calculation, which can be computed beforehand. 

 

4.4  Results  

4.4.1 Parallel Imaging in small dynamic FOVs 

The reconstructed magnitude images and g-factor maps for the 2D imaging experiment in the 

liver are presented in Fig. 4a. As can be seen in table 2, the max. G-factor value is 2.32 for the 

smallest FOV and 1.61 for the largest dynamic FOV size. In the images, slight noise 

amplification can be noted for small FOVs, but no image artefacts are visible. 
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Size Dynamic 
FOV / mm2 

Max. G-factor 

367 x 352 1.61 
1.75 
1.95 
2.21 
2.32 

275 x 352 
220 x 176 
183 x 141 
157 x 141 
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value increases from 1.0 (no SENSE) to a maximum of almost 2.5 for the smallest FOV of 157 x 141mm. 

4.4.2 Comparison of SENSE and BRISA  

 

Fig. 5 presents the results of the comparison between BRISA and conventional SENSE 

reconstruction of the same 2D cardiac cine data set. A heart rate of 69 bpm lead to a temporal 

resolution of 44 milliseconds in the cine acquisition. It can be seen that conventional SENSE 

could be applied to this dataset with a subsampling factor up to D=4x2 (RL-AP) before the 

noise strongly increased, giving rise to image artefacts and high g-factor values (see table 3). 

For BRISA, the maximum subsampling factor in this dataset with acceptable image quality and 

g-factor values was a D=6x2 (RL-AP). Total reconstruction time in an off-line implementation 

was in the range of a few seconds for both methods (movie of the full cardiac cine cycle is 

available online as supplementary data, V1).   

 

FIGURE 5: Results of 2D Cardiac Cine Imaging Experiment 

Subsampling 
Factor D 

Max. G-factor 
BRISA 

Max. G-factor 
SENSE 

Dynamic 
FOV LR-AP  
(mm2 ) 

2x2 1.28 
1.29 
1.35 
1.77 

1.27 275 x 160 

4x2 1.79 275 x 160 
6x2 6.18 183 x 160 
6x3 8.80 183 X 213 

 
 

  

Table 3.  Max. Values of g-maps for BRISA and SENSE reconstruction for the second 
experiment.   

 

4.4.3 Isotropic, non-angulated, whole-heart cardiac 3D cine imaging  

Three subjects were successfully scanned with BRISA, with a breath-hold of 23-25 seconds. 

The results for one of the patients using full-chest cardiac 3D cine acquisition with BRISA are 

shown in Fig. 6. Axial, Coronal and sagittal views (Fig 6a) show good image quality in systole 

and diastole with isotropic resolution and image contrast in all views. In addition reformatted 4 

chambers and short axes view show proper cardiac contraction along the cardiac cycle.  

Reconstruction time for BRISA was 38.1 seconds for the complete 4D cine dataset on a single-

core CPU in an off-line implementation (24.6 seconds for subtraction of static FOV information 

and 13.5 seconds for SENSE in the dynamic FOV). Videos of the full cine volumes are 

available online as supplementary data (V2-V4).   
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4.5 Discussion  

 

This study introduces the BRISA technique for whole-chest cardiac 3D cine imaging. BRISA 

achieved a high acceleration factor of over 30, enabling acquisition of good quality images in a 

23-25 second breath-hold. Whole-chest acquisitions with high isotropic resolution allow the 

assessment of cardiac function and big vessel anatomy information like aorta and pulmonary 

veins.  In addition, non-angulated coronal acquisitions remove the need for pre-scan scout 

images to find cardiac orientations shortening cardiac MRI workflow. Conventional parallel 

imaging techniques (28,30) cannot reach acceleration factors required to achieve this acquisition 

in a single breath-hold.   

SENSE reconstruction fails when the number of unknowns (the number of aliasing pixels) is 

larger than the number of independent coil channels. In this case, the system of equations in 

SENSE is underdetermined and unfolding artefacts appear in the reconstructed images (see Fig. 

6b with D=18). With the coil topology used in the present study, SENSE is expected to reach a 

maximum acceleration factor of 8, because there are 4 coil rows in the LR direction and 2 coil 

layers in the AP direction, and the FH elements provide limited additional coil sensitivity 

information for SENSE reconstruction in AP and LR (see Fig 6a, D=8). For an axial slice there 

are therefore 8 independent coil elements available that provide reliable information for 

generating images based on conventional SENSE (76). It is demonstrated that BRISA exceeded 

this SENSE limitation, as acceptable acceleration factors of BRISA were up to 12 (6x2 in AP-

RL) (Fig. 6b). The key of BRISA is that all signal outside the dynamic FOV is removed and the 

dynamic information is reconstructed in considerably smaller dynamic FOV. In this situation, 

some of the aliasing pixels in a subsampled acquisition are located in empty areas (after the 

signal of static regions is removed), and these pixels can be safely excluded from the 

reconstruction (73). In other words, the parallel imaging factor is effectively reduced for these 

pixels when using appropriate regularization. In this way, BRISA allows acquisitions with a 

subsampling factor higher than is possible with conventional SENSE and even higher than the 

number of coil channels (see Fig 5b with D=12 and D=18). 

The minimum size of the dynamic FOV for BRISA is determined by the need for it to encase 

the moving parts of the object in a cine acquisition. The use of parallel imaging in small FOVs 

(Fig. 5) showed that a SENSE reconstruction (SENSE factor of D*=2x2) can be applied in a 

dynamic FOV as small as 200 mm x 176 mm (LR-AP) without noticeable reconstruction 

artefacts. Images with a dynamic FOV smaller than 183 mm x 141 mm (LR-AP) showed 

increased noise and correspondingly high g-factor values. Noise amplification in parallel 

imaging varies with position and depends on the coil geometry, the FOV, and the acceleration 
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factor (28). With the coil geometry used in this paper, the AP direction is the most sensitive to 

noise enhancement because there are 2 independent coil channels in that direction. When a 

small FOV is applied with parallel imaging in the AP orientation (which is the case with 

BRISA), the coil sensitivity functions become rather flat and the sensitivity inversion matrix 

becomes ill-conditioned for acceleration factors close to 2.  

BRISA is suitable for non-slice selective 3D imaging acquisitions where the whole chest is 

excited. Non-selective pulses have three advantages: First, non-selective RF excitation pulses 

require less SAR, and have a simpler RF shape, leading to a shorter TR and therefore fewer 

SSFP off-resonance artefacts, which is an important issue at 3T. For the non-selective BRISA 

imaging presented in this paper, a TR of 2.4ms would increase to a TR of 4.4ms when using 

regular excitation pulses. Second, a shorter TR leads directly to faster acquisition times for the 

same number of phase-encoding steps. Third, with selective excitation, the actual 3D excitation 

and encoding thickness is always significantly larger than the final reconstruction, to 

compensate for the imperfect excitation profile. The potentially longer scan time required to 

encode a thicker 3D volume is largely compensated by the shorter TR and the fact that outer 

slices no longer need to be discarded with non-selective 3D excitation. A potential disadvantage 

of non-selective excitation is the need for a bigger slice-encoding thickness for static images in 

obese patients.  

BRISA was successfully applied in 3D full-chest cardiac cine imaging in three participants. The 

sequence was tolerated without complications at good image quality. The 3D volumes of the 

cine series could be reformatted to short-axis and long-axis cardiac views using MPR during 

post-processing, and show motion information that is qualitatively equivalent to the reference 

2D multi-slice standard (although at lower spatial resolution). Reconstruction of the complete 

4D BRISA cine dataset took 38.1 seconds in a single-core off-line implementation. This fast 

reconstruction is possible because the algorithm is non-iterative and uses computationally 

simple operations such as multiplication and subtraction as an add-on to conventional SENSE 

reconstruction. In contrast, model-based inversion methods such as NoQuist and PINOT, as 

well as compressed-sensing approaches, use iterative reconstructions, making them challenging 

for current CPU hardware and preventing their use with large cardiac 3D cine datasets. By 

comparison, the reported reconstruction time for PINOT is 58 minutes for a 2D cine experiment 

(44). High complexity is also a feature of compressed sensing methods, and reported 

reconstruction times for these methods range from 10 minutes per slice (46) to 30 minutes for a 

complete 3D cine dataset (77).  

In comparison with kat-ARC(78), BRISA uses a SENSE accelerated acquisition to recover the 

signal of static image regions. In contrast, kat-ARC requires to acquire a fully sampled k-space 
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to estimate the signal from static regions. Moreover, to estimate moving pixels, kat-ARC 

requires several fully sampled images at different positions in the cardiac cycle, while BRISA 

uses prior anatomical knowledge to define these regions and can acquire all cardiac phases with 

a high k-space undersampling. 

 

4.6  Conclusion 

 

VF 3D-BRISA has demonstrated good-quality whole-chest 3D cardiac cine imaging in a single 

breath-hold. This has the potential to significantly improve clinical workflow, because non-

angulated thick 3D volume planning is much simpler and faster than the planning of the double-

oblique short-axis and long-axis angulations used for conventional cine acquisitions. In 

addition, short reconstruction time of VF 3D-BRISA could allow its rapid integration into 

routine practice with clinical MR scanners. Further clinical validation of the method is required. 
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5. In-vivo validation of non-angulated whole-heart 

cardiac cine imaging using VF 3D-BRISA  
 

5.1 Introduction  

 

Cardiac magnetic resonance (CMR) imaging is the gold-standard tool for the evaluation of 

cardiac anatomy and function because of its superb soft-tissue contrast and high spatial 

resolution(79). Analysis of the left ventricle, including measures of end-diastolic volume 

(LVEDV), end-systolic volume (LVESV), mass, and ejection fraction (LVEF), is of immense 

diagnostic and prognostic value (80). However, physicians and MR technicians face challenges 

in the daily clinical application of cine CMR. One of these challenges is the long scan time, 

which requires patients to hold their breath throughout most of the data acquisition sequences in 

typically 6-12 breath-holds (81). In addition, correct adjustment of plane orientations for cardiac 

slice angulation is technically demanding, requiring high levels of training for technicians and 

MR specialists. A technique for non-angulated 3D acquisition would simplify the cardiac MR 

protocol and reduce scan times, preferably to a single breath-hold 

A number of strategies have been developed to reduce CMR scan times. Compressed sensing 

and k-t-acceleration have been applied to acquire multi-slice cine CMR in a single breath-hold, 

and their derived values indicate good agreement with conventional multi-breath-hold cine 

sequences (38,46,64,65,82). However, none of the reported acceleration techniques provides 

isotropic resolution, and the cardiac slices need to be angulated with scout planning sequences. 

In addition, k-t-accelerated methods require a separate breath-hold for the training data set, and 

the obtained images are sensible to blurring artefacts.  

Recently, VF 3D-BRISA has been proposed for highly accelerated assessment of cardiac 

motion with 3D cine imaging in a single breath-hold (83). In this work, the obtained motion 

parameters of 3D cine imaging with VF 3D-BRISA are validated against a 2D standard in a 

porcine model. The goal is to demonstrate that the obtained cardiac function parameters agree 

between multi-slice 2D cine and the proposed VF 3D-BRISA cine imaging and that the cardiac 

values can be obtained with good reproducibility under both healthy and unhealthy conditions. 

Pigs with a wide range of LVEF values were included after induced myocardial infarction / 

reperfusion.  The results from this work lay a strong preclinical fundament for a future 

validation of VF 3D-BRISA in humans. 
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5.2Material and Methods  

6.2.1 Animal Model 

6.2.2 Study Design 
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6.2.3 CMR Protocol 

CMR images in 3D and 2D were acquired with a 3T Achieva TX system (Philips Healthcare, 

Best, the Netherlands) equipped with 16-channel phased-array cardiac coil. Routinely, 2D-cine 

CMR images were acquired before gadolinium contrast administration (Gd-DTPA, Magnevist, 

Schering AG, Berlin, Germany). Multi-slice cine acquisition was based on a FFE-balanced 

steady-state free-precession sequence with the following parameters: field of view (FOV), 280 x 

280 mm; voxel size, 1.8 x 1.8 mm; TR, 3.0 ms; TE, 2.0 ms; flip angle, 45°; reconstruction 

matrix, 172 x 170; number of cardiac phases, 30; number of excitations, 3. Initially, several 

scans were acquired to determine the correct short axis orientation of the 2D short-axis data set. 

The whole left ventricle was completely covered by 15-17 slices, with a slice thickness of 6 mm 

and no gap between slices. Acquisition time for the multi-slice 2D scans was 264 - 296  

seconds. Approximately 10-15 minutes after gadolinium administration, a 3D FFE-balanced 

sequence was acquired in coronal orientation covering the whole chest from the diaphragm to 

the neck. The image volume was a FOV of 310x310x290mm3, with an acquired voxel size of 

2.2x2.2x2.2mm3 (TR = 2.3ms, TE= 1.15ms, flip angle 44°, acquisition matrix 140x141x132, 

with 16 cardiac phases) and  partial Fourier factors of 0.7 in one phase-encoding direction and 

0.7 in the other. The scans were ECG triggered with retrospective arrhythmia rejection under 

free-breathing conditions.  

6.2.4 VF 3D-BRISA parameters  

The dataset for the 3D cine images were acquired on an R=2x2 (RL-AP) subsampling grid and 

then additionally under-sampled to simulate an accelerated VF 3D-BRISA acquisition. As 

described (83) and (85), an additional static dataset is required for 3D-BRISA (which was 

initially published in (85) under the name “CASI-SENSE”, see Fig. 1). According to the 

reconstruction scheme of 3D BRISA, an additional (static) dataset was acquired on a Cartesian 

subsampling grid of k-space of R=4 (2x2 in RL-AP). The (dynamic) cine dataset was acquired 

on a Cartesian subsampling grid of k-space of R=4x4 (RL-AP).  The size of the reduced 

dynamic FOV was chosen 155 mm x 155mm and reconstructed using a SENSE factor of 2x2 

(RL-AP) . Taking into account the partial Fourier acquisition of 0.49 (0.7x0.7 in AP-RL), a net 

reduction factor of R=27 (R=14 without partial Fourier) was reached with an equivalent 

acquisition time of 21-23 seconds (depending on heart rate).  Image reconstruction was 

performed in an off-line implementation. The reconstruction CPU was a single-core workstation 

(3.6 GHz Intel(R) Xeon (R), 16 GB RAM, 64-bit Windows 7). The 3D cine volumes were 

interpolated to a final voxel size of 2.0x2.0x2.0 mm.   

6.2.5 Data analysis 

After 3D cine data reconstruction, the volumes were transferred to a workstation and 

reformatted to 15-17 short-axis slices using multi-planar reconstruction (MPR) to match the 
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slices from the multi-slice CMR sequence. CMR images were analysed with Cardiac Analysis 

software (MR Extended Work Space 2.6, Philips Healthcare, the Netherlands) by two observers 

experienced in CMR analysis.  

The Blood-to-Myocardium ratio (BMR) and Contrast-to-Noise ratio (CNR) were measured as 

follows. A first ROI was placed in the septal region of the mid-ventricle to measure the signal 

intensity of the myocardium, and a second ROI was placed in the center of the left-ventricle to 

measure the signal intensity of the blood. The noise was measured as standard deviation in the 

corresponding ROIs. Then, the BMR was calculated as  

 
BMR =

𝑺𝒃𝒍𝒐𝒐𝒅

𝑺𝒎𝒚𝒐𝒄𝒂𝒓𝒅𝒊𝒖𝒎
  

and the CNR as  

 
CNR =

𝑺𝒃𝒍𝒐𝒐𝒅 − 𝑺𝒎𝒚𝒐𝒄𝒂𝒓𝒅𝒊𝒖𝒎

𝟎. 𝟓 ∙ (𝑵𝒃𝒍𝒐𝒐𝒅 + 𝑵𝒎𝒚𝒐𝒄𝒂𝒓𝒅𝒊𝒖𝒎)
 

 

6.2.6 Statistical analysis 

Normal distribution was checked with graphical methods and a Shapiro-Wilk test. For 

quantitative variables showing a normal distribution, data are expressed as mean ± standard 

deviation. For quantitative variables showing a non-normal distribution, data are reported as 

medians with first and third quartiles. Correlation and agreement of the functional variables 

obtained from 2D and 3D techniques was evaluated by Passing-Bablok regression (86), Intra-

class coefficient (ICC) and Bland-Altman analysis (87). Bland-Altman analysis and ICC was 

performed to assess intra-observer variability. Statistical significance was set at a two-tailed 

probability level of 0.05. The authors had unrestricted access to the data and take responsibility 

for its integrity. 

5.3  Results  

In all 20 pigs, the VF 3D-BRISA sequence was applied successfully with no complications. The 

mean acquisition time of the 3D sequence was 21-23 seconds while the acquisition time for the 

2D sequences was 264 - 296 seconds under free-breathing conditions. Reformatted short-axis 

views of the heart of a healthy pig with normal cardiac function are shown in Fig. 2a (videos are 

available in the supplementary data). Short axis views obtained from a pig four days after 

induced infarction in the anterior wall, followed by reperfusion, can be seen in Fig. 4b .The 

image quality of the reformatted 3D-cine imaging is comparable to that of the regular 2D-cine 

imaging.  

Passing-Bablok regression comparison obtained by 3D- and 2D-cine imaging shows a high 

correlation and a good agreement, as can be seen on Figure 3. The values obtained by Bland-



Development of novel quantitative non-invasive cardiac imaging techniques for MRI and MPI 

 

49 
 



In-vivo validation of non-angulated whole-heart cardiac cine imaging using VF 3D-BRISA  

 

50 
 

Parameter Slope  Lower  
95% CI 

Upper  
95% CI 

Intercept Lower  
95% CI 

Upper  
95% CI 

ICC 

LV EF / % 1.03 0.91  1.12 -2.09 -5.95 3.02 0.98 
LV EDV / ml 0.99 0.90 1.06  2.74 -7.04 14.15 0.96 
LV ESV / ml 1.02 0.96 1.07  0.86 -3.52 4.72 0.98 
LV mass / g 1.04 0.72 1.36 -5.79 -27.44 12.78 0.81 
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Parameter Mean 2D Mean BRISA MD SD 
LV EF / % 45.2 ± 10.9 44.6 ± 9.3  0.56 1.79 
LV EDV / ml 131.9 ± 30.0 133.2 ± 30.1 -2.16  5.89 
LV ESV / ml 73.9 ± 27.6 75.6 ± 28.0 -1.98 3.29 
LV mass / g 71.1 ± 16.8 67.6 ± 16.9  2.41 10.78 
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Parameter Intra-observer  
MD SD ICC  

LV EF / %  0.20 1.20 0.98 
LV EDV / ml  0.47 3.61 1.00 
LV ESV / ml -0.35 5.14 1.00 
LV mass / g -0.70 10.84 0.87 

5.4  Discussion  
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a slight underestimate (95 % CI: -11.5 g to 19.4 g). This arises from a less accurate definition of 

epicardial boundaries in the 3D images, particularly in the basal slices. Other 3D acceleration 

techniques feature a similar bias in LV mass measures, together with significant 

underestimation of LV diastolic volume (46,65). In line with this, the variability of 2D-cine 

imaging is also higher for LV mass (Table 3). The 3D-cine method estimates left-ventricular 

volumes without bias and with low variability (95 % CI: -10.4 ml to 7.83 ml for LV EDV; -7.6 

ml to 4.2 ml for LV ESV).  

Compared with reference multi-slice 2D cine imaging, the main advantage of VF 3D-BRISA is 

that the acquisition workflow is more straightforward, because the sequence is applied directly 

in a coronal view of the whole chest. Therefore, unlike standard multi-slice 2D cine, there is no 

need for additional scout sequences to angulate different cardiac views during the scan 

procedure. Though, the reformatting step of MPR of the volumes during post-processing led to 

additional time in data analysis in comparison with the multi-slice 2D images which are 

acquired directly in short axis. However, overhead time for 3D data analysis was in the range of 

several minutes to orientate and generate a stack of reformatted short axis slices. Additionally, 

this extra time did not block MR scan time. 

The reconstruction time was 1.8 seconds per 3D volume, which is fast and convenient for many 

clinical situations that require fast image-based decision making. This efficiency is essentially a 

result that VF 3D-BRISA reconstruction is based on SENSE reconstruction, which has been 

previously confirmed to be solved rapidly (89). Hence, the whole 4D-cine dataset was 

reconstructed in 37-39 seconds, which is a reasonable time for a clinical application. 

The acquisition time with the 3D sequence, 21-23 seconds, is much shorter than with 2D multi-

slice cine (264 – 296 seconds), and in the range of a single breath-hold in patients. However, 

this already may extend the practical limit of reasonable breath-hold duration and may cause 

discomfort for the patient. Therefore, further research is required to further shorten the 

acquisition time for shorter breath-hold acquisitions. 

One limitation of VF 3D-BRISA is that contrast administration is required to compensate strong 

signal saturation due to non-selective RF excitation pulses that reduce contrast between blood 

and myocardium (72). However, this is a minor limitation because many clinical cardiac MR 

protocols include contrast application for viability assessment of the myocardium by delayed 

contrast enhancement (90).  

The main limitation of the study was that it was applied in a pig model, not in human study 

participants. However, the pig is an established model for heart studies because of the 

anatomical similarities of pig and human hearts. An unavoidable consequence of conducting the 
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study in pigs is that the sequence was applied under free-breathing conditions. This led to 

slightly decreased image quality seen as image blurring in both 2D and 3D cine imaging 

sequences. However, this study demonstrates that sufficient data can be collected in less than 

21-23 seconds, which is within the upper range for a single breath-hold in humans.   

5.5  Conclusion 

We have validated 3D cine imaging with VF 3D-BRISA in-vivo in a pig model for obtaining 

LV volumes and cardiac mass. The reformatted VF 3D BRISA cine images show considerable 

correlation and agreement with reference 2D multi-slice cine imaging. VF 3D BRISA has and 

the advantage that it can be applied by less experienced operators and requires significantly 

shorter scan times than  to acquire a stack of 2D short axis cine images. The proposed VF 3D 

BRISA sequence also provides reconstructions in fewer than 40 seconds, which is a suitable 

time for clinical evaluations.  Further research is needed to validate VF 3D BRISA in humans 

under breath-hold conditions.   
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6. Discussion and Conclusion   
 

The main goal of this doctoral thesis was to develop novel strategies for improved assessment of 

cardiac function using non-invasive medical imaging.  Two main cardiovascular applications 

are in the focus of this thesis: cardiac perfusion imaging and cardiac function imaging.   

Based on the obtained results in this thesis, the following conclusions are summarized:   

1. After evaluating different approaches for increasing spatial coverage of Magnetic 

Particle Imaging (MPI), a method is proposed to reconstruct MPI images containing fast 

complex motions of the imaged area over a large volume. In simulations, good image 

quality was demonstrated reaching high spatial and temporal resolution.  

 

2. A completely new image acquisition and reconstruction technique called “VF 3D-

BRISA” has been introduced for 3D cardiac cine imaging using Magnetic Resonance 

Imaging (MRI). The proposed method is an extension of SENSitivity Encoding 

(SENSE) and is demonstrated to reach high acceleration factors (over 30) at good image 

quality. The high acceleration factor enables to acquire isotropic 3D cine cardiac 

sequences covering the whole-chest in a single breath-hold. Additionally, reformatting 

of different cardiac views can be performed as a post-processing step, shortening the 

actual overall cardiac scan time.  

 

3. VF 3D-BRISA reconstruction has been simulated in 2D experiments and compared to 

conventional parallel imaging (SENSE), showing better image quality and less noise 

enhancement at higher acceleration rates when using BRISA. A study of spatially 

variant noise enhancement has demonstrated lower geometry factors using BRISA 

compared to conventional SENSE. 

 

4. VF 3D-BRISA has been validated in-vivo for full-chest cardiac 3D cine imaging in an 

animal model (pig) against multi-slice cardiac 2D cine acquisition. Cardiac parameters 

such as Ejection Fraction, Left-ventricle volumes and mass show good correlation and 

agreement between 2D and 3D sequence.  

 

5. VF 3D-BRISA has been implemented on a commercially available clinical 3T MR 

system. First applications on human volunteers demonstrate the feasibility of full-chest 

3D cine imaging with VF 3D-BRISA in a single breath-hold. The obtained images 
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show good image quality and high contrast between blood and myocardium. 

Reconstruction time was in the 38.1 seconds for the complete 3D cine image dataset on 

a single-core CPU implementation.  

 

MPI and MRI are at very different stages of its technical development. While MRI is 

established and widely applied in the daily cardiovascular clinical routine, MPI is currently at 

the stage of a research modality and its future preclinical and clinical role still needs to be 

defined. Due to its high spatial-temporal resolution, its high sensitivity and the linearity of the 

signal with contrast concentration changes, MPI is a promising candidate for cardiovascular 

applications such as cardiac perfusion imaging. MRI, in contrast, renders for applications on 

cardiovascular motion assessment due to its high soft-tissue contrast and its use of non-ionizing 

radiation.  

With respect to the first cardiovascular application, high requirements are posed on a suitable 

imaging modality for cardiac perfusion imaging. One challenge is that high image update rates 

are required to capture the contrast perfusion dynamics. At the same time, sufficient spatial 

resolution is needed to distinguish blood pool and myocardium. As the arterial input function is 

measured for perfusion imaging, a linear relation between signal intensity and contrast agent 

concentration is desired.  On one hand, MRI offers high soft-tissue contrast at high spatial 

resolution, yet one drawback is its low temporal resolution. A second obstacle for perfusion 

imaging with MRI is the non-linearity of the signal concentration with the MR signal, imposing 

mathematical and practical challenges to measure the arterial input function (51,91,92). In 

contrast to MRI, MPI renders for imaging of cardiac perfusion due to its high spatial and 

temporal resolution and the linearity of the signal with the contrast concentration. However, as 

MPI is a tracer-based modality, no soft-tissue contrast is visible in the images and the MPI 

images need to be registered to anatomic reference images to accurately calculate contrast 

perfusion of the myocardium. 

In Chapter 3 a method is investigated with the goal to improve volume coverage of cardiac 

perfusion imaging with MPI maintaining high temporal resolution. For cardiac perfusion 

imaging with MPI, a compromise between FOV and temporal resolution needs to be taken. 

Larger volume coverage is desired to improve image registration with high-resolution anatomic 

reference tissue images. At the same time, high image update rates are required to capture the 

contrast perfusion dynamics. In Chapter 3, an FOV extension technique is proposed using a 

large system function covering complete motions of the FOV resulting in improved image 

quality at high temporal resolution, and it is compared with a time-domain correction method 

(15).  However, one drawback of the proposed method is the large size of the extended system 

matrix, hence requiring much time for the calibration scan.  The large number of calibration 
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samples leads to a time-demanding acquisition which is challenging for the use of MPI in 

routine cardiovascular applications. Additionally, the continuous use of the focus field system 

over a calibration time of several hours leads to high power demands since the current 

amplitude of the focus field generator is several hundreds of Ampere. To treat that issue, 

methods for shortening the calibration time will have to be applied. Several methods have 

aroused to shorten the acquisition time of the system function, such as simulating parts of the 

system matrix (57), using approximate solutions of the particle physics using Chebyshev 

polynoms (8), or the use of dedicated system calibration (SCU) units with high receive coil 

sensitivity, replacing robot movement of the calibration sample by the use of focus fields (56). 

Recently, Knopp et al. reported a more than 30-fold acceleration in acquisition of a compressed 

system function in a sparse domain by reconstructing missing entries using symmetry properties 

and Compressed Sensing reconstruction (58). All these acceleration methods or combinations of 

them may be used to shorten acquisition time of the extended system function of the proposed 

method, especially in the case of three-dimensional MPI with large spatial coverage. 

Alternatively, calibrations scans for the system function may be performed over night or during 

idle periods of the MPI system, since there is in theory no relationship between the time point of 

the object measurement and time point of the system function calibration scan.  

With regards to the second cardiovascular application, cardiac cine imaging still remains a 

challenge since MRI is in principle a slow imaging method. To capture the heart motion with 

MRI, the conventional way is to segment the heart in multiple short-axes and long-axis slices 

and cardiac phases, and to acquire all cardiac phases of each slice in 10-12 separate 

breath-holds. The consequent need for multiple breath-holds and patient recovery prolongs the 

cardiac exam time and is a tedious and uncomforting task for elder patients or patients with lung 

diseases. Additionally, the slice planning procedure of short-axis and long-axis angulation itself 

requires skilled MR operators and during the planning phase, while no clinically relevant 

information can be obtained. In Chapter 4, a completely novel method called “VF 3D-BRISA” 

was introduced and implemented to highly accelerate the assessment of cardiac function 

reaching acceleration factors of over 30. The high imaging acceleration opens the way to 

isotropic full-chest whole-heart 3D cine imaging in a single breath-hold. This procedure is 

advantageous and has impact on the cardiovascular application of MRI. Instead of slice 

planning in short-axis and long axis, volume planning for 3D cine imaging can be used which is 

simpler and faster since the volumes can be oriented in plain coronal orientation of the entire 

thorax without angulation. The angulation of short axis orientation can be performed during 

post-processing changing the whole workflow cardiovascular cine MRI. Alternatively, the 

angulation may be performed remotely via internet communication or by automatic procedures, 

see (93).   
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To replace conventional multi-slice 2D cine imaging by VF 3D-BRISA cine imaging in clinical 

cardiovascular practice, the obtained results of 3D cine imaging with VF 3D-BRISA need to be 

validated against the 2D standard. In Chapter 5, the results of an in-vivo study are presented 

validating multi-slice 2D cine MRI against 3D whole-heart cine MRI with VF 3D-BRISA in 

both healthy and unhealthy conditions. The study is conducted in an animal model of the pig 

closely resembling the human heart anatomy. We demonstrated that reformatted 3D volumes 

obtained by VF 3D-BRISA show a strong correlation and excellent agreement to multi-slice 2D 

cine imaging. This study was a close simulation of human cardiac funcion with cardiac infarct 

sizes of a wide range. Based on the preclinical research in this work, a strong fundament is laid 

to validate VF 3D-BRISA in a human study.  

 

7.1  Future lines of research starting from the thesis 

 

Future possible work starting from this thesis may involve:  

1. Application of the proposed FOV extension technique for MPI to in-vivo 

applications, such as cardiac perfusion imaging and image registration between 

MPI-MRI fusion images 

2. The acquisition time of the proposed large system function may take much time 

especially for 3D MPI imaging. It will be interesting to combine the proposed 

method in this work with (57) or (58) acquiring model-based system functions or 

Compressed Sensing based system functions. In this way, the burden of long and 

power-demanding calibration scans of the system function is reduced for MPI 

imaging with continuous motion of the imaging volume.  

3. After in-vivo validation in animals in this work, the next step is an in-vivo 

validation of VF 3D-BRISA in humans to compare the obtained cardiac function 

parameters with a reference multi-slice 2D cine SSFP sequence.  

4. As the images are acquired in 3D, a direct 3D analysis of the cardiac parameters 

should lead to more accurate analysis of the cardiac function. So far, the 3D 

volumes were reformatted to short axis slices in 2D as input for the standard cardiac 

analysis workflow. A validation of direct 3D vs. reformatted 3D vs reference 2D 

cine CMR is a future step towards clinical routine. 

5. Motion compensation of the chest due to breathing motion could be studied, for 

instance by the use of navigators to further improve image quality and to apply VF 

3D-BRISA in a free-breathing acquisition 
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6. A parallelization of the reconstruction loop can be studied to further shorten 

reconstruction reaching real-time speed with multi-core implementations. 

7. The k-space sampling pattern can be optimized such as in NoQuist (94) for an 

efficient sampling of the k-space data required for VF 3D-BRISA. Also, non-

Cartesian trajectories can be investigated to enhance robustness against motion 

artefacts, however at the cost of increased reconstruction time and complexity. 
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7. Publications   
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