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The Chinese text on the other side of this page is said to be a quote from Madame Marie Curie (1867-

1934). Unfortunately, its original context has been lost despite my best efforts in trying to find it. 

Nevertheless, the Chinese version is famous for its very appropriate translation and at the same time 

the utmost beauty of utilizing the language - it not only describes a golden rule in science but also 

delivers a philosophical theme for the life of humans. Under such circumstances, I could only try to 

give a very rough translation in the hope of not losing the accuracy and flavor of the Chinese version: 

 

If one could live up to the ideals, 

in the light of free spirit and conscientiousness, 

full of perseverance and courage, 

with honesty and sincerity, then 

we shall consummate the perfection in every respect. 

 

The calligraphy of this Chinese text is written by my father Professor Kangle Zhang. It is read from 

upper right to lower left.  
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Chapter 1. Introduction 

 

Chapter 1 
 

Introduction 
 

MAGNETIC RESONANCE IMAGING (MRI) is one of the most important medical imaging 

modalities. It is based upon the phenomenon of nuclear magnetic resonance (NMR), and uses 

strong magnetic fields and radiofrequency (RF) radiation to translate the distribution of 

hydrogen nuclei (protons) in body tissue into tomographic images of anatomical structures. 

The principle of MRI was first introduced in the 1970s. Today there are almost 100 million 

MRI examinations being performed worldwide each year, in both clinical routine and bio-

medical research. 

A general advantage of MRI over radiographic imaging techniques such as computed 

tomography is its non-invasiveness, which is due to the absence of ionizing radiation. It 

provides images from cross-sections or volumes along arbitrary orientations without problems 

related to finite penetration depth and internal reflection, as for example known from 

ultrasound techniques. In addition, the images have excellent soft tissue contrast, superior to 

that of any other imaging techniques, which facilitates diagnosis and monitoring of disease 

progression and treatment in various organs including brain, heart, joints, and breast. With 

access to a large variety of contrast mechanisms based on magnetic relaxation times, 

susceptibility differences, motions, chemical shift, and magnetization transfer properties, MRI 

is not restricted to morphological descriptions of the anatomy, but also serves as a powerful 

tool in interventional, functional, metabolic and quantitative imaging studies of diverse tissue 

properties. 

On the other hand, and despite considerable progress in the technical development, there 

is still a lack of established MRI methods for continuous imaging of moving objects in real 

time. In fact, experimental trials in research-oriented environments and eventual applications 

in a clinical setting are of a very preliminary character. In this thesis, a generic solution for 

real-time MRI (RT-MRI) with excellent image quality, spatial accuracy and temporal fidelity 

is presented [1].  
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History 
 

The history of MRI can be traced back to about half of a century ago when the NMR 

phenomenon was discovered independently by Edward Purcell and Felix Bloch in 1946 [2, 3], 

for which both were awarded the Nobel Prize in Physics six years later. In 1950, Erwin Hahn 

demonstrated that the NMR effect can also be observed after the application of brief RF 

pulses [4]. The concept of this pulsed NMR experiment was later exploited for all MRI 

techniques. In the next twenty years, NMR was exclusively used for analytical spectroscopic 

purposes, mainly to study molecular structures and functions of chemical systems. In 1971 

Raymond Damadian observed that the nuclear magnetic relaxation times of water protons in 

healthy and cancerous tissue differ, motivating scientists to consider NMR for disease 

detection [5].  

In 1973 Paul C. Lauterbur for the first time described a way to spatially resolve NMR 

signals and to reconstruct a two-dimensional image from multiple encoding steps [6]. By 

superimposing magnetic gradient fields to the main field during signal detection, the 

resonance frequency was made position-dependent, permitting reconstruction of the spatial 

distribution of resonant nuclei by spectral analysis of the detected signal. For this 

breakthrough Lauterbur was awarded the Nobel Prize in Physiology or Medicine in 2003. 

Based on the gradient encoding approach, in 1975 Richard R. Ernst, who was awarded the 

Nobel Prize in Chemistry in 1991, proposed a modified version termed Fourier imaging [7], 

For spatial encoding, the use of a rotating frequency-encoding gradient was replaced by the 

combination of a variable phase-encoding gradient and a fixed frequency-encoding gradient. 

Accordingly, the image reconstruction by projection reconstruction from the Lauterbur 

experiment was replaced by a two-dimensional Fourier transformation. This concept has since 

then formed the basis of the vast majority of MRI techniques.  

In Fourier imaging the signal acquisition is conveniently described using the so-called k-

space formalism [8, 9]. In this fashion, gradient switching corresponds to playing out a 

trajectory in the spatial frequency domain, or k-space, with the net gradient direction and 

magnitude corresponding to k-space speed. Signal registration along the k-space trajectory is 

equivalent to sampling the Fourier transform of the spatial signal density. Accordingly, the 

desired image is reconstructed by an inverse Fourier transformation of the acquired data. In 

1976, the first human MR image of a finger was acquired [10], rapidly followed by reports of 

other body regions [11-14]. Subsequent technical advances in magnet and gradient hardware 

made it possible to design MRI scanners for clinical trials during the early years of the 1980s. 
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Technical Considerations 
 

As MRI became one of the common methods for diagnostic imaging, its drawbacks were also 

recognized. Apart from the fact that patients with a cardiac pacemaker or other metallic 

implants have to be excluded, this mainly applies to the relatively long measuring times. For 

conventional MRI, the acquisition of a spatially encoded NMR signal has to be repeated many 

times to cover the k-space with sufficient density and extent (typically 128 to 256 times), in 

order to yield a high-resolution image with diagnostic value. This is commonly accomplished 

in a rectilinear or Cartesian sampling grid. Most importantly, however, a certain time has to be 

awaited between each acquisition (typically 500 to 2000 ms) to ensure sufficient signal 

recovery. This limit becomes a substantial problem for MRI, because long imaging times 

cause motion problems for abdominal or cardiac examinations as well as for less cooperative 

patients, and generally do not allow for dynamic studies with a temporal resolution of seconds 

that are typical for many physiological processes. 

Over recent decades, a great number of new techniques and strategies have emerged that 

attempt to overcome this problem. The first leap was the invention of fast imaging pulse 

sequences, which are able to generate and acquire multiple echo signals continuously or 

compactly after excitation. These techniques include echo-planar imaging (EPI) [15], fast 

low-angle shot (FLASH) imaging [16], and rapid acquisition with relaxation enhancement 

(RARE) [17] techniques. In all these cases, the measuring time could be reduced considerably 

albeit with different image contrasts and sensitivities to other undesired conditions such as 

susceptibility artifacts (as in EPI) or high RF power (as in RARE). Though generally included 

and widely used in MRI, these imaging methods alone do not offer a general solution to 

achieve RT-MRI. 

A variety of other strategies were therefore suggested to further speed up MRI with 

Cartesian encoding of the k-space. These include reconstructions from acquisitions with more 

efficient data sampling schemes that cover only a part of k-space [18]. Examples are the 

“sliding window” technique [19], which updates the k-space in sequential segments, and the 

“keyhole” technique [20, 21], which updates only the low spatial frequency components. 

More recently, the different spatial sensitivities from multiple receiver coils were exploited for 

parallel imaging (or parallel acquisition techniques, PAT). This complementary information 

allows for image reconstruction from a sparsely sampled (undersampled) k-space [22-25]. In 

this way, considerable scan time reduction was achieved by reducing the number of excitation 

steps without a loss of spatial resolution or the introduction of aliasing artifacts. Nevertheless, 
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these imaging methods cannot overcome inconsistent phase errors due to the object motion 

and do not provide sequential data sets that allow for a smooth update when imaging a 

dynamic process. 

 

Purpose 
 

Therefore, the primary aims of this thesis are: 

 
• a comprehensive analysis of the physical requirements for RT-MRI,  

• the development of a generic solution for RT-MRI offering high flexibility to a broad 

range of potential applications,  

• the implementation of the proposed RT-MRI method on a 3 Tesla human whole-body 

MRI system, and  

• an experimental validation using proof-of-principle studies of healthy human subjects. 

 
The developed method is expected to monitor dynamic processes in real time and the 

potential applications should allow for the monitoring of active body movements such as 

cardiovascular motions as well as of external objects such as the delivery of a contrast agent 

or the administration of a biopsy needle or catheter during surgery. In this context, RT-MRI 

refers to the acquisition, reconstruction, and display of magnetic resonance images without 

any noticeable delay. This definition deliberately ignores any retrospective or offline 

reconstruction strategies with more advanced but slower mathematical algorithms or with 

specifically dedicated hardware that is normally unavailable. 

In order to accomplish these goals, my thesis comprises both theoretical analyses and 

practical implementations. As the central result, a RT-MRI technique is proposed that 

combines the FLASH acquisition principle with a radial encoding scheme, a sliding window 

reconstruction algorithm, and a k-space view sharing technique. The ideas are implemented 

on a commercial MRI system without the need for any hardware modification. Multiple 

applications indicate substantial scientific and clinical potential. 
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Outline 
 

A brief introduction of the fundamental MR physics and techniques is given in Chapter 2 

comprising a description of the signals that arise from the NMR phenomenon, the k-space 

encoding and image formation using traditional Fourier imaging, the image contrast based on 

basic pulse sequences, and the MRI hardware equipment used for the experiments. 

As the first step toward RT-MRI, Chapter 3 compares various rapid MRI acquisition 

techniques with respect to their physical principles. The advantages of the FLASH technique 

are experimentally demonstrated. The results show a high flexibility between acquisition time 

and image resolution. Moreover, the absence of image artifacts and the low RF energy 

deposition make it the best choice for rapid and continuous imaging [26]. 

As the second module in the development of RT-MRI, Chapter 4 compares different k-

space sampling techniques for spatially encoding the acquired MR signal. In particular, the 

radial encoding scheme, as originally proposed by Lauterbur, is favored against the 

conventional Cartesian scheme. It has long been experimentally hampered by technical 

inaccuracies of the early MRI systems, which inevitably led to the overwhelming 

predominance of Cartesian sampling schemes. However, radial encoding is recently regaining 

popularity, because, unlike Cartesian encoding, its lack of a phase-encoding gradient renders 

it tolerant to data undersampling, and in addition, its inherent oversampling in the k-space 

center, which contributes to gross image contrast, makes radial MRI insensitive to object 

motion during data acquisition. These two prominent features, namely the benign 

undersampling behavior [27, 28] and motion robustness [29], represent particular advantages 

for accelerated acquisitions and dynamic imaging.  

As the third major component of RT-MRI, Chapter 5 covers the concepts for image 

reconstruction. It describes the gridding technique for radially encoded k-space data [30], 

which is followed by a conventional 2D inverse Fourier transform. In addition, view sharing 

of successive acquisitions combined with a sliding window algorithm is applied to decouple 

data acquisition and image reconstruction, and to realize a smooth update of the dynamic 

process together with an interleaved radial encoding scheme.  

Chapter 6 focuses on the practical realization of the proposed RT-MRI method in a real 

environment based on the previous development. Implementation is achieved on a human 

whole-body MRI system with a magnetic field strength of 3 Tesla. The strategies for pulse 

sequence design are presented; the image contrast and quality, as well as achievable spatial 

and temporal resolution are determined.  
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In Chapter 7 the proposed RT-MRI method is experimentally validated in human 

subjects covering a wide range of potential applications. Examples include RT-MRI of the 

movements of the eyes and joints, the speech production, the swallowing precess, and the 

cardiovascular motion without electrocardiography (ECG) synchronization or breath hold [1].  

Finally, Chapter 8 summarizes the main achievements of this thesis and presents an 

outlook of the prospective work in the future. 
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Chapter 2 
 

Fundamental MR Physics and Techniques 
 

This chapter gives a brief outline of the basic MRI principles, including nuclear physics, 

signal processing and tomographic imaging, as well as hardware equipment, as far as 

necessary for this thesis. For more comprehensive details see [31-33]. 

 

2.1 NMR Phenomenon and Signal Generation 
 

The physical principle of nuclear magnetic resonance (NMR) can be summarized as the 

observation of high frequency signals emitted by atomic nuclei with a magnetic dipolar 

moment when placed in a strong magnetic field and excited by a short radiofrequency (RF) 

pulse with proper energy. It can be categorized into three sequential steps: (1) polarization, 

during which the macroscopic magnetization is formed by the equilibrium of nuclear spins 

aligned in the applied static magnetic field; (2) resonance, during which the perturbation of 

this alignment of the nuclear spins occurs when absorbing energy from an electromagnetic 

pulse at a specific frequency; (3) relaxation, during which the nuclear spins in a non-

equilibrium state return to the equilibrium by releasing the absorbed energy. Before 

proceeding to the details, the fundamental property of spins that enables NMR and MRI is 

introduced, and then the Bloch equations are used to describe the dynamics of macroscopic 

nuclear magnetization in the above steps as a straightforward model, while a quantum 

mechanical description on a microscopic scale, is not given here but instead included in 

Appendix B. 

 

Spin  

Spin is the quantum mechanical description of the intrinsic quantized angular momentum (L) 

observed in subatomic particles such as protons, electrons, neutrons or even photons, and also 

the entire nucleus. It is distinct from the orbital angular momentum derived from modeling 
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the dynamics in the classical physics description. Because all elements consist of nuclei, 

which comprise protons and neutrons, and each of these individual unpaired elementary 

particles have a spin of ½, all atomic nuclei with an odd number of protons or neutrons 

possess a net spin as well. Such nuclei are relevant for NMR. In particular, hydrogen nuclei 

(commonly referred to as protons) are most suitable for MRI because their natural ubiquity in 

water and fat, of which the human body consists, allow medically meaningful images to be 

obtained within reasonable measuring times. 

As a net magnetic moment (�) is produced parallel to the rotation axis by the net ionic 

charge distribution due to the unpaired nucleon, such a nucleus behaves like a magnetic dipole, 

which can be considered as a miniature bar magnet. As the orientation of such dipoles is 

random without external magnetic field, the magnetization of the nuclei cancels out on the 

average and the total magnetic moment is zero, in which case there is no net magnetization. 

 

Polarization and Magnetization 

When placed in a magnetic field B0, these magnetic moments will polarize and, for hydrogen, 

these protons will line up either parallel (spin-up) or anti-parallel (spin-down) relative to the 

applied magnetic field. This alignment is not exact because as protons spin, they wobble, 

much as a spinning top. Such wobbling of the axis of rotation about the magnetic field is 

called precession and the resulting magnetization vector, representing the magnetic dipole 

moments of the aligned protons, lies along the axis of precession. 

Because anti-parallel protons require a higher energy state, more protons align in the 

parallel direction. Thus, a macroscopic magnetization arises from the population difference in 

the direction of the external magnetic field (z-axis) within a volume of tissue when looking at 

an ensemble of spins. This magnetization (M), i.e. the sum of the individual magnetic 

moments ∑ �, is proportional to the angular momentum (L) through the gyromagnetic ratio 

(�), which is constant for a given type of atom (for hydrogen, � = 42.58 MHz/T): � � ��  

At the same time it also experiences a torque, or twisting force, in the magnetic field 

according to the classical electromagnetism laws, given by the vector cross-product � � �	. 

And because the torque of a system is equal to the time rate of change of its angular 

momentum 
� 
�⁄ , as a result, the motion of the magnetization over time (dt) in the constant  

magnetic field B0 could be described by the vector equation: 
�
� � �� � �	 
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The precession frequency, called the Larmor frequency 	, is proportional to the magnetic 

field strength: 	 � ��	           (2.1) 

This equation indicates that higher field strength results in higher frequency and that each 

type of nucleus precesses at a unique frequency in a given magnetic field. For example, when 

exposed to a magnetic field strength of B0 = 2.89 Tesla (T), which is used in this thesis, it 

corresponds to an angular frequency of 	 = 7.74 · 108 rad/ s, or respectively, �	 = 	/2π = 

123.2 MHz. 

 

Excitation and Resonance 

Because the net magnetization vector is in the same direction as the applied external magnetic 

field, a displacement is necessary in order to detect signals from it. Therefore, an additional 

transient oscillating magnetic field with the same Larmor frequency is applied in a plane 

perpendicular to the net magnetization. Since this frequency belongs to the spectrum used for 

radio transmission, this electromagnetic field is called a RF pulse. 

Absorption of RF energy by the hydrogen protons of the same frequency as that of their 

precession (known as the phenomenon of resonance) causes the magnetization M to rotate 

away from its thermal equilibrium position and results in transitions in spin states from lower 

to higher energy (excitation). The angle of rotation (�), called RF flip angle (FA), is controlled 

by the magnitude of the applied oscillating field (��) and its length of time (��): � � � � ��
�����	           (2.2) 

In a frame that is rotating about the direction of the main static magnetic field �	 at 	, the 

magnetization appears to precess only about �� and the above effect is more easily seen as the 

magnetization M is tipped away from the longitudinal direction, i.e. z-axis, into the transverse 

plane, i.e. the x-y plane, with a flip angle �. 

At the same time, another important effect of the RF pulse is that it causes the precessions 

of the protons to be synchronized so that they rotate in phase. Right after switching off the RF 

pulse, the spin system will return to its equilibrium state (relaxation) and the transverse 

magnetization Mxy will decay exponentially. 
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Relaxation and Free Induction Decay 

The whole relaxation phenomenon occurs through a twofold process and is measured as two 

time constants, T1 and T2. T1 recovery, the spin-lattice or longitudinal relaxation time, 

describes the return of the longitudinal component of the magnetization (Mz) to the thermal 

equilibrium, i.e. its original alignment with the static magnetic field, and represents the time it 

takes for 63% of the protons to return to the lower energy state. Energy loss results from 

magnetic interactions between protons that transfer energy to surrounding molecules. The 

mathematical description of this process is given by: ����� � � ��� � �	� �1⁄   

with the solution of its behavior as a function of the time t: 

�� � �	 !1 � "# $%&'         (2.3) 

T2 decay, the spin-spin or transverse relaxation time, represents the time required for the 

transverse component of the magnetization (Mxy) to decrease by 63% as a result of 

precessional dephasing, i.e. loss of phase coherence. Energy loss results from the interaction 

between protons with neighboring protons and magnetic field disturbances. The value of T2 

for a given material is typically much less than T1, and the analytical description of this 

process is given by: ��()�� � � �*+ �2⁄   

with the solution of its behavior over time t: 

�*+ � �	"# $%-         (2.4) 

Both T1 and T2 are specific to the type of tissue, and therefore are used to characterize the 

type and physiologic state of the tissue as the basis for image contrast in MRI (see Chapter 

2.3). The value of T1 for hydrogen protons in living tissue ranges from 400 to 1500 

milliseconds (ms), and the value of T2 ranges from 50 to 150 ms. 

Noticeably, in real systems, minor differences in chemical environment which lead to a 

distribution of resonance frequencies may also lead to dephasing and signal loss. Although 

such de-coherence due to magnetic field heterogeneity (e.g. main magnetic field inhomo-

geneities, magnetic susceptibility transitions, contrast agent, etc.) is not a true “relaxation” 

process, for many NMR experiments this “relaxation” dominates. Compared to the ideal T2 

relaxation, which refers to the non-reversible dephasing caused by spin-spin interaction, such 

signal deviation can be recovered, and it is consistent over time for molecules that are not 

moving. The corresponding transverse relaxation time constant is termed T2*, which is 



 
 

- 11 - 

2.1 NMR Phenomenon & Signal Generation 

usually much smaller than T2. The relation between them is: 1�2. � 1�2 / 1�01234 � 1�2 / �∆�	 

where ∆�	 is the difference in strength of the locally varying field. 

 

In summary, by taking account of all magnetic fields and relaxation effects (and neglecting 

field inhomogeneity, flow, and diffusion processes), the torque motion of the magnetization 

vector in the laboratory (stationary) frame of reference is described by the Bloch equations, 

which were introduced by Felix Bloch in 1946 as phenomenological equations for � ���*, �+, ���: 
�*
� � �� � �* � �*�2 
�+
� � �� � �+ � �+�2 
��
� � �� � �� � �� � �	�1  

The magnetic field B comprises both static and oscillating components. 

 

As the spin system relaxes and returns to its equilibrium state, the precessing magnetization 

oscillates at the Larmor frequency. Since only the transverse component of the magnetization 

can induce current in a coil, which is placed perpendicular to the B1 direction, the received 

signal will decay rapidly. This is known as the phenomenon of free induction decay (FID). 

 

2.2 Signal Localization and Image Production 
 

In NMR, all protons in the examined tissue are excited at once by the RF pulse. Therefore, the 

overall signal, i.e. the sum of signals from all protons in that volume of the tissue, is measured. 

Through a Fourier transformation (FT) of the FID signal, the multiple resonance frequencies 

due to different chemical species can be represented in the frequency domain with 

distinguishable peaks in a spectrum. This can be used to study the chemical structure of the 

tissue and is referred to as NMR spectroscopy. To be able to identify the source of the 

resonance signal and to produce images of the tissue, specific manipulation of the 

magnetization is exploited in MRI. The physical principle of this procedure can be 

summarized as the visualization of the NMR image by (1) controlling the imaging pulse 
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sequence for spatial encoding of the signal in the k-space via modifying the resonance 

condition with variable magnetic fields (gradients) and (2) using a Fourier transformation for 

image reconstruction. 

 

2.2.1 Spatial Encoding and Gradient Control 
 

The received MR signal (S) represents the transversal component of the assembly of all spin 

signals from the excited volume (V): 

7��� � 8 �*+��� · 
:;  

where the precession of the magnetization vector in transverse plane Mxy at time t after 

excitation, based on the Bloch equations but neglecting all relaxation effects for simplicity till 

further notice, is: �*+��� � �*+�0�"#0=>?�  

in which Mxy refers to a complex quantity �*+ � �* / @�+.  

In order to spatially encode the signal, small linear magnetic field gradients (G) are 

applied that lead to spatially diverse precession frequencies in a volume. By superimposing 

such a linear gradient to the static magnetic field B0, the following spatially-dependent 

magnetic field is obtained: ��A� � �	 / ABC  

where Gr refers to the gradient strength in the r-direction. Because the Larmor frequency 	 is 

proportional to the field strength, it also becomes position dependent: �A� � ���	 / BCA� � 	 / �BCA   

In other words, the gradient fields allow for linking the Larmor frequency to the spatial 

location inside the magnet. Thus, spins at different locations can be differentiated by 

examining their resonance frequencies. The basic concepts of using gradients for spatial 

encoding in this manner, i.e. gradient encoding, are described below. 

 

Slice Selection Gradient 

Just considering the above condition, by imposing a magnetic field gradient Gz in the z-axis 

direction on the main field B0, the resonance frequency of the tissue becomes linearly 

dependent on the position along the z-axis. Due to the quantization of the energy levels, 
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protons can only be excited if the frequency of the RF pulse coincides with the resonance 

frequency, �D� in this case. Therefore, the position of the protons to be imaged can be 

selected by adjusting the gradient field and the RF pulse: D � !E= � �	' B�F          (2.5) 

In practice, an RF pulse with a narrow bandwidth of ∆ � �B�∆D selectively excites a thin 

slice of thickness ∆D (typically several millimeters) and reduces the localization problem from 

3D to 2D. This concept is called slice excitation or slice selection. The selected slice is further 

encoded by field gradients in the x and y directions. To serve as a base for encoding 

techniques, only the traditional approach, i.e. encoding in a Cartesian grid, is introduced in the 

following. A detailed description and comparison with other advanced approaches, e.g. 

encoding in a radial manner, is given in Chapter 4. 

 

Frequency Encoding Gradient 

A frequency-encoding gradient (also called read or readout gradient, Gx), is applied along x-

axis direction after slice-selection excitation during the acquisition or readout time in one 

measurement. This results in spatially dependent resonance frequencies along the x-axis: �G� � ���	 / B*G�         (2.6) 

which yields spatially dependent magnetization: �*+��� � �*+�0�"#0= �H>?IJ(���*K�� � �*+�0�"#0= �H>(���K�� 
The received signal is a sum of harmonic functions with different frequencies and amplitudes. 

By performing a FT, the distribution of frequencies describes the one-dimensional spatial 

distribution of the spins in the sample, and the amplitude of each peak describes the amount 

of the magnetization (proton density or another property of the tissue) at each location (voxel). 

 

Phase Encoding Gradient 

For a one-dimensional experiment, the encoding with a frequency-encoding gradient alone 

would be sufficient. However, to create two- or three-dimensional images, another gradient is 

needed to encode the information in the second or third dimension – the phase-encoding 

gradient. It is applied after the excitation pulse but before the acquisition in a direction 

perpendicular to the read direction, i.e. along the y-axis direction. The effect of the phase 

gradient is the same as that of the read gradient, however, it is applied only for a short time, 

during which the precessing frequencies are affected and spatially altered. After the gradient 
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is turned off, the spins return to the original frequency but with different phases L+ , 

depending on their location along the y-axis, which have been acquired when the phase 

gradient is on: L+ � �B+M�          (2.7) 

where t is the total amount of time the phase gradient has been applied. The magnetization 

along the y-axis is then given by: �*+��� � �*+�0�"#0= �N>?IJ)���O�� � �*+�0�"#0= �N>)���O�� � �*+�0�"#0P)����� 
This phase modulation is not affected by gradients applied in perpendicular directions during 

the rest of the measurement, including the read gradient. Furthermore, one data acquisition 

period does not supply enough information to create a 2D image because only one phase shift 

has been induced. Thus, the measurement must be repeated Ny times, where Ny is the desired 

number of points in the y direction. With each repetition, either the phase gradient strength 

(Gy) or its duration (t) is changed, giving the spins a different phase shift for each acquisition. 

Once the data is complete, a 2D inverse Fourier transformation (iFT) is performed to yield a 

two-dimensional image of the spin density. 

 

2.2.2 k-Space Formalism and Fourier Imaging 
 

After introducing the three magnetic field gradients, it is necessary to reconsider the received 

MR signal. For simplicity, a volume in two dimensions, i.e. a slice after RF selection, is 

described. First of all, this complex signal Sr, arising from the induced voltage in the receive 

coils by the transverse magnetization precessing at a time t from an arbitrary source location r 

is given by: 7C��� � "#0 � EQ�����         (2.8) 

By considering the application of a generalized gradient, the resonance frequency is a 

function of not only time but also position: 7C��� � "#0= � JQ���C��         (2.9) 

In general, the magnetization is described as the summation, i.e. integration of the continuous 

distribution of the spin density over space R�A�
A, which yields: 

  7C��� � � R�A�"#0= � JQ���C��
A       (2.10) 

or the same by considering the local precessing phase (Eq 2.7) that accumulated while the 

gradients are switched on: 
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   7C��� � � R�A�"#0= � PQ�����
A  

Because the gradient G(t) is a known function, by defining a reciprocal spatial term k as: 

  S��� � =TU � B���
�         (2.11) 

where, for the usual case of a linear (i.e. time-independent) gradient: 

  S��� � =TU B�  

the signal can be re-written as: 

  7�S� � � R�A�"#0TUVC
A        (2.12) 

which is recognized as Fourier transform of the proton density ρ(r) at the position k(t) in the 

Fourier domain. Inversely: 

  R�A� � � 7�S�"0TUVC
S        (2.13) 

which reveals that the spatial information can be obtained from the Fourier domain data by 

iFT. This Fourier domain is commonly referred to as k-space in MRI, which offers a unique 

means to illustrate how the spatial frequencies are encoded. Eq 2.12 also shows that the 

received signal is complex. Thus, the image to be reconstructed has complex entries as well, 

but usually it is the magnitude values that are presented for viewing. 

It should be noted that the relaxation is so far ignored for simplicity. Thus, an accurate 

description of the received signal needs an extension of Eq 2.12 by including respective 

relaxation terms into the integral. And the received signal corresponds actually to the Fourier 

transform of modulated spin density. By controlling the timing of the signal acquisition via 

imaging pulse sequences, different parameters can be emphasized to provide parameter 

weighted images with different contrast appearances (see later).  

With a proper gradient control, a particular trajectory (path) is steered to cover the k-

space. Firstly, the k-space location (Eq 2.11) in one measurement can be understood as the 

momentum of a gradient – for a linear gradient – the gradient strength multiplied by its 

duration. Such momentum is important when examining refocusing and defocusing of 

magnetization using gradients. Together with several important advanced imaging pulse 

sequences for accelerated MR imaging, they are presented and compared in Chapter 3. 

Secondly, as can be seen from Fig 2.1 where the intensity in the k-space is displayed in 

logarithmic scale, rather than a monotonously homogeneous domain, the centeral k-space area 

with high intensity values corresponds to the low frequency component of the signal that 

contributes to the image gross contrast, while the peripheral area with low intensity values is 

filled up with high frequency components that contributes to the image details. Therefore, it is 

necessary to switch the gradient in such a way that the spatial frequency signal is collected not 
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only sufficiently along the trajectory to cover the k-space, but also efficiently for image 

reconstruction to represent the sampled object. Such encoding schemes are described in 

Chapter 4. 

Furthermore, through any linear combination of gradients, an imaging slice can be 

selected in an arbitrary orientation. As both two- and three-dimensional imaging methods are 

common in MRI, the k-space has also the same dimensional order as the image to be acquired. 

This dissertation entirely focuses on 2D imaging for real-time application. 

 

 

 
Figure 2.1 Relationship between the k-space and the image domain. 

 

2.2.3 Sampling Requirements 
 

During the presence of the magnetic gradient field, the sampled signal is encoded along the 

respective k-space positions. By iFT of the k-space data points, an image is reconstructed. 

Therefore, MRI is essentially Fourier imaging and most MR image characteristics can be 

deduced from the mathematical properties of the Fourier transform. This implies that certain 

requirements should be fulfilled during the acquisition according to these properties in order 

to reconstruct the image properly without artifacts. Such basic requirements are introduced 

here while a mathematical description of the Fourier transform and Nyquist criterion of signal 

sampling for MRI is given in Appendix C. 

In an actual measurement only a finite number of k-space points can be acquired because 

the object is sampled discretely at a certain sampling rate. Thus, a 2D k-space is made up of a 

grid of points. In addition, because discrete sampling leads to occurrence of periodic object 
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copies and the distance between the copies is reciprocal to the sample distance, by applying 

the Nyquist criterion, the distance between each point in the k-space, i.e. the sample distance ∆S, has to fulfill the relation to the chosen field-of-view (FOV) in one measurement: ∆S ^ 1 \]:⁄            (2.14) 

In general, if the sample distance is too large or if there is any spin density existing outside the 

FOV, then the neighboring copies overlap with each other in the image domain. This so-called 

aliasing will cause fold-over or wrap-around artifacts in the image.  

Besides, the number of samples Ns is referred to as base resolution or image matrix size 

because it is directly related to the number of image pixels. Therefore, the spatial resolution 

(∆
) of the reconstructed image is given by the following relation: ∆
 � \]: _`⁄  

The relationship between image dimension and k-space parameter is shown in Fig 2.1. 

 

2.3 Sequence Type and Contrast Mechanism  

 

In contrast to NMR spectroscopy, MRI does not use the FID signal directly for imaging, but 

instead uses an echo, which is generated by the rephasing process of the transverse 

magnetization during the recovery of the signal intensity. This is done by controlling the 

timing of RF pulses and gradient fields through imaging pulse sequences that contain 

hardware instructions. The typical timing parameters are TR (repetition time) and TE (echo 

time). TR refers to the time between the RF excitation pulses and TE is the time between the 

RF excitation pulse and the detected signal (echo) produced by the sample. 

Intrinsically, MR signal intensity and image contrast, i.e. the image pixel value, is 

governed mainly by three parameters: the tissue spin density, T1 and T2 relaxation times [34]. 

However, by experimentally varying the pulse sequence timing, i.e. extrinsic factors such as 

TR and TE, differences in the magnetic relaxation properties of tissues can be emphasized, 

and spin density, T1 and T2 information can be individually accentuated in the resultant 

image as the predominant source of contrast [35]. This advantage of MRI inevitably makes it 

superior to, for example, X-ray or CT in which the source of contrast arises solely from the 

physical density. In the rest of this section, the basic pulse sequences are introduced. 
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Spin Echo Technique 

The spin echo (SE) technique was introduced as early as 1949 with the discovery of the spin 

echo by Erwin Hahn [36]. Usually, it has two RF pulses - a 90° excitation pulse and a 180° 

refocusing pulse. For MRI, the former is applied to a selected slice of tissue that rotates the 

magnetization vector into the transverse plane. The induced FID signal decays with a time 

constant T2*, which reflects both spin-spin relaxation (T2) and relaxation caused by non-

uniformities in the field. After some time (TE/2), a 180° pulse is applied which reverses the 

signal decay (dephasing) caused by field inhomogeneities and restores the magnetization 

vector in the transverse plane. An echo signal, i.e. spin echo, is produced when the spins are 

refocused (at time TE) and is measured in the presence of a readout gradient (GR) during 

which data samples (Ns) are digitized for storage in the acquisition computer by the analog-to-

digital converter (ADC). 

A very long TR is necessary since time must be allowed for nuclei of tissues to undergo 

complete longitudinal relaxation to yield high signals on subsequent excitations. The signal 

intensity is then independent of T1 because the spins used for imaging are fully relaxed before 

the next excitation pulse is applied. Therefore, SE technique gives T2 weighted contrast. If the 

TR is shortened, the tissue will have incomplete longitudinal relaxation, the signal intensity 

will vary with T1, and the image will contain some T1 weighting. 

The sequence diagram of a basic SE technique is shown in Fig 2.2. Several advanced 

imaging pulse sequences such as rapid acquisition with relaxation enhancement (RARE) 

belong to this technique.  

 

Stimulated Echo Technique 

The stimulated echo (STE) pulse sequences [37, 38] are based on the properties of stimulated 

echo first identified by Hahn [36] and further quantified by Woessner [39]. They consist of at 

least three RF pulses with typical FAs of 90°, between which strong dephasing gradients are 

applied. Considering the typical case where three unequally spaced 90° RF pulses are applied, 

besides three conventional SEs resulting from each possible pair of RF pulses and one 

secondary SE resulting as a reflection of the first SE by the third RF pulse, one stimulated 

echo is produced by the combined effect of all three RF pulses (Fig 2.2). After the first two 90° 

RF pulses, only half of the spins are subsequently refocused into the spin echo in the 

transverse plane, while the other half contributes to T1 recovery in the longitudinal direction. 

By the third RF pulse this “stored” magnetization is then flipped into the transverse plane 
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which forms the STE. It appears at a time delay after the third RF pulse equal to the interval 

between the first two RF pulses. Although classically produced with 90° pulses, any RF 

pulses other than an ideal 180° can produce a stimulated echo. 

Since all echoes are RF refocused, like SE sequences, the STE technique is robust to 

susceptibility artifacts. Besides, lower RF power is deposited when compared to SE sequences, 

because of the absence of the 180° RF pulse. However, because the maximum STE amplitude 

is only 50% of a conventional SE, STE images have noticeably lower SNR. 

The STE technique, under the acronym STEAM (stimulated echo acquisition mode), is 

also widely used in diffusion imaging [40-43] arising from the early measurement [44], and 

routinely employed in MR spectroscopy as a localization method to select a voxel from three 

orthogonal imaging slices [45-47]. 

 
      Spin Echo          Stimulated Echo                          Gradient Echo 

 

 
Figure 2.2 Pulse sequence timing diagram of the basic spin echo (SE) technique (left), simulated echo 
(STE) technique (middle), and gradient echo (GRE) technique (right). TE is the time between the middle of 
the excitation pulse and the maximum of the detected echo; TR is the time between successive excitations; 
TM is the time between the second and the third RF pulse; FID is the free induction decay. The inversion of 
the rotating direction by a 90° or 180° refocusing pulse corresponds to a reflection of the k-space position, 
i.e. a change in the coordinate sign, so the readout gradient should be switched in the same direction as the 
prephasing gradient, which is different from the switching of the dephasing gradient in gradient echo 
techniques. 

 

Gradient Echo Technique 

The gradient echo (GRE) technique, being described in the early 60s [48, 49], was the 

archetypal Fourier imaging technique as spin warp imaging [50]. It consists of one single RF 

pulse (often called the � pulse) for excitation and does not use 180° pulse to refocus the spins. 

Instead, a gradient is applied after the initial � pulse that induces spin dephasing, immediately 

after which a second gradient pulse of the same duration and magnitude but opposite polarity 

is applied to reverse this dephasing and produce the echo signal, i.e. gradient echo. As in the 

spin echo technique, the GRE sequence is repeated after one TR for successive acquisition to 
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cover the k-space for image reconstruction. 

The absence of the 180° RF pulse in GRE sequences has several important consequences. 

First, a shorter TR may be applied than an analogous spin echo sequence, which leads to 

shortened overall imaging time. Second, less RF power is applied so that the total RF energy 

deposition to the patient is lower. Additionally, T2* weighting is allowed because the static 

sources for spin dephasing – unavoidable B0 inhomogeneity and magnetic susceptibility 

differences – also contribute to the signal decay as they are not rephased. But for this reason, 

the overall signal level in GRE images is less than for SE images with comparable acquisition 

parameters, and the GRE image is also more sensitive to susceptibility differences caused by 

metal implants or air-tissue interfaces. 

The basic sequence diagram of a GRE technique is shown in Fig 2.2. Numerous 

advanced imaging pulse sequences such as fast low angle shot (FLASH) belong to this 

technique. 

 

Proton Density Contrast 

Because the magnitude of the received signal is proportional to the magnetization, which is 

the summation of the proton density (spin density) in one voxel, tissue with a high proton 

density (PD) reaches a high level of magnetization and thus induces a strong signal while 

tissues with lower PD induce a low signal. Therefore, MR image is subject to a basic and 

direct weighting with the proton density. For instance, in proton density weighted (PDW) 

images of the brain, as illustrated in Fig 2.3, gray matter and cerebrospinal fluid (CSF) are 

brighter than white matter. To obtain a pure PDW images, the signal has to be acquired in a 

way that any additional signal modulation from relaxation or saturation is avoided. This is 

achieved by minimizing the duration between the RF excitation and the data readout, i.e. TE, 

and keeping a rather long repetition delay, i.e. TR, to allow for a homogeneous recovery of the 

longitudinal magnetization. In practice, however, it is often infeasible either to wait for a 

complete recovery of the longitudinal magnetization because of the unbearable measurement 

time, or to have a short enough TE because the RF excitation pulse and data readout 

themselves take some time. Therefore, the proton density can only be approximately 

determined in this case. Nevertheless, it is sufficient for many diagnoses. 
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T2 Contrast 

A contrast weighting with the T2 relaxation time can be achieved by increasing TE, so that an 

intended delay of the signal is introduced between the excitation and the signal detection. In 

such a case, the signal strength depends on the T2 relaxation. For instance, tissues with a 

small T2 value have faster signal decline and therefore appear dark in the image, e.g. white 

matter, while more signal remains in tissues with a large T2 value which appear bright, e.g. 

CSF and grey matter (Fig 2.3). The SE technique creates T2 weighted (T2W) images which 

depend only on the random dephasing process due to spin-spin interactions, because the 

systematic dephasing due to field inhomogeneity is rephased. Therefore, images are not 

sensitive to off-resonance effects caused by local inhomogeneity of the magnetic field or 

susceptibility differences arising at air-tissue interfaces. For clinical diagnosis, T2 contrast is 

often used because it is very sensitive to malignant changes of the tissue and is helpful for, e.g. 

cancer detection. 

 
Figure 2.3 Basic MRI contrast due to proton density (left), T2 (center), and T1 (right). The three images 
were acquired from a human brain in a transversal plane. Contrast is shown for the white and grey matter, 
the lateral ventricles with cerebrospinal fluids, and the sinus. For details of the anatomical structures and 
the interpretation of MRI brain images refer to [51]. 
 

If, however, both mechanisms of the loss of the phase coherence are taken into account, as it 

may be achieved in GRE techniques, signal amplitude is then dependent on the effective T2 

relaxation time and image contrast is thus T2* weighted. In practice, for example, the 

functional MRI (fMRI) techniques utilize the spin dephasing caused by the local change of 

the hemoglobin concentration to study functional brain activations in response to the stimulus.  
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T1 Contrast 

A contrast weighting with the T1 relaxation time can be obtained by performing fast repetitive 

excitations with incomplete recovery of the longitudinal magnetization at short TE. In such a 

way, the signal amplitude becomes dependent on the T1 relaxation. If tissues have long T1, 

then only a small amount of the longitudinal magnetization is recovered at the end of the 

sequence and available for a next excitation. As a consequence, such tissues create a weak 

signal in the following measurements of the sequence, which is referred to as spin saturation 

effect. On the contrary, tissues with small T1 induce a strong signal, because a high amount of 

longitudinal magnetization is used in the subsequent excitations. Therefore, tissues with short 

T1 values that produce higher magnetization appear bright in the T1-weighted (T1W) images, 

which have an inverse character in comparison to the T2W images. For instance, the CSF, 

which has a long T1 and a long T2 relaxation time, appears dark in the T1W contrast but 

bright in the T2W contrast (Fig 2.3). For morphological imaging of anatomical structures, 

T1W images are often used to provide a good contrast. 

The GRE technique creates typical T1W images. In practice, however, because full 

longitudinal magnetization is always available during the first measurement by running the 

sequence, the initial signal is still independent from the T1 value and only PD weighted. 

Therefore, it is necessary to drive the magnetization into a steady-state before data recording. 

This can be done with several preparation excitations. 

 

2.4 MRI System 
 

A conventional MRI system consists of a magnet and a gradient system, a shimming system, 

an RF transmitter/receiver system with an excitation and receiver coil, a patient table, a 

reconstruction computer, and an operator console with display monitors. All experiments for 

this thesis have been conducted with a commercial whole-body MRI system (MAGNETOM 

Trio, A Tim System; Siemens AG, Erlangen, Germany), and all in vitro studied having been 

carried out with different phantoms, as shown in Fig 2.4. 

The magnet, as the core component of the system, consists of solenoidal coils. The coils 

are contained inside a tank (cryostat) of liquid helium (cryogen). At the same temperature as 

liquid helium (-269 °C), coils made of a niobium-titanium alloy become superconductive, i.e. 

flow without resistance, and thus without heat production. The strength of the main field B0 is 

2.89 T (the Earth’s magnetic field is approximately 3 to 6·10-5 T) and the bore (with casing) 
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has a length of 142 cm with a diameter of 60 cm, allowing for FOV up to 50 cm in each 

direction. To achieve homogeneity of the static magnetic field, the shimming system (active 

or passive shimming or both) is employed. A detailed description is beyond the scope of this 

work, but the crucial importance of such homogeneity, i.e. the level of the uniformity of the 

field, should be known because the more uniform the static field is, the less the resonant 

frequency varies with position. Normally such field inhomogeneities can cause many 

difficulties in imaging, from image distortion to blurring and replication artifacts. 

 
Figure 2.4 MRI system used in this thesis (left), different types of phantom for in vitro studies (middle), 
and an in vivo study of volunteer (right). 
 

The gradient system for spatial encoding provides a maximum gradient field strength of 38 

mT/m per axis, switchable on a 10 µs raster with a maximum slew rate of 170 mT/(m·ms).  

The RF system uses separate coils to transmit RF pulses for excitation and to receive RF 

signals for data acquisition. The excitation is done with a body coil, which is mounted to the 

casing of the bore, and different coil types depending on the application are used to receive 

the resonance signal. 
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2.5 Summary 
 

The principle of MRI is based on nuclear spins. While the quantum nature of a spin in a 

strong static magnetic field determines the fundamental properties, an ensemble of spins can 

be modeled using classical mechanics. This latter approach serves to describe the application 

of RF pulses and magnetic field gradients as well as nuclear relaxation effects. The signal 

observed from the spin system during the relaxation may be detected with the use of a 

receiver coil and, for MRI, sampled through a k-space description. Depending on the spatial 

encoding of the k-space and its sampling during data acquisition, an image may be 

reconstructed through various reconstruction algorithms, which in most cases involve an 

inverse Fourier transformation. 

As a medical tomography with numerous physical, mathematical and engineering 

concepts, MRI is much more sophisticated than CT or ultrasound. Any flaw during the 

imaging procedure, for example, undesired subject interference (e.g. motion), improper data 

sampling, imperfect instrument control during encoding, or mishandling of the acquired data 

during decoding, may result in images that are unable to properly represent the original 

subject (due to presence of induced artifacts or distortion), and may cause misinterpretation in 

clinical diagnosis. This is even more critical for RT-MRI, which requires the MRI procedure 

to be accomplished within a certain time without any unnecessary or even detectable delay, 

but still has to achieve high fidelity to the original subject or the dynamic phenomenon. 
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Chapter 3 
 

Development of Real-time MRI:  

Physical Basis 
 

MRI is intrinsically a slow imaging method because of the following reasons: 1) signal 

acquisition has to be done by exciting the spins many times to maintain signal strength, when 

the transverse magnetization decay according to "#� a-.⁄  is accounted for (TT. c 20 ms); 2) a 

certain time depending upon the desired contrast has to be spent to restore the thermal 

equilibrium before each excitation; 3) such process has to be repeated successively to cover 

the k-space with sufficient density and extent to properly reconstruct images of an object of a 

certain size with a given resolution. The total imaging procedure of conventional Fourier MRI 

– through such sequential and substantive repetitions of excitation, encoding, and waiting – is 

inherently time consuming, and therefore, specific ideas and proper physical strategies are 

needed for the development of RT-MRI [52].  

Based on the basic echo generation methods described in the last chapter, many advanced 

techniques have been invented for acceleration of the imaging process. These fast imaging 

pulse sequences attempt to manipulate magnetic field gradients and RF pulses as rapidly as 

possible, and to cover the k-space in a very short period of time. For example, more than one 

k-space phase encoding line can be acquired by recording multiple echoes that are produced 

after one RF excitation. The signal acquisition time of such methods is many times shorter 

when compared to single-echo methods. 

In this chapter, different principles of reducing scan time by fast pulse sequences are 

explained and comparatively evaluated, including the fast gradient echo approach, i.e. the 

FLASH technique. Respective variants are proposed and further improved as the first step to 

develop RT-MRI. 
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3.1 Signal Acquisition with the FLASH Technique 
 

A typical fast gradient echo technique, under the acronym FLASH (fast low-angle shot), uses 

slice-selective low flip angle RF pulses (α pulses) with short repetition time [16, 53]. In this 

manner, magnetization recovers rapidly due to low flip angle and no additional time needs to 

be spent before the next excitation. At the same time, an equilibrium, i.e. steady state, is 

established after a few initial α pulses between the magnetization reduction (due to excitation) 

and recovery (due to relaxation) because of the short TR time constant. 

Compared to the spin echo technique, the FLASH sequences are more sensitive to field 

inhomogeneities and susceptibility differences. However, they show several advantages: First, 

the shorter TR (≤ 20 ms) reduces the image acquisition time (TA) to the order of seconds: �d � _e;f · �g · _hf 

where NPE is the number of total phase encodings steps and NAVE is the number of signal 

averaging, which for RT-MRI should be one. Second, considerably less overall RF power, i.e. 

much lower specific absorption rate (SAR), is deposited in the patient by eliminating 180° 

refocusing pulses. Third, extra contrast due to in-phase and opposed-phase [54] conditions for 

fat and water signal is enabled without additional magnetization preparation pulses, which 

will be presented in Section 5.1, while in FSE or SE imaging, echo refocusing by 180° pulse 

does not allow this phenomenon to be demonstrated. In addition, the FLASH technique shares 

the typical inflow effect from the basic GRE sequence - produces images characterized by 

bright signal intensity from moving fluids, e.g. rapidly flowing blood, compared to dark 

intensity of stationary fluids. 

Although numerous fast GRE signal acquisition sequences have been developed based on 

the initial FLASH technique, the resulting images give rise to completely different contrasts. 

They are classified mainly according to the way the gradients are switched between 

consecutive excitation pulses and the resulting situation of the steady state, so-called steady 

state free precession (SSFP) [55]. The three classifications are outlined below while a detailed 

description may be found in [56, 57].  

 

3.1.1 Spoiled Steady-State Free Precession (SSFP) 
 

Because of the short TRs that are used, the dephasing of the transverse magnetization is 

incomplete. In the conventional spoiled FLASH technique, the steady state is maintained but 
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the residual net transverse magnetization is purposely destroyed by applying either spoiler 

gradients with different strength for each phase-encoding step before the next � pulse (known 

as gradient spoiling) [45] or by changing the phase of the RF pulse for each transmit-receive 

cycle (known as RF spoiling) [58]. In general, due to completely destroyed residual transverse 

magnetization, only the regular FID signal is acquired by the spoiled FLASH sequence, which 

leads to T1W images. 

 

3.1.2 Refocused SSFP 
 

A typical refocused FLASH technique, known as gradient-recalled echo in the steady state 

(GRASS) sequence, is very similar to the spoiled FLASH sequence except for the “rewinding” 

of the phase-encoding gradients [45, 59]. In such a way, the overall phase of the transverse 

magnetization is maintained constant from one repetition to the next [60-62] and a steady 

state of both transverse and longitudinal magnetization is established. Since the residual 

transverse magnetization rephased by subsequent RF pulses produces stimulated and spin 

echoes, which are included with gradient echoes, a SSFP-FID signal, differing from regular 

FID, is acquired by refocused FLASH. 

For small flip angles, image contrast of refocused FLASH is very similar to that of 

spoiled FLASH. At relatively larger flip angles and short TRs (i.e. TR i T2), the signal 

contrast is related to T2, causing structures with long T2, such as CSF, to become bright. For 

larger flip angles and long TRs, the contrast becomes T1-weighted, similar to spoiled FLASH 

images again, because the long TR naturally spoils the transverse magnetization. 

 

3.1.3 Balanced SSFP 
 

A balanced SSFP technique, originally termed fast imaging with steady-state precession (FISP) 

[63], also called TrueFISP, is a modification of the refocused SSFP sequence in which all 

three gradient axes (frequency, phase, and slice) are refocused or balanced [64-67]. Since both 

of the stimulated and spin echoes made up of the residual transverse magnetization are 

produced by equidistant RF pulses, in addition to the just created FIDs, the overlapping 

gradient echoes of the SSFP-FID and SSFP-echo signal is acquired. Under such fully 

balanced conditions, blood and even CSF with slow flow have high signal intensities, similar 

to heavy T2 weighting.  
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Like in the refocused SSFP sequence, the steady state in the balanced case is maintained 

by using relatively higher flip angles to produce excellent SNR. It gives good blood and 

muscle (myocardium) contrast, and is therefore widely used in cardiac imaging [68-70]. 

However, its high sensitivity to off-resonance effects limits the use in many situations, 

particularly at high magnetic field strengths of 3 Tesla. Preliminary results of the balanced 

SSFP are included in Fig 3.1 of the next section, whereas more detailed experimental studies 

of all three variants are described and discussed in Chapter 6.  

 

3.2 Comparison of Available Acquisition Techniques 
 

In addition to the FLASH techniques, the most obvious way of rapid signal acquisition is to 

generate multiple encodable signals (e.g. involving SEs, STEs or GREs) per repetition 

interval. This principle is used in many other fast pulse sequences. As they diverse in detail, 

these important techniques are carefully compared in theory and experimentally, in order to 

find an optimal solution for RT-MRI. 

 

3.2.1 Brief Review 
 

Fast Spin Echo Sequence 

The fast spin echo (FSE) sequence, originally termed rapid acquisition with relaxation 

enhancement (RARE) technique [17], relies on the Carr-Purcell-Meiboom-Gill (CPMG) 

condition [71, 72]. It uses a long train of 180° refocusing pulses after an initial 90° excitation 

pulse to generate a string of multiple spin echoes. It is also called turbo spin echo (TSE) 

sequence, and the number of echoes received in the same repetition is called turbo factor or 

echo train length (ETL). Each echo in the train is phase encoded to generate a different line in 

the k-space so that a rapid acquisition time is achieved by filling multiple lines in one 

repetition (TR): 

�d � �g · _hfj�� 

The contrast of FSE images is primarily T2 weighting. As echoes are received at different 

echo times, the echoes corresponding to the central k-space lines are the ones that determine 

image contrast and the time point at which they are acquired is called effective TE (TEeff), 
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which can be selected for stronger T2-weighting (T2W) or proton density-weighting (PDW). 

Certain magnetization preparation pulses can be combined with FSE sequences [50, 73]. An 

inversion time (TI) between the previous 180° inversion pulse and the following 90° pulse can 

selectively suppress fat signals (as the STIR technique [74] and the FLAIR technique [75]) 

due to their different T1 relaxation times. 

The advantage of FSE techniques is that it efficiently reduces the acquisition time of the 

standard SE method to acceptable limits for clinical practice (on the order of minutes), 

particularly in obtaining strongly T2W or PDW images. It is also immune to off-resonance 

distortions from field inhomogeneity and tissue-induced susceptibility variations, which are 

cancelled by the 180° refocusing pulses. However, the use of early echoes with strong 

intensity to fill the high spatial frequencies in the k-space periphery is likely to produce 

truncation or Gibbs artifacts, while the use of late echoes with weak intensity may result in a 

blurred image with poor spatial resolution. Additionally, since the long TR is still kept, the 

emphasis of FSE technique is on overall efficiency and diagnostic accuracy in clinical 

applications, e.g. by increasing the in-plane resolution while maintaining conventional T2 

contrast, rather than on rapid signal acquisition.  

An extreme case of FSE, so-called half-Fourier acquisition single-shot turbo spin-echo 

(HASTE), which uses only one initial preparation pulse followed by a very long echo train to 

record signals (i.e. TA = TR), is a true ultra-fast pulse sequence. It is combined with partial 

Fourier phase encoding (PF), which utilizes the complex conjugate symmetry property of k-

space and omits the acquisition of certain phase-encoding steps or even half of the k-space 

except for a few central lines for phase correction [18, 76, 77]. Such a single-shot approach 

enables the acquisition of good motionless images within a single breath hold, e.g. in 

abdominal or lung imaging. However, the signal acquisition with very long echo train results 

in SNR decay and restricted spatial resolution, and also blurring in the phase encoding 

direction, as shown in Fig 3.1. Furthermore, the large quantity of RF energy deposited by 180° 

pulses, which manifests as heating, fundamentally limits the application of such sequence 

type, although a certain reduction could be achieved by lower flip angles for refocusing [78, 

79], particularly in real-time imaging when longer spin echo train length is desired for shorter 

acquisition time. 

 

Fast Stimulated Echo Sequence 

The fast stimulated echo technique, so-called turbo-STEAM, replace the third 90° RF pulse in 
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the basic stimulated echo sequence (STEAM) [37] by a series of readout RF pulses with flip 

angles (FAs) lower than 90° [80]. In such a way, after the magnetization is prepared by the 

first two RF pulses, the rapidly repeated readout RF pulses continuously tip a certain amount 

of magnetization into the transverse plane, and the corresponding stimulated echo train is then 

differently phase encoded similar to the FSE technique but only on the order of a second. For 

example, the TA for a single-shot turbo-STEAM is given by: �d � �j 2⁄ / �� / �g · _hf 

where TM is middle time between the second and the third RF pulses. However, unlike SE 

signals in the FSE technique that are attenuated by T2 relaxation, the individual STE signals 

experience T1 weighting. 

The advantage of this fast STE technique is that, because all acquired echoes are RF 

refocused, the resulting images are insensitive to resonance offset effects from chemical shifts 

or magnetic susceptibility differences. Moreover, it has a much lower RF power deposition in 

comparison to FSE sequences. 

However, the obtained image with low level of signals remains a persistent problem 

although a few approaches may be applied to enhance the available SNR, for example, by 

combining partial Fourier phase encoding with single-shot STEAM [81-83] to reduce the 

number of necessary excitations [84], or by employing variable flip angles and using multi-

shot STEAM with segmented k-space acquisition [85], as the results shown in Fig 3.1. In 

particular, for real-time imaging when the TA of one slice is already shortened to achieve high 

speed by compromising certain SNR, additional signals degradation would be a fatal problem. 

 

Echo Planar Imaging Sequence 

The general concepts of echo planar imaging (EPI), both gradient and spin echo variants, 

were described originally by Mansfield [15, 86], and improved later as a standard sequence 

mainly for fMRI [87-89]. Typically, a single-shot EPI acquires all image data during a single 

TR period. Immediately following a slice selective 90° RF pulse, the phase-encoding gradient 

is blipped on and off during continuous reversal of the frequency-encoding gradient. Each 

gradient echo is separately phase encoded and the TEeff is determined by the time to the 

central gradient echo. It is considered as an extreme case of single-shot fast GRE sequence. 

A distinct advantage of EPI is that an entire image can be obtained in just 100 ms because 

only one (i.e. TA = TR) or two RF excitation pulses are required. However, sampling all of k-

space after a single excitation requires not only extremely fast sampling with wide receiver 
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bandwidth, but also high amplitude and rapid slew rate of gradients. Although the current 

available gradient systems in commercial MRI scanners are already strong and fast enough, 

the rapid time-varying magnetic fields demanded by EPI as well as by balanced SSFP GRE 

(TrueFISP) may produce peripheral nerve stimulation (PNS) and muscle spasms in extreme 

cases through Faraday’s law of induction, and thus possess potential hazards to the patient. In 

addition, the limitation on the number of signals to be acquired before the magnetization 

dephases due to T2 relaxation also limits the spatial resolution. 

Moreover, due to relatively long TE, dephasing induced by susceptibility differences may 

cause geometric image distortions and local signal void at interfaces of bone, air, and brain 

[90]. Although it is possible to reduce the strength of the distortions to some degree by 

applying a 180° refocusing pulse, so that the sampling of the k-space center corresponds to a 

spin echo (SE-EPI), it remains a problem [91]. EPI is also very sensitive to ghosting artifacts. 

Because the signal is sampled with alternating gradients that are every other line reversed, any 

imperfection during the entire signal acquisition can modulate the signal at half the Nyquist 

frequency, which causes an “N/2” ghost in the phase-encoding direction.  

 

Hybrid Echo Sequence 

The gradient- and spin-echo (GRASE) technique [92, 93], also called turbo gradient spin echo 

(TGSE) sequence, is a hybrid sequence, which combines 180° RF refocusing pulses 

interleaved with refocusing gradients for signal acquisition. After a 90° excitation pulse, 180° 

RF refocusing pulses are used to create an echo train similar to FSE techniques, and between 

each pulse three or more gradient echoes, indicated by EPI factor, are created by a 

combination of stepped phase-encoding gradients and switched frequency-encoding gradients. 

It is equivalent to multi-shot spin-echo EPI, with typically interleaved or segmented phase 

encoding lines in the k-space. The imaging time of one slice (TA) is given by: 

�d � �g � _hfj�� � jkl �n. / �g 

where echo train length (ETL) represents the number of repetitive 180° pulses. 

Because it contains both SEs and GREs, it is not difficult to deduce the characteristics of 

the GRASE technique: sensitivity to susceptibility differences is less than EPI but higher than 

FSE; RF power deposition is lower than FSE but higher than EPI; overall signal decay is 

determined by T2 rather than T2*, which results in relatively higher achievable spatial 

resolution than EPI and comparable to FSE [94, 95].  
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However, while the repetition of 180° refocusing pulses reduces the phase errors due to 

field inhomogeniety and chemical shift in magnitude in general, they reproduce periodic 

phase modulations within an echo train. Because of the segmented k-space encoding, this may 

lead to ghosting artifacts. In addition, although GRASE efficiently combines advantages of 

EPI and FSE sequences, another disadvantage of it, shared by FSE sequences, is that 

magnetization remains saturated after a single shot, which requires a delay before the next 

acquisition [57, 96, 97]. Thus, the total image time of GRASE is not much reduced compared 

to the other fast acquisition techniques. 

 

Turbo-FLASH Sequence 

This FLASH-based ultra-fast GRE sequence uses an inversion pulse to “prepare” the 

magnetization to selectively emphasize desired contrast during the rapid imaging [98]. 

Normally an initial 180° inversion pulse is executed [59], similar to inversion recovery (IR) 

technique, followed by a low FA and short TR gradient echo train to complete image 

acquisition in a very short time, i.e. less than 1 s. 

The advantage is its ability to provide very strong contrast between tissues having 

different T1 relaxation times or to apply specific suppression to tissues like grey matter as 

shown in Fig 3.1. Due to the very short acquisition time, both single-shot and multi-shot 

versions with segmented k-space encoding [99] over several cardiac cycles have been applied 

to breath-hold cardiac imaging [100, 101]. Besides, an extension of this technique results in 

magnetization-prepared rapid gradient echo (MP-RAGE) MRI for 3D imaging [59, 102-104]. 

However, the disadvantage is that the spatial resolution is limited for single-shot turbo-

FLASH due to fast signal decay, and the additional inversion RF pulse makes this sequence 

less time efficient than the other pulse sequences, particularly for multi-shot versions when 

sequential images are to be acquired as in RT-MRI. 

 

BURST 

Burst excitation pulse imaging (BURST) technique [105, 106] utilizes a rapid equidistant 

sequence of nonselective RF excitations with very low FAs (e.g. 5°) and a slice-selective 180° 

refocusing pulse to generate a long train of multiple echoes accompanied by either constant or 

switched gradients [107]. An image is formed from a small number of repeats of this multi-

echo sequence segment with even sub-100 ms acquisition times possible. Related ultra-fast 

methods are DANTE [108] and DUFIS (or OUFIS) imaging [109, 110] which can similarly 
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acquire images in about 10 ms. 

The advantage of this sequence type is that it is less demanding on gradient speed than 

other ultra-fast techniques (e.g. EPI) and it produces images substantially free of susceptibility 

artifacts. However, the major problem is its low SNR, which is caused by inefficient use of 

the available magnetization. Such a fatal disadvantage makes this technique less competitive 

to the other methods, and therefore has hardly been used as a fast scan technique. For the 

same reason, it is neglected here for further discussion. 

 

3.2.2 Experimental Comparison 
 

Experimental comparisons of these rapid signal acquisition techniques are presented in Fig 

3.1. Results from in vitro phantom study were chosen from extensive systematic experiments 

and results from in vivo human brain study were chosen from the same volunteer (male, 28 

years old) among five experiments with healthy volunteers (3 female, 2 male, age 29±1). All 

sequences were run with the fastest speed, i.e. possibly shortest TR and TE, but with 

reasonable contrast to offer, so that the potential of each technique for RT-MRI can be 

explored.  

Values of signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were measured 

from the acquired brain images with all regions of interest (ROIs) about 50 mm2. The SNR 

was defined as mean signal intensity in a uniform region (white matter) divided by standard 

deviation (SD) in a region of noise outside the object. For the CNR, the mean difference of 

the signal intensities between two areas (white matter and CSF) was calculated and divided by 

the SD of the noise measured outside the body tissue in a region free of artifacts at simple 

visual inspection.  

In vitro measurements with phantom had an in-plane resolution of 1.0×1.0 mm2, with a 

FOV of 256×256 mm2 and an image matrix of 256×256, except for the images acquired by 

the signal-shot turbo-FLASH and EPI, which were limited to 1.0×2.0 mm2 with half of the 

phase-encoding steps due to signal decay. To avoid such limitation and also the very low SNR, 

multi-shot segmented turbo-STEAM was used to achieve 1.0×1.0 mm2 spatial resolution in 

the phantom measurement. However, the periodic phase errors across the k-space resulted in 

ghosting artifacts in the phase-encoding direction (black arrows).  
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Figure 3.1 Experimental comparison of various rapid signal acquisition techniques. First column: phantom 
measurement; second column: human brain measurement. 
study indicate ghosting artifacts due to phase errors; 
FLASH human brain studies indicate
heads in the EPI studies indicate geometric distortion and signal loss due to off
are in the text. 
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Experimental comparison of various rapid signal acquisition techniques. First column: phantom 
measurement; second column: human brain measurement. Black arrows in the turbo

ghosting artifacts due to phase errors; white arrows in the balanced SSFP and mu
indicate susceptibility artifacts due to off-resonance sensitivity; 

geometric distortion and signal loss due to off-resonance effects.

3.2 Comparison of Available Acquisition Techniques 

Experimental comparison of various rapid signal acquisition techniques. First column: phantom 
turbo-STEAM phantom 

balanced SSFP and multi-echo 
resonance sensitivity; white arrow 

resonance effects. Details 
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Table 3.1 Analytical comparison of various rapid signal acquisition techniques. SSh: single-shot; MSh: multi-shot. PNS: peripheral nerve stimulation.  
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In vivo measurements with human brain had a relatively lower in-plane resolution of 1.5×1.5 

mm2, with a FOV of 192×162 mm2 and an image matrix size of 128×108, to mimic the 

average spatial resolution desired in potential RT-MRI. The imaging slice was located in a 

transversal plane across the eyeballs. All images were acquired with a slice thickness (SLT) of 

3 mm using a 32-channel head coil (Siemens AG, Erlangen, Germany).  

The measured brain image as well as the calculated SNR and CNR from RARE sequence 

shows that the selected short TR and TE for rapid acquisition may lead to strong saturation of 

the spins and thus low SNR. Due to SAR limit, the FAs of RARE, HASTE and GRASE 

sequences had to be reduced from 180° to 153°, 135° and 148°, respectively, during the 

experiments. Because of the very sensitivity to off-resonance effects, even small structures 

like the inner ear filled with air led to signal void (white arrow) in the balanced SSFP 

(TrueFISP) image, although it had highest SNR and CNR with a TA below one second. 

Similarly, multi-echo FLASH (like multi-shot GRE-EPI but with low FAs and 

segmented/interleaved k-space coverage) experienced the same susceptibility artifacts due to 

the accumulated phase incoherence during long TE. Single-shot EPI had the shortest 

acquisition time as expected, but continuously reversing the gradient polarity and a back-and-

forth path in the k-space coverage suffered from severe geometric distortion and also 

susceptibility artifacts (white arrow heads). Noticeably, the blurring in the HASTE phantom 

image due to fast signal decay and the “N/2” ghost artifacts in the gradient echo EPI phantom 

image are more obvious with original image size. Here for demonstration purpose, all images 

were scaled to provide a systematical overview. Only the generic FLASH technique (spoiled 

version as an example here) provided images free of artifacts or distortion in a short scan time 

with reduced TRs. Meanwhile, a good SNR and contrast (e.g. between white and grey matter) 

are still maintained by employing lower FAs.  

In addition to the experimental results, a summarized analytical comparison with 

simplified sequence diagrams is shown in Table 3.1. It clearly shows that almost all single-

shot techniques suffer from spatial resolution degradation, either blurring or limited as in 

single-shot turbo-STEAM, HASTE, turbo-FLASH or EPI; all segmented multi-shot 

techniques frequently experience image distortion (e.g. ghosting) due to phase errors as in 

multi-shot turbo-STEAM, EPI and GRASE; all techniques involving a series of excitation 

pulses with high FAs, either for echo refocusing as in FSE and GRASE or for spin excitation 

as in balanced SSFP GRE, often encounter SAR problem; in addition, susceptibility artifacts 

appear dramatic in techniques, which either have long TE as in EPI and multi-echo FLASH, 

or require ideal homogeneity and echo alignment as in balanced SSFP GRE. 
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3.3 Further Improvements for Ultra-fast MRI 
 

Based on the physical principles and the experimental results, the solution offered by the 

FLASH technique best suits the prerequisites of signal acquisition for RT-MRI: fast, 

continuous, with good image quality and without safety problems to patients. Therefore, it is 

further developed here toward RT-MRI. The general strategies to follow include: 1) reduction 

of RF pulse duration with slightly increased slice thickness; 2) increase of receiver bandwidth 

(BW) for elimination of chemical shift artifacts; 3) reduction of TE for minimization of 

susceptibility artifacts; 4) reduction of TR with lower FA for compensation of signal saturation, 

and 5) implementation of adaptive k-space filter for spike noise reduction. 

 

3.3.1 RF Pulse Duration, Slice Profile and Partial Volume Effect 
 

Ideally, a very thin portion of spins with a specific resonance frequency is chosen by the 

application of an RF excitation pulse in conjunction with a slice-selection gradient. However, 

finite generation of a single frequency  is in practice infeasible. It is necessary to multiply 

the desired carrier frequency  with a compact window function to get a suitable waveform, 

which corresponds to excitation of a respective slice profile, centered at the position given by 

Eq 2.5. Because the sinc (i.e. sin G G⁄ ) pulse has a rect-shaped frequency spectrum and thus 

produces a rectangular profile which is desired for imaging of an anatomic slice, common 

waveforms are based on a truncated sinc function with some filtering. Due to the time-

frequency relationship, the width of the sinc function (∆T) is inversely proportional to the 

bandwidth of the signal (∆BW), i.e. the width of the slice profile (SLT), under a given slice-

selection gradient strength: ∆� W 1/∆�s, or ∆� W 1/7�� 

so that the duration of the RF excitation pulse (∆T) in the time domain is reciprocal to the 

thickness of the selected slice (SLT) in the spatial domain. 

Of course, a reduction of the RF pulse duration leads to a shorter TA. However, a thicker 

slice may cause unwanted partial volume effect when a large voxel contains a mixture of 

multiple tissue structures. For most of the dynamic studies employing RT-MRI such as in 

abdominal or interventional imaging, it is reasonable to have a relatively thicker slice, which 

also gains better SNR. Therefore, the RF pulse duration is shortened from 2.0 ms to 0.4 ms, 
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which yields a minimal slice thickness of 5.0 mm. In such a way, almost half a second is 

saved for 256 excitations to acquire one image by the FLASH technique. 

 

3.3.2 Receiver Bandwidth, SNR and Chemical Shift Artifact 
 

Shortening of the acquisition time can also be done through increasing the temporal sampling 

rate of the receiver, which is achieved by increasing the receiver bandwidth (BW) because of 

the following relation: ∆� � 1 �s⁄            (3.1) 

where ∆� is the sampling interval in time, i.e. dwell time, of the receiver. For convenience, the 

BW is in practice given with a normalized value by the number of acquired samples (Ns) 

which yields the bandwidth per pixel (BW/Px): �s kG⁄ � �s/_` � 1 �∆� · _`�⁄        (3.2) 

Because noise is proportional to the square root of the bandwidth, a degradation of the signal-

to-noise ratio (SNR) is caused by higher bandwidth, i.e. higher sampling rate: 7_g W t · u · vwxG"y z@D"{ √�s⁄         (3.3) 

where c is a constant factor dependent on the sequence type [111, 112] and η is a factor 

dependent on the k-space trajectory [112]. For any uniform-density trajectory η is one. 

 
Figure 3.2 Reduction of chemical shift artifacts by increasing the bandwidth (BW) from 150 Hz/Pixel to 
810 Hz/Pixel, for an in vivo human brain study (healthy volunteer, male, 28 years old) in a middle sagittal 
plane. A decrease of SNR is observable, but the appearance of artifacts (white arrow) is much improved. 
The other imaging parameters: FOV 256×256 mm2, matrix size 256×256, in-plane resolution 1.0×1.0 mm2, 
SLT 3 mm, TR/TE 20/4.9 ms, FA 20°. 
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However, the variation in precession frequencies of fat and water proton due to their different 

chemical environment or chemical shift }, proportional to the main magnetic field strength B0 

and expressed as parts per million (ppm), may lead to certain pixel shift in the image in 

frequency-encoding direction: 

k@G"y 7~@�� ���� � } �	⁄�s kG⁄ · \]:_` � } · \]:�	 · �s 

Unlike the dephasing that occurs in magnetic field gradients, the chemical shifts result in 

separation of the NMR signal into distinct frequency bands. As the receiver bandwidth 

determines the range of frequencies that must be mapped across a given FOV, a higher BW 

can effectively eliminate chemical shift artifacts at high field strength like 3 T. This is 

demonstrated by the above equation as well as in the experiment shown in Fig 3.2, where the 

artifacts in the frequency-encoding direction (head-foot) was effectively removed by 

increasing the bandwidth  from 150 to 810 Hz/Pixel. 

 

3.3.3 Echo Time and Susceptibility Artifacts 
 

As noted previously, several sources of local magnetic field distortion may result in increased 

nuclei dephasing, causing an accelerated decay of the transverse magnetization (T2*) and thus 

a signal loss in GRE images. These include field inhomogeneities, paramagnetic contrast 

agents, magnetic susceptibility differences such as metal implants or tissue boundaries (e.g. 

air-tissue interfaces like sinuses, mastoids, bowel) or pathological tissue alterations [113].  

 
Figure 3.3 Reduction of susceptibility artifacts by decreasing TE from 10.0 ms to 2.6 ms, for an in vivo 
human brain study (healthy volunteer, male, 28 years old) in a transversal image plane. White arrows 
indicate the susceptibility artifacts due to long TEs. The other imaging parameters: FOV 256×256 mm2, 
matrix size 256×256, in-plane resolution 1.0×1.0 mm2, SLT 3 mm, TR 100 ms, FA 50°, BW 810 Hz/Pixel. 
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As demonstrated in Fig 3.3, the signal loss mainly occurrs around the eyeballs and nasal 

cavity and builds up over with TE. The resulting faintness of the normal tissue structures such 

as the ocular muscles and the optic nerve (white arrow) impede and diagnosis and functional 

evaluation. Therefore, the shortest TE is highly demanded to eliminate the susceptibility 

artifacts or signal void. 

 

3.3.4 Repetition Time, Flip Angle and General Contrast 
 

The total acquisition time can be directly shortened by simply reducing the TR of the 

measurement. However, since such an experiment leads to heavy saturation as described 

before, the resulting image has very low SNR and contrast, as shown in Fig 3.4 a to d.  

 
Figure 3.4 Maintaining contrast and signal by lowering FAs at short TRs, for an  in vivo human brain study 
(healthy volunteer, male, 28 years old) in a middle sagittal plane. (a) to (d) show the SNR and CNR as a 
function of TR; (e) shows the effectiveness to maintain certain signal strength and T1 contrast by lowering 
the FAs from 70° to 10°; (f) shows a higher achievable contrast related to T1/T2 by including refocused 
SSFP signal. (e) and (f) were acquired under optimized conditions with TR/TE 5.4/2.4 ms, BW 930 
Hz/Pixel. The other imaging parameters: FOV 256×256 mm2, matrix size 256×256, in-plane resolution 
1.0×1.0 mm2, SLT 5 mm, TA 1.4 s.  
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Better results can be achieved by employing smaller FAs to maintain certain SNR and T1-

weighting [114]. However, sometimes it is still rather difficult, as already stated in the theory 

[59] and observed from experiment in this thesis, to provide sufficient image contrast, e.g. T1 

and T2, which determine the basis of all medical and biological applications of MRI. 

Therefore, the general contrast insensitivity for extremely short values of TR and TE (TRiT1, 

TEi T2) is compensated by including the transverse magnetization through refocusing 

gradients and thus by achieving some T2 weighting [115]. These are well demonstrated in Fig 

3.4.  

Images in Fig 3.4 a to d show that the image quality is dramatically degraded as the TRs 

are shortened from 250 ms to 5.4 ms. Fig 3.4e shows that certain signal strength and T1 

contrast is effectively maintained by lowering the FAs from 70° to 10°. Fig 3.4 f shows a 

higher achievable contrast related to T1/T2 by including refocused SSFP signal. The ROI for 

SNR calculation (about 100 mm2) was chosen from the splenium of corpus callosum, and 

together with the selected ROI from cerebrospinal fluids, the CNR was calculated. The 

images in e and f were acquired under the aforementioned optimized conditions: high BW, 

shortest TR and TE, low FA. The total acquisition time in such a case to yield an artifact-free 

image with high resolution (e.g. 1.0×1.0 mm2) was shortened to about 1 s.  

 

3.3.5 Spike Noise Reduction 
 

With much shortened TR to decrease image scan time, the rise time for the gradient amplifier 

to reach its maximum output value is dramatically decreased. This leads to greater mechanical 

stress on the gradient coil assembly and increased vibration, which may result in increased 

random spike noise [116-118]. Such spikes in the raw data (i.e. k-space data in the spatial-

frequency domain) may generate striation artifacts in the final image [118-121]. Since 

experiments have shown that a proper hardening of the coil assembly or the securing of loose 

cables cannot correct such noise, a more effective method is required during the acquisition 

and before image reconstruction. 

Although a number of techniques have already been proposed [116, 117, 122-127] for 

searching and correcting spikes, many of them are unsuitable due to either the requirement of 

specific hardware [123] or the infeasibility for online processing [124, 125, 127]. Therefore, a 

simple strategy based on thresholding is developed in this thesis. Compared to the previous 

techniques, the current one does not involve any averaging [117, 122], which avoids the 
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artificial inclusion of corrupted neighboring data points, or masking [116] and modeling [126], 

which eliminates computation burden and prolonging of the processing time. 

The implemented method depends mainly on two scale factors. The first parameter r 

defines a radius from the k-space center and the second parameter A is a fraction of the 

maximum amplitude A0 along each radial line of k-space across the center. 

The spikes have typically very high magnitude, sometimes even higher than that of the 

echo center region, as shown in Fig 3.5 (black arrow heads). The striation artifacts come 

mainly from those spikes located in the k-space periphery where the magnitude is relatively 

low. Therefore, as the first step, the thresholding strategy searches for spikes located outside 

the radius r from the echo center r0, while all data within this radius are ignored to avoid 

eliminating true data from the echo peak. This is similar to applying specific thresholding 

over a low-pass filter, and such filtering in a radial direction is especially advantageous when 

applying radial k-space encoding rather than rectilinear Cartesian encoding. The magnitude of 

a spike usually has also very sharp character besides its abnormal height compared to the 

surrounding high frequency signals with low strength. Therefore, any data point is regarded as 

a spike if its magnitude A meets two conditions, which rely on the magnitude value of the 

complex k-space data: larger than 1/a of the maximum magnitude value along that radial line 

(i.e. dC � d	 n⁄ ), and at the same time also larger than 1/ a of either of the magnitude value of 

its two neighboring data points (i.e. dC � dC�� n⁄ ) to make sure that it is truly a spike rather 

than large signal fluctuation. In the current implementation r is chosen to be 1/4 of sampling 

points (A � _` 4⁄ ) and A is set to be 1/10 of the maximum magnitude value along the radial 

line (n � 10), both of which are determined empirically from several trial experiments so as 

to be satisfactory in minimizing false negative and false positive errors. Since the maximal 

magnitude is determined from the raw data, the threshold value that depends on it becomes 

adaptive to each coil element, or to each signal acquisition (readout) if in radial encoding 

scheme. To find this real maximum of the magnitude data in each radial line and avoid 

locating a local minimum, it is determined among the center 16 data points, i.e. A	 � 8, where 

r0 is the echo center at Ns/2.  

As the second step, once a noise spike pixel is encountered, the real and imaginary parts 

of that data point are replaced by zero. After thresholding and replacement of spike noise data 

points, the resulting raw data set is processed further in the usual way to form the final image. 

For demonstration purposes, the current thresholding method is implemented in the MRISim 

software [128]. But it should be noticed that, it can be easily implemented in an online 

processing work frame.  
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Figure 3.5 Spike noise reduction and removal of striation artifacts by an adaptive k-space filter based on a 
thresholding strategy. Data were acquired from a radial FLASH RT-MRI experiment for an in vivo human 
abdominal study (healthy volunteer, female, 27 years old) in a transversal plane across the liver, and were 
reconstructed in MRISim [128]. Upper left: one encoding line of the k-space with two spikes on both sides 
of the echo center; Upper middle and upper right: the unfiltered and filtered k-space data of one image, 
respectively; Lower middle and lower right: the corresponding images with and without filtering after 
reconstruction; Lower left: the image reconstructed directly from the manufacturer’s software (Syngo) with 
an applied Gaussian low-pass filter. Arrow heads: spike noises in k-space; white arrows: striation artifacts 
in the reconstructed images. The imaging parameters: spoiled radial FLASH, 16-channel body matrix coil 
(Siemens AG, Erlangen, Germany), FOV 256×256 mm2, matrix size 128×128, in-plane resolution 2.0×2.0 
mm2, SLT 8 mm, TR/TE 2.02/1.30 ms, FA 8°, BW 1950 Hz/Pixel. 
 

One example of applying the adaptive k-space filter on the actual measured data from an in 

vivo abdominal RT-MRI experiment is presented in Fig 3.5. A large number of such spikes 

were present in the whole k-space of one chosen time frame (white arrow heads), while the 

striation artifact patterns were obvious in the corresponding reconstructed image in both liver 

and background (white arrows). After applying the proposed filtering strategy, the striation 

artifacts at these two places were successfully removed. Only a few spikes remained in the 

filtered k-space which was missed by the thresholding strategy. Nevertheless, considerable 

improvements of the artifact reduction were visible in the final image. Noticeably, the pure 

Gaussian low-pass filter offered by the software from the manufacturer (Syngo) had the 

similar effect but not efficient enough as compared to the implemented strategy.  
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3.4 Summary 
 

The period from the early 1980s to the late 1990s has seen an explosive growth in the range 

and power of high speed MR imaging techniques with rapid pulse sequences [129-133]. The 

corresponding acquisition times for a complete MR image vary from sub-seconds (e.g. EPI) 

to several minutes (e.g. FSE). The enormous gain in shortening of imaging times not only 

improved patient comfort and clinical turnover, but also allowed for imaging in three 

dimensions or minimized patient motion artifacts in two dimensions. For example, “filming” 

of the heart with ECG synchronization and within a single breath-hold became feasible [62, 

68, 81, 100, 101]. 

Although diverse, all techniques are based on spin echoes, stimulated echoes, gradient 

echoes or a hybrid type. They are also related in that the shortened acquisition time is 

achieved by a compromise, i.e. a certain penalty, in image quality, either in spatial resolution, 

SNR, image contrast or artifacts.  

Therefore, a proper choice of the signal acquisition technique and imaging pulse 

sequence is of crucial importance for the development of RT-MRI. As a physical principle, the 

basic prerequisite is speed, continuity, image quality, and safety to patients. Through a 

detailed theoretical and experimental comparison the FLASH technique, which generates fast 

gradient echo signals with steady state precession acquisition, is chosen and further exploited. 

Its advantage is the ability to shorten the TR in concert with a low FA to maintain adequate 

image SNR, while still achieving ultra-fast imaging. In addition, and even more important 

advantage is that, the measuring time is not limited by physical properties such as the duration 

of a relaxation time. Thus, an unrestricted and case-dependent choice of spatial and temporal 

resolution, i.e. a flexible trade-off between speed and image resolution, can be achieved. 

Under such conditions, the total acquisition time for an artifact-free image with high spatial 

resolution was shortened to about 1 s, which is appropriate for real-time imaging. Further 

improvements in spatial encoding and corresponding reconstruction are described in the next 

chapters. 
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Chapter 4 
 

Development of Real-time MRI:  

k-Space Encoding  
 

From a physics point of view, the available magnetization may be efficiently utilized in the 

FLASH technique with low FAs and very short TRs. The remaining question from an image 

formation point of view is how to efficiently deal with the acquired data, i.e. encode the signal 

samples in the k-space. This is because the resulting image quality depends on how the k-

space is filled. For example, the spatial resolution in an MR image is limited by the range of 

k-values covered, while the sampling density within this range determines the image size, i.e. 

FOV, which should be depicted without aliasing.  

One attempt is to travel through k-space as fast as possible for every repetition (or 

readout), which corresponds to switching the gradient with a slew rate and strength as high as 

possible. Unfortunately, this is restricted both in technique and in biology, because the 

available gradient performance is determined by real amplifiers and thus limited in amplitude 

and in how quickly it can change, while excessive gradient switching interferes with neural 

electrophysiology in biological systems and causes peripheral nerve stimulation (PNS). 

Therefore, ever-faster encoding cannot be pursued much further with such a concept. The 

other attempt is to determine how to travel through the k-space with a proper choice of 

specific trajectories, i.e. encoding patterns. According to Eq 2.11, with appropriate G(t), a 

particular trajectory k(t), along which the sampled signal is stored, can be selected to cover the 

k-space. After S(k) is adequately sampled (Eq 2.12), it is transformed by applying desired 

reconstruction algorithm to obtain an image. Such determination of how the acquired signal is 

mapped into the k-space has thus a dramatic effect on the spatial and temporal resolution, as 

well as the contrast of the resulting images and the scan duration. 

In this chapter, the advantages of a radial encoding scheme are demonstrated, whereas the 

problems of conventional Cartesian encoding are explained. In addition, specific approaches, 

namely sampling pattern optimization and trajectory correction, are implemented for the 

development of RT-MRI. 
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4.1 Spatial Encoding with Radial Trajectories 
 

In a radial encoding scheme, the k-space signal is sampled along spokes – rotated lines – 

instead of parallel lines as in a Cartesian scheme. This can be done by applying gradients in 

the x- and y-direction with various amplitudes: B* � B · cos �, B+ � B · sin �       (4.1) 

where Ø is the desired angle of the spoke and G denotes the constant strength required for 

sampling the central k-space line, which can be calculated based on Eq 1.11: B � >�=·��;          (4.2) 

 
Figure 4.1 Sequence diagrams (left) and k-space trajectories (right) for radial and Cartesian FLASH. 

 

Fig 4.1 illustrates the gradient waveforms of the spoiled FLASH technique using radial and 

Cartesian encoding schemes. The corresponding k-space trajectories with one signal readout 

(encoding line) are also shown on the right side. The solid lines and arrows indicate the k-

space sampling trajectory of the sequence, while the dashed lines indicate the trajectory 

before the sampling. More details of each gradient are explained in the pulse sequence design 

part of Chapter 6. 
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4.1 Spatial Encoding with Radial Trajectories 

Radial encoding was already proposed in 1973 as projection reconstruction (PR) imaging 

when the first spatially resolved MR image was presented [6]. But it was soon replaced by 

Cartesian encoding because the latter partially compensates for the off-resonance effects and 

technical inadequacies in gradient performance in the early MRI systems. In recent years 

radial encoding is regaining growing interest [29], mainly because of several unique 

advantages relative to Cartesian encoding. 

 

4.1.1 Undersampling beyond the Nyquist Limit 
 

First of all, radial spokes and Cartesian lines are both literarily called “views”, but the view 

number in radial scheme is independent from the data matrix size, i.e. image resolution. This 

offers flexibility in choosing the repetition steps for acquiring a whole image, and thus the 

possibility of undersampling.  

Normally, in order to make sure that the maximum distance between two samples in the 

k-space (∆k) does not exceed the Nyquist limit, Eq 2.14 has to be fulfilled for radial encoding 

in the readout direction k: ∆S � TV��(�� ^ ���;         (4.3) 

and in the azimuthal direction Ø, i.e. two farmost samples at the edge of the k-space: S4Y* · ∆� � S4Y* · U�� ^ ���;        (4.4) 

By combining the above two equations, the number of views that have to be acquired in order 

to fulfill the Nyquist criterion for a radial image with the same resolution as that for a 

Cartesian image with square FOV, i.e. Ns = NPE, yields: _; � UT · _hf          (4.5) 

Therefore, to obtain an image with resolution of NPE ×NPE, more repetitions (about 1.57NPE) 

are required in radial scheme if the sampling rule is to be obeyed. However, different to 

omitting the number of parallel sampled lines in Cartesian scheme, which corresponds to 

periodic replication of the point spread function (PSF) and wrap-around object in the image as 

described before, reducing the view number in radial encoding scheme results in broadening 

of the PSF main lobe and increasing of the side lobe amplitudes, which corresponds to a 

decrease of the effective FOV, i.e. artifact-free area in the middle of the image around the PSF 

[28]. Undersampling artifacts appear as streaks in the image, but at the edge [27] while the 

main structure of the object is maintained. Thus, in practice, the number of repetitions can be 
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greatly reduced and the scan duration can therefore be shortened. This is well demonstrated in 

the next section with experimental results.  

Acquiring views below the Nyquist limit introduces “Nyquist holes”, i.e. unmeasured 

regions in k-space, which affect the weighting function and result in deviation of the 

modulation transfer function in the gridding reconstruction (see section 5.1). The failure of the 

reconstruction algorithm then causes predominant streaking in the vicinity of the object in the 

image (Fig 4.3). To control the degree of artifact level and number of view NV [134, 135], a 

moderate undersampling with the number of views close to the image base resolution has 

always been chosen for real-time applications in this thesis. 

 

4.1.2 Free Zooming without Aliasing 
 

The ability to perform readout oversampling in all directions with rotated views, in contrast to 

only one direction in Cartesian scheme, allows for increasing the FOV in radial encoding, 

which shifts away the periodic replications of the object due to discrete sampling. In this case, 

the gradients remain unchanged, while the sampling rate of the receiver is doubled, so that the 

spatial resolution is preserved but the apparent FOV is actually doubled (according to Eq 3.1). 

This can further facilitate selecting a smaller FOV than the actual object size without any 

signal aliasing or additional acquisition steps – like zooming into a local area, which is 

potentially useful during interventional or interactive imaging. 

 

4.1.3 Intrinsic Robustness against Motion 
 

Another advantage of radial sampling is that, due to the absence of phase encoding, motion-

induced phase errors are greatly reduced, which eliminates the troublesome ghosting artifacts 

as frequently shown in Cartesian imaging [29, 136, 137]. Moreover, the intrinsic 

oversampling of center k-space also contributes to reduce motion artifacts in a manner similar 

to signal averaging [138]. This is at the expense of mild smearing or blurring, and in worst 

cases as streaks due to motion inconsistencies. Noticeably, while in Cartesian encoding the 

ghosting artifacts appear over the entire image with maximum intensity occurring at the 

lowest order ghosts closest to the object, in radial encoding the streaking artifacts occur 

perpendicular to the motion direction with lower intensity closer to the object. Typical results 

are shown in the next section where the potential capability for studying dynamic process is 



 
 

- 51 - 

4.1 Spatial Encoding with Radial Trajectories 

well demonstrated.  

Moreover, in contrast to Cartesian scheme, each sampled view in radial encoding 

captures an equal amount of low and high spatial frequency information in the k-space, 

offering more homogeneous image updates in dynamic MRI applications, which is to be 

discussed in details in the next chapter. 

 

4.2 Comparison of Available Encoding Schemes  
 

Since many different trajectories can be used to sample the k-space, a few other major 

schemes are discussed here. Moreover, a summarized comparison among radial, Cartesian, 

and spiral encodings is given based on simulated data, particularly in terms of their artifact 

properties due to undersampling, off-resonance and motion. At the same time, detailed 

experimental comparisons are also presented to demonstrate the advantages of the radial 

encoding scheme. 

 

4.2.1 Brief Review  
 

Cartesian 

Cartesian is the most often used way of k-space sampling. It encodes the acquired data in the 

k-space in a line-by-line scheme [50]. For many years, Cartesian k-space encoding has been 

the most popular method because it allows for a direct use of the inverse FFT. As all sampled 

data lie directly on a rectilinear grid which forms the raw data matrix, by performing FFT for 

each line and each column subsequently, an image of the object with identical extent can be 

obtained. However, such a rectilinear incremental phase encoding scheme has many 

drawbacks, especially when aiming at imaging time acceleration or imaging of dynamic 

processes.  

First of all, as described in Section 2.2.3, any reduction of the number of the encoding 

steps to shorten acquisition time may result in either decrease of image spatial resolution or 

aliasing of signal in the phase encoding direction, as both illustrated in Fig 4.3 by performing 

2-fold undersampling from 256 to 128 with different strategies. Typically, these artifacts may 

also occur when the selected FOV is smaller than the actual object size. This is because the 

signal originating from the anatomy outside the FOV is mis-mapped into the FOV, i.e. 
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assigned with a phase value that has already been given to signal originating within the FOV. 

Since frequency encoding is normally carried out according to the Nyquist theorem with 

a double rate of digitizing, i.e. readout oversampling by a factor of two, such aliasing effect is 

only critical in the phase encoding direction. To avoid such an effect, oversampling in the 

phase-encoding direction is necessary and the resulting extended portion of the FOV is 

discarded during reconstruction, while only the selected one without artifacts is displayed. 

However, this is at the cost of the increased imaging time.  

The second disadvantage is that any motion that occurs during scanning may produce 

replications of the moving object across the image, i.e. ghosting artifacts, in the phase 

encoding direction [139]. This is because the position change along this direction during the 

signal acquisition causes misplacement of different phase values in the k-space assigned by 

the phase-encoding gradient with different amplitude from one TR to another, which in turn is 

converted by the Fourier transformation into the image. Although experiments in this thesis 

showed that with optimized pulse sequence parameters as described in Chapter 3 (i.e. shortest 

TR and TE, low FA, with high BW), Cartesian FLASH could eliminate severe ghosting during, 

for example, periodic respiration in abdominal imaging or pulsatile motion of vessels in 

carotid imaging, due to substantially shortened acquisition window and decreased intra-line 

phase inconsistency, it still suffers from minor ghosting and blurring during imaging of 

irregular or abrupt motions, e.g. displacement of temporomandibular joint (TMJ) during jaw 

opening or swallowing, as illustrated in Fig 4.5. 

Furthermore, individual lines are not equivalent as they encode either low or high spatial 

frequencies (in the phase encoding direction). This leads to unwanted consequences for the 

update of Cartesian images when studying moving objects, which will be described in details 

in the next chapter. 

 

Spiral 

Spiral [8, 140-143] is another commonly used non-Cartesian encoding scheme besides radial. 

The trajectory starts from the k-space center and ends in the edge area by using the pulse 

sequence with two simultaneously oscillating gradients Gx and Gy. The advantage of spiral 

encoding is that the center of the k-space is sampled immediately after the RF excitation when 

very little dephasing has occurred, and the k-space trajectory is smoother than EPI and do not 

require ultrafast gradient switching. The disadvantage of spiral includes its high sensitivity to 

off-resonance effects, as significant blurring shown in Fig 4.2, and also the limitation of the 



 
 

- 53 - 

4.2 Comparison of Available Encoding Schemes 

resolution due to T2* relaxation when using a single-shot sequence or longer scan time and 

more artifacts when using a multi-shot interleaved variation [144, 145]. Although spiral 

encoding is proved to be less sensitive to flow artifacts due to intrinsic compensation of 

higher gradient moments [138, 143, 146], it remains sensitive to object motion, particularly 

when compared to radial encoding [147]. More importantly, undersampling in spiral scheme 

may lead to coherent artifacts throughout the image, unlike the benign undersampled artifacts 

in radial scheme. Similarly, more complicated fold-in patterns rather than simple discrete 

aliasing as in Cartesian case may be invoked in spiral sampling, when the FOV is selected 

smaller than the imaging object. All these characteristics were demonstrated in Fig 4.2. 

 

PROPELLER 

PROPELLER (periodically rotated overlapping parallel lines with enhanced reconstruction) 

[148-151] is a hybrid encoding scheme combining radial and Cartesian sampling. The 

trajectory is made up of a set of parallel Cartesian lines, termed as blades, which are rotated to 

cover the entire k-space. Various pulse sequences can be used to acquire these Cartesian lines, 

such as EPI [150, 152], FSE or FLASH. Because each blade runs through the central k-space 

and can be reconstructed separately to obtain a low-resolution image, the advantage of motion 

artifact correction by examining this information has been demonstrated in various studies 

[153-156]. Although this technique is already commercially available on most MRI systems, 

it is excluded in this work because of its remarkable longer imaging time compared to normal 

Cartesian and radial schemes, due to strong oversampling of the central k-space area, and 

because of its complicated reconstruction. More importantly, it has the difficulty to combine 

with sliding window technique to increase image reconstruction rate. 

 

EPI 

Echo-planar imaging (EPI) is normally also regarded as a special type of encoding scheme, 

because repetitive alternations of the readout gradient polarity is continuously applied during 

the whole imaging process. It is frequently used for fast acquisition and encoding in clinical 

routine examinations and research as well. Generally it covers the entire k-space in either a 

zigzag (with constant or non-blipped phase encoding gradient) or rectilinear (with intermittent 

or blipped phase encoding gradient) global trajectory after one single RF excitation. However, 

because of a number of related problems including limited spatial resolution due to T2* decay, 

predominant artifacts such as geometric distortion and signal loss caused by phase errors that  
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Figure 4.2 Comparison of radial, Cartesian and spiral encoding schemes. The k-space trajectories are given 
on top, and corresponding artifacts due to undersampling, zooming, motion and off-resonance are shown 
for simulated data using a numerical phantom (MRISim software [128]). 
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are accumulated due to off-resonance effect [157, 158] or ghosting artifacts due to alternated 

gradient, as described and demonstrated in Section 3.2, it is also excluded here for further 

discussion. 

In addition, many other 2D k-space trajectories also exist, such as Lissajou [159-161], 

circular [162, 163], linogram [164, 165], TWIRL (twisted radial lines) [166, 167], stochastic 

[168], rosette [169], WHIRL (winded hybrid interleaved radial lines) [170], and STAR [171]. 

Most of them are derivatives or combinations of the basic non-Cartesian trajectories, i.e. 

radial and spiral, and try to compensate for the drawbacks such as sensitivity to the field 

inhomogeneities and susceptibility differences. However, due to their complex sampling 

patterns and resulting difficulties in practical implementation as well as in image 

reconstruction, most of them are applied only in very limited cases. Therefore, this 

comparison focuses mainly on Cartesian, spiral and radial encoding schemes.  

Simulated data with numerical phantoms to demonstrate different artifact produced by, 

undersampling, zooming, motion, and off-resonance, are presented in Fig 4.2. As discussed 

above, radial encoding has more incoherent undersampling artifacts as streaks with an 

artifact-free area in the middle of the image, compared to Cartesian and spiral encoding. And, 

it is obvious that the “zooming” ability without prolongation of the imaging time is a unique 

property of radial trajectories while the other two result in in-folding artifacts similar to the 

undersampling situation. For objects with motion during the signal acquisition, the induced 

streaks around the object with highest intensity at the image edge in radial encoding scheme 

are much more benign when compared to the overall aliased ghosts in Cartesian or 

complicated artifact pattern in spiral encoding. Although compared to smearing and signal 

loss in radial encoding, Cartesian scheme hardly shows visible artifacts due to off-resonance 

effects, by considering the general characteristics, it is still concluded that the advantages of 

employing radial encoding scheme outweigh the qualities obtained from either Cartesian or 

spiral trajectories, particularly to serve as an efficient mean for dynamic imaging. 

 

4.2.2 Experimental Comparison  
 

A thorough study of the undersampling artifacts from an in vivo measurement with human 

brain (healthy volunteer, female, 37 years old) is presented in Fig 4.3. The Cartesian encoded 

images are shown from a to d with the corresponding k-spaces below them, whereas the 

radially encoded images are shown from e to h with also corresponding k-spaces. For better 
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Figure 4.3 Undersampling effect of (a to d) Cartesian and (e to h) radial encoding, with magnified view of 
detailed part for an in vivo human brain study. Both images and the corresponding k-spaces are illustrated. 
The number of the phase-encoding lines (Cartesian) and views (radial), as well as the TA and SNR, are 
given in the figure. In Cartesian, oversampling in the frequency-encoding direction (left-right) resulted in a 
rectangular raw data matrix. Other parameters were identical for both encoding schemes: spoiled FLASH, 
FOV 256×256 mm2, SLT 3 mm, TR/TE 50/2.7 ms, FA 30°, BW 430 Hz/Pixel. 

Continued 
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demonstration, the detailed parts are magnified. Fig 4.3 a and d shown images with full 

sampling for a FOV of 256×256 mm2 and a matrix size of 256×256 in both cases – 256 phase-

encoding lines in Cartesian and 403 views in radial encoding, which yield the same in-plane 

spatial resolution of 1.0×1.0 mm2.  

In Fig 4.3b, 2-fold undersampling with 128 phase-encoding steps in Cartesian by keeping 

the same line space resulted in half of the k-space size and thus lower spatial resolution 

(2.0×2.0 mm2). Whereas in Fig 4.3c, same undersampling but keeping the k-space size 

resulted in double line space and thus aliasing artifacts and blurring in the image. Fig 4.3d 

was also 2-fold undersampled, but in this case the central k-space are fully sampled with 64 

lines (i.e. same line space as that in a and b) and the periphery was 1.5-fold undersampled 

with the rest 64 lines (i.e. same line space as that in c). With such a variable density 

undersampling scheme, the resulting aliasing was much weaker (arrows) because the k-space 

center, which contains most of the signal and contributes more to image contrast was not 

undersampled. However, the artifacts are still difficult to remove. For radial encoding, 

reducing the views from full sampling with 403 views to 6-fold undersampling with only 65 

views (Fig 4.3h), while keeping the image matrix size (256×256) constant resulted in blurring, 

decreased SNR and mild streaks (arrow heads) closer to the image object. However, the 

spatial resolution and the main structure were maintained without signal aliasing. The TA is 

also given in the figures, which clearly shows that much shortened imaging time could be 

achieved in radial encoding by simply reducing the number of views due to its benign 

undersampling behavior. 

Similarly, results from the zooming study in both encoding schemes are presented in Fig 

4.4. Fig 4.4a shows the original image with a FOV of 256×256 mm2 and a matrix size of 

256×256, which yielded an in-plane resolution of 1.0×1.0 mm2. Fig 4.4b, c and d show the 

“zoomed-in” images corresponding to the white square in a, with a smaller FOV of 64×64 

mm2. To obtain the same spatial resolution, 64 phase-encoding steps were acquired in Fig 

4.4b using Cartesian encoding. The signal from outside of the FOV is folded into the chosen 

FOV in the phase-encoding direction, i.e. anterior (top in the image) to posterior (bottom in 

the image), and thus distort the image. As one of the remedy, Cartesian encoding with 2-fold 

oversampling in the phase-encoding direction with the same FOV and matrix size was done, 

resulting in an artifact-free image as shown in Fig 4.4c but at the cost of doubling the 

measurement time compared to Fig 4.4b. In contrast, by applying radial encoding with the 

same matrix size and relevant view number (i.e. 65), a clear image with the same 

measurement time as compared to Fig 4.4b could be obtained due to oversampling in all 
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radial directions. The image experienced only mild blurring and decreased SNR due to 

undersampling. It should be mentioned that, such aliasing artifacts can also be corrected 

during image reconstruction by exploiting different spatial sensitivity of multi-channel 

receiver coils, termed as parallel acquisition techniques (PAT). More details will be discussed 

in Section 5.3, but it should be noticed that, although PAT reduces the amount of data to be 

acquired and thus the scan time in conventional Fourier encoding, the effectiveness of the 

algorithms, regarding the removal of the artifacts and the decrease of the SNR, practically 

limit the reduction factor. 

 
Figure 4.4 Zooming effect of Cartesian and radial encoding for an in vivo human brain study in a 
transversal plane. (a) FOV 256×256 mm2, matrix size 256×256, and in-plane resolution 1.0×1.0 mm2. The 
white square indicates the “zoomed-in” area in (b, c and d). (b) Cartesian encoding – smaller FOV 64×64 
mm2 with matrix size of 64×64, same in-plane resolution as in (a) but with strong aliasing artifacts. (c) 
Cartesian encoding – same FOV and matrix size as in (b) but 2-fold oversampling in the phase-encoding 
direction. (d) Radial encoding – same FOV and matrix size as in c with view number of 65. 
 

In addition, motion robustness was investigated with two examples shown in Fig 4.5. The 

displacement of temporomandibular joint (TMJ) during mouth opening is an irregular 

movement because both in-plane inferior and anterior displacement as well as through-plane 
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medial displacement of the joint condyle (indicated by c in the figure) occur during this period. 

The motion of oropharyngeal organs during swallowing is an abrupt movement because 

several involuntary and synchronous actions happen less than 1 s just before transporting the 

saliva into larynx. In contrast to radial encoding, which gave relatively robust images, 

conventional Cartesian encoding with comparable imaging parameters suffered from ghosting 

and blurring which obscure normal structures (arrows). Such motion-freezing snapshots from 

radial scheme could serve as a localizer technique before the real examination for all MRI 

applications, as shown later in Fig 5.4.  

 
Figure 4.5 Motion robustness of radial encoding (left) in comparison to Cartesian encoding (right) during 
temporomandibular joint (TMJ) displacement (top) and swallowing of saliva (bottom). Note the motion 
ghosting artifacts (arrows) around the mandibular condyle (indicated by c) and in the oropharyngeal area, 
as well as the signal aliasing (arrow head) in Cartesian scheme. The imaging parameters: spoiled radial 
FLASH, FOV 192×192 mm2, matrix size 256×256, in-plane resolution 0.75×0.75 mm2, SLT 5 mm for TMJ 
in an oblique sagittal plane and 10 mm for swallowing in a middle sagittal plane, TR/TE 5.4/2.4 ms, FA 10°, 
BW 810 Hz/Pixel. For radial encoding, the view number was 265 with 5 interleaves. 
 

As almost all difficulties and limitations vanish when replacing Cartesian with radial 

encoding, some disadvantages of a radial k-space scheme remain: First, it suffers from a 
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pronounced sensitivity to the susceptibility induced off-resonance effects, which arises from 

its inherent trajectory formation with variable readout directions and k-space center 

intersections that result in demodulated phase errors and signal inaccuracies. Second, it is 

more sensitive to the deviations of the gradient time courses, which are caused by hardware 

imperfection such as improper timing alignment and eddy currents, and which result in 

additional phase errors. Such errors are also experienced in the conventional Cartesian scheme 

but can be safely neglected because all parallel encoded lines have the same error and will not 

affect the image quality, as illustrated in Fig 4.6a.  

 
Figure 4.6 Comparison of SNR and off-resonance sensitivity between Cartesian and radial encoding for a 
phantom study. (a) Cartesian image without correction for off-resonance effects. (b) Radial image without 
correction for off-resonance effects. (c) Radial image with trajectory corrections for off-resonance effects. 
(d) Radial image with trajectory correction for off-resonance effects and with full sampling. Images were 
taken from off-center position with double oblique orientation. Concerning the SNR from (a) and (c), it 
shows that radial encoding yielded relatively lower SNR (radial/Cartesian: 100/124 ≈ 0.81) with 
comparable encoding views (255 for radial / 256 for Cartesian). But when comparing (a) and (d), it shows 
that comparable SNR (122/124 ≈ 0.98) was obtained by radial encoding with full sampling (i.e. 403 views 
for 256 image matrix size). Off-resonance artifacts are hardly visible in the Cartesian image, but phase 
errors induced by the off-center position and eddy currents cause smearing as well as signal loss in the 
radial image without corrections, while they are effectively removed after corrections. 
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It should be noticed that, although they cause smearing and signal loss in the radial image and 

thus may severely degrade the image quality, as shown in Fig 4.6b, both of these sources can 

be effectively compensated by applying proper corrections during the acquisition and 

encoding process, as demonstrated in Fig 4.6c. Details about the strategies and 

implementation of such corrections are given in Section 4.3.1 and 4.3.2. Third, as non-

uniform grids, a certain decrease in SNR by a factor η is applied based on the Eq 3.3. By 

counting in the sampled area, total number of samples and the weighting function (i.e. the 

inverse local density function, described in the next chapter) to measure the homogeneity of 

the sample distribution, this factor yields η≈0.87 [112]. Consequently, when using the same 

number of views or data points and the same pulse sequence (i.e. FLASH), the SNR of an 

image acquired with radial trajectories will be lower by about 13% compared to that with 

Cartesian where η=1, as shown in Fig 4.6. Further, radially sampled k-space needs a more 

complicated reconstruction algorithm, e.g. to perform data gridding before applying FFT. This 

will be introduced in the next Chapter. 

 

4.3 Specific Optimization for Time-resolved MRI 
 

Since the hardware (i.e. gradient system) and software (i.e. reconstruction algorithm) of most 

current clinical MRI systems are primarily optimized for Cartesian imaging, radial encoding 

may arouse image artifacts due to incomplete control of the measuring process. Therefore, in 

order to exert all efficiency of radial encoding with improved image quality for the 

development of RT-MRI, specific optimizations have to be implemented, as described in the 

following sections. 

 

4.3.1 View Number, Rotational Angle and Gradient Polarity 
 

First of all, the experimental accuracy is under the influence of how the entire views are 

organized in k-space, namely the number of views (either odd or even), angulation – maximal 

rotational angle that spread views in k-space (either 0° to 180° or 0° to 360°), and the readout 

direction of the trajectories, which corresponds to the gradient polarity (either monopolar or 

bipoloar). Fig 4.7 presents a systematic comparison of various combinations of these three 

parameters. All images were taken at the iso-center position using a 32-channel head coil 
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(Siemens AG, Erlangen, Germany) with applied trajectory corrections (see Section 4.3.2). 

Firstly, even view number covering 360° resulted in two-fold data redundancy and 

angular undersampling (∆Ø = 2π/NV) in the k-space distribution, which led to streaking 

artifacts in the image (black arrows) independent of the gradient polarity (Fig 4.7c and d).  

Secondly, when comparing even or odd view number on a 180° distribution with 

monopolar gradient to that with bipolar gradient (i.e. comparing a to b, e to f in Fig 4.7), k-

space distribution of 180° without gradient oscillation (i.e. mono-polarity, as in a and e) 

showed smeared images while the same distribution scheme with gradient oscillation (i.e. bi-

polarity, as in b and f) gave a clean result, independent of the view number. This can be 

explained by the theory of the off-resonance sensitivity from the radial encoding. In the 

conventional Cartesian case, any off-resonance phase error [172] is identical for all acquired 

lines because the signal is recorded during a constant velocity movement in the readout 

direction. Therefore, the resulting overall linear phase modulation, and consequently a 

translation (i.e. shift) of the affected areas in the image, will be present along this direction 

[173]. But since the readout time is short, the distortion of the object is tiny and usually hardly 

noticeable [128], as demonstrated in Fig 4.6. However, in the case of radial encoding, as the 

sampled views rotate, the experienced linear phase modulations cause a shift of the encoded 

spatial information with different orientations in the k-space and result in smearing or blurring 

in the image (white arrows). In this case, the corresponding point-spread-function (PSF) does 

not show itself as an ideal central peak any more but depends on the coverage scheme how the 

trajectories are organized. In the case of π maximal rotational angle (i.e. 180°) without 

oscillating the readout direction, the shifts are one-sided which causes smearing of the 

reconstructed object (Fig 4.7 a and e); in the case with readout direction oscillation, the full k-

space coverage yields a symmetrical distribution of the phase errors, so that the smearing is 

less visible in the image (Fig 4.7 b and f). Noticeably, this desired condition can also be 

achieved with a maximal rotational angle of 2π (Fig 4.7 g and h). 

Thirdly, when comparing 180° distribution with odd number views and with gradient 

oscillation (Fig 4.7f), 360° distribution with odd number views and without (Fig 4.7g) or with 

(Fig 4.7h) gradient oscillation, all three of them yield symmetric distribution of phase errors 

over the entire k-space. But they differ in the temporal ordering, i.e. incremental angle ∆ØINC, 

of the individually sampled views. For the purpose of a homogeneously incremented angle (to 

be explained later), the 180° coverage with odd number views and with gradient oscillation 

(Fig 4.7f) was discarded. For the purpose of an efficient increment, the 360° coverage with 
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Figure 4.7 Influence of the number, rotational angle and readout direction of views in radial imaging for a 
phantom study. (a) to (d) were acquired with even view number (NV=204) for which 14 views were 
illustrated for simplicity in the corresponding k-space trajectories. (e) to (h) were acquired with odd view 
number (NV=205) for which 15 views were illustrated. For both cases, two schemes for k-space coverage 
(i.e. 180° and 360°) and two readout directions (gradient polarities) were studied. Arrows in the trajectories 
indicate the readout direction and angle distance between each view (∆Ø). White arrows indicate 
susceptibility artifacts induced by subject-related phase errors; black arrows indicate the streaking artifacts 
caused by angular undersampling. 
 

odd number views and gradient oscillation where ∆ØINC > 180° (Fig 4.7h) was also discarded. 

Therefore, an encoding scheme of either 180° coverage with even number views combining 

gradient oscillation or 360° coverage with odd number views without gradient oscillation is 
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the optimal choice to achieve good image quality, at least in static imaging. As a matter of fact, 

with respect to the trajectory, an optimal combination would be that each view possesses an 

opposed encoding direction to its neighboring view.  

 

4.3.2 Trajectory Correction 
 

Apart from the object-related off-resonance sensitivity, additional phase modulations caused 

by hardware imperfections need to be separately corrected, because they do not depend on the 

gradient polarity and thus cannot be compensated by alternating the gradient readout direction. 

These system-induced phase errors mainly arise from two sources: gradient delays due to 

eddy currents, and an improper timing alignment between frequency demodulation reference 

signal and the real data acquisition. Such problems are also experienced in Cartesian imaging 

[174], but can be safely ignored as explained before (Fig 4.6). In a radial encoding scheme, 

they both cause trajectory deviations in k-space, and correspondingly, object blurring and 

signal cancelation in the reconstructed image.  

First of all, gradient delays may introduce time discrepancies, for example, between 

playing out gradient moments and real signal acquisition. They will cause a deviated time 

course of the actually experienced field strength [128] and produce substantial phase errors in 

the acquired signal [175]. These lead to displacement of views parallel to their readout 

directions as well as in the perpendicular direction, so that they do not even pass the k-space 

center exactly [135].  

Secondly, a reference signal Sref is required for imaging off-center slices when using time-

varying gradient amplitudes, as in radial imaging. It is created by the system and used to 

multiply the spin signal to get the actual off-center image: 7C�� � "#0�∆�·�IP�         (4.6) 

where ∆f is the modulated frequency, which changes according to the applied gradient 

waveform G and the shift dx of the FOV from the gradient iso-center: ∆� � � · B · 
*         (4.7) 

assuming dx is the offset along x-axis in the readout direction, and L is the initial phase which 

is calculated by the system such that the phase of the reference signal equals zero at time tDC 

when the acquired data point DDC corresponds, i.e. by FFT, to the k-space center [176]. Any 

inaccurate synchronization between acquisition and reference signal makes this phase 

dependent on ∆f and thus on the offset dx. Therefore, for imaging off-center slices in radial 
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encoding when dx ≠0, this results in multiplications of each view with a different reference 

signal, and such trajectory deviation and phase variation further results in artifacts in the 

image. 

To correct for these errors, different approaches have been suggested, either by gridding 

reconstruction [177, 178] or by adjusting each view from additional measurements for 

characterization of echo shift [179, 180], based on the calibration of the trajectories to assess 

the gradient deviations [175]. Fortunately, although such delays are normally anisotropic and 

are dependent upon different gradient axes [175] as can be seen from the above equations, it 

has been shown that for specific MRI system, deviations mainly occur as isotropic delays that 

only depend upon tos, which stands for the receiver dwell time including oversampling in µs 

[176, 181]. Thus, they can be well approximated by a linear equation. For the system 

described in Section 2.4, a time shift was added to adjust the readout prephase (or dephase) 

gradient, and also the rephase gradient for refocused radial FLASH sequence, to compensate 

trajectory errors in the first situation [181]: ∆�� � 0.42 · �3` � 3.90 �z        (4.8) 

while another time shift was incorporated into the phase of reference signal to compensate 

trajectory deviations in the second situation [176]: ∆�T � 0.5 · �3` / 2.0 �z        (4.9) 

In Fig 4.8, the acquired phantom images without corrections clearly demonstrate how these 

small time delays degrade radial image quality with significant artifacts. For both iso-center 

and off-center positions, the above carefully selected radial encoding schemes were applied. 

However, images acquired at iso-center position with signal void and also streaking (black 

arrows) showed that such system-related timing errors could not be compensated by simply 

using opposed encoding directions of neighboring views. Images acquired at off-center 

position showed additional smearing (white arrows) due to improper timing alignment of 

reference signal and receive event. To the right side, the corresponding corrected images show 

that all artifacts were successfully removed for both radial encoding schemes. This could 

facilitate radial imaging in applications with variable slice positioning, e.g. in cardiac or 

interventional imaging when off-center double-oblique slice orientations are often 

encountered. Because this procedure is sufficient to obtain high-quality images with radial 

sampling, the concept was employed in all experiments of this thesis. 

 



 
 

- 67 - 

4.3 Specific Optimization for Time-resolved MRI 

 
Figure 4.8 Trajectory corrections for radial encoding for a phantom study. Two conditions were 
investigated – iso-center position in a transversal plane and off-center position in a double oblique plane. 
For each condition, two optimal sampling patterns, i.e. 360° coverage with odd number of views and 180° 
coverage with alternated even number views, were applied. Black arrows and white arrows indicate signal 
void and additional smearing, respectively, both induced by system-related phase errors. 
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4.3.3 View Reordering 
 

The impact of the view order on achieving time-resolved imaging, in dynamic studies of time-

varying processes, is discussed here. The view order indicates the order, in which sequentially 

acquired views are arranged in k-space. It is known that motion would be smooth if the 

induced signal inconsistencies could be kept as low as possible between adjacent acquired 

views. However, this is often not the case during dynamic studies with, for example, 

impulsive blood flow or rapid myocardial movements. Therefore, it is recommended to 

“geographically” divide, i.e. to interleave, the individually acquired views, with a uniform 

distribution that cover the entire k-space during the encoding of one image to minimize 

motion artifacts. 

 
Figure 4.9 Schematic diagram of different view reordering in radial k-space encoding. For simplicity, 15 
views for a 360° scheme were illustrated with ∆Ø=10° distribution. In a (a and d) normal linear order radial 
encoding, the angle increment ∆ØINC equals the azimuthal view gap ∆Ø, but has a large jump of (NV -1)·∆Ø 
from one image frame to the next. In a (b and e) sequential interleaving (with five interleaves), ∆ØINC 
within one image frame is more uniformly distributed over the k-space, but still has the same jump as in the 
linear case. In the (c and f) reordered interleaving (with five interleaves), each view is arranged with 
optimal distribution not only within the acquisition of one image frame, i.e. encoding of one corresponding 
k-space, but also over the entire repeated measurement. 
 

Several proposals have already been made to optimize the view order, in order to improve 

temporal fidelity of radial encoding. The most common approach is to simply acquire views  
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Figure 4.10 Experimental comparison between linear (left) and interleaved radial encoding (right, 
described as reordered interleaving in Fig 3.9), for a (a and b) phantom and a (c to f) human abdomen 
(healthy volunteer, male, 28 years old) in a transversal plane across the liver during free breathing. Images 
in (a, b, c and d) were acquired by 180° scheme; images in (e to f) were acquired by 360° scheme. Black 
arrows indicate motion induced artifacts. Imaging parameters used here were identical for both approaches: 
refocused radial FLASH, 32-channel body array coil (Siemens AG, Erlangen, Germany), FOV 256×256 
mm2, matrix size 192×192, in-plane resolution 1.3×1.3 mm2, SLT 8, TR/TE 5.0/2.5 ms, FA 12°, BW 640 
Hz/Pixel. 
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in a segmented scheme with certain interval in azimuthal direction (Fig 4.9b), here termed as 

sequential interleaving to distinguish it from other interleaving patterns [182-187]. 

Compared to the conventional linear order, either linear ascending (360° sampling 

scheme with odd number views) or linear alternate scheme (180° sampling scheme with even 

number views), the motion discontinuities are reduced between 0° and 360° within acquisition 

of one image. However, it still remains a large jump in incremental angle ∆ØINC from 

acquisition of one image to the next. Indeed, since the acquisition order of the first view in 

each segment (e.g. from 11 to 51 in Fig 4.9b) is a linear order, this large jump is always 

experienced from the last view in the last segment of one image (k-space) to the first view in 

the first segment of the next (Fig 4.9e). Because consecutively encoding the k-space with 

multiple azimuthal segments is equivalent to repetitively encoding with these multiple turns 

(i.e. segments) in series, all turns not only within the acquisition of one image but also 

between images are desired to be distributed uniformly. Therefore, an advanced interleaving 

scheme, called reordered interleaving here, was developed in this thesis. Note from Fig 4.9c 

and f, the acquisition order of the first view in each segment is also interleaved. In such a way, 

sequentially acquired segments in time result in a more uniform view distribution over the 

entire dynamic imaging process, so that motion induced inter-view fluctuations are reduced to 

minimal. It is similar to previously reversed bit order [188] but is not restricted by the choice 

of the number of the segments, and applies for both 360° and 180° schemes. 

Several experimental comparisons of linear and reordered interleaving approaches in 

radial encoding are presented in Fig 4.10 and Fig 4.11. The view number NV and the 

interleaves (i.e. segment) number Nseg are given directly in the figures. First of all, images in 

Fig 4.10 a and b show that, for static imaging, both approaches yield same result and quality. 

Second, images in 4.10 c and d were acquired by the 180° scheme, while images from e to f 

were by the 360° scheme, according to the conclusion in Section 4.3.1. All were applied with 

trajectory corrections according to the descriptions in Section 4.3.2. They show that both 180° 

and 360° schemes benefit from the reordering strategy in resolving small changes such as the 

structures and edges of the veins (black arrows) in the transversal liver imaging during pulsile 

motion and free breathing. In addition, numerous dynamic imaging studies have shown that 

image quality from the 360° scheme is slightly better than that from the 180° scheme, 

although it is not well recognized here by comparing 4.10 d and f. Third, images from 4.11 a 

to d were acquired by the 360° scheme. They show that, by employing view reordering 

optimization, the robustness of the moving structures with large contrast changes such as 

cardiac motions (white arrows), is also dramatically improved.  
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Figure 4.11 Experimental comparison between linear (left) and interleaved radial encoding (right, 
described as reordered interleaving in Fig 3.9) for a human cardiac imaging study (healthy volunteer, 
female, 28 years old) in a (a and b) transversal and (c and d) coronal plane during free breathing and 
without ECG synchronization. Images were acquired with a 360° scheme. White arrows indicate motion 
induced artifacts. Imaging parameters were the same as that in Fig 4.10, except for the use of spoiled radial 
FLASH. 

 

4.4 Summary 
 

Based on the FLASH technique, different k-space encoding schemes can be used. The 

traditional Cartesian encoding with rectilinear scheme has the typical disadvantages of 1) 

sensitivity to undersampling with signal aliasing and blurring; 2) sensitivity to motion with 

ghosting and smearing; 3) unequal encoded lines with either low or high spatial frequencies. 

This becomes a substantial problem for MRI of dynamic processes and with presence of 

unavoidable motions from patients, which cause errors in the recorded signal and finally 

translate as artifacts in the images that may obscure the object. On the other hand, radial 
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encodings benefit from unique properties: 1) undersampling insensitivity with mild blurring 

and streaks at worst case; 2) free zooming due to oversampling in all radial directions; 3) 

motion robustness due to absence of phase encoding and intrinsic oversampling in the k-space 

center; 4) each acquired view with equivalent information containing both low and high 

spatial frequencies which is best suited for sliding window and view sharing techniques. 

Therefore, it is concluded that the radial scheme is used for efficient spatial encoding and for 

imaging time-varying processes. It has been shown that the radial encoding is superior to 

other trajectories based on the same imaging condition, and this has led to applications for 

motion artifact reduction and fast data acquisition in contrast-enhanced imaging [28, 29, 182, 

183, 189-192].  

For the development of RT-MRI, several specific optimizations are done to compensate 

for the drawbacks of radial encoding, based on which the image characteristics were analyzed 

and appraised: 1) By applying specific sampling pattern of 360° k-space coverage with odd 

number views, as well as trajectory corrections, both subject-related (i.e. susceptibility 

induced off-resonance effects) and system-related (i.e. hardware imperfection) phase errors, 

which cause unneglectable trajectory deviations in radial encoding, were successfully 

compensated. 2) By applying reordered interleaving strategy to uniformly distribute the 

acquired views in the k-space to minimize motion inconsistencies and smear out induced 

artifacts, considerable improvements in the radial encoded images were visible and time-

resolved MRI was achieved.  

In the next chapter, the gridding algorithm, which effectively solves the drawback of the 

complicated reconstruction, is described. More importantly, a comprehensive discussion of 

the sliding window and view sharing techniques in combination with interleaved radial 

encoding is given, to further improve the temporal resolution for the development of RT- MRI. 
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Chapter 5 
 

Development of Real-time MRI:  

Image Reconstruction 
 

MR image reconstruction is the mathematical process that transforms the acquired k-space 

data into the desired image. Proper algorithms have to be chosen according to the signal 

acquisition and encoding schemes, in order to obtain images that are accurate and fast. 

Therefore, at the beginning of this chapter, the theoretical concepts of the gridding approach, 

which was used in this thesis for radial encoding, is briefly described. 

Normally, the MRI reconstruction process includes certain delays, which mainly refer to 

signal acquisition if data transfer in the local network is neglectable. To further accelerate this 

process, the image reconstruction needs to be decoupled from the acquisition. Thus, as the 

main focus of this chapter, the principle of sliding window with view sharing technique is 

explained. It allows for an increase of the image reconstruction rate and a smooth update of 

the images in real time. Practical demonstration from experimental implementations is 

presented and analytical comparison with other image reconstruction strategies is also given. 

 

5.1 Reconstruction with Gridding 
 

To reconstruct images from the k-space data that are radially encoded, two aspects should be 

considered and properly handled: 1) the non-gridded sampling positions and their 2) varying 

densities. Two different approaches that are most commonly used are filtered back-projection 

(FBP) algorithm and convolution gridding reconstruction. The former is based on the 

projection-slice or central-slice theorem [6, 32, 33]. A projection is the 1D inverse Fourier 

transform of a sampled k-space line (radial view) with certain gradient direction (view angle 

at Ø) and represents the line integrals along the direction perpendicular to that gradient 

direction (projection direction at Ø + π/2), which yield the projection profile of the object. By 

applying inverse Radon transform to the continuous set of projections at all directions after 

filtering the profiles with an M- or ramp filter |k|/Ns to avoid the typical blurring of a back-
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projection, an image can be obtained.  

The FBP method was the only applicable technique for reconstructing radial MRI data 

before the gridding (also called regridding) approach was introduced in medical imaging in 

1985 [30]. Basically, the gridding method involves firstly a convolution of each non-Cartesian 

sampling point with a dedicated kernel and re-sampling or interpolation at appropriate 

Cartesian grid locations, and secondly a normal inverse 2D-FFT for the reconstruction.  

As the effects of these two methods can be regarded equivalent [128], the following 

section will focus on the latter, which was used in this thesis. 

 

Density Compensation 

In the first step, the varying sampling density of radial k-space data is compensated by the 

density weighting function or density compensation function (DCF) before interpolation to 

Cartesian grids. The intrinsic inhomogeneous distribution of the radially acquired samples in 

the k-space yields a sample density function D(k), which describes how densely or sparsely 

the samples are distributed. It can be expressed by the inverse area underlying each sample 

[27, 193]: 

��S� � � 2_;/�,     S � 0_;/�|S|,   S � 0 �        (5.1) 

Therefore, the density correction is achieved by weighting each of the acquired samples with 

a density compensation function (DCF), which is defined as the inverse local density function, 

i.e. the inverse density of the sampling positions in the k-space [194]. For radial or spiral 

schemes as closed-form trajectories, such a DCF W(k) can be analytically derived, which 

yields a Ram-Lak filter for radial [195, 196]: 

s�S� � ����S� � ��/�2_;�,      S � 0�|S|/_;,       S � 0�      (5.2) 

DCFs for more exotic trajectories such as rosette or stochastic encoding must be determined 

numerically [197], for example, estimated by computing a Voronoi diagram of the trajectory 

[193, 198]. In this case, the choice of the DCF may greatly influence the final image, and the 

convolution gridding is also non-trivial to perform. This is another reason why the simple 

radial encoding is preferable compared to those complicated ones, besides the technical 

implementation problem that has been mentioned in the last chapter. 

 

Convolution Gridding 

In the second step, all density corrected or compensated data SDC(k)=S(k)·W(k) are re-sampled 
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to equidistant Cartesian grids. This is achieved by convolving each sample point with a small 

interpolation kernel K and then assigning the interpolated data, which lie within the kernel, to 

the desired grid points: 7J���S� � ∑ 7���S0� . ��|S � S0|�0        (5.3) 

where |k-ki| denotes the distance between the ith sample and the desired grid point, K(|k-ki|) is 

the window function of the interpolation kernel, and SGRD(k) is the resultant signal, which is a 

weighted sum over all sample points within this kernel window. 

Because this interpolation achieved by convolution in the frequency domain may lead to 

certain modulation effect in the image domain, the interpolation kernel has to be chosen 

adequately to make this effect tolerable. It is known that the multiplication of a compact 

signal with a rect function does not distort the signal (provided that the support of both 

functions is equal), an optimal interpolation kernel is then described in the frequency domain 

by a sinc function [30]. However, this convolution with such an infinite sinc function with 

unlimited support is computational unfeasible in practice. Hence, a Kaiser-Bessel window 

function [199] is proposed as the interpolation kernel to approximate the properties of the sinc 

function [200]: 

��S� �  �¡ l	 ¢��£1 � !TV¡ 'T¤ , |S| ^ ¡T0,                                       |S| � ¡T
�      (5.4) 

where I0 is the zero-order modified Bessel function of the first kind, and α and β are constant 

free design parameters. α is an arbitrary real number that determines the window shape, and 

the integer β is the window width. The β value is usually between 3 and 5 to achieve good 

compromise between interpolation accuracy and time availability [200]. The larger the value 

of |α| is, the narrower the window is, whereas the wider the main lobe and the lower the 

amplitude of the side lobes in the FT of K(k) become. Therefore, it should be well determined 

to control the tradeoff between main lobe width and side lobe area, for example, according to 

a previous study [201]. In all reconstruction operations in this work, a Kaiser-Bessel kernel 

width β = 3 (in units of m-1 for a normalized FOV of 1 m) and a shape parameter α = 4.2054 

were chosen as suggested in [200]. 

 

Inverse 2D-FFT 

In this step, a normal two-dimensional inverse FFT of the data grid is performed as in the 

Cartesian case as described in Section 2.2.3, and the details are not repeated here. 
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Roll-off Correction 

As addressed above, due to the convolution with a finite interpolation kernel, the obtained 

image exhibits an undesired modulation with the Fourier transform of the kernel. This is 

called roll-off effect. Therefore, a corresponding compensation method, also called 

deapodization, which involves dividing the intermediate image by the Fourier transform of the 

convolution kernel function, must be performed to obtain the final image. 

 

Image cropping 

Because the gridding process is done discretely, replications of the object occur in the image 

domain. To avoid signal aliasing between neighboring object copies (similar to the effect 

when employing discrete FT reconstruction) which may be amplified by the roll-off 

correction [128], a two-fold oversampling of the gridding matrix is often used. Therefore, the 

extended FOV is cropped at the end of the reconstruction procedure, as shown in Fig 5.1. 

 

Figure 5.1 Radial gridding with 2-fold oversampling. The image was acquired during a cardiac RT-MRI 
experiment with an anatomically defined short-axis view. (a) Image with double FOV before cropping. (b) 
Image with selected FOV after cropping at the end of reconstruction. 
 

In generally, although the gridding process is computationally intensive, with reasonable 

kernel window parameter values, as described above, the computation is fast enough to be 

combined with inverse FFT to reach real-time image reconstruction with good image quality, 

as demonstrated in Fig 4.3 and Fig 6.7, in static and dynamic imaging, respectively. 
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5.2 Update with Sliding Window and View Sharing  
 

The standard reconstruction approach performs the last step – transformation from raw data to 

image data – only when the whole k-space is refilled by newly acquired data. In other words, 

whenever the reconstruction buffer, corresponding to the chosen FOV or k-space, is filled by 

the acquired data, it is emptied by outputting the data to the image archive (e.g. for offline 

diagnostic usage) and is prepared for the next reconstruction cycle. 

However, for real-time reconstructions in a fluoroscopic manner, which was employed in 

this thesis, it works in a different way. The reconstruction buffer contains sampled k-space 

data which, notably, is a mixture from the recent past (previous) acquisition and the latest 

(current) one. This is to say that whenever the reconstruction buffer is partially replaced (i.e. 

the oldest acquired data replaced by the newly acquired data), it outputs the data to the display 

screen (e.g. for online observation and monitoring) and prepares for the next reconstruction 

cycle (i.e. replacement of the newly acquired data with the old one), but is never emptied until 

the end of the entire measurement. Thus, the contents of the reconstruction buffer are updated, 

reconstructed, and displayed continuously at a higher rate, which is described as frame rate, as 

in video technique. It defines the number of images that are reconstructed and displayed per 

second and is regarded as the apparent or effective temporal resolution with a unit of frames 

per second (fps) or hertz (Hz). It is equal to the reciprocal of the update time (TU) and should 

be distinguished from the true temporal resolution which is the reciprocal of the acquisition 

time (TA) as is used before. 

The most common methods are sliding window and keyhole techniques, both involving 

the view sharing strategy. The principles are first explained here, and the comparisons as well 

as the experimental results are presented in the next section. 

 

5.2.1 Sliding Window and MR Fluoroscopy 
 

The sliding window technique was originally proposed by Riederer in late 1980s to achieve a 

so-called MR fluoroscopy effect based on a Cartesian encoding scheme [19, 202, 203]. In this 

method, a “window” with a width equal to the desired number of phase encoding steps NPE is 

used to slide along the acquired data. Acquisitions within this window are used in the 

subsequent image reconstruction. The displacement between successive positions of the 

window is arbitrary, with a minimum of one TR interval. Depending on the window shift (e.g. 
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16 of total 256 phase-encoding steps), the image reconstruction rate is increased (e.g. 256/16= 

16-fold), but the image acquisition is not affected. With such a repeated process, the 

contribution of any acquired phase encoding is observed much sooner in the reconstructed 

image after it is measured (e.g. 16·TR rather than 256·TR) and a continuous sequence of MR 

images can be observed when the MR data are being acquired.  

 
Figure 5.2 Schematic diagram of image reconstruction strategies for acceleration with (a) the sliding 
window, (b) conventional Cartesian keyhole, and (c) advanced Cartesian keyhole technique. The grey 
arrows indicate sharing of the data from previous measurements. faK: keyhole factor; faS: sparse factor. 
 

More explicitly, whenever a new segment of the k-space is sampled, it replaces the 

corresponding old data which are acquired at the same positions. The new data is combined 

with the k-space data that are “shared” from the recent last acquisitions to form a complete 

data set, which is then transformed into an image, as illustrated in Fig 5.2a. Therefore, the 

sliding window technique is automatically integrated with view sharing strategy, where “view” 

stands for any frequency-encoding readout, either lines in Cartesian, interleaves in spiral, or 

spokes in radial encoding. 

Ever since the concept of MR fluoroscopy came in existence, numerous developments 

and improvements have followed aiming at “real-time” MRI [204-209]. The advantage of this 
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technique is a much higher frame rate without loss of spatial resolution, because the phase-

encoding step, i.e. window width, is always the same for successive images. The disadvantage 

is that, because the spatial information is not equally covered by the rectilinear Cartesian lines, 

the low frequency components in the central k-space, which contribute more to the gross 

image contrast, are not always updated during the sequential acquisition of the segments. 

Thus, the motion of the object in the reconstructed images experiences jumps whenever the 

segment that corresponds to the k-space center is newly acquired and updated.  

 

5.2.2 Cartesian Keyhole Imaging 
 

In contrast to the sliding window method, the keyhole technique always measures the center 

of the k-space after the initial whole k-space measurement and during the following image 

acquisition, so that the changes of image contrast are better maintained. It was originally 

proposed in early 1990s for monitoring of the contrast agent administration [20, 21, 210]. As 

it is also based on Cartesian encoding scheme, the unmeasured k-space periphery, which 

contains high spatial frequency components and adds more to the image details such as object 

edges, can be copied from the initial measurement (Fig 5.2b), or can simply be zero-filled 

resulting in lower spatial resolution. The former approach is based on the assumption that the 

high spatial frequency content of the image is constant in time. Therefore, this technique is 

particularly suitable for dynamic contrast update without changes of the object outline and 

structure, for example, monitoring of exogenous contrast bolus uptake [20, 21], and also in 

3D contrast-enhanced MR angiography by using the so-called TRICKS (time-resolved 

imaging of contrast kinetics) method as an extension of the 2D Cartesian Keyhole technique 

[211]. Such applications may also include monitoring of brain activities from diamagnetic 

deoxyhemoglobin as an endogenous contrast agent in fMRI [212, 213]. 

However, the disadvantage is also explicit: since the high frequencies are seldom or never 

acquired during the following measurements, the possible change of the object edge 

information is lost in successive image reconstructions [214]. For example, for dynamics, 

which involve structure changes or small contrast changes such as for interventional MRI 

during operation or biopsy, it is difficult to use this method to monitor the artificial needle 

insertion with good visualization of the needle tip position [215, 216]. 
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5.2.3 Interleaved Radial Sliding Window 
 

The originally proposed sliding window and view sharing technique is combined with 

interleaved radial encoding scheme (i.e. reordered interleaving as described in Section 4.3.3) 

in this thesis for development of RT-MRI. The view sharing is performed after completion of 

each interleave of the radial views (i.e. each uniformly undersampled radial segment) in k-

space. The image reconstruction and update rate is increased by a factor of Nseg, where Nseg is 

the number of interleaves groups, as illustrated in Fig 5.3a.  

 

 
Figure 5.3 (a) Interleaved radial sliding window and (b) linear radial sliding window reconstruction. Dark 
views indicate data from the actual measurement and grey views indicate unmeasured data, which are 
shared from previous measurements. For simplicity, the example contains nine views (NV = 9) with 3 
interleaves (Nseg = 3) in a 180° encoding scheme. 
 

Because of the unique sampling patterns, each radial view covers equal spatial information 

containing both low and high frequency components. The unwanted jumps observed with the 

Cartesian sliding window disappear with continuous update during dynamic imaging. 

Nevertheless, an advanced Cartesian-based keyhole reconstruction strategy combined with 

sliding window and view sharing technique (termed advanced keyhole for simplicity) as 

illustrated in Fig 5.2c, a linear radial sliding window technique as illustrated in Fig 5.3b, and 

an advanced radial keyhole technique as illustrated in Fig 5.7, were developed and 

implemented, respectively, for a thorough experimental comparison with the proposed 

interleaved radial sliding window reconstruction. The strategies and the experimental results 

are described and discussed in Section 5.3.2, after a short review of available reconstruction 

methods. 
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5.3 Comparison of Available Reconstruction Strategies 

 

5.3.1 Brief Review  
 

Reconstruction with Non-Cartesian Encoding 

Other than FBP and gridding methods, a few more reconstruction strategies exist that 

transform non-Cartesian data to images, which include both FT-based [217-223] and non-FT 

approaches [224-226]. Discussions of each individual strategy are beyond the scope of this 

dissertation, but in short, all these methods face more or less similar problems, either 

difficulties in parametrization [219, 225, 226], intensive computational burdens [218, 220, 

223], or complicated technical and mathematical implementations, for which even the 

acquisition and encoding scheme needs to be changed [224, 227]. Thus it is of no doubt that 

they pose serious limitations for RT-MRI uses, at least with current computer techniques. 

Therefore, the convolution gridding, which has been proved accurate enough [221], was 

employed in this thesis for the reconstruction of non-Cartesian data. 

 

Reconstruction with Undersampling for Acceleration  

In addition to sliding window and keyhole techniques, many other strategies have been 

proposed to further accelerate the image reconstruction rate by reducing the amount of the 

data that are normally required (undersampling) without significantly compromising the 

image quality. The shortening of the data acquisition and the undersampling pattern is 

controlled by exploiting the amount of redundancy within the data, while the proper 

reconstruction is realized by applying dedicated algorithms based on the assumption that the 

dynamics of natural objects exhibit a high degree of correlations in k-space (spatial-frequency 

domain) and time (temporal domain). As such strategies vary, the brief review and 

comparison here is not meant to list and to be comprehensive for all possible methods, but to 

address the reason why the straightforward sliding window technique was used in this thesis. 

First of all, strategies exploiting correlations within k-space include partial Fourier (PF) 

[18, 76, 77] and parallel imaging (PAT) methods [22-25, 228], and also some other techniques 

such as reduced-FOV methods [229, 230]. Noticeably, the rapid development of PAT within 

the last decade has enabled considerable imaging time reduction. PAT works in either image 

domain after Fourier transformation [23, 24, 228] or k-space domain before Fourier 
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transformation [22, 25]. Both approaches rely on multiple coil sensitivity profiles to recover 

the unmeasured data points. Since the number of encoding lines is reduced, it also helps to 

eliminate artifacts caused by long readout such as in EPI or to reduce SAR deposition such as 

in FSE and TrueFISP. But reduced signal acquisition also inevitably leads to a decrease in the 

SNR, which together with the effectivity of the applied algorithms, limit the acceleration 

factor that can be achieved. This category may even include non-Cartesian sampling with 

variable density, such as the radial scheme, since the interpolation of the k-space grids is 

based on the principle that each k-space point contains correlated information about other 

points (depending upon the convolution window function in this case) from one time frame 

independent to the other time frames.  

Second, strategies based on temporal correlations with no dependence on other spatial 

points mainly include the sliding window and keyhole techniques. The recovery of the 

unmeasured data points at one time frame through data sharing – considered interpolation or 

extrapolation – is from other time frames, no matter from the nearest neighbor (i.e. in sliding 

window) or from the much earlier measurement (i.e. in keyhole). Some similar methods use 

more sophisticated interpolators or modeling but basically rely on the same principle [231-

233]. Noticeably, to trade for undersampling with acquisition reduction, the UNFOLD 

(unaliasing by Fourier-encoding the overlaps using the temporal dimension) method 

purposely eliminates half of the encoding lines and creates typical aliasing artifacts in an 

alternating manner by shifting the sampling pattern every other time frame. Thus, the aliased 

component can be removed from the desired (non-aliased) component by applying a low-pass 

filter along the temporal axis [234, 235]. However, the proper selection of the FOV to avoid 

the true dynamic object or dynamic areas of the object overlapping in the replications (i.e. 

FOV at least as large as the dynamic region) and to ensure two components encoded at 

different locations in the temporal frequency domain restrict the undersampling factor. In 

addition, the difficulty to choose proper parameters for the filter (e.g. filter width) also limits 

the use in practice. Furthermore, the approach to apply filter along temporal axis implies the 

need to acquire a series of data before image reconstruction, which is not feasible for real-

time imaging. Although certain improvement was suggested for RT-MRI, the reconstruction 

scheme was only implemented off-line with a limited frame rate [236]. 

Third, strategies trying to utilize correlations in both k-space and time (k-t) [231], are a 

combination of the two above approaches. The typical example is the so-called k-t BLAST 

(broad-use linear acquisition speed-up technique) or k-t SENSE [237]. The techniques 

improve the estimation of the unmeasured data by incorporating a set of low spatial frequency 
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training data combined with a temporally averaged image over the whole acquisition stage, 

which are sparsely sampled. The proposal of this strategy was followed by a couple of similar 

techniques [238-242] that all exploit the temporal correlations based on the UNFOLD method 

and the spatial correlations based on the PAT, each with certain individual improvements in 

the reconstruction algorithms. Although these Cartesian-based techniques are compatible with 

non-Cartesian schemes including radial encoding [243], the extended reconstruction time due 

to much more intensive computation hinders it from immediate update and display. A highly 

undersampled radial scheme with k-t reconstruction termed HYPR (highly constrained 

backprojection) was proposed particularly for MR angiography [244]. This FBP-based 

technique is able to reconstruct images with good quality from only 10 radial views per frame 

(corresponding to about 100-fold undersampling in azimuthal direction). However, similar to 

k-t BLAST, the requirement to combine all of the acquired data to obtain a time-averaged 

“composite image” for reduction of undersampling streaking artifacts and increase of SNR 

excludes HYPR from being applied for prospective data transformation. Although it is 

possible to employ progressive updated composite image with reduced average window and 

thus shortened reconstruction delay, it is limited, similar to 2D keyhole or 3D TRICKS [211] 

techniques, to the situations in which the object edges and structure information remain 

stationary during acquisition (e.g. vessel position), while only the rapidly changing contrast is 

involved (e.g. blood flow, first-pass contrast bolus, diffusion, ECG-gated myocardial motion) 

[191, 245, 246].  

Although the methods differ significantly in their ability to recovery or compensate the 

unmeasured data, for image reconstruction strategies with highly undersampled data in 

general, 1) averaging approaches (e.g. HYPR, k-t BLAST) are not suitable for dynamics 

involving many structural changes such as during swallowing or speaking; 2) reference or 

base-image approaches can lead to artifacts and false signal representation due to mis-

registration (e.g. keyhole, RIGR) or spatial coil sensitivity miscalculation (e.g. SENSE-based 

methods) such as during musculoskeletal kinetic studies; 3) prior knowledge or training data 

approaches (e.g. UNFOLD, k-t BLAST, feature-recognizing MRI [217]) are limited and may 

fail when the assumption is not met. As these strategies are proposed to address specific 

questions for particular applications, they are not able to provide a generic solution for real-

time imaging of dynamic physiological processes. In addition, the much longer time required 

for image reconstruction, despite the accelerated acquisition due to large undersampling factor, 

is not able to achieve true real-time data processing and online image update, which includes 

the recently proposed compressed sensing (CS) concept [247-250]. Therefore, the original 
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sliding window technique with view sharing strategy was implemented in this thesis in 

combination with interleaved radial FLASH for the development of RT-MRI.  

 

5.3.2 Experimental Comparison 
 

Interleaved Radial Sliding Window vs. Advanced Cartesian Keyhole 

In order to compensate for the drawback of the conventional Cartesian keyhole imaging, a 

different approach was implemented combining the sliding window and view sharing 

technique. It frequently acquires the high frequency component in a homogeneously 

incremented way. As shown in Fig 5.2c, the central k-space area is always acquired and the 

exact number of lines in this area is controlled by the keyhole factor faK. Meanwhile, the 

peripheral k-space area is acquired in a homogeneously interleaved manner and is updated in 

an incremented way. The number of lines in this area is controlled by the sparse factor faS. In 

such a way, both high and low frequency components are frequently acquired and updated, 

and acceleration can be flexibly achieved by selecting different combination of faK and faS. 

Extensive experiments have been done to test the feasibility of this advanced Cartesian 

keyhole reconstruction. Fig 5.4 present experimental results of monitoring volunteer’s head 

rotation. Images in Fig 5.4 a, b and c were acquired by using the advanced Cartesian keyhole 

reconstruction, while images in d were acquired by using the interleaved radial sampling in 

combination of sliding window reconstruction. The three chosen frames in each row were 

three subsequent images during head rotation. For comparison, the speed of the movement 

was controlled by the visual stimuli and was thus almot identical for each experiment. The 

imaging slice was selected across the cerebrospinal fluids (CSF) and sinus, to mimic the 

extreme case of motion, which involves changes from both contrast and structures, and with 

large amplitude following an irregular track. Each image was composed of 128 phase-

encoding lines in advanced Cartesian keyhole cases and of 135 views in interleaved radial 

sliding window case with 5 interleaves (i.e. 5 accelerations). FOVs were all 192×192 mm2 

yielding 1.5×1.5 mm2 in-plane resolution with all other parameters identical for both methods 

(TR/TE 5.3/2.6 ms, FA 15°, BW 810 Hz/Pixel, SLT 6 mm). A 12-channel head coil (Siemens 

AG, Erlangen, Germany) was used in all studies. 

In the first examination, only 1/10 of the k-space in the middle (faK=1/10) and every 20th 

line in the periphery (faS=20) were always measured and continuously updated during 

dynamic imaging. That is to say, instead of 128 lines, only 18 lines (12 lines in the middle and 
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6 lines in the periphery on both sides) were acquired for every new image frame. Thus, a 7-

fold acceleration was achieved. However, the old contrast and edge information from the large 

data set, which was previously measured, overlapped with the current information, which was 

represented by only a small portion of data. This resulted in severe artifacts in the 

reconstructed images as shown in Fig 5.4a. In the second examination, the middle part was 

increased to half of the k-space (i.e. 128/2=64 lines) with faK=1/2, so that the gross contrast 

was better maintained – noticed from the CSF and fat contained scalp with high intensity. But 

the edge residual due to still less updated high frequency component remained dominant, as 

shown in Fig 5.4b. In order to further improve the image quality, based on the second 

examination, every other line in the k-space periphery was continuously (alternatively in this 

case) updated in the third examination. Noting the position of the sinus, this indeed showed 

better representation of the motion, but nevertheless, obvious ghosting artifacts were still 

present in most of the images as shown in Fig 5.4c and the acceleration that could be achieved 

was limited in this case to 1.3-fold (TU≈500 ms, 2 fps). In the last examination shown in Fig 

5.4d, with unique radial encoding characteristics as discussed before, and with further 

combination of sliding window reconstruction, much smoother update of the moving object 

with 5-fold acceleration (TU≈143 ms, 7 fps) was achieved. Only mild undersampling and 

motion induced streaks were present in some of the images. 

The results clearly show that, for Cartesian keyhole methods, it is very difficult to choose 

adequate parameters of how much should be measured in the middle and in the periphery of 

the k-space, respectively, in order to achieve smooth update of the dynamic changes with 

satisfactory image quality. Second, although such advanced scheme has been applied for 

monitoring contrast agent uptake in dynamic contrast enhanced MRI (DCE-MRI) [251] and 

for investigation of brain activities in fMRI [252] combined with EPI acquisition, it is, 

however, similar to conventional Cartesian keyhole, very difficult to observe structural 

changes, which are inevitably involved in most of the physiological dynamic processes (joint 

movements, swallowing, speaking, etc.). As a matter of fact, it is very sensitive to such gross 

motions, during which the phase and amplitude discontinuities can induce severe ghosting 

artifacts, as demonstrated here. 
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Figure 5.4 Comparison of (a, b, c) Cartesian keyhole and (d) the interleaved radial sliding window 
technique for observing head rotation in real time. The frames represent three sequntial images from each 
examination, during which keyhole factor (faK) and sparse factor (faS) in (a, b, and c) were 1/10 and 20, 1/2 
and 20, 1/2 and 2, respectively. Images in (d) were acquired with 135 views for a complete image data set 
and 5-fold acceleration with 5 interleaves. Arrows indicate slight streaking artifacts caused by under-
sampling. 
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Interleaved Radial Sliding Window vs. Linear Radial Sliding Window 

Although it has been demonstrated in the last chapter that the interleaved radial encoding 

scheme offers better image quality concerning motion robustness than the linear radial 

encoding scheme, for better understanding of the properties of sliding window technique in 

combination with radial encoding, two sampling and reconstruction schemes were compared 

here – besides the proposed interleaved radial sliding window technique, the linear radial 

sliding window reconstruction was implemented as illustrated in Fig 5.3b. The experimental 

results from a cardiac experiment in a transversal plane are shown in Fig 5.5. For linear radial 

sliding window, dynamic changes of the object, which are normally simultaneous in all 

directions during the acquisition of an entire k-space data are only covered over a certain 

angular segment. Such update pattern results in loss of information over a wide angular range 

and causes strong degradation of the robustness of radial imaging [183, 185, 253, 254], and 

the motion appears discontinuous and asynchronous, as demonstrated in Fig 5.5a. 

 
Figure 5.5 Comparison of (a) the linear and (b) the interleaved radial sliding window technique. The 
frames in each row represent three consecutive images from one cardiac series at diastole, with free 
breathing and without ECG synchronization. Note the discontinuous intensities in (a). Imaging parameters: 
spoiled radial FLASH, 16-channel body matrix coil (Siemens AG, Erlangen, Germany), FOV 256×256 
mm2, matrix size 128×128, in-plane resolution 2.0×2.0 mm2, SLT 8 mm, TR/TE 2.02/1.3 ms, FA 8°, BW 
1950 Hz/Pixel, 205 views with 5 interleaves, i.e. 5 linear segments in (a) and 5 interleaved segments in (b), 
effective temporal resolution 12 fps. 
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As for interleaved radial sliding window, because the k-space is continuously updated in all 

directions, the motion appears to be smooth during the imaging process [254], as seen in Fig 

5.5b. However, because each interleaved segment is an undersampled data set (or more 

precisely, sub-data set), the desired segment number should not be too large. Otherwise, 

increased streaking artifacts may be easily induced by discrepancies between segments due to 

severe undersampling [28], as demonstrated from head rotation experiments in Fig 5.6. It 

should be noted that, first, such streaks were far less obvious in cardiac imaging as shown in 

Fig 5.5b, because the gross motion in this case concentrated in the middle of the FOV with a 

relatively limited area, not like the head rotation case with a large movement extent. Second, 

although such a desired segment number puts a limit on the acceleration rate that sliding 

window can achieve, in fact, it is proved to be sufficient to have a moderate segment number 

(sliding window acceleration factor). This will be discussed in detail in the next chapter.  

 
Figure 5.6 Influence of the number of interleaves on the radial sliding window reconstruction for a head 
rotation study. Experimental parameters were the same as that in Fig 5.4d except for 195 views. The images 
in (a, b, c) were acquired with 1 (i.e. no acceleration), 5, and 13 interleaves, respectively. Note the 
discontinuity (arrows) in (a) and increased streaks (arrow heads) in (c). 

 

Interleaved Radial Sliding Window vs. Advanced Radial Keyhole 

The interleaved radial sliding window technique is further compared with an advanced radial 

keyhole reconstruction. The latter was originally suggested for contrast weighted imaging 

with FSE acquisition, so-called k-space weighted image contrast (KWIC) [255] method. The 

oversampling in the central k-space is exploited to enhance the contribution of views that are 

acquired at specific TE in the FSE echo train. And by weighting views with different TE, 

respectively, multiple T2-weighted images can be reconstructed from a single image data set. 

It was later combined with an interleaved scheme [188] for dynamic contrast-enhancement 

studies of breast lesions using gradient echo acquisition and contrast agent injection [256]. 
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Figure 5.7 Schematic diagram of the advanced radial keyhole technique. The algorithm was implemented 
in the MRISim software [128] to compare the image quality with that of the interleaved radial sliding 
window technique from the same data set. 
 

Similarly, for the dynamic physiological processes, it was expected that, by adapting the same 

strategy – weighting the chosen segment in the central k-space region – to constrain the 

contrast change during motion to the correspondingly weighted segment instead of the 

complete data set and thus to improve the temporal fidelity. Furthermore, rather than 

combining the current segment with all previously acquired ones to yield the current image 

frame, it was also expected to represent the motion more faithfully if the segments that were 

acquired afterwards were combined as well. The implemented reconstruction algorithm for 

offline post-processing is illustrated in Fig 5.7. It is based on the sliding window technique, 

but the two differences are: first, for each time frame during the dynamic study, only the data 

from the segment of interest was used in the central k-space region (e.g. views of 31, 32 and 33 

in the 3rd segment). Depending on number of views within the segment, a distance parameter 

was calculated to determine the radius from the k-space center to meet the Nyquist sampling 

criterion according to Eq. 4.4:  R� � ∆V·��U·��¥¦          (5.5) 

Thus, data from other segments were set to zero within this circle (Nyquist circle) so that only 

the segment of interest contributed to the contrast in the corresponding image (e.g. 3rd time 

frame). To avoid sudden change in signal intensity, which would lead to artifacts in the image,  
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Figure 5.8 Advanced radial keyhole technique applied to a cardiac data set in an anatomically defined 4-
chamber view. Images from (a to d) on the right side show reconstructed results using different parts of the 
acquired data as illustrated. The line thickness indicates the weighting of each segment, while the gray 
circles indicate the calculated Nyquist circles.  
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a second circle with a radius of 2ρ1 was determined, and the sampling density compensation 

was also changed correspondingly as suggested in [255]. Second, once the current segment 

(i.e. segment of interest) was acquired, the corresponding image was not immediately 

reconstructed by combining with previous segments (e.g. segment 1, 2 and 3 for 3rd time 

frame). Instead, it did not take place until the next segment was acquired and then included 

for the reconstruction of the current time frame by replacing the oldest one (e.g. segment 2, 3 

and 1’ for 3rd time frame). In such a manner, the reconstruction buffer contains a mixture of 

data from both the previous and following measurements, more information regarding 

temporal process was involved to represent individual time frame. Of course a short 

reconstruction delay due to waiting for the next segment was introduced which equaled 

TR·(NV/Nseg). This implemented strategy was termed here advanced radial keyhole. 

 
Figure 5.9 Comparison of (a-c) the interleaved radial sliding window and (d-f) the advanced radial keyhole 
reconstruction. The imaging parameters: spoiled radial FLASH, 16-channel body matrix coil (Siemens AG, 
Erlangen, Germany), FOV 256×256 mm2, matrix size 128×128, in-plane resolution 2.0×2.0 mm2, SLT 8 
mm, 85 views with 5 segments, TR/TE 2.02/1.3 ms, FA 8°, BW 1950 Hz/Pixel. Arrows indicate smearing 
and streaking artifacts, which were induced by motion inconsistencies. 
 

One example from the validation studies of this reconstruction strategy is shown in Fig 5.8 

using images from a cardiac RT-MRI measurement. Five segments were used during the 

radial sampling and 85 views were employed for a complete image data set. For offline 
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reconstruction with in vivo data, corresponding ρ3=3ρ1 and ρ4 = 4ρ1 were applied. For 

simplicity, only three segments were illustrated in the figure. Fig 5.8a was reconstructed from 

a complete image data set in advanced radial keyhole manner. Fig 5.8b was reconstructed 

only from the main segment (i.e. segment of interest, with 85/5=17 views shown as straight 

lines). The bold lines within the first circle in the central k-space region represent proper 

density weighting to avoid abrupt intensity chances. Fig 5.8c and Fig 5.8d were reconstructed 

from adjacently acquired segments – before (dashed lines) and after (dotted lines) the segment 

of interest. Note that the gross image contrast was mainly contributed by the segment of 

interest which was expected to more faithfully represent the motion changes at corresponding 

time point, while the image details were contributed from the neighboring segments acquired 

which was expected to include more temporal information.   

A comparison between the straightforward radial sliding window reconstruction and the 

advanced radial keyhole reconstruction is shown in Fig 5.9, by applying both of these two 

strategies to the same cardiac experiment data. The acquired data were from a healthy 

volunteer (female, 35 years old) during free breathing and without ECG synchronization. The 

imaging parameters were the same as in Fig 5.8, with a 16-channel body coil (Siemens AG, 

Erlangen, Germany). Images with the straightforward radial sliding window method (a to c) 

were obtained directly from real-time online reconstruction, while those with the advanced 

radial keyhole method (d to f) were obtained from offline reconstruction. For the latter, 

although the segment of interest was weighted in the central k-space region to be more 

dominant in the image contrast, and although more information regarding the temporal 

process was included in each reconstructed time frame, the smearing caused by sharing of the 

data at different time points during rapid object motion, for example, at cardiac wall and 

septum (arrows), was not improved as expected. In addition, weighting of particular segment 

and zero-setting of the others led to loss of the advantage of oversampling in the central k-

space, although the Nyquist criterion was fulfilled. This caused a decrease in the SNR and 

more streaking artifacts in the resultant images. Therefore, the straightforward radial sliding 

window method, as proposed, is concluded to be superior to the advanced radial keyhole 

method. 
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5.4 Summary 
 

Fourier transformation is the most commonly used reconstruction method that can be 

efficiently applied when the k-space data is sampled in a rectilinear fashion with phase- and 

frequency-encoded acquisitions, as described in Section 2.2.2. But for radial imaging with 

non-gridded positions and varying sampling densities, specific procedures are required. These 

include: 1) density correction by density compensation function; 2) convolution gridding by 

interpolation (i.e. Kaiser-Bessel window function); 3) 2D inverse fast Fourier transformation; 

4) roll-off correction and image cropping. 

In order to further increase temporal resolution beyond the physical (e.g. gradient strength 

and slew rate) and physiological (e.g. nerve stimulation) constraints, image reconstruction 

approach uses the strategy of updating, rather than waiting to refill, the k-space image 

reconstruction buffer, so that fast computing hardware can reconstruct and display images 

(from the mixture of image data in the buffer) in real time without delay of the standard 

acquire-delay-reconstruct-display paradigm. The sliding window with view sharing technique 

was implemented for interleaved radial FLASH sequences, which allows for reconstruction 

update periods shorter than the acquisition time of a full dataset and achieves better temporal 

resolution for the development of RT-MRI.  

The effectiveness was demonstrated by comparing it to three other advanced approaches: 

1) the advance Cartesian keyhole reconstruction shares the motion sensitivity with Cartesian 

encoding scheme and is similar to conventional keyhole technique, in which a smooth update 

of structural changes is difficult to achieve; 2) the linear radial sliding window reconstruction 

has continuous update of only a part of k-space with limited angle and direction, and thus 

cannot faithfully represent the motion to be imaged; 3) the advanced radial keyhole suffers 

from decreased SNR and increased streaking artifacts due to the loss of oversampling in the 

central k-space region.  

The proposed RT-MRI technology was implemented at a high field (3T) human MR 

system, which will be described in the next chapter. The practical realization regarding the 

achievable spatial and temporal resolution will also be discussed. Furthermore, specific results 

from individual applications of potential clinical or biomedical interest will be given in 

Chapter 6. 
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Chapter 6 
 

Realization of Real-time MRI on 3T 

Human MRI System 
 
Based on the methodological development of RT-MRI described in the previous chapters, this 

chapter focuses on the practical realization of the proposed method in a real environment. 

Implementation work has been done on a conventional clinical MRI system with a magnetic 

field strength of 3T, as described in Section 2.4. High field imaging is attractive, because it 

has the potential to improve the SNR due to increased polarization of spins [257]. With proper 

pulse sequence design, the effects of increased susceptibility and off-resonance resonance 

effects can be managed, and the SNR increase can be used to improve spatial resolution 

and/or temporal resolution. The image quality and contrasts for RT-MRI as well as the 

achievable spatial and temporal resolution are experimentally evaluated in this chapter. 

 

6.1 Radial FLASH – Pulse Sequence Design 

 

6.1.1 Pulse Sequence Design 
 

The implemented radial FLASH sequences are illustrated in Fig 6.1, with gradient waveforms 

as described in Eq 4.1 to achieve radial k-space trajectories. Directly after the RF excitation in 

the presence of the slice selection gradient, spins are in different precessing phases. This 

decreases the amplitude of the total signal. To maintain phase coherence, a reverse (refocusing) 

gradient, i.e. with negative polarity for compensation, is applied after the slice-selection 

gradient. Generally, the RF pulse occurs at the center of the slice-selection gradient and 

dephasing occurs only during the second half of the gradient. Ideally then, the refocusing 

gradient has only half of the duration (at the same strength) of the slice-selection gradient. 

Starting from this point, the phase of all spins within the selected 2D slice is equal, which 

corresponds to the center position in the 2D k-space, where kx = ky = 0 (t1 in Fig 4.1). The 
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dephasing (sometimes also called prephasing) gradient in the frequency-encoding direction Gx 

causes the magnetization to be dephased and this corresponds to a movement away from the 

k-space center in the kx direction. At the same time, the switching of the phase-encoding 

gradient in the orthogonal direction Gy corresponds to a shift in the ky direction. Thus in 

conjunction, they cause a shift from the k-space center (t1) to the outmost k-space margin (t2 in 

Fig 4.1) and the strength and length of them determine the k-space location, as described in 

Section 2.2. Up to this point in the measurement, the magnetization has been properly 

prepared. A single line (radial view) of the k-space is then sampled by switching the readout 

gradients under the presence of both Gx and Gy, which cause the magnetization to rephase. 

This corresponds to a constant movement in the opposite direction towards the k-space center.  

 
Figure 6.1 Sequence diagram of spoiled, refocused and balanced radial FLASH RT-MRI techniques. 
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A complete rephasing of the spins results in an echo signal when the momentum of the first 

gradient is exactly cancelled by that of the second one (t3 in Fig 4.1). The continuing 

application of Gx results in a further dephasing of the spins (t4 in Fig 4.1) until finally they are 

spoiled or rewinded (rephased). For spoiled FLASH, RF spoiling with incremented pulse 

phase of 50° is used to destroy the residual transverse magnetization. On the contrary, to 

achieve refocusing effect, a gradient of the same strength but of opposite polarity is applied 

after data acquisition and before the next RF excitation pulse, to incorporate residual 

transverse magnetization directly into the refocused SSFP (Fig 6.1). In refocused FLASH, the 

next phase per TR is constant. Further, to realize balanced condition, which has zero phase per 

TR, a dephasing/ prephasing gradient along the slice selection direction with the same strength 

and direction as the slice selection refocusing gradient is applied before each RF excitation 

(Fig 6.1), so that the gradient effects undergone by spins are fully balanced. In such a manner, 

through repetition of gradient switching with varied amplitude, all trajectories across the k-

space center are sampled. 

 

6.1.2 Image Contrasts 
 

Examples demonstrating the obtainable image contrast from all three FLASH variants are 

presented in Fig 6.2. Images were acquired from inanimate phantoms with aqueous solutions 

of different paramagnetic ion concentrations, as well as from the brain in a transversal plane, 

the head and the knee in a middle sagittal plane, and the heart in an anatomically defined 

short-axis plane. For comparison, all images with the same object were acquired with an 

identical slice and with comparable imaging parameters (short TR and TE, high BW, low FA 

for spoiled FLASH and relatively higher FA for refocused and balanced FLASH, 360° k-space 

coverage with odd number of views, with trajectory corrections applied). The phantom, brain, 

head and knee images were taken during static experiments, while the heart images were 

taken from a real-time dynamic study during free breathing of the subject and without ECG 

synchronization. The mean signal intensity for SNR was calculated from white matter in the 

brain image and blood of the left ventricle (white arrow head) in the heart image. The CNR 

was calculated from the mean signal intensity difference between white matter and CSF in the 

brain image, or from blood and septum in the heart image. The ROIs for signal amplitude and 

noise measurements were all 50 mm2. 



 

- 98 - 

Chapter 6.Realization of RT-MRI on 3T Human MRI System 

 
Figure 6.2 Experimental results of (a) spoiled, (b) refocused, and (c) balanced radial FLASH RT-MRI for a 
phantom and different parts of the human body: the brain in a transversal and a middle sagittal plane, the 
knee in a middle sagittal plane, and the heart in an anatomically defined 4-chamber plane. Black arrow 
indicates the contrast offered by refocused FLASH due to T1/T2-weighting; white arrow head indicates 
distortion of the SSFP signal due to motion in refocused FLASH; white arrows indicate the susceptibility 
artifacts in balanced FLASH. 
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Spoiled FLASH showed typical T1 weighted contrast (Fig 6.2a) – low signal intensities from 

long T1 tissues (e.g. CSF, muscles) with dark area in the images, and high signal intensities 

from moving fluids (e.g. small vessels in the brain and blood in the heart), described as in-

flow effect in the subchapter 3.1.  

For refocused FLASH at relatively larger FAs and short TRs (i.e. TR i T2), the signal 

contrast is related to T1/T2-weighting, causing structures with long T2, such as CSF, to 

become bright (black arrow). Generally, as a matter of fact, any kind of phase instability from 

one repetition interval to the next, e.g. the rapid movement of the heart, precludes the 

generation of transverse coherences and does not establish an SSFP signal [57], which yields 

motion-related distortion in the image (white arrow head in Fig 6.2b). 

The balanced case shows the highest SNR and CNR, e.g. in the static brain image, as 

expected. However, because of the artifacts and distortions (white arrows), this technique is 

fundamentally restricted in practice by several factors. First, the high FAs (normally between 

50°-90°) may easily exceed the SAR limits, particularly at the high field of 3 T, although 

certain reduction approaches have been proposed [258, 259]. Second, more critically, the ideal 

steady state is disturbed by small local differences in precession frequency, which cause small 

deviations from the ideal case of zero net phase at the end of each TR. When the phase angle θ 

approaches 180°, there is a rapid loss of the steady state and a decrease in signal. Therefore, 

areas of imperfect magnet uniformity or susceptibility changes in the tissue can cause the off-

resonance precession angle θ to approach 180° and finally introduce dark stripes – “banding 

artifacts” in the image. This becomes a fundamental problem at high fields as the off-

resonance effects increase linearly with field strength, although principally it is possible to 

reduce such problems by keeping TRs so short that less time is given for dephasing θ to 

develop [66, 67]. Noticeably, at low fields up to 1.5 T, similar artifacts due to concomitant 

gradient field effects [260] are independent of TRs, because the phase accrual occurs only 

when the gradients are active, and therefore will not be weakened by shortening the TRs alone 

[261]. Other remedies to overcome the banding artifacts are either to simulate different 

imaging frequencies during a few preparation scans before the real measurement in order to 

determine the central frequency, so-called frequency scout imaging [262], or to apply subject-

related fine shimming by using local shim coils and control software before the real 

measurement. However, results from both previous studies [263, 264] and the presented work 

(Fig 6.2) have shown that these measures are still insufficient to produce artifact-free images. 

Especially during real-time imaging which aims to monitor dynamic processes, the movement 

of the object through areas of different local magnetic field strengths dramatically abates the 
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effect from such approach, which results in difficulties in interpretation of valuable functional 

or diagnostic information, as shown in Fig 6.3. Let alone in, for example, advanced 

cardiovascular real-time study, such adjustment process (normally on the order of tens of 

seconds) due to need of interactive imaging orientation change during fast heart movement 

and irregular flow will predictably interrupt the whole imaging process. Therefore, the 

balanced version is discarded for the purposes of this thesis, and the developed RT-MRI 

sequences use relatively low FAs in the range of 5° to 30°. 

 
Figure 6.3 Banding artifacts from balanced SSFP (TrueFISP) during angulation of the tibiofemoral joint. 
The four frames (from upper left to lower right) were chosen from a sequence of radial real-time series 
during voluntary knee flexion. The first frame (upper left) was taken before the start of the movement with 
proper magnetic field homogeneity, and is free of artifacts. During the movement, the motion-induced 
susceptibility changes caused a failure of the previous shimming. Strong banding artifacts occurred, which 
were also moving (white arrow) with the motion. 
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Figure 6.4 In-phase (left) and opposed-phase (right) contrast provided by radial FLASH RT-MRI. Images 
of the knee in lateral-sagittal plane (top), mid-sagittal plane (middle) and abdomen in a transversal plane 
(bottom) were acquired by refocused radial FLASH with TE at 2.5 ms for in-phase contrast and at 3.5 ms 
for opposed-phase contrast. Patellar tendons (black arrow), cruciate ligaments (white arrow head), 
meniscus (black arrow head) are better displayed in in-phase images, whereas the articular cartilage and the 
border of viscera such as kidneys (white arrows) are better delineated in opposed-phase images. 
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In addition, because of the chemical shift of fat and water (as described in Section 3.3.2), i.e. 

slightly different precession frequencies and thus different phases, their transverse vectors fall 

in and out of phase periodically. Therefore, for voxels in which fat and water co-exist, specific 

TEs can be selected to offer in-phase contrast with stronger signal or opposed-phase contrast 

with partially cancelled signal (Fig 6.4). As the clear visualization of the water contents may 

facilitate the diagnosis of pathology, such quasi-suppression of fat signals is often very helpful.  

For example, in musculoskeletal and abdominal imaging as shown in Fig 6.4, patellar tendons, 

cruciate ligaments, meniscus were better displayed in in-phase images. On the contrary, due to 

partially cancelled signal of fat and water, articular cartilage and the border of viscera such as 

kidneys were better delineated in opposed-phase images. 

The implemented radial FLASH real-time MRI pulse sequences and algorithms were 

integrated to the manufacture defined software framework and structure (Siemens AG, 

Erlangen, Germany) under C++ (v6.0: Microsoft Inc., Redmond, WA) environment. The 

workflow chart is shown in Appendix A. 

 

6.2 Radial FLASH – Image Quality 
 

Experimental comparisons that are given in Chapter 5 demonstrate the effectiveness of the 

proposed RT-MRI technology. Here the image quality and the achievable spatial and temporal 

resolution are further discussed.  

Extensive in vivo tests have shown that normally three to six-fold acceleration (i.e. three 

to six radial interleaves) with 30 to 300 ms update time and correspondingly 3 to 30 fps 

effective temporal resolution are efficiently enough to resolve most of the physiological 

changes. This makes the proposed method highly flexible in selecting different spatial and 

temporal resolutions. For example, for joint movements or interventional processes (e.g. 

biopsy needles and catheters insertion), which are relatively slow and controllable but involve 

motions of small structures, an effective temporal resolution of 3-10 fps with higher spatial 

resolution is suitable for online monitoring and functional evaluation. On the other hand, for 

cardiovascular motions or swallowing processes, which are rapid and involuntary, higher 

temporal resolution of at least 20 fps is desirable. Fig 6.5 is an example of using moderate 

spatial resolution (2.0×2.0×8.0 mm3) and high temporal resolution (20 fps) in thoracic and 

upper abdominal imaging. 125 views were used with 5 interleaves, and TR/TE=2.02/1.3 ms. 

Multiple motions such as from rapid heartbeat, blood flow in large (e.g. aorta) and small 
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vessels (e.g. in lung), periodic movement of liver and chest wall, are involved. However, the 

artifact-free images with good contrast demonstrate the high ablity of this proposed method in 

dynamic imaging of time-varying objects in real time. More examples of achievable spatial 

and temporal resolution and its high adaptability to motions are given below.  

 
Figure 6.5 Radial FLASH RT-MRI of thorax and upper abdomen in sagittal (left), coronal (middle) and 
transversal (right) planes. Spatial resolution 2.0×2.0×8.0 mm3. Such images may serve as localizer scans. 

 

6.2.1 Spatial Resolution 
 

Fig 6.6 shows an example that increases the spatial resolution by a larger image matrix size 

and smaller slice thickness, while decreasing the view number to maintain the same temporal 

resolution. All images were acquired with the same FOV (256×256 mm2) during a real-time 

study of the cardiac motion with free breathing and without ECG synchronization by using a 

32-channel body coil (Siemens AG, Erlangen, Germany). Images at both systolic and diastolic 

phases from an anatomic short-axis plane were chosen for demonstration.  

Fig 6.6 a and b were acquired with an image matrix size of 128×128 and a slice thickness 

of 8 mm, which resulted in a spatial resolution (voxel size) of 2.0×2.0×8.0 mm3. Together 

with 125 views, 5 interleaves for sliding window reconstruction, and TR/TE=2.02/1.30 ms, an 
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effective temporal resolution of 20 fps (TU=50 ms) was achieved. At such an imaging speed 

and image resolution, the myocardial contraction and thickening during the cardiac cycle can 

be very well resolved and represented, and the purpose of online monitoring and functional 

evaluation can be achieved. In Fig 6.6 c and d, by acquiring with a larger matrix size of 

160×160 and smaller slice thickness of 6 mm, a smaller voxel size of 1.6×1.6×6.0 mm3 – a 

typical spatial resolution for clinical diagnostic purpose – was reached. Together with 115 

views, 5 accelerations, and TR/TE=2.20/1.40 ms, the same temporal resolution of 20 fps was 

maintained. Decrease of SNR can be observed in c and d due to smaller voxel size, but all 

main tissue structures remain clear. In future, more dedicated receive coils should be able to 

further enhance the SNR. 

 
Figure 6.6 Radial FLASH RT-MRI of the human heart with different spatial resolution and 20 fps temporal 
resolution (short-axis view). (a) and (b) 2.0×2.0×8.0 mm3; (c) and (d) 1.6×1.6×6.0 mm3. (a) and (c) were 
taken from the cardiac diastolic phase; (b) and (d) were taken from the systolic phase. The other imaging 
parameters: spoiled radial FLASH, FOV 256×256 mm2, FA 8°, BW 1560 Hz/Pixel. 
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6.2.2 Temporal Resolution 
 

Fig 6.7 shows an example that increases the temporal resolution by fewer view numbers, 

while keeping the image matrix size constant to maintain the spatial resolution. The frames 

presented here were chosen from six independent real-time cardiac image series with free 

breathing and without ECG synchronization, all from systolic phase. A FOV of 256×256 mm2, 

a matrix size of 128×128, and a slice thickness of 8 mm, were remained constant throughout 

the whole measurements. This resulted in the same spatial resolution of 2.0×2.0×8.0 mm3. 

Whereas the number of views was reduced from 205 (full sampling) to 125, 85, 65, 45, and 

even to an extreme case of only 35 with 6-fold undersampling, which resulted in an increasing 

effective temporal resolution from 12 fps to 70 fps correspondingly.  

 
Figure 6.7 Radial FLASH RT-MRI of the human heart with different temporal resolution and 2.0×2.0×8.0 
mm3 spatial resolution (short-axis view). Reducing the number of views resulted in blurring, decreased 
SNR and gradually stronger streaking artifacts (arrow heads), while maintaining most of the object 
information and the contrast. Imaging parameters: spoiled radial FLASH, FOV 256×256 mm2, matrix size 
128×128, TR/TE 2.02/1.3 ms, FA 8°, BW 1560 Hz/Pixel. 
 

In the full sampling case, the update time (TU) was 83 ms, which is comparable to the normal 

cardiac phase (e.g. the QRS-complex and the end-systolic phase is normally about 60 to 100 

ms, while the end-diastolic phase is slightly longer, from which the presented image in Fig 6.7 
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was chosen), and is not efficient to update the whole rapid motion process. At the same time, 

the image acquisition time (TA) of 414 ms in this case is also too long compared to the object 

movement, which often causes smearing of structures (i.e. myocardium). With increased 

temporal resolution, especially in the extreme case with highly undersampling, it resulted in 

blurring, decreased SNR and gradually stronger streaking artifacts (arrow heads). However, 

most of the object information and the contrast between blood and myocardium still remain 

visible. Furthermore, the rapid dynamic process can be better delineated with shortened TA 

and TU. This is better demonstrated in Fig 6.8, where two temporal resolutions – 20 fps and 

38 fps – are compared in an anatomically defined 4-chamber view. 

 
Figure 6.8 Radial FLASH RT-MRI of the human heart with different temporal resolution and 2.0×2.0×8.0 
mm3 spatial resolution (4-chamber view). (a) and (c) at 20 fps; (b) and (d) at 38 fps. (a) and (b) were taken 
from the end-systolic phase; (c) and (d) were taken from the diastolic phase. The other imaging parameters 
were the same as that in Fig 6.7. Black arrow heads in (a) and (b) indicate the closure of the tricuspid valve 
at the end-systolic phase; small black arrows in (d) indicate the visibility of the tricuspid valve at the end-
diastolic phase at a temporal resolution of 38 Hz; white arrow heads indicate streaking artifacts due to 
undersampling that do not interfere the monitoring of the cardiac motion.  
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In Fig 6.8, a and c were acquired at 20 fps, with 125 views and a TA about 250 ms; b and d 

were acquired at 38 fps, with 65 views and a TA about 130 ms. At end-systolic phase (a and b) 

when the ventricles contract and the atrioventricular valves close, the closure of the tricuspid 

valve (right atrioventricular valve) can be seen with both temporal resolutions, as indicated by 

the black arrow heads. However, during the diastole phase when the atria and ventricles are 

relaxed, the atrioventricular valves are open, allowing blood to flow to the ventricles. This is 

hardly observable at 20 fps with TU 50 ms, but at 38 fps (even higher than the normal video 

data stream at about 24 fps) with TU 26 ms, the tiny valves with very fast motions can be 

captured, as indicated by the black arrows. Streaking artifacts due to both undersampling and 

motions are also visible in this case (white arrow heads), but do not interfere with the 

monitoring of the cardiac motion.  

This proposed RT-MRI method applies also to the situation at higher spatial resolution 

with relatively slower motion speed. In Fig 6.9, both a and b were acquired during the mouth 

opening of a volunteer to study the displacement of temporomandibular joint (TMJ). The 

movement speed was controlled by presenting a visual cue and was almost identical for both 

examinations (about 20 s for the opening period). Images in Fig 6.9a were acquired at 3 fps 

(385 views and 5 interleaves) using a 192×192 mm2 FOV and a 256×256 matrix size, 

resulting in an in-plane spatial resolution of 0.75×0.75 mm2. To increased the temporal 

resolution, Fig 6.9b were acquired with 235 views and 5 interleavesat at 5 fps. At the same 

time, a slightly smaller FOV of 120×120 mm2 and a matrix size of 160×160 were used to 

avoid strong undersampling, and to yield the same in-plane resolution. The presented frames 

in Fig 6.9a were eight neighboring images without time interval, while the eight frames in Fig 

6.9b were chosen from 14 images with roughly one time frame interval for correspondingly 

the same motion period as that in Fig 6.9a. All images shown here were zoomed into the same 

area of interest for demonstration. In this subject, at higher temporal resolution of 5 fps, the 

smearing and jumping of the mandibular condyle – possibly due to a potential pathological 

reason – is better resolved.  

All these results demonstrate the high capability of the developed radial FLASH RT-MRI 

method in achieving rapid signal acquisition, efficient encoding, fast reconstruction and 

smooth image update. More specific results from individual applications are presented and 

discussed in the next chapter. 
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Figure 6.9 Radial FLASH RT-MRI of the TMJ movement with different temporal resolution and 
0.75×0.75×5 mm3 spatial resolution. (a) at 3 fps; (b) at 5 fps. The smearing of the condyle (arrows) due to 
data inconsistencies and sharing during abrupt motion in (a) was markedly improved in (b). The other 
imaging parameters: refocused radial FLASH, FOV 192×192 mm2, matrix size 256×256, TR/TE 4.33/2.20 
ms, FA 20°, BW 810 Hz/Pixel. 

 

6.3 Receiver Channel Compression 
 

The increasing use of receiver coils with very high numbers of independent elements 

considerably increases the computational load for image reconstruction. In fact, when taking 

advantage of 32-element receive coils for the MRI system used here, it will cause a noticeable 

delay between the end of signal acquisition and display of the last image. Therefore, this 
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section describes a software-based receive channel compression method [265, 266] that has 

been implemented to solve this problem. Accordingly, incoming signals from the individual 

coil elements are combined into a small set of compressed channels. Because this 

combination is much faster than a full processing of the signals from all receive channels, the 

images are reconstructed and displayed in real time – with negligible latency as evident from 

the synchrony with the acoustic gradient sounds. 

 
Figure 6.10 Receiver channel compression for spoiled radial FLASH RT-MRI of the heart (short-axis 
view). The images refer to reconstructions with no channel compression or the use of 32, 10, 8, and 6 
principal components and the corresponding difference images (Diff) to the 32-channel reconstruction 
(individual windowing to emphasize the small signals). Imaging parameters were the same as in Fig 6.7. 
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Briefly, channel compression is achieved by generating linear combinations of the incoming 

signals, where the complex-valued combination weights vary for every input and output 

channel. These weights are estimated using a principal component analysis (PCA) using data 

acquired during a few preparation scans (typically employed for steady-state equilibration) 

and kept fixed afterwards. For the PCA, a covariance matrix is constructed by calculating the 

covariances of the received signals among all combinations of channels. In the case of the 32-

element receiver coil, this yields a 32×32 matrix that describes the inter-channel correlations. 

By conducting a singular value decomposition (SVD) of the covariance matrix, a 

transformation matrix is obtained that contains the desired weights for combining the receive 

channels into uncorrelated eigenmodes. The weights are directly sorted in descending order 

according to the energy content of the corresponding eigenmodes. Because most coil arrays 

carry a certain degree of redundancy due to spatial overlap of the sensitivities from individual 

coil elements, the higher eigenmodes contain only marginal image information. Therefore, a 

compression without a recognizable loss in image quality may be achieved by restricting the 

combination to only a limited number of channels. The performance of the implemented 

channel compression technique is demonstrated in Fig 6.10. 

In general, the degree of usable compression depends on the object under investigation 

and, more importantly, on the geometry of the coil array. The channel compression method 

was therefore integrated into the system’s software framework and the feature provided as a 

user-selectable tool for radial FLASH real-time MRI sequences. 
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Chapter 7 
 

Biomedical Applications of Real-time MRI 
 
Ever since the conception of RT-MRI [19, 203, 204] the technical development has been 

driven by specific applications [202, 205-207, 215]. One basic use is to improve the efficiency 

of MRI examinations, in which the reconstruction and display can proceed without delay to 

the signal acquisition and continuous sampling of the imaging object. Moreover, as 

demonstrated during the experimental implementation on a 3T MRI system in the previous 

chapter, the proposed method based on the FLASH physics, radial k-space encoding, and 

sliding window with view sharing reconstruction, supports and opens up a wider range of 

applications to various dynamic processes.  

In this chapter, a few selected applications of potential clinical interest are presented, 

namely the functional assessment of the ocular movement, the temporomandibular joint, the 

musculoskeletal system, speech production, swallowing process and the cardiovascular 

system. Other more preliminary trials ranging from tongue movement during chewing to 

abdominal imaging during free breathing have also been carried out, but are not shown here. 

Each subchapter begins with background information about the currently applied MRI 

techniques. Afterwards, RT-MRI results are presented to demonstrate the strength of the 

proposed method and its significance to address specific issues of these applications. 

Furthermore, comparisons with the available literature are offered, and the potential uses in 

each application are also discussed. 

 

7.1 Ocular Movement 
 

Over a lifetime, movements of the eyes performed by an average human can be literally 

billions of times – even during sleep. Muscles surrounding the eye are among the most active 

in the body, making possible some one hundred thousand movements a day. If any one of the 

muscles is not sufficiently precise, e.g. under pathological conditions, and cannot function 

coordinately, numerous symptoms may occur affecting the eye movement as well as the 
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vision. The facial expression may also be distorted since the harmony between the muscles is 

gone as in the case with squinting (strabismus).  

Surrounding each eyeball are six muscles (so-called extraocular muscles): one pair each 

for horizontal, vertical, and side-to-side oblique movements (Fig 7.1). For example, the 

primary function of the medial rectus muscle (MRM) is to move the eye towards nose, while 

the lateral rectus muscle (LRM) is to move the eye away from nose. Superior rectus muscle 

(SRM) and inferior rectus muscle (IRM) mainly serves to raise and lower the eye, respectively. 

Superior oblique muscle (SOM) and inferior oblique muscle (IOM) are to rotate the eye. 

However, each member of the pair, as well as all three groups, must work together in 

coordination to control the eye movement, so that both eyes turn to the object of interest and 

its image falls on both retinas.  

 
Figure 7.1 Anatomy of the eye (right) muscles in a (a) front view and a (b) back view, respectively. 
 
MRM: medial rectus muscle    LRM: lateral rectus muscle 
SRM: superior rectus muscle   IRM: inferior rectus muscle 
SOM: superior oblique muscle   IOM: inferior oblique muscle 
 

For ocular imaging, many modalities have been used. Due to its better contrast in the soft 

tissues than computerized tomography (CT), and its higher precision in qualitative studies 

over ultrasound [267], MRI is always preferable for imaging extraocular muscles in clinic. It 

has been used for observing changes in muscle shapes such as atrophy and hypertrophy and 

for monitoring eye movement and muscle contraction in the orbit [268, 269]. 

However, imaging of the ocular movement has so far been applied almost only with 

pseudo-dynamic MRI, so-called cine mode MRI. In this method, a strip of paper or card with 

separate, normally equidistant, marks (either in transversal or in sagittal plane) was suspended 

in front of patients. Each mark provided a point of fixation for the eyes, while a still image 
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frame was acquired. The patient was requested not to blink during imaging. Finally, all 

images were subsequently played as a cine loop. Although different acquisition techniques 

have been employed, such as spoiled FLASH [270, 271], refocused FLASH [272-274], T1W-

SE [275, 276] or TSE [277], the in-plane spatial resolution was limited around 1.2×1.2 mm2 

to 1.5×1.5mm2, and the acquisition time of one image (TA) was about 15-30 s, which means 

that the patients must fix their eyes for such a period of time. Thus, the total imaging time for 

one pseudo-dynamic cycle was about 3-4 min. Although the latest work with such kind of 

approach employed turbo-FLASH sequence for signal acquisition which shortened TA to 1-5 s 

due to fewer RF excitations [278, 279] as described in subchapter 3.2, it was still unfeasible 

for true dynamic imaging and real-time monitoring. The only one under the true dynamic 

condition that is available in the publications employed Cartesian FLASH to investigate 

nystagmus [280]. It reached a temporal resolution of 4.4 fps, but at the expense of lower 

spatial resolution of 2.5×2.0 mm2, and also larger slice thickness of 5.0 mm to regain SNR, 

which was not suitable for imaging the tiny structures in obit. 

As a short summary, the studies of the ocular movement with the currently available MRI 

techniques suffer from the following disadvantages: First, overall image quality depends on 

how well the patient can control head movement, concentrate on the fixation point, and avoid 

blinking. In a few cases [275], local anesthetic eye drops were even required to inhibit the 

blink reflex. Second, long imaging times and preferred more fixation points for smoother 

video loop or the eye movement may lead to patient fatigue. Third, each cine video is simply 

a series of static images viewed sequentially and rapidly; therefore, appreciation of true 

physiological eye movements and voluntary pursuit eye movements is not possible. 

All these difficulties are bypassed when applying the proposed radial FLASH real-time 

MRI. Fig 7.2 shows an example of studying ocular movement (healthy volunteer, female, 30 

years old) in three different imaging planes. Because of the small anatomical structures that 

need to be imaged, a high spatial resolution of 0.75×0.75 mm2 with a relative thin slice of 4 

mm was used for a FOV of 192×192 mm2 and an image matrix size of 256×256. This led to a 

relatively low temporal resolution of 3 fps with 375 views and 5 interleaves. During the 

dynamic measurement, the volunteer was asked to rotate the eye at a slow but continuous 

speed, resulting in about 7-10 s for a movement from ultimate left to ultimate right. Fig 7.2a 

and b were acquired in the transversal and oblique sagittal plane respectively, passing along 

the central axis of the optic nerve (ON), when the volunteer rotated the eyes, from left end-

point to right end-point position (i.e. transversal eye movement) and from up end-position to 

down end-position (i.e. vertical eye movement), respectively. Fig 7.2c was acquired in the 
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coronal plane behind the globe when the volunteer was asked to do a 360° rotation from 

extreme medial gaze to extreme lateral gaze (i.e. clockwise movement). A 32-channel head 

coil was used for all the examinations, so that both eyes could be studied at the same time. All 

images were zoomed to the left eye.  

In all studies presented here, first of all, the motions of the globe, optic nerve and muscles 

in the corresponding movement, i.e. MRM, LRM, SOM (not presented here) in transversal 

movement, SRM and IRM in vertical movement, MRM, LRM, SRM and IRM in 360° 

rotation, were clearly delineated throughout the whole process. Second, the dark area 

obscuring the lens in Fig 7.2a (white arrow head) was caused by blinking of the eye. It is well 

demonstrated here that with the present technique, the tissues of interest, i.e. ON, MRM and 

LRM in this case, was not affected by such unavoidable motion, which is not achievable by 

the conventional static or pseudo-dynamic MRI. Third, lid movement (white arrows) with 

different vertical positions of the globe was seen in the oblique sagittal plane in Fig 7.2b 

during vertical movement of the eye. With proper slice positioning, the tarsus and the lid 

retractors could also be assessed (not presented here). Fourth, the contractility of individual 

muscles was also seen, for example, the thickening of the SRM (black arrows) as the result of 

muscle relaxation and the thinning of the IRM (black arrow head) as the result of contraction 

when the eye moved to the extreme downward position in Fig 7.2c. 

Although more experiments are required, for example to assess the evalutation of 

saccadic eye movements, the results already demonstrate the feasibility of the radial FLASH 

RT-MRI to observe and pursuit voluntary eye movements. By monitoring the anatomical 

changes, different dynamic disorders can be investigated, for example, the impaired function 

of muscles as seen in many diseases such as strabismus [275, 276] or posttraumatic 

detachment of eye muscles. When taking the cornea and the lens as landmarks, the movement 

of the globe, and the length as well as the thickness changes of the antagonistic and agonistic 

muscles during true physiological movement can be quantified. In addition, it may also be 

useful for eye surgery planning (e.g. the decompression of the orbit by enlarging the orbit into 

the paranasal sinus) [271], as well as selection and implementation of therapy for eye 

movement disorder.  
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Figure 7.2 Radial FLASH RT-MRI of ocular movement (magnified to the left eye). (a) Left-and-right transversal movement with transversal image plane. 
(b) Up-and-down vertical movement with oblique sagittal image plane. (c) Media-and-lateral clockwise movement with coronal image plane. White 
arrow in (a) indicates the moment when the volunteer was blinking; white arrow heads in (b) indicate the lid movement; black arrow and black arrow 
head in (c) indicate the thickening and thinning of the SRM and IRM respectively. 
 
MRM: medial rectus muscle    LRM: lateral rectus muscle   ON: optical nerve 
SRM: superior rectus muscle   IRM: inferior rectus muscle    
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7.2 Temporomandibular Joint 
 

The temporomandibular joint (TMJ) is the joint of the jaw located in front of the ear. It is a 

hinge and gliding joint and is the most constantly used joint in the body. At the same time, it is 

also considered the most complex joint in the human body because the related bones, joints, 

and muscles provide for an infinite range of combined movements and functions (e.g. 

rotational movements, sliding movements), unlike any other joint in the body. Fig 7.3a shows 

the normal TMJ anatomy with enlarged region of interest. The round upper end of the lower 

jaw, or the movable portion of the joint, is called mandibular condyle (5). It is elliptically 

shaped with its long axis oriented mediolaterally. The socket is called articular fossa (3). 

Between the condyle and the fossa is the articular disc (2), also called meniscus, made of 

cartilage. It is a fibrous, saddle shaped structure that acts as a cushion to absorb stress and 

allows the condyle to move easily when the mouth opens and closes during chewing, 

speaking and swallowing. The disc varies in thickness: the thinner, central intermediate zone 

separates thicker portions called the anterior band and the posterior band. Anteriorly, the disc 

is connected with the lateral pterygoid muscle (4) which acts to lower the mandible, open the 

jaw, and help in moving the jaw from side to side (mastication). Posteriorly, the disc is 

contiguous with attached posterior ligament (1) and tissues called the bilaminar zone which 

plays an important role in allowing the condyle to move forward.  

 

 
 
Figure 7.3 Anatomy of the temporomandibular joint. (a) Schematic illustration with region of interest. (b) 
Static image acquired with PDW-TSE. (c) real-time image acquired with refocused radial FLASH. In both 
(b) and (c), a very high in-plane resolution of 0.4×0.4 mm2 with a slice thickness of 2.5 mm was used. 
 
1. posterior ligament   2. articular disc   3. articular fossa 
4. muscle    5. mandibular condyle 
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Normally, the disc and the condyle fit in the socket when the jaw is closed. As the jaw opens, 

the condyle moves forward and the disc slides forward correspondingly. Pathology of TMJ is 

often called temporomandibular joint disorder (TMD) or TMJ syndrome, which refers to a 

group of acute or chronic problems involving the joint themselves and the tissues associated 

with them. The disorder and resultant dysfunction can result in significant pain and 

impairment, such as a jaw that is locked in position or difficult to open, biting problems, and 

popping sounds when biting. 

Because of the advantages that were mentioned before, including the non-invasiveness 

comparing to arthrography, arthroscopy and CT in medical examination of joints, MRI is 

frequently used to study the disc position and morphology. Fig 7.3b shows a typical PD-

weighted (PDW) TSE image of the TMJ, at a slightly opened mouth position. As the standard 

imaging protocol that is often used in clinic, however, it took approximately 20 s to acquire a 

whole image. From the late 80s, with the invention of the FLASH technique, various imaging 

studies have been carried out in cine mode MRI under the pseudo-dynamic condition [281-

295]. In such studies, a bite block or device was used to open the mouth step by step or the 

subject was asked to simply open the mouth incrementally, and to hold for a typical time of 20 

to 30 s for each position for imaging.  Thus a whole open- and close cycle took about 4 to 6 

minutes and the acquired images were retrospectively combined. As discussed for imaging of 

the ocular movement, such passive movement is not physiologically equivalent to the active 

movement, besides its long measurement time. It is, therefore, preferable to apply true 

dynamic imaging.  

Numerous tests of the proposed RT-MRI variants demonstrated that refocused FLASH 

with T1/T2 contrast is superior to the spoiled version in terms of SNR and tissue contrast, for 

better definition of disc shape and location. This is well demonstrated in Fig 7.3c, with very 

high spatial resolution of 0.4×0.4 mm2 (128×128 mm2 FOV and 320×320 image matrix) and 

2.5 mm slice thickness, which served as a localizer before the dynamic study. In all studies, a 

bilateral 4 array coil (CPC coil with two independently and freely movable 4-element coils, 

NORAS MRI Products, Höchberg, Germany) was used as shown in Fig 1.4. Noticeably, 

compared to the image quality from static or pseudo-dynamic image as shown in Fig 7.3b at 

the same mouth opening position, all tissues of interest are clearly presented, despite an 

overall SNR descrease due to the fast acquisition. 

Fig 7.4 shows an example of normal TMJ displacement during mouth opening and 

closing by employing the proposed radial FLASH RT-MRI from a healthy volunteer (female, 

30 years old). Fig 7.4a demonstrates the positioning of the imaging slice. It was oriented in an 
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Figure 7.4 Radial FLASH RT-MRI of normal TMJ movement at 0.75×0.75×5 mm3 spatial resolution and 3 
fps temporal resolution. (a) and (b) Slice positioning. (c) Obtainable FOV. (d) Normal TMJ movement 
during the opening of the mouth. Arrows indicate the anterior displacement of the mandibular condyle, and 
arrow heads indicate the corresponding movement of the articular disc. The imaging parameters: refocused 
radial FLASH, FOV 192×192 mm2, matrix size 256×256, TR/TE 4.33/2.20 ms, FA 20°, BW 810 Hz/Pixel.  
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oblique sagittal plane and perpendicular to the horizontal long axis of the mandibular condyle. 

The resultant slice was shown in Fig 7.4b, and the obtainable FOV as well as the general 

image quality was shown in Fig 7.4c. Imaging parameters were TR 4.33 ms, TE 2.10 ms, BW 

of 810 Hz/Pixel, and FA of 20° for RF excitation. The images covered a 192×192 mm2 FOV 

with a matrix size of 256×256, which resulted in an in-plane spatial resolution of 0.75×0.75 

mm2. The slice thickness was 5 mm and 385 views were used corresponding to a fully 

sampled dataset. The views were arranged in an interleaved 5 segments radial scheme, so that 

image updates were reconstructed every 385 / 5 = 75 spokes corresponding to a frame rate of 

3 fps. Images in d are magnified to the region of interest, indicated by the white rectangle in 

Fig 7.4c. They were selected about every 3 s from the image series from the mouth close 

position to the full open position. The original study was about 55 s duration and covered a 

full cycle of slowly and voluntary mouth opening and closing.  

Apart from showing the anterior displacement of the condyle as well as the corresponding 

forward movement of the disc relative to the condyle and the fossa during the entire 

movement, two phases or two distinct motions of the dynamic process were well visualized. 

The three images in the first row of the Fig 7.4d represent the first phase when the condyle 

(white arrow) rotates around a horizontal axis through the condylar head, while its position 

and that of the disc (white arrow heads) hardly change. The rest of the images represent the 

second phase when the mouth is wider opened, the condyle and the disc move together 

anteriorly. When the mouth is fully open, the condyle lies beneath the disc.  

From the late 90s, a few dynamic studies based on Cartesian encoding were applied with 

different pulse sequences [296-302]. When compared to the experimental findings from these 

previous studies, the present results show superior image quality, with respect to the technical 

imaging parameters like spatial and temporal resolution, and to the visualization of the TMJ 

structures during movement. 

Fig 7.5 presents the study results from a volunteer (male, 23 years old) with TMJ disorder. 

The imaging parameters were the same as in Fig 7.4d. Fig 7.5a shows the TMJ movement on 

the asymptomatic left side, while Fig 7.5b shows the TMJ movement on the right side with 

mouth opening restriction and grinding noises. Noticeably in b, as the disc translates 

anteriorly, the whole disc remains in front of the condyle (black arrows) and the ligament 

becomes abnormally stretched and attenuated. At full mouth opening, the disc remains 

anteriorly displaced, which is termed anterior displacement without reduction. In the first 

image of Fig 7.5a at the mouth close stage, the disc already shows an anterior displacement 

(white arrow head) as frequently described in textbooks [303], when compared to the disc  
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Figure 7.5 Radial FLASH RT-MRI of TMJ with internal derangement. (a) and (b) are two studies from the 
asymptomatic left side and the symptomatic right side, respectively. White arrow head in (a) and white 
arrow in (b) indicate the close mouth position of the disc from left and right side, respectively; black arrow 
heads in (a) and black arrows in (b) indicate the displacement of the disc from left and right side, 
respectively, during TMJ movement. The imaging parameters were the same as that in Fig 7.4. 
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location relative to the condyle in the first image of Fig 7.4d and the symptomatic right side in 

Fig 7.5b (white arrows). However, starting from the mouth opening, the disc was captured and 

remained in the right position relative to the condyle and the fossa (black arrow heads), 

therefore, no clinical symptoms had shown on this side. In short, for the other cases of 

anterior displacement with reduction in the internal derangement of the TMJ, the displaced 

disc will return to its normal position when the condyle reaches a certain point, and when the 

reduction of the disc happens, the patient often feels a pop or click in the joint.  

As presented above, radial FLASH (refocused) RT-MRI demonstrates a high capability to 

provide the clinician with additional information in the evaluation of functional movement 

disorders, potential pre- or post-surgery planning, and diagnosis of joint pathology. 

 

7.3 Musculoskeletal System 
 

Muscles, bones, joints and tendons work in concert to create precise movements. As having 

been demonstrated in the TMJ case, a functional evaluation of the musculoskeletal system 

may arise as another application of radial FLASH RT-MRI. Typically, for a given joint, 

interactions of the soft tissues and bony anatomical features that comprise this joint are 

studied through a specific range of motion, e.g. bending of the knee. So far a variety of pulse 

sequences and joint positioning strategies have been used in joint MRI, either during passive 

movement [304-311] as in pseudo-dynamic studies or active movement [183, 312-318] as in 

dynamic studies, both of which are also termed joint “kinematic” MRI [319, 320]. Since the 

value of the motion imaging lies in the need to precisely identify the position and 

morphological changes of particular anatomical structures with physiological relevance, only 

the active movement is addressed in the present real-time functional joint MRI.  

Because a joint normally involves tissues with relatively small size and complex anatomy, 

and on the other hand, its movement is voluntary with controlled speed, the imaging 

parameters and protocols employed in this application aim at a high spatial resolution with 

relatively low temporal resolution, similar to the TMJ application. Furthermore, in-phase and 

opposed-phase imaging based on the chemical shift mechanism offer different contrasts for 

specific tissues, as already shown in Fig 7.3. So far, the developed RT-MRI technique has 

been applied to assess various joints in the human body including the ankle, cervical spine, 

knee, shoulder, wrist, and TMJ as already discussed in the previous section.  

Fig 7.6 presents examples from three real-time dynamic measurements. Flexion of the 
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Figure 7.6 Radial FLASH RT-MRI during (a) flexion of the knee with in-phase contrast, (b) tibiotalar rotation of the ankle with opposed-contrast, and (c) radial-
ulnar deviation of the wrist with opposed-phase contrast. White arrows in (a) indicate patellar displacement relative to the femur, the anterior cruciate ligament 
(black arrow heads), and the posterior cruciate ligament (black arrows); white arrow head and white arrow in (b) indicate the talus and calcaneus, respectively, 
relative to the tibia (small white arrow); arrow in (c) indicates the carpal bones and intercarpal spaces. The imaging parameters: radial refocused FLASH, FOV 
192×192 mm2, matrix size 256×256, in-plane resolution 0.75×0.75 mm2, SLT 5 mm, TR/TE 4.33/2.3 (in-phase) or 5.63/3.5 (opposed-phase), FA 30° (in-phase) or 
25° (opposed-phase), BW 810 Hz/Pixel, number of views 385 (in-phase) or 295 (opposed-phase), effective temporal resolution 3 Hz.  
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knee (healthy volunteer, male, 30 years old) without resistance to stress in a mid-sagittal plane 

with in-phase contrast was accomplished by using a small flexible coil (Siemens AG, 

Erlangen, Germany). The results are shown in Fig 7.6a. Tibiotalar rotation of the ankle 

(dorsiflexing and plantarflexing, associated with an low degree external and internal talar 

rotation) in a mid-sagittal plane (healthy volunteer, female 27 years old) with opposed-phase 

contrast was acquired with the use of a CPC coil (Noras MRI Products, Höchberg, Germany) 

and the results are shown in Fig 7.6b. Radial-ulnar deviation of the wrist in the coronal plane 

(same volunteer as in Fig 7.6b) with opposed-phase contrast using a small flexible coil is 

shown in Fig 7.6c. 

During the experiment, the subject was placed in a prone (knee and ankle measurement) 

or supine (wrist measurement) position with the initial limbs extended. Foam padding was 

placed at various sites for support and comfort. Noticeably, the position and morphological 

changes of the interested anatomical structure, e.g. carpal bones as well as intercarpal spaces 

in Fig 7.6c, were all clearly presented through the dynamic imaging. 

The results illustrate the usefulness of the proposed radial FLASH RT-MRI for functional 

evaluation of the musculoskeletal kinematics, for diagnosis of pathological conditions, for 

example, soft tissue impingement syndromes and abnormalities such as tendon subluxation, 

and also for therapeutic assessments during rehabilitation. 

 

7.4 Speech Production 
 

Human speech arises from orchestrated activities of phonatory and articulatory organs and 

reflects human-specific characteristics in anatomy and physiology. From a technical point of 

view, the production of speech is described as a two-stage process [321, 322]. In the first stage 

the sound or human voice is initiated in the lung by producing adequate airflow and air 

pressure, while in the second stage it is further filtered by the vocal tract, which consists of the 

laryngeal cavity, the pharynx, the oral cavity, and the nasal cavity. Specifically, the vocal folds 

(vocal cords), which are a vibrating valve and chop up the airflow from the lungs into audible 

pulses, in combination with the articulators (tongue, palate, cheek, lips, etc.), which interact 

with the laryngeal airflow, are capable of producing distinct and highly intricate sounds. 

These biological specificities provide aerodynamic and acoustic bases of speech production 

and contribute to generating a parallel time-pattern of gradually changing vocal signals with 

ripples in amplitude and spectrum due to rapid articulatory movements [323]. 
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Understanding human speech production is of great interest from phonetic, linguistic, 

engineering, and several other research aspects. So far, many approaches have been used to 

obtain relevant information, for example, electropalatography (EPG) or electromagnetic 

articulography (EMA) examining linguapalatal contact and ultrasound for examining tongue-

surface contours. But none of them yields real-time movies of articulators along the entire 

length and diameter of the vocal tract. Although video fluoroscopy technique does permit this, 

it involves x-ray radiation and is thus limited in use.  

Here the proposed real-time MRI method is applied to investigate the rapid and complex 

movements of the vocal tract. 

 
Figure 7.7 Anatomy of the throat. (a) Schematic illustration (modified from [324]). (b) Image acquired by 
using the spoiled radial FLASH RT-MRI technique. 
 
1. Hard palate    6. Blade of the tongue  10. Pharynx 
2. Teethridge    7. Vocal ford   11. Epiglottis 
3. Teeth     8. Soft palate   12. Trachea 
4. Lips     9. Uvula   13. Esophagus 
5. Tip of the tongue         
 

During the examination, a mid-sagittal image of the head is acquired. The vocal tract from the 

vocal folds (glottis) to the lips is covered as illustrated in Fig 7.7b. In this image, the air-tissue 

boundaries of the anatomical components that are of interest as shown in Fig 7.7a are 

represented and can be traced during the production of speech. The imaging parameters were: 

spoiled radial FLASH, FOV 192×192 mm2, matrix size 112×112, in-plane resolution 1.7×1.7 

mm2, slice thickness 10 mm, TR/TE 2.2/1.5 ms, FA 8°, BW 1540 Hz/Pixel, number of views 

93 with 3 interleaves, effective temporal resolution 15 fps. A small flexible coil in front of the 

subject’s fact and a 4-cm diameter surface coil attached to subject’s neck were used (Siemens 

AG, Germany). It can also be seen from this image that the improved acquisition technique 

with such a short TE offers excellent robustness against magnetic susceptibility differences 

between air and human tissue, which is a typical problem of the upper airway imaging.  
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Figure 7.8 Radial FLASH RT-MRI of speech production with logatom words. Experiment was done with a 
healthy volunteer (male, native German, 24 years old) in a middle 
the arrow indications are in the text.
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MRI of speech production with logatom words. Experiment was done with a 
German, 24 years old) in a middle sagittal plane. Details of the 

the arrow indications are in the text. 

MRI of speech production with logatom words. Experiment was done with a 
Details of the figure and 



 
 

- 127 - 

7.4 Speech Production 

Two experiments were performed. In the first experiment, a sequence of meaningless logatom 

words adapted from [325] was used to study the coarticulation effect of a vowel with an 

adjacent consonant. Each logatom word was in a consonant-vowel-consonant-vowel (CVCV) 

structure, all beginning with the consonant b. Three vowels ([a], [i], [u]) and 12 consonants 

were tested. Fig 7.8 shows an example of four logatom words “biti”, “butu”, “bata”, and 

“bada” (healthy volunteer, male, 24 years old). The presented frames in each row were nine 

consecutive images from measurement of each individual word. They covered the whole 

transition period from the vowel to the consonant and to the vowel again, e.g. [iti] as directly 

indicated in the figure, with the middle one (i.e. 5th frame) representing the exact time point of 

the production of the consonant [t] or [d].  

When comparing [iti], [utu], and [ata] (i.e. Fig 7.8 a, b, and c correspondingly), the 

position of the tongue differed remarkably in the first or the last two frames, due to the 

pronunciation of three different cardinal vowels. For example, [i] is produced with the tongue 

as far forward and as high in the mouth as is possible; [u] is produced with the tongue as far 

back and as high in the mouth as is possible, with pursed lips; [a] is produced with the tongue 

as far back and as low in the mouth as possible. This can also be captured in the static MRI 

studies. During the production of the consonant [t] in each word (comparing within the same 

row), the shape of the lips hardly changed. This is because, as an alveolar plosive, the shape 

of the lips has no influence on the production of the [t]. However, the movement of the tongue 

was obvious, particularly, the raised tip and the blade of the tongue against the alveolar ridge 

(hollow white arrows), which helped to produce the sound of [t]. Comparing Fig 7.8c and d, 

although both [t] and [d] are alveolar plosives and thus no big difference were seen in the 

formation of the lips and the tongue, as a voiceless alveolar plosive, [t] requires opening of 

the vocal folds to allow the production of the sound – represented by the decreased intensity 

of the larynx from [a] to [t] which increased again from [t] to [a] (white arrow heads), also 

observable in Fig 7.8a and b. On the contrary, as a voiced alveolar plosive, [d] is produced 

with vibrations of the vocal cords – represented by the high intensity of the larynx (white 

arrows). These are the specific features provided by the RT-MRI technique which cannot be 

obtained by the static or pseudo-dynamic studies.  

In the second experiment, the test material included real German words also with CVCV 

structures, in a context of consonant-[a]-consonant-[ə], to study the consonant articulation. In 

these chosen words, most of the lingual consonants of the Standard Modern German 

(Neuhochdeutsch) are represented. The details may be found in [326]. Fig 7.9 shows an 

example of 10 consonant articulations from a native German (male, 24 years old). For the  
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Figure 7.9 Radial FLASH RT-MRI of speech production with German words. Same volunteer and imaging 
parameters as that in Fig 7.8. Text to the right side of the images indicate the area of articulation, manner of 
articulation, and whether the consonant is voiceless or voiced, respectively. Details of the fig and the arrow 
indications are in the text. 
 

purposes of demonstration , the presented images in each row were all chosen with about 300 

ms time interval (4-frame interval), so that the middle image represents the production of the 

corresponding consonant, while the first and last images represent the production of [a] and 

[ə], respectively.  

First, when comparing voiceless and voiced consonants independent of the articulation 

manner (i.e. whether plosive or fricative), i.e. [t], [k], [s], [f] and [d], [g], [z], [v], the slightly 

decreased intensity of the larynx from the first image to the second, which increased again 

from the second image to the third in the voiceless case, is observable (white arrow heads). 

This indicates that during the production of the voiceless consonant, the vocal folds in the 
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larynx are apart and air is able to flow quite freely from the lungs into the mouth cavity. On 

the contrary, the almost unchanged intensity in the voiced case (white arrows) indicates that 

the vocal folds are in a position close together to each other. Provided the air pressure in the 

lungs is sufficient, the vocal folds will be caused to vibrate against each other, in order to 

produce voiced consonants, as also demonstrated and described in the first experiment above.  

Second, depending upon different articulation places, the formation of the tongue and lips 

differed remarkably. When the articulation place is alveolar, as in the case of [t], [d] and [n], 

the consonants are articulated with the tongue tip or the blade against the alveolar ridge 

(teethridge); when the articulation place is velar, as in the case of [k] and [g], the consonants 

are articulated with the back part of the tongue (the dorsum) against the soft palate (the 

velum); when the articulation place is labiodental, as in the case of [f] and [v], they are 

articulated with the lower lips and the upper teeth; when the articulation place is bilabial, as in 

the case of [m], it is articulated with both lips. It should be noticed that, due to the extremely 

short T2 of the teeth, the touching of the lower lips and the upper teeth in the labiodental case, 

as well as the narrowing of the upper and lower teeth to constrict air flow in the fricative case, 

is not well recognized. 

Third, the open of the nasal cavity through the soft palatal (small white arrows) in the 

case of nasal consonant, as in [m] and [n], indicates that the air is allowed to escape through 

the nose to produce the sound. This is a distinct feature in comparison to the oral consonant, 

as in the other cases shown in the figure, the soft palatal is seen in contact with the pharynx 

(small white arrow heads) so that the air is allowed to escape through the mouth.  

The above examples demonstrate the capability of the radial FLASH real-time MRI in 

offering excellent spatiotemporal information about the coordination of articulator 

configurations and the shape changes of the vocal tract. Although MRI has already been 

applied in various studies of speech production, either in a cine mode [327, 328] or in a true 

dynamic manner [329-331], either in studying the vowels with static imaging [332, 333] or 

also the stop consonants with signal triggering [334], the present preliminary results generally 

show superior image quality. Moreover, they also permit quantitative analyses and modeling 

of the time-varying vocal tract shape for the purpose of gaining deeper understanding of the 

underlying principles that govern the speech production process. Further technical 

developments may include visualization of the teeth and simultaneous noise-robust audio 

recording during real-time MRI. 
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7.5 Swallowing Process 
 

Swallowing, known scientifically as deglutition, normally occurs as an orderly physiologic 

process that transports ingested material and saliva from the mouth to the pharynx, the 

esophagus, and into the stomach [335, 336]. Although the majority of swallowing happens 

subconsciously in response to salivation, which occurs at about 0.5 ml/min initiating 

spontaneous swallowing at about 1/min [337] or about 1000 swallows per day in awake 

subjects [338], it is generally considered to be voluntary and is evoked with conscious input 

(e.g. during eating). The whole swallowing sequences are complex neuromuscular activity 

involving both skeletal muscle (tongue) and smooth muscles of the pharynx and esophagus.  

Earliest MRI study of the act of swallowing and tongue movements was based on the 

realization of the Cartesian FLASH technique [339] with gadolinium-diethylenetriamine 

pentaacetic acid (Gd-DTPA) as a contract agent. By reducing the phase-encoding steps, an 

effective temporal resolution of 5 fps was achieved.  However, the obtained images had the 

very low spatial resolution of 3.0×3.0 mm2 and were significantly degraded by motion 

artifacts. Later on, with the development of other rapid pulse sequences in clinic, the EPI and 

turbo-FLASH techniques became the most used methods in swallowing MRI studies [340-

345], with spatial resolution at about 3.0×3.0 mm2 and temporal resolution ranging from 3 fps 

to 15 fps. However, the obtained images still suffered from distortion induced by the 

physiological motion, either from the anatomical structures which are involved in the act of 

swallowing, or from pulsatile blood flow, or even from concurrent head movement during 

swallowing. Some recent studies employed the single-shot FSE technique [346, 347]. But due 

to long acquisition time (700 ms) which was just slightly less than the whole duration of one 

swallow process (1-1.5 s), only one or two images could be obtained per swallow. Therefore, 

the swallowing process had to be repeated many times (e.g. at least 10 times) in order to 

acquire multiple images. During post-processing, each image was sorted retrospectively 

according to its moment in the swallowing cycle and the whole image series was played in the 

cine mode to give a “dynamic” view. Although such a pseudo-dynamic method in this case 

does reflect the true physiological process, compared to the similar approach in TMJ studies 

with bite device, the imaging time is prolonged. Moreover, because the images are acquired 

during different swallows, an analysis of the timing of swallowing events was not possible. 

In this thesis, the proposed RT-MRI is applied to study the process and effect of 

swallowing, particularly, the movement changes of the larynx and the pharynx during 
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swallowing. Two experiments were performed: dry swallowing with saliva and swallowing of 

pineapple juice as an oral contrast agent, which has been proved to offer the best positive 

contrast in T1W images due to the high concentration of the paramagnetic substance (i.e. 

manganese) by previous studies [348]. This observation was confirmed by the experiments 

during this work in comparison to water, milk and other fluids. For both studies, a small 

flexible coil (Siemens AG, Erlangen, Germany) was used in front of the subject’s lower face. 

For the swallowing study with pineapple juice, a plastic infusion tube was used with one end 

connected to the subject’s mouth and the other connected to a plastic bag placed outside the 

magnet bore at about the same level as the examination bed, so that the subject can freely 

adjust the flow volume and speed. During real-time imaging, the subjects were instructed to 

swallow in a natural manner and with a comfortable rate and bolus volume continuously. One 

single slice is chosen in the mid-sagittal plane, as shown in Fig 7.7b in the previous section, 

covering the area of interest including the mouth, pharynx, larynx and the upper part of the 

esophagus. 

Fig 7.10 shows the results of a swallowing study with pineapple juice from a healthy 

volunteer (female, 34 years old). The imaging parameters were: spoiled radial FLASH, FOV 

220×220 mm2, matrix size 128×128, in-plane resolution 1.7×1.7 mm2, slice thickness 10 mm, 

TR/TE 2.1/1.3 ms, FA 8°, BW 1560 Hz/Pixel, number of views 93 with 3 interleaves, TA/TU 

195/65 ms, effective temporal resolution 15 fps. Fig 7.10 a, b, c and d represent four 

physiological phases that the whole swallowing process is normally divided into: preparatory, 

oral, pharyngeal and esophageal phase. Due to ultra-fast movement in the pharyngeal phase, 

the three images in Fig 7.10c were chosen with 130 ms time interval, while the images in the 

other phases were chosen with about 250 ms time interval. First, in the preparatory phase, the 

bolus was taken into the oral cavity and masticated to prepare for swallowing. Second, in the 

oral phase, the bolus was propelled from the oral cavity into the pharynx by voluntary tongue 

movement. Third, in the pharyngeal phase, several involuntary and synchronous actions were 

involved, including palatal closure to prevent nasal reflux (white arrows), glottal closure with 

larynx elevation to prevent aspiration (white arrow heads), esophageal opening (small white 

arrow) and bolus transport into the esophagus. The pineapple juice gave very bright signal in 

the above three phases and offered excellent contrast to the anatomical tissues. Fourth, in the 

esophageal phase, the function-related anatomical structure (i.e. soft palate, tongue, pharynx 

and hyoid bone) were back to the original position and the bolus was hardly visible due to 

compressed contrast agent and low coil sensitivity. 



 
 

- 133 - 

7.5 Swallowing Process 

 
Figure 7.10 Radial FLASH RT-MRI of the swallowing process. Images were acquired from a healthy 
volunteer (female, 34 years old) in a middle sagittal plane. (a, b, c, and d) represent the four physiological 
phases of the whole swallowing process: preparatory, oral, pharyngeal, and esophageal phase. High 
intensity areas in (a, b, and c) indicate the pineapple juice as the contrast agent. Details of the imaging 
parameters and the arrow indications are in the text. 
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The results demonstrate the feasibility and effectivity of the developed radial FLASH RT-MRI 

in investigating swallowing functions and morphology. Extension to the other imaging planes, 

e.g. in oblique coronal plane to study deglutitive vocal fold motion, is possible. It is also 

expected to be of value in better understanding the swallowing mechanism of the 

collaborative work among the anatomical apparatus and in clinical diagnosis and evaluation 

of patients with oropharyngeal pathology or complex disorders such as aspiration and 

dysphagia. 

 

7.6 Cardiovascular Motion 
 

MRI of cardiovascular structures provides a noninvasive method of viewing the heart and 

major vessels. It is always of great interest, because it serves as a very important tool in 

clinical diagnosis for evaluating conditions such as heart failure and congenital heart disease, 

as well as for determining the damage caused by a heart attack or progressive heart disease. 

Recent progress in MRI techniques [19, 205], for example in fast imaging techniques such as 

parallel imaging [234] and non-Cartesian imaging [254, 349] or in black blood imaging 

techniques [85, 350], has led to a rapid increase in the number of clinical applications. At the 

same time, MRI also always faces the challenge from the rapid and complex movement of the 

anatomical structures that are to be imaged. Commonly in cardiovascular MRI, the problem of 

cardiac motion is addressed by synchronizing the MR measurements with the 

electrocardiogram (ECG) [62], while the respiratory motion is controlled by performing 

breathhold [351] or placing a respiratory navigator on the diaphragm for movement tracking 

[352, 353]. However, this causes several new problems and becomes a current limitation of 

cardiovascular MRI. First, both cardiac and respiratory motion compensation techniques can 

suffer from inaccuracies. ECG triggering is susceptible to radiofrequency and gradient 

interferences, which may lead to trigger detection problems, while extracting the displacement 

data from respiratory navigators may not reflect motion of the heart accurately. In addition, 

image acquisition with ECG synchronization often encounters problem for patients with 

arrhythmia. Second, patients with cardiac diseases frequently have difficulty sustaining 

repeated, long breathholds, or even one breathhold of 10 to 20 s. In addition, repeated 

breathhold can yield poor image quality due to inconsistency, while extended breathholds may 

lead to changes in flow and pressure in the region of the heart. Third, placing ECG electrodes 

and handling the connections as well as the need for breathhold increase the complexity of 
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cardiac imaging and reduce patient comfort. Other approaches to overcome these problems 

employ self-gating techniques that extract the motion data for measurement triggering or 

gating directly from the acquired MR signals, mostly suited in a retrospective manner [354-

356] and in a few cases also in a prospective way [357]. However, while the sophisticated 

algorithms have been used, resolving cardiac motion with high effectivity remains difficult to 

achieve. In addition, in most of the techniques, segmented k-space acquisition requires 

retrospective reconstruction and display offline after the whole examination. For all these 

approaches, the entire imaging time is prolonged either because the signal acquisition time is 

constrained to specific window (as in breathhold, respiratory or ECG gating cases) or because 

many acquired data points are discarded in reconstruction depending on the gating and 

filtering algorithm (as in the self-gating case). Therefore, continuous MR imaging of the 

cardiovascular system for multiple cardiac phases without breathhold or any synchronization 

and with simultaneous online image display is highly demanded.  

Examples of the proposed RT-MRI method in cardiac imaging have already been shown 

in Fig 4.10, Fig 6.4, Fig 6.5, and Fig 6.7 of the previous chapters, with a series of consecutive 

images acquired without ECG synchronization and breathhold, making such examinations 

feasible in a greater number of patients. Fig 6.6 even demonstrates that real-time 

cardiovascular imaging could be accomplished with update times (TU) of 30 ms per image 

corresponding to a frame rate beyond those commonly in the clinical ultrasound examinations, 

and even below – with TU of 14 ms (acquisition times 70 ms per image). More examples 

from systematic studies are shown in Fig 7.11, all with standard clinical image plane 

orientations. These images represent spoiled radial FLASH acquisitions with a 32-channel 

body array coil (Siemens AG, Erlangen, Germany) at the shortest possible TR and with 

moderate undersampling and update time. The detailed imaging parameters were: FOV 

256×256 mm2, image matrix size 128×128, in-plane resolution 2×2 mm2 with 8 mm slice 

thickness, TR/TE 2.02/1.30 ms, FA 8°, BW 1950 Hz/Pixel, number of views 125 with 5 

interleaves. While the acquisition time (TA) for a single image was 250 ms, image updates 

were reconstructed every 25 interleaved spokes corresponding to an effective temporal 

resolution of 50 ms (20 fps). The selected images in each row cover half of the cardiac cycle 

from end-diastole to end-systole. The visualized anatomical structures, including cardiac 

chambers, valves, and vessels, are also indicated in the figure. 
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Continued 
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Figure 7.11 Radial FLASH RT-MRI of the cardiovascular system at 2.0×2.0×8 mm3 spatial resolution and 
20 fps temporal resolution, in an anatomically defined (a) 2-chamber view, (b) 4-chamber view, (c) left 
ventricular inflow/outflow long-axis view, (d) short-axis view and (e) oblique plane through aortic arch or 
so-called “candy cane view”. (a, b and d) were from one healthy volunteer (male, 28 years old); (c and d) 
were from another volunteer (female, 35 years old). The imaging parameters: spoiled radial FLASH, FOV 
256×256 mm2, matrix size 128×128, SLT 8 mm, TR/TE 2.02/1.30 ms, FA 8°, BW 1950 Hz/Pixel.  
 
1. Left ventricle (LV)    9.   Main pulmonary artery (MPA) 
2. Left atrium (LA)    10. Right pulmonary artery (RPA) 
3. Right ventricle (RV)    11. Superior vena cava 
4. Right atrium (RA)    12. Left subclavian artery 
5. Interventricular septum   13. Left common carotid artery 
6. Ascending aorta    14. Aortic valve 
7. Aortic arch     15. Mitral valve 
8. Descending aorta    16. Papillary muscles 
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Normally, in cardiac MRI, best results are obtained at late diastole, whereas very rapid 

myocardial wall movements during late systole yield unacceptable image distortions, 

particularly in anatomical planes other than short-axis view due to the complex structures and 

movements. In contrast, the results presented here demonstrate the effectivity of the radial 

FLASH RT-MRI in resolving the cardiovascular motion during the whole cardiac cycle. 

All these preliminary results presented above demonstrate clearly that the proposed radial 

FLASH RT-MRI technique offers an unique ability for the investigation of anatomical 

structures as well as the functional performance of the heart and thoracic great vessels. In 

addition, the absence of smearing and blurring facilitates the assessement of quantitative 

functional indexes, e.g. ventricular volumes, biventricular ejection fractions, biventricular 

stroke volumes, cardiac output, radial shortening, and systolic wall thickening in the analysis. 
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Chapter 8 
 

Conclusion and Outlook 
 

8.1 Conclusion 
 

Real-time magnetic resonance imaging (RT-MRI) is not a particular pulse sequence or image 

reconstruction algorithm but rather a technical approach and measurement strategy that 

markedly differs from conventional MRI. It prescribes, acquires, encodes, reconstructs, and 

displays images without noticeable delay. According to the physical nature of MRI, which 

involves a time-consuming acquisition process, a particular challenge of this thesis was to 

achieve both high spatial and temporal resolution, while maintaining a sufficiently high 

signal-to-noise ratio (SNR). This particularly refers to the monitoring of physiological 

processes, where small anatomical structures undergo significant movements. Despite the fact 

that rudimentary RT-MRI sequences have been available for some time, they do not offer a 

general solution for continuous online imaging and smooth monitoring with sufficient image 

quality and robustness. 

My solution for RT-MRI as developed in this thesis is based on the following aspects: 

(i) First, the FLASH technique is selected as the most suitable rapid imaging pulse sequence 

after experimental comparisons with alternative sequences. This choice is motivated by 

several advantages: the technique allows for both rapid and continuous MRI signal 

acquisition without compromising image quality, without limitations due to physical 

properties such as the duration of a relaxation time, and without safety problems due to 

excessive RF power deposition to the patient. For practical optimizations, the shortest 

acquisition times with adequate SNR and avoidance of artifacts or distortions is achieved 

by utilizing shortened RF excitation pulses, the shortest possible repetition time (TR) and 

echo time (TE), very low flip angles (FA), and high receiver bandwidths (BW). In 

addition, the variants of the FLASH technique, i.e. spoiled, refocused and balanced SSFP, 

which handle the residual magnetization in different ways, offer complementary image 

contrasts for applications to different tissues. Furthermore, variations of the gradient-echo 

time allow for in-phase and opposed-phase conditions emphasizing water and/or fat 
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signals, which provide another contrast option particularly suitable for the abdomen and 

musculoskeletal system.  

(ii)  Second, the proposed method employs a radial k-space trajectory as an efficient spatial 

encoding scheme that, together with the physical properties of the FLASH technique, 

solves the conflict between spatial and temporal resolution. This selection is based on the 

advantageous property that the spatial resolution of the radial image is largely 

independent from the number of spokes, which makes radial acquisitions more tolerant to 

undersampling. The absence of a phase-encoding gradient avoids signal aliasing in the 

image (in-folding artifacts in Cartesian schemes, more complex distortions in spiral 

schemes) and the possibility of oversampling in all (radial) directions allows for 

unrestricted zooming. Even more importantly, the inherent oversampling in the central k-

space area offers unique robustness against motion, which supports dynamic imaging. 

The only remaining problem stems from the sensitivity to phase differences between 

individual spokes that result from the overlap of all echo centers in the middle of k-space. 

Here, a suitable solution is presented that relies on a full 360° coverage of k-space with 

an odd number of radial views and without oscillating gradient polarity, because in such a 

way, a symmetric distribution of susceptibility-induced phase errors is obtained over the 

entire k-space. At the same time, simple trajectory corrections are applied to compensate 

for hardware-related imperfections such as delays of gradient switching. Furthermore, a 

reordered interleaving strategy is developed to ensure a uniform distribution of spokes in 

k-space, which further reduces remaining motion inconsistencies by smearing out residual 

artifacts.  

(iii)  Third, image reconstruction is accomplished by gridding to a rectilinear data space 

followed by 2D inverse fast Fourier transform. With a proper choice of the interpolation 

window, radially encoded data are decoded and reconstructed into images, and are 

displayed with minimal temporal delay. In addition, the adaptation of sliding window and 

view sharing techniques decouples data acquisition and image reconstruction and allows 

for a further acceleration of image updates. Because each acquired view in the radial 

encoding scheme contains equivalent information covering both low and high spatial 

frequency components, its combination with interleaved radial sampling is ideally suited 

to achieve a smooth updating of the representation of moving objects.  

The radial FLASH RT-MRI technique is implemented on a whole-body MRI system at 

3T and experimentally validated on healthy human subjects. Though principally attractive for 
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SNR reasons, the balanced SSFP variant is excluded for real-time imaging, because of its 

inherent sensitivity to magnetic field inhomogeneities and magnetic susceptibility differences. 

Most robust results were achieved using spoiled or refocused FLASH variants for RT-MRI. 

These latter methods resulted in high spatial and temporal resolution at the same time, a good 

SNR, and variable image contrast as demonstrated by a variety of biomedical applications. 

Proof-of-principle studies include a functional assessment of the temporomandibular joint as 

well as other joints of the musculoskeletal system with high (submillimeter) spatial resolution 

and relatively low temporal resolution (3 to 5 fps) as well as the monitoring of speech 

production and swallowing, and motions of the cardiovascular system with moderate spatial 

resolution (1.5 to 2 mm) and high temporal resolution (even above 30 fps). These preliminary 

results indicate a tremendous potential of RT-MRI based on radial FLASH with a wide range 

of applications in both diagnostic imaging and biomedical research. 

 

8.2 Future Work 
 

The main technical issues that need to be addressed in future work are residual streaking 

artifacts that are related to severely undersampled radial encodings as well as the occurrence 

of temporal image blurring due to data sharing over measuring times that are relatively long 

compared to motional displacements. 

First of all, streaking artifacts in radial RT-MRI arise from both undersampling and 

motion. Experiments in this thesis have shown that either increasing the number of views or 

slowing down the motion speed (if controllable) makes the streaking artifacts weaker in the 

image. On the other hand, moderate or even strong undersampling, as required for much 

shorter acquisition times for processes such as cardiac motions (Fig 6.8) or abrupt joint 

movements (Fig 6.9), induces intolerable streaking artifacts that interfere with the image 

quality. In the first case, the gridding algorithm fails to handle highly undersampled data and 

the interpolation window is not able to recover the Cartesian grids from the sparsely sampled 

k-space. In the second case, a fast and abrupt motion induces phase modulations that cause 

errors when the data along radial views are interpolated into a rectilinear grid. In both 

situations, the reconstructed image (the inverse Fourier transform) is distorted by artifacts. 

More investigations are required to study the influence of individual views on the resulting 

image and to look for possible corrections or alternative reconstructions [128, 358]. 

The temporal blurring effect is caused by sharing data which may be inconsistent due to 
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the presence of ultra-fast motions as in the heart. Experiments in this thesis have shown that 

the blurring can be eliminated when fewer views are used in the acquisition, because less data 

are shared. However, this may lead to more streaking artifacts as it enhances the degree of 

undersampling. On the other hand, experiments in Section 5.3.2 revealed that sharing only the 

high frequency components in the k-space periphery is inefficient for improving the temporal 

accuracy. Therefore, more studies are required to solve the inconsistent data sharing during 

image reconstruction and update, possibly with complementary information offered from the 

use of multiple coil profiles [358]. 

A further line of future developments and potential applications emerges from the 

combination of RT-MRI with means for interactive control of imaging parameters including 

the position and orientation of the imaging plane, FOV, slice offsets, flip angle, and others that 

affect the image contrast. This may dramatically improve the efficiency in cardiovascular 

studies [206, 207] and facilitate RT-MRI in planning, guiding, monitoring and controlling 

therapeutic interventions during surgery [359, 360].  

The access to T1 contrast in spoiled FLASH versions, as shown for the bright signals 

from inflowing (unsaturated) blood in cardiac MRI, adds potential for the use of a T1-

shortening contrast agent in “late enhancement” studies of patients where myocardial tissue 

with compromised perfusion causes a delayed signal enhancement due to a slower or 

restricted uptake of the contrast agent after bolus injection. This may help in a functional 

assessment of the myocardium and distinguish dead tissue from damaged tissue [361].  

Furthermore, a radial trajectory with a signal readout that starts directly from the center of 

the k-space will allow for ultra-short echo time (UTE) imaging [362], and may be used to 

better delineate structures like bone or cartilage tissues with short T2 relaxation times [363]. 

In functional MRI of human human brain activation the application of RT-MRI is motivated 

by the desire to quickly capture and characterize perfusion changes in the brain. The 

sensitivity of the gradient echo employed in the FLASH technique to magnetic field 

inhomogeneities or tissue susceptibilities is used in fMRI of brain activations, since regional 

increases of cerebral blood flow associated with task performance result in a decrease of the 

concentration of paramagnetic deoxyhemoglobin in red blood cells. Therefore, further 

experiments are needed to investigate whether the sensitivity of radial trajectories to such off-

resonance effects would have additional influence in measuring the small signal changes in 

functional brain imaging, even though Section 4.3.2 has shown that with respect to 

morphological or anatomical imaging, they are effectively corrected. 

In summary, the results of this thesis demonstrate that the developed radial FLASH 
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technique with interleaved sampling and sliding window reconstruction adequately addresses 

the fundamental challenges of real-time MRI. Based on the implementation on a conventional 

3T MRI system and the experimental evaluation in a variety of settings, the proposed RT-MRI 

method not only outperforms most of the currently used approaches, but also demonstrates its 

high potential in a wide range of applications. With continuing improvements in engineering 

and computer technology (to reduce the computational demand imposed by more 

sophisticated mathematical algorithms), the image quality of the proposed method will be 

further strengthened with regard to both spatial accuracy and temporal fidelity. It is expected 

that radial FLASH RT-MRI will become a routine technique for clinical applications and 

biomedical research. 
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The implementation of the proposed real-time MRI techniques and algorithms were integrated in the 
software framework and structure of the manufacture (IDEA, Integrated Development Environment for 
Applications, Siemens AG, Erlangen, Germany). Arrows in the chart indicate the information workflow. 
* Not included in this thesis. 
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Appendix B 
 

Quantum Mechanical Description of the 

NMR Phenomenon 
 

As described in Chapter 2.1, the spin angular momentum L of any system is characterized by 

the spin quantum number I, also called the nuclear spin or simply spin, which is assigned to 

each subatomic particle including the entire nucleus: � � ħ · §l�l / 1� 

where ħ is Planck’s constant divided by 2π and I is either a non-negative integer or half-

integer (0, 1/2, 1, 3/2, 2, etc.), which only depends on the type of particle. The possibility of 

half-integer quantum numbers is a major difference between spin and orbital angular 

momentum because the latter can only take integer quantum numbers. The measurable z-

component of the angular momentum is given by: �� � ħ · �� 

where �� is a quantum number and may take (2I+1) values from -I to +I. As can be seen here, 

this spin quantum number is directly proportional to the measured particle’s angular 

momentum and thus its ability to undergo NMR. Its relation with the magnetic moment ��, 

which arises from it as a result of the nuclear charge, can be described as: �� � ��� � �ħ�� 

where � is the gyromagnetic ratio - a constant specific to a particular nucleus (approximately 

2.674·108 rad/Ts for protons) - which depends on the sign, size, and distribution of charge 

within the material. A random alignment of the individual magnetic moments results in zero 

total magnetic moment or bulk magnetization. 

 

Nuclei with an even number of both protons and neutrons such as helium (4He) and carbon 

(12C) have l � 0 and therefore possess no net angular momentum and cannot experience 

NMR under any conditions; nuclei with odd numbers of both protons and neutrons have spin 

quantum numbers I that are positive integers, such as nitrogen (14N, l � 1) and deuterium (2H, l � 1); other nuclei have spins that are half integral including hydrogen (1H, l � 1 2⁄ ), 
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fluorine (19F, l � 1 2⁄ ), sodium (23Na, l � 3 2⁄ ), phosphorus (31P, l � 1 2⁄ ), among which 

hydrogen nuclei (commonly referred to as protons) are most suitable for MRI due to their 

sensitivity and biological ubiquity. 

 

When placed in a constant magnetic field B0, the magnetic moments will polarize and the 

energy of interaction of a nucleus depends on the measurable component of the magnetic 

moments �� along the magnetic field: j � ����	 � �ħ���	 

where B0 is taken to be along z direction. As can be seen here, the direction of the precession 

axis ±z and thus the sign of the spin angular momentum S, which describes the energy state 

occupied by a spin, is determined by the spin I, given as ±1/2, for the hydrogen proton, i.e. � � ¨� �T , / �T© (spins align with / against the field). Therefore, the potential energy states are: 

j� � ���ħ�	2 , /�ħ�	2 ª 
and the energy between states is then: ∆j � �ħ�	 

Transitions between the different energy states can be induced by the application of an 

oscillating magnetic field. Quantum mechanical selection rules dictate that transitions can 

only take place between adjacent energy levels, hence there is a single energy of transition. 

Because the energy of radiation of frequency  is: j � ħ 

the frequency of oscillating magnetic field, i.e. Larmor frequency 	, required to excite the 

spins is given by: 	 � ��	 

This explains the reason why the NMR resonance phenomenon occurs only at this discrete 

frequency. Analysis of the expectation value of the magnetic moment � reveals that the z-

component �� remains fixed in the static field, while the transversal component rotates in the 

xy-plane at angular frequency 	. Therefore, the vector acts like a precessing gyroscope (or 

“spinning-top” in most of the classical descriptions). Then if an additional time-varying field 

with frequency 	 is created in the xy-plane, the expectation vector �� is tilted with respect to 

the z-axis. In the NMR experiment, this additional field is generated by the RF pulse. 

Derivation of the expectation vector with respect to time yields: 
�
� � � � ��, � � �	 / ����� 
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which obeys the classical equation of motion of a spinning top and holds true for the static 

and time-dependent magnetic field. It shows that the expectation vector for a single proton 

can take an arbitrary orientation – regardless of the spin quantization, and it is also valid for 

the bulk magnetization � � ∑ � if assuming that the protons do not interact. 

 

For a system (ensemble) of nuclear spins in thermal equilibrium, the population density of 

each spin state Ez is given by the Boltzmann distribution: 

k�j�� W "#f�Va 

where k is the Boltzmann constant and T is temperature. Considering the energy state of 

hydrogen protons, the relative populations of these states can be calculated as: 

_I_# � "=ħ>?TVa
"#=ħ>?TVa � "=ħ>?Va  

At room temperature the energy of thermal vibrations is much greater than the separation of 

the spin energy levels, i.e.  �ħ�	 i S�, which results in near-equal populations in two states. 

By using power series expansion for an exponential: _I_# ~1 / �ħ�	S�  

and the fractional difference in population is therefore: _I � _#_# ~ �ħ�	S�  

In a 3 T magnet at room temperature this population difference is about ~10-5, a very small 

amount. It can be increased, based on the equation above, either by reducing the temperature, 

which is not realistic in clinical use, or by increasing the main static magnetic field B0. 

Because the observed signal is proportional to the net magnetization, i.e. this population 

difference between these states, it explains here the cause of fundamentally low signal in 

NMR and also the motivation for higher magnetic fields. 

 

Finally, the aggregate magnetization can be given by averaging over all possible spin energy 

states: 

�	 � R�ħ∑ ��"#f�Va∑ "#f�Va  

where R is the number of nuclei per unit volume, i.e. proton density. M0 points to the z-

direction of B0. Considering room temperature and the approximation of the exponential terms 
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by �1 � j4 S�⁄ �, the magnetization for nuclei with spin I can thus be approximated as:  

�	~R�TħT ¬l�l / 1�3S�  �	 

For nuclei with I =1/2 and � � ¨� �T , / �T©, the magnetization vector is: 

�	~R �TħT4S� �	 

This relation shows that the magnetization depends primarily on the quantum spin states I, the 

applied magnetic field B0, the temperature T of the system, and the distribution R of the spins 

in the volume [364]. 

 

In summary, compared to the mechanical model from classical physics, i.e. the “spinning-top” 

concept, the quantum mechanical model offers a microscopic view of the dynamics of 

individual nuclear magnetic moments: (1) spin is an intrinsic property of matter, observable 

only at the atomic level; (2) each particle has a magnetic moment that is directly proportional 

to both spin and particle composition (gyromagnetic ratio �); (3) an ensemble of spins can be 

approximated by a bulk magnetization, which is exclusively exploited in MRI to non-

invasively construct tomographic image (refer back to Chapter 2.2). 
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Mathematical Description of the Fourier 

Transform & Nyquist Criterion in MRI 
 

In MRI, there is usually more than one resonance frequency in a sample due to the presence 

of spatially dependent magnetic field gradients. In this case, the signal resulting from the 

precessing magnetization is a combination of these frequencies weighted by their respective 

amplitudes. In order to obtain a spectrum to collect information about the sample, the signal 

must be de-convolved into its component frequencies. Fourier transform (FT) is the ideal tool 

to accomplish this task. 

 

First of all, the continuous Fourier Transform ®�v� of a function °�t� and its reciprocal, the 

inverse Fourier transform, can be written as follows: 

®�w� � 8 °���"#0TU²�
�I∞
#∞  

°��� � 8 ®�w�"0TU²�
wI∞
#∞  

Assuming °��� to represent a signal in time, however, unlike the above equation, the data 

acquired or sampled in practice is discrete with a limited (finite) duration. Given, for example, 

a number of Ns data points collected at intervals ∆�, by simply considering the Shannon 

sampling theorem [365], which states that a continuous signal can be properly reconstructed 

from a discretely sampled function when the sampling rate is at least equal to two times the 

highest frequency of the signal being sampled, this yields: 

|w4Y*| � 12∆� 

Then to examine the discrete Fourier transform (DFT) by applying this theorem and replacing 

t with _`∆�: 

®��w� � ³ °��_`∆��"TU0²� ��∆��#�
���	  
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it shows that only frequencies, which fall between the range of [�w4Y*, w4Y* ], can be 

uniquely distinguished due to the periodicity of the exponential function, and any frequencies 

that appear outside of this range will be replicated, or aliased, in this interval. This maximum 

sampling frequency is often called the Nyquist sampling rate [366], and the sampling law is 

also known as the Nyquist criterion. 

 

Now considering more specifically MRI, it is already known from Section 2.2.2 that the spin 

density of the tissue, the 2D Fourier domain data, and the MRI signal are mutually related. 

The acquired raw data signal directly yields ®��w�, which becomes the starting point from 

this spatial frequency domain. The discrete sampling of ®��w� , with an interval ∆S , is 

described mathematically as a multiplication with a Dirac comb or shah function (a periodic 

train of δ functions). The Fourier transform, i.e. discrete-frequency FT, of the sampled 

function, according to its fundamental properties, corresponds to the convolution in the image 

domain of the transform of the function and the transform of the comb function, with a 

reciprocal interval width 1/∆S. This results in the occurrence of periodic object copies, i.e. 

replication, of °��� in the image domain, where the distance between the copies is reciprocal 

to the sample distance ∆S in k-space: \]: � 1 ∆S⁄  

which yields the same result as Equation 2.16 in Section 2.2.3.  

Therefore, in conventional cases where the data are sampled at Cartesian grid points over 

a rectangular region of k-space domain, if the sampling distance in k-space and the chosen 

FOV to be imaged disobey the above rule, so that the Nyquist criterion is violated, the 

replications of the original object will not be properly distinguished, which then leads to 

aliasing. 

 

Furthermore, since the k-space is only sampled with a finite extent, such “truncation” effect in 

the spatial frequency domain is mathematically described as the convolution of ®��w� with a 

sinc-like function. The Fourier transform into the image domain corresponds to the 

multiplication of °��� with a top hat function, which places a limit on the resolution and 

induces certain blurring. This also explains that the periphery of k-space, i.e. high frequency 

component, contributes to the image details. 
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ADC  analog-to-digital converter 

B0  main magnetic field 

BW  bandwidth 

CNR  contrast-to-noise ratio 

CSF   cerebrospinal fluid 

CS   compressed sensing 

CT   computed tomography 

DCF   density compensation function 

DCE-MRI dynamic contrast enhanced MRI 

DFT   discrete Fourier transformation 

ECG  electrocardiography 

EPI   echo planar imaging 

ETL   echo train length 

FA  flip angle (α) 

faK  keyhole factor 

faS  sparse factor 

FBP  filtered back-projection 

FFT   fast Fourier transformation 

FID   free induction decay 

FISP  fast imaging with steady-state precession 

FLASH  fast low angle shot 

fMRI   functional MRI 

FOV   field of view 

fps  frames per second 

FSE   fast spin echo 

Gd-DTPA gadolinium-diethylenetriaminepentaacetic acid 

GRASE gradient- and spin-echo 

GRASS gradient-recalled echo in the steady state 

GRE  gradient echo 
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HASTE half-Fourier acquisition single-shot turbo spin-echo 

HYPR  highly constrained back-projection 

I  spin quantum number  

IR  inversion recovery 

KWIC  k-space weighted image contrast 

L  angular momentum 

MRI   magnetic resonance imaging 

M  magnetization 

Mz  longitudinal magnetization 

Mxy  transversal magnetization 

NMR   nuclear magnetic resonance 

Ns  number of samples 

NAVE  number of signal/acquisition averages 

NPE  number of phase encoding steps 

Nseg  number of (radial) segments/interleaves 

NV  number of views 

PAT  parallel acquisition technique / parallel imaging technique / parallel imaging 

PCA   principal component analysis 

PD   proton density (ρ) 

PF   partial Fourier 

PNS  peripheral nerve stimulation 

ppm  parts per million 

PR  projection reconstruction 

PSF   point spread function 

RARE  rapid acquisition with relaxation enhancement 

RF   radio frequency 

ROI  region of interest 

SAR  specific absorption rate 

SD  standard deviation 

SE   spin echo 

SENSE sensitivity encoding 

SLT  slice thickness 

SNR   signal-to-noise ratio 

SSFP  steady state free precession 



 

- 177 - 

Abbreviations 

STE  stimulated echo 

STEAM  stimulated echo acquisition mode 

T1   spin-lattice relaxation time 

T2   spin-spin relaxation time 

T2*   effective spin-spin relaxation time 

TA  acquisition time 

TE   echo time 

TEeff  effective echo time 

TI   inversion time 

TM  middle time 

TMJ  temporomandibular joint 

TR   repetition time 

TU  update time 

TureFISP true fast imaging with steady state precession 

UNFOLD unaliasing by Fourier-encoding the overlaps using the temporal dimension 

∆k  distance between k-space data samples  

∆t  dwell time 

∆Ø  angular distance between k-space (radial) views  

∆ØINC  incremental angle between k-space (radial) views 

ω0  Larmor frequency  

ħ   Planck’s constant  

γ  gyromagnetic ratio 

µ  magnetic moment 

δ  chemical shift 
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