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Abstract 

The work described in this thesis was conducted at the University of Nottingham in 

the Sir Peter Mansfield Imaging Centre, between September 2011 and 2014.  

Subject motion in high- resolution magnetic resonance imaging (MRI) is a major 

source of image artefacts. It is a very complex problem, due to variety of physical 

motion types, imaging techniques, or k-space trajectories. Many techniques have 

been proposed over the years to correct images for motion, all looking for the best 

practical solution in clinical scanning, which would give cost- effective, robust and 

high accuracy correction, without decreasing patient comfort or prolonging the scan 

time.  Moreover, if the susceptibility induced field changes due to head rotation are 

large enough, they will compromise motion correction methods.  

In this work a method for prospective correction of head motion for MR brain imag-

ing at 7 T was proposed. It would employ innovative NMR tracking devices not pre-

sented in literature before. The device presented in this thesis is characterized by a 

high accuracy of position measurements (0.06 ± 0.04 mm), is considered very prac-

tical, and stands the chance to be used in routine imaging in the future.  

This study also investigated the significance of the field changes induced by the sus-

ceptibility in human brain due to small head rotations (±10 deg). The size and loca-

tion of these field changes were characterized, and then the effects of the changes 

on the image were simulated. The results have shown that the field shift may be as 

large as | -18.3| Hz/deg. For standard Gradient Echo sequence at 7 T and a typical 

head movement, the simulated image distortions were on average equal to 0.5%, 

and not larger than 15% of the brightest voxel. This is not likely to compromise mo-

tion correction, but may be significant in some imaging sequences.  
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Glossary  
List of terms and abbreviations used in this thesis 

MRI ς Magnetic Resonance Imaging 

NMR ς Nuclear Magnetic Resonance 

RF ς Radio Frequency 

90-RF ς 90 degree Radio Frequency Pulse 
1H ς Hydrogen   

2-D ς Two dimensional 

3-D ς Three dimensional 

IFT ς Inverse Fourier Transform 

TL ς Transmission Line 

TE ς Echo Time 

TR ς Repetition Time 

GE ς Gradient Echo 

SE ς Spin Echo 

SD ς Spin Density 

FOV ς Field of View 

FA ς Flip Angle  

FLASH ς Fast Low Angle Shot  

bSSFP ς Balanced Steady State Free Precession 

HASTE ς Half Fourier Acquisition Single Shot Turbo Spin Echo 

ECG ς Electrocardiography 

DWI ς Diffusion Weighted Imaging 

PROPELLER ς Periodically Rotated Overlapping Parallel Lines with Enhanced Recon-

struction 

RARE ς Rapid Imaging with Refocused Echoes 

EPI ς Echo Planar Imaging 

GRASE ς Gradient and Spin Echo 

PROMO ς Real Time Prospective Motion Correction 

PACE ς Prospective Acquisition Correction 

SVD ς Singular Value Decomposition 

PTFE ς Polytetrafluoroethylene 

SPL ς Sound Pressure Level 

FFE ς Fast Field Echo (GE on Phillips Scanner) 
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FD ς Frequency Determination 

6-DOF ς 6 Degrees of Freedom 

T/R ς Transmitter/Receiver   

MPRAGE ς Magnetization Prepared Rapid Gradient Echo 

PSIR ς Phase Sensitive Inversion Recovery 

VOI ς Volume of Interest 

GS ς Grey Scale 

SNR ς Signal-to-Noise Ratio 
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Chapter 1 Introduction  

1.1 Motivation 

Magnetic resonance imaging (MRI) is an important and powerful tool used in clinical 

applications and in academic research to image internal structures of the body. An 

ultra- high magnetic field allows the production of images with extremely high spa-

tial resolution. Unfortunately subject motion during the MRI scan is a fundamental 

problem that causes major degradation of image quality, with well- known effects 

such as ghosting, signal dropouts or image blurring [1, 2]. The artefacts originating 

from bulk head motion have been problematic for the majority of clinical applica-

tions since the introduction of MRI in medicine. Over 30 years of research numer-

ous methods for correcting images for motion have been developed, with more 

emerging every year [3]. MRI has always been very sensitive to motion, due to the 

peculiarities of image acquisition process and the significant amount of time re-

quired to collect the data in most sequences (which is usually much longer than a 

time- scale of a typical physiological movement). The different appearance of mo-

tion artefacts in the image due to the large variety of imaging sequences, k-space 

trajectories or image contrast methods, as well as the complexity of movement, 

makes the problem of motion in MRI extremely challenging [1, 2, 5]. Moreover, the 

susceptibility induced field change in the brain due to head rotation additionally 

distorts the image [31], which cannot be accounted for using available motion cor-

rection techniques. For these reasons there is no universal correction method to 

compensate for motion artefacts, but a range of methods, where different tools are 

applicable in particular situations [3]. Most of the methods presented in literature 

struggle with broad clinical acceptance since they are impractical. This, for example, 

includes motion tracking hardware which compromises patient comfort, or pro-

longed acquisition time. The common goal for all the motion correction techniques 
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is therefore not to create a single method to correct for all movement artefacts, but 

to find the most practical solution to it. The continuous improvement of motion 

correction methods is therefore of a great importance, and the work presented in 

this thesis contributes towards it. 

1.2 Purpose of this thesis 

The purpose of this thesis is twofold. First, it will demonstrate a method for the pro-

spective real- time correction of head motion in MR brain imaging at 7 T, which will 

employ small NMR tracking devices of an innovative design, having many advan-

tages. Second, it will investigate how significant are the field changes induced by 

susceptibility in human brain due to small head rotation. The size and location of 

these field changes will be characterized, and then the effects of the changes on the 

image quality will be simulated. This will be done to answer the question whether 

these residual field distortions will compromise available prospective motion cor-

rection methods, and if yes, then what can be done about it. 

1.3 Achievements and difficulties 

The work presented in this thesis contributed to the development of motion correc-

tion research area of MRI, by proposing an innovative hardware solution for pros-

pective motion correction, as well as by shining a new light on the topic of suscepti-

bility induced main field shifts due to head rotation. The latter has raised a particu-

lar interest in MRI research society, as has been nominated for an oral presentation 

during the Joint Annual Meeting of the International Society for Magnetic Resonan-

ce in Medicine and the European Society for Magnetic Resonance in Medicine and 

Biology (ISMRM­ ESMRMB) in Milan, Italy in May 2014.   

The main difficulties encountered during this PhD were related to the MR scanner 

software development while incorporating the developed hardware into the ima-

ging system. Overcoming these difficulties was time consuming and was only partia-

ly resolved due to time some practical limitations. 
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1.4 Chapters overview 

This thesis is organized into 7 Chapters. After the introduction (Chapter 1) the phys-

ics behind the MRI will be presented in Chapter 2. This will include a description of 

the nuclear magnetic resonance phenomenon, the origin of the signal in MRI, con-

trast mechanisms and the susceptibility effects, as well as the principles of image 

formation. In Chapter 3 the formation of motion artefacts will be explained, and the 

overview of the available motion correction techniques will be given, including the 

motion prevention and artefact reduction methods. In Chapter 4 the prospective 

motion correction method, employing innovative NMR tracking sensors will be dis-

cussed. In this chapter the prototype of the device will be presented, and its imple-

mentation proposed in form of a complete external tracking system. In Chapter 5 

the size and location of the susceptibility induced field change in human brain due 

to small head rotation (±10 deg) will be characterized. This research will produce 

the average field shift maps, which will be used in Chapter 6 to simulate the image 

distortions.  
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Chapter 2 Introduction to MRI 

Magnetic resonance imaging is a medical imaging technique used to visualize inter-

nal structures of the soft body tissues. MRI makes use of the phenomenon of nu-

clear magnetic resonance (NMR) to image nuclei of atoms inside the body [4, 5]. In 

this chapter the physical principles of the MRI technique and the background be-

hind the image formation is presented.  

2.1 Spins in the external static magnetic field  

2.1.1 Zeeman splitting and the Larmor Equation 

The atomic nucleus is characterized by several physical properties, one of which is 

nuclear spin giving rise to a magnetic moment. Nuclear spin is an intrinsic property 

of the nucleus itself, represented mathematically as the spin angular momentum, )ᴆ.  

The spin angular momentum vector is co- linear and proportional to the magnetic 

moment vector, ʈᴆ, which represents the nuclear magnetism [6]. The two vectors are 

related by the scalar gyromagnetic ratio, ɾ: 

‘ᴆ ‎ϽὍᴆ.                                                         (2-1) 

The gyromagnetic ratio values for nuclei typically used in MRI [7, 8] are shown in 

Table 2:1. 

Nucleus ‎ (ρπϽὶὥὨϽί ϽὝ ) ‎Ⱦς“ (ρπϽὌᾀϽὝ ) 

1H 267.513 42.576 

23Na 70.761 11.262 

31P 108.291   17.235 

Table 2:1 Gyromagnetic ratio values for nuclei typically used in MRI. 

https://en.wikipedia.org/wiki/Phosphorus
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Spin angular momentum and the magnetic moment are quantized, and usually de-

fined using the dimensionless angular momentum operatorȟ*: 

Ὅᴆ ᴐϽὐ,                                                       (2-2) 

‘ᴆ ‎ϽᴐϽὐ,                                                     (2-3) 

where ᴐ  ρȢπυυ Ͻρπ  *Ó is the Planck constant (value taken from CODATA 

2014). The  * operator has eigenvalues of )) ρ, with the nuclear spin magnitude, 

), taking either integral or half- integral values for nuclei with respectively even 

mass numbers and odd mass numbers.  

The nuclear state with spin ), is ς) ρ- fold degenerate in the absence of an exter-

nal magnetic field. When the field is applied, the degeneracy is broken and the 

Zeeman splitting occurs. Zeeman splitting is the formation of energy eigenstates, 

i.e. the descrete energy levels within a spin state which are observable. When 

placed in the external magnetic field, the direction of angular momentum is quan-

tized, i.e. described by only allowing certain values of the azimuthal quantum num-

ber ά. This does not mean that spins are restricted to either state though, but exist 

in a linear combination of both. Eigenstates are used to describe observable popula-

tion difference in the state of an ensemble of spins which occurs in the external 

magnetic field. This means that for 1H nuclei with spin of ) ρȾς, the external mag-

netic field applied along z- axis, "πᴆ πȟπȟ"Ú, creates two eigenstates separated by 

a quantum of energyΣ ҟ9, identified by the azimuthal quantum number ά  ρȾς, 

as: 

ЎὉ ‎ᴐὄȢ                                                         (2-4) 

The energy splitting is shown in Figure 2:1, which illustrates the two spin eigen-

states with their corresponding potential energy and the energy difference between 

them [4-6].  
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Figure 2:1 Zeeman diagram for 1H nuclei.  

NMR is a physical phenomenon defined as an induction of transitions between nu-

clear Zeeman eigenstates within the nuclear spin state.  Transition between the 

energy levels obeys the selection rule (Ўά  ρ), and involves the emission or ab-

sorption of a portion of energy which is delivered by a radio frequency (RF) mag-

netic field oscillating at the frequency of ʖ  measured in the units of rad/s (the 

process of which will be discussed later in this chapter) [15]. The transition is only 

possible when the portion of energy is exactly equal the energy difference between 

the two spin states:  

ЎὉ ‎ᴐὄ ᴐ‫ȟ                                           (2-5) 

which requires the RF magnetic field to oscillate at exactly the characteristic reso-

nance frequency of the nucleus:  

‫  ‎ὄȢ                                                    (2-6) 

Equation 2-6 is known as the Larmor Equation, with the ʖ  called the Larmor (or the 

resonance) frequency [5].  

2.1.2 Bulk magnetization, spin precession and the Bloch Equation 

In classical description of NMR when the magnetic field is applied, spins are said to  

reside in each of the eigenstatei in thermal equilibrium. This simplification allows 

for calculating the observable population difference between the spin eigenstates 

as a difference between the number of spins in each eigenstates. For 1H nuclei the 
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spins restricted to the energetically lower state are called ΨparallelΩ (ά ρȾς) and  

the spins in energetically higher eigenstate are called Ψanti- parallelΩ (ά ρȾς) spin 

states. Taking this approach it can be calculated that the spins of 1H nuclei are popu-

lated according to the Boltzmann distribution [9]: 

Ⱦ

Ⱦ
Ὡὼὴ

Ў Ⱦ ȟ                                              (2-7) 

where . Ⱦ is the number of spins in each energy state, and Ὧ ρȢσωϽ

ρπ  J/K is the Boltzmann constant (value taken from CODATA 2014).  

At body temperature (~37 deg) and for clinical field strengths, the energy difference 

is: Ў% Ⱦ ɾᴐ"ḺË Ͻ4, therefore it holds that:  

Ⱦ

Ⱦ
ḙρ

ᴐ
Ȣ                                                   (2-8) 

 
Equation 2-8 shows an excess in the number of protons with spins aligned ΨparallelΩ 

to the main field, meaning the lower energy state is favoured (Figure 2:2a, b). As-

ǎƛƎƴƛƴƎ ǎǇƛƴǎ ǘƘŜ ΨǇŀǊŀƭƭŜƭΩ ŀƴŘ Ψŀƴǘƛ-ǇŀǊŀƭƭŜƭΩ ŘƛǊŜŎǘƛƻƴǎ ƛǎ ƻƴƭȅ ŀ ǿŀȅ ƻŦ ŘŜǎŎribing 

the observable population difference between the two energy eigenstates or in 

other words is a physical interpretation of the relevant quantum mechanics equa-

tions. The ratio is proportional to the main magnetic field induction, and inversely 

proportional to the temperature of the environment. Very small excess of the spins 

in the lower energy state (the ratio of 1.000004 at temperature of 37 deg in 1.5 T 

magnetic field [1]), is enough to polarize the average magnetization of the spin en-

semble (isochromat). This magnetization is defined as the vector sum of individual 

nuclear magnetic moments in a unit volume, and expressed in units of A/m as: 

ὓᴆ В‘ᴆȢ                                                      (2-9) 

The use of -ᴆ allows for simplification of the mathematics when describing the be-

haviour of spins in the external static magnetic field  "ᴆ. The equations of motion 

ŘŜǊƛǾŜŘ ŦǊƻƳ bŜǿǘƻƴΩǎ Second Law are employed to describe this behaviour.  For 

rotational motion the principle of conservation of angular momentum is: 
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ᴆ
Ὕᴆ,                                                        (2-10) 

where 4ᴆ is torque, and can be represented as:  

Ὕᴆ ‘ᴆ ὄᴆ.                                                  (2-11) 

Combining Equations 2-2 and 2-3 with Equations 2-10 and 2-11, we have: 

ᴆ
‎‘ᴆ ὄᴆȢ                                                (2-12) 

Substituting -ᴆ for ʈᴆ in Equation 2-12, gives the Bloch Equation: 

ᴆ
‎ὓᴆ ὄᴆȟ                                               (2-13) 

which, re- written for three magnetization vector components separately 

(ὓᴆ ὼὓ ώὓ ᾀǶὓ ) and with the main field applied along the z- axis (ὄᴆ ᾀǶὄ , 

gives:   

‎ὓ ὸὄ  ὓ ὸὄ ‎ὓὸὄ                              (2-14) 

ᴼ   ὓ ὸ ὓ ÃÏÓ‫ὸ ὓ ÓÉÎ,‫ὸ 

 

‎ὓ ὸὄ  ὓ ὸὄ ‎ὓὸὄ                            (2-15) 

ᴼ  ὓ ὸ ὓ ÃÏÓ‫ὸ ὓ ÓÉÎ,‫ὸ 

 

‎ὓ ὸὄ  ὓ ὸὄ π                                       (2-16) 

ᴼ  ὓ ὸ ὓ ὧέὲίὸὥὲὸ. 

If the energy is not gained or lost by the isochromat (i.e. in absence of the RF excita-

tion and relaxation), then the expansion of Bloch Equation shows that the longitu-

dinal component of -ᴆ is constant over time (Equation 2:16), while the transverse 

components of -ᴆ  execute simple harmonic motion in quadrature (Equations 2-14 

to 2-15), thus defining the precession of vector -ᴆ around the "ᴆ- direction, at a con-

stant angle and the Larmor frequency ‫  (see Figure 2:2c) [1, 6, 10, 11]. 

The stronger the magnetic field and the larger the gyromagnetic ratio, the faster is 

the precession. The negative sign in Equation 2-6 is important for a consistent defi-
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nition of the direction of precession. Therefore when ʖ is positive (ɾ is negative) 

the precession is performed counter- clockwise (ὼO  ώ O  ὼ O  ώ). On the other 

hand, when ʖ  is negative (ɾ is positive) the precession direction is clockwise 

(ὼ O  ώ O  ὼ O  ώ) [12]  

 

 

Figure 2:2 Spins of the 1H nuclei in thermal equilibrium, exposed to the static magnetic field, 

applied in z-direction; a) Zeeman diagram. Black arrows represent the spins aligned in Ψpar-

allelΩ and Ψanti-parallelΩ with ὄᴆ. The proportion of arrows is strongly exaggerated; b) En-

semble of individual spins with assigned ‘ ᴆ; c) Net magnetization vector, ὓᴆ, precessing 

around ὄᴆ at the resonance frequency,‫ , shown in the laboratory (static) frame of refer-

ence.   

2.1.3 Nuclei response to applied varying magnetic field 

When spins are placed in a static magnetic field "ᴆ, and the RF pulse is transmitted 

as a time varying magnetic field, "ᴆÔ, applied along the x- axis and rotating in xy- 

plane at the frequency of ʖ , defined as:    

ὄᴆὸ  ὄ ὼὧέί‫ὸ  ώίὭὲ‫ὸȟ                              (2-17) 

then the effective magnetic field, "ᴆ Ôȟ experienced by the spins becomes the sum 

of the static field, "ᴆ, and the time varying field "ᴆÔ, and can be expressed as: 

ὄᴆ ὸ ὼὄὧέί‫ὸ ώὄίὭὲ‫ὸ ᾀǶὄ.                        (2-18) 

To describe the behaviour of the magnetization vector during the RF excitation, 

"ᴆ Ô must be substituted in place of "ᴆ in the Bloch Equation (Equation 2-13). This 

gives:  

ᴆ
‎ὓᴆ ᾀǶὄ ὄ ὼὧέί‫ὸ  ώίὭὲ‫ὸ)].                   (2-19) 

a) b) c) 
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It is convenient to introduce the rotating frame of reference at this point, which is 

the laboratory (static, Cartesian) coordinate system that rotates about the z- axis at 

the frequency of ʖ  (see Figure 2:3). In the rotating frame of reference the vector -ᴆ 

is denoted as -ᴆᴂ to indicate its time- invariance in the static field (due to the cancel-

lation of its transverse components before the RF application). Translating Equation 

2-19 to the rotating frame of reference, we have: 

ᴆ
ὓᴆ ‎ᾀǶὄ ὼὄ .                              (2-20)                       

Just after the RF pulse is applied the magnetic moment, -ᴆ, starts precessing 

around the direction of "ᴆ Ô, which in the rotating frame of reference is the pre-

cession in the zy- plane at the frequency value of  ʖ ɾ". This, in the laboratory 

frame of reference, results in a spiral motion (nutation) of the magnetization vector 

from the original z- orientation towards the xy- plane [5, 10, 13, 14].  The angle be-

tween the magnetization vector and the z- axis is defined as  ʃ ɾ"ʐ, where ʐ is 

the period of time when the "ᴆÔ is applied. This means that the resultant magneti-

zation after the application of an RF pulse, which corresponds to the angle —, is 

given by: 

ὓᴂᴆ ὓ πȟίὭὲ—ȟὧέί— ȟ                                           (2-21) 

where -  is the sample magnetization magnitude in the equilibrium state [1]. The 

angle ʃis sometimes called the flip angle [2, 11]. A 90 deg pulse (90-RF) rotates the 

-ᴂᴆ vector from its equilibrium state to the xy- plane.  
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Figure 2:3 Magnetization vector in a) the static field, before the application of RF pulse, b) 

after application of the RF pulse (ὄᴆ), after a time sufficient to flip the ὓᴆᴂ vector onto the xy-

plane (90-RF), both presented in the rotating frame of reference.  

2.1.4 Relaxation processes   

Once the RF pulse is turned off, the magnetization vector relaxes back to the equi-

librium state (i.e. to ὓ π ὓ π πȟ ὓ π  ὓ ) (see Figure 2:4).  Relaxation process 

is described by two mechanisms: the longitudinal relaxation, characterized by the 

time constant parameter T1, and the transverse relaxation characterized by the time 

parameter T2.  The Bloch Equation which describes the time evolution of the mag-

netization vector, during the excitation and relaxation can be re- written to include 

the T1 and T2 relation [13, 15]. The solution shown is for certain limiting conditions: 

with a rotating frame of reference, the system initially in equilibrium, and the 90- RF 

pulse applied along the x- axis. We have: 

‎ὓ ὸὄ  ὓ ὸὄίὭὲ‫πὸ                                             (2-22) 

ᴼ   ὓ ὸ ὓ ÓÉÎ‫ὸϽÅØÐ
ὸ

Ὕ
ȟ 

 

‎ὓ ὸὄὧέί‫πὸ  ὓ ὸὄ                                               (2-23) 

ᴼ   ὓ ὸ ὓ ÃÏÓ‫ὸϽÅØÐ , 

 

‎ὓ ὸὄίὭὲ‫ὸ  ὓ ὸὄὧέί‫ὸ
ὸ

                           (2-24) 

ᴼ   ὓ ὸ ὓ ρ ÅØÐ . 

 

a) b) 

Ψ 

Ψ 
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These equations show that the T1 relaxation is a process in which the longitudinal 

component of the net magnetization, Ú- , returns to its inintial maximum value of 

- . This process is associated with the energy loss of the spin system, and repre-

sents the transfer of heat to nearby nuclei. The process was modelled mathemati-

cally by Bloch as the exponential return of excited magnetization to equilibrium 

with a first-order time constant, T1, which is the time required for the Ú-  to reach 

(ρ ), or approximately 63%, of its maximum value  (see Figure 2:4) [1, 8, 16, 17]. 

 

Figure 2:4 Magnetization re-growth in longitudinal (T1) and decay in transverse (T2) relaxa-

tion. Adapted from [15]. 

 

The transverse relaxation mechanism, on the other hand, is caused by the gradual 

cancellation of the magnetization components, as the spins irreversibly de- phase 

relative to each other, mainly due to the dipole- dipole interactions. The bulk mag-

netization is maintained, but the xy- component of the magnetization decays expo-

nentially with time constant T2, which is the time required for the transverse mag-

netization to fall to , or approximately 37%, of the value it had in the moment the 

RF pulse was switched off [13, 15].    

Experimentally, the transverse magnetization decays faster than the T2, due to the 

fact that the "ᴆ inhomogeneities cause slight shifts in the local resonance fre-

quency, leading to additional spin de- phasing.  This accelerated decay rate is de-

scribed using the T2* notation, given by: 
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ᶻ ȟ                                                  (2-25) 

where ¢Ω2  accounts for the imperfections in the "ᴆ field [2, 16, 18]. 

There are a few physical mechanisms identified to be responsible for both the longi-

tudinal and transverse relaxations. The dominant mechanism is the dipole- dipole 

interaction, i.e. the interactions of the magnetic fields produced by the nearby di-

poles, which create main field distortions and contribute to the T2 relaxation. Mo-

lecular motion occurring between environments can also cause local field fluctua-

tions and contributes to both T1 and T2 relaxations [19]. The nuclei shielding (by the 

electron clouds) against the full intensity of the external field, can cause the reso-

nance frequencies of nuclei to vary slightly, which is referred to as the chemical shift 

anisotropy. Other processes which contribute to T1 and T2 relaxations include: 

chemical exchange processes, where the atoms are physically transferred from one 

molecule to another; scalar coupling, which is an interaction of two nuclear spins on 

the same molecule, and is transmitted through the distortions in electron clouds; or 

quadrupolar coupling, which is a dominant relaxation process for nuclei with spin 

)  ϵȟ and in which the quadrupolar moments interact with the electric field gradi-

ents in electron clouds, resulting in an unequal splitting of the quadrupolar energy 

levels [5, 13, 20].  

2.2 Free induction decay ɀ the origin of the MRI signal 

The Free Induction Decay (FID) signal forms the basis for all MRI experiments. A 

sample is placed in a static magnetic field "ᴆ surrounded by an RF coil used to gen-

erate an oscillating field "ᴆ (see Figure 2:5). When the RF pulse is switched off the 

relaxation of magnetization begins, and the signal induced via Faraday induction in 

the coil adjacent to the sample, is recorded. The result is the exponentially decaying 

signal at the resonance frequency, with the rate of decay characterized by the time 

parameter 4ᶻ discussed in section 2.1.4. It is possible to directly measure only the 

transverse relaxation; hence, the decay of the FID is characterized by the transverse 

time parameter [6, 11, 20, 21].  
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Figure 2:5 a) FID signal generation via Faraday induction; b) decay and oscillation of the 

transverse magnetization, shown for x and y components of the signal. Adapted from [6]. 

2.3 Magnetic susceptibility 

In this section the general description of magnetic susceptibility is given, its impor-

tance to MRI discussed briefly, and the mathematical background behind mapping 

the magnetic susceptibility of a complex sample is presented. This will be important 

later in this thesis, as it is the base of simulations of susceptibility induced field 

change in the brain due to head rotation.  

MŀƎƴŜǘƛŎ ǎǳǎŎŜǇǘƛōƛƭƛǘȅΣ ˔Σ is a dimensionless (in SI system) proportionality constant 

that indicates the degree of magnetization of a material, -ᴆ, in response to the ap-

plied magnetic field [22], and can be defined as:  

ὓᴆ …ϽὌᴆ,                                                     (2-26) 

where (ᴆ is magnetic field strength measured in A/m.  

Magnetization of material is somewhat different to previously discussed net mag-

netization of nuclei, as it includes the effects of motion of electrons in atoms and 

any unbalanced magnetic dipole moments that may be inherited in the material 

itself. 

Magnetic induction, "ᴆȟ is related to magnetic field strength by: 

ὄᴆ ‘ϽὌᴆ  ὓᴆ  ‘Ὄᴆρ ʔ ‘Ὄᴆȟ                             (2-27) 

where ‘ is magnetic permeability. 

a) b) 
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Most materials can be classified as diamagnetic, paramagnetic or ferromagnetic 

[23]. The molecules of diamagnetic materials possess no intrinsic magnetic moment 

because of the net cancellation of the orbital and spin angular momentum of the 

ŜƭŜŎǘǊƻƴǎ όŜƭŜŎǘǊƻƴǎ ŀǊŜ ǇŀƛǊŜŘύΦ Lƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ ŀǇǇƭƛŜŘ ƳŀƎƴŜǘƛŎ ŬŜƭŘΣ ƻǊōƛǘŀƭ 

moments start precessing, which leads to the generation of an extra magnetic mo-

ƳŜƴǘ ŀƭƛƎƴŜŘ ƻǇǇƻǎƛǘŜ ǘƻ ǘƘŜ ŀǇǇƭƛŜŘ ŬŜƭŘΦ ¢ƘŜǎŜ materials have weak, negative 

susceptibility and do not retain the magnetic properties when the external field is 

removed.  Biological tissues are diamagnetic, and with values similar to that of wa-

ter (… ωϽρπ) [24].  

In molecules of paramagnetic materials the net angular momentum does not cancel 

(due to presence of unpaired electrons). Therefore, in the presence of an external 

Ŭeld these molecules adopt the least- energy state, with the dipole oriented along 

ǘƘŜ ŀǇǇƭƛŜŘ ŬŜƭŘΦ ¢ƘŜƛǊ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ǘƻ ǘƘŜ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ƛǎ ǎƳŀƭƭ ŀƴŘ ǇƻǎƛǘƛǾŜ ōǳǘ 

they do not retain their magnetic properties when the external field is removed.  

Paramagnetic materials include magnesium, molybdenum, or tantalum.  

The ferromagnetic materials have a large positive susceptibility to an external mag-

netic field, and retain their magnetic properties after the external field has been 

removed. They get their strong magnetic properties due to the presence of the 

magnetic domains. The domains are nearly randomly organized with no presence of 

external field, but when exposed to it, the domains become aligned to produce a 

strong magnetic field. Iron, nickel, and cobalt are examples of ferromagnetic mate-

rials [25]. 

The microscopic variation of magnetic susceptibility within tissues provides an im-

portant source of contrast in MRI (for example in fMRI [26-29]), but is also one of 

the major sources of image artefacts [30], as well as significant safety concerns as-

sociated with metallic foreign bodies or external orthotic devices [14]. It has been 

mentioned in literature that the main field shifts induced by the susceptibility in 

tissues change with the orientation of the object being scanned [31-34]. It was sus-

pected that these additional artefacts may compromise motion correction, and 

therefore the significance of these residual distortions was investigated in this the-



Motion Correction in High- Field MRI 

16 
 

sis and will be presented in Chapter 5.  Here the mathematical background of how 

the susceptibility field shifts of a complex sample can be modelled is shown based 

on [35]. 

If a sample is described by a magnetic susceptibility distribution, ʔÒᴆ, and the ex-

ternal homogeneous magnetic field is applied along the z- direction, only the z- 

component of the induced magnetization, - Òᴆ, will be significantly different from 

zero, and equal:  

ὓ ὶᴆ …ὶᴆ
ᴆ

…ὶᴆ ,                                   (2-28) 

with the assumption of ȿ…ȿḺρȟ and where ὶᴆ ὼȟώȟᾀ is the position vector 

measured in the object space. 

The susceptibility induced variation in magnetic field generated at a given position, 

can be represented as a sum of single dipole fields generated by the magnetization 

distribution.  If the main field is applied along the z- direction, only the longitudinal 

component of the susceptibility induced variation, " Ëᴆȟ is of relevance and can be 

expressed as: 

ὄ Ὧᴆ
ᴆ
σὧέί‍ ρ ὄϽ…ὯᴆϽ

ᴆ
ȟ                (2-29) 

where Ëᴆ ËȟËȟË  is the position vector in k-space; - ËᴆȟʔËᴆ are the Fourier 

transform of - Òᴆ and ʔÒᴆ; and ɼ is the angle between the direction of the main 

magnetic field and Ëᴆ, such that: 

   ὧέί‍
ȿᴆȿ

.                           (2-30) 

The change in susceptibility induced field variation which will occur due to sample 

(object) rotation around x- or y- axis is denoted as ɝ" Òᴆ, and can be deduced 

from Equation 2-30.  If the object was rotated by an angle ʃ about y- axis, then:  

Ὧ
ȟ

 Ὧὧέί—ὯίὭὲ—,                                       (2-31) 

and the change in the field can be expressed in Fourier domain as:   
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ῳὄ Ὧᴆ ὄᴂ Ὧᴆ ὄ Ὧᴆ),                                         (2-32) 

where "ᴂËᴆ is the susceptibility induced magnetic field generated at a given posi-

tion after the object has been rotated.  Solving the Equation 2-32 gives: 

ῳὄ Ὧᴆ ὄϽ…ὯᴆϽ
ρ

σ

Ὧὧέί—ὯίὭὲ—

Ὧᴆ

ρ

σ

Ὧ

Ὧᴆ
 

ὥὯᴆϽίὭὲ— ὦὯᴆὧέί—ίὭὲ—,                                            (2-33) 

with the substitution of:  

ὥὯᴆ ὄϽ…Ὧᴆ  

ᴆ
   and   ὦὯᴆ ὄϽ…Ὧᴆ

ᴆ
.                     (2-34)   

The field change at any location in the object spaceȟɝ" Òᴆȟ can be found by apply-

ing the 3-D inverse Fourier transform (3-D IFT), and will be equal to: 

ῳὄ ὶᴆ ὍὊὝῳὄ Ὧᴆ ὥὶᴆϽίὭὲ— ὦὶᴆὧέί—ίὭὲ— 

ὙὶᴆίὭὲ—ϽίὭὲ— ὧὶᴆ ,                                                      (2-35) 

where ÁÒᴆȟÂÒᴆ are the IFT of ÁËᴆ and ÂËᴆ; 2Òᴆ Á Òᴆ Â Òᴆ ; and ÃÒᴆ

ÔÁÎ
ᴆ

ᴆ
 is a spatially varying parameter that depends on distribution of the suscep-

tibility in object. 

It can be deduced from Equation 2-35 that for small angles of rotation (ץ ρπ ÄÅÇ  

the second component of the equation will dominate the field change. i.e. :  

      ρ ὧέάὴέὲὩὲὸ έὪ %ÑÕÁÔÉÏÎ ς στ ύὭὰὰ ὦὩȡ  ὥὶᴆϽίὭὲ—Ḻρ π,      

      ς  ὧέάὴέὲὩὲὸ έὪ  %ÑÕÁÔÉÏÎ ς στ ύὭὰὰ ὦὩȡ   ὦὶᴆϽὧέί—ίὭὲ—
 ᴆ
ϽίὭὲς—  ὦὶᴆϽ—Ȣ          

Therefore for small angles ץ the change in field can be approximated by a linear 

function of the angle of rotation:  

ῳὄ ὶᴆ ὦὶᴆϽ—                                             (2-36) 
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The Equation 2-36 will be used in Chapter 5, to approximate linearly the susceptibil-

ity induced change in field due to small rotations as a function of degree angle.  

2.4 Principles of imaging 

The signals generated from a sample do not have any particular spatial information. 

Introducing spatial encoding into the MR response from a sample allows for image 

reconstruction and forms the foundation of the MRI technique [17].  

2.4.1 MRI instrumentation 

The major components of the MR system as well as some theoretical and practical 

aspects concerning RF circuits and NMR probes will be discussed in this section.  

The major components of the MR system, apart from the computer responsible for 

user interface and measurement control, include: the main magnet and the shim-

ming system, gradient coils and the RF system [1, 17], all shown schematically in 

Figure 2:6.  

The magnet is a basic component of an MRI scanner, with the strength typically 

from 0.1 T to 3 T in medical MR imaging, and usually up to 7 T for the whole body 

human scanning in research (but higher fields are also in use) [14]. There are 3 types 

of magnets available, characterized by the metal used in their composition:  perma-

nent magnets, electromagnets and superconducting magnets. Permanent magnets 

are made of a ferromagnetic material and have minimum maintenance costs- they 

create a magnetic field that last for years, without an external power supply. These 

magnets are heavy (often over 100 tons), sensitive to the fluctuations of room tem-

perature, and are only capable of generating low magnetic fields (up to 0.5 T). Elec-

tromagnets on the other hand, are made of resistive wires (usually copper), depend 

on a high and constant power supply to create the magnetic field (which is expen-

sive to maintain), and can be switched off in case of emergency. Due to limited 

amount of the current the wires can carry, these magnets generate very low mag-

netic fields (of up to 0.3 T) of a very poor homogeneity [1].  Most of the modern 

magnets are made of superconducting coils (usually niobium-titanium). In the cryo-

genic environment (helium and nitrogen baths) the resistance to current flow is 
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practically eliminated due to the properties of the superconducting materials. These 

magnets are maintained without additional power input, and create extremely large 

fields. The only disadvantages of these magnets are the necessity of regular re-

filling or regeneration of the cryogen bath, and the risk of quench (sudden loss of 

superconductivity), which is a very dangerous and costly failure [5, 14].  

For imaging requirements, a magnet needs to be characterized by both a high sta-

bility and homogeneity of the field. To achieve high field homogeneity, adjustments 

to the main field are made using active or passive shimming. The passive shimming 

is done by placing pieces of sheet ferrous metal at specific locations within the 

magnet to correct for local inhomogeneities, while active shimming employs spe-

cialized coils, which are activated real-time to produce additional, superimposing 

magnetic fields [1].  

The gradient system consists of three separate coils of copper wire, with a separate 

power supply. Each of the coils produces linear (ideally) distortions of the main 

magnetic field in each of the three orthogonal directions, allowing for spatial local-

ization of the signals. The amount of distortion is regulated by the amount of cur-

rent flow through the coil. The gradients generate small magnetic fields compared 

with the main field (maximum of 30- 40 mT) but require a large current of several 

hundreds amperes. High intensity (easily exceeding 100 dB SPL) [1] acoustic noise 

occurs during the rapid alterations of currents within the gradient coils, which is 

hazardous to human hearing. The gradient fields must be extremely stable in order 

to avoid additional image distortions. Furthermore the gradient system must be 

able to compensate for eddy currents ς which are the circular electric currents, in-

duced within conductors by a varying magnetic field due to Faraday law of induction 

[1, 17].  

The RF system comprises a powerful RF generator (several kW) which produces 

pulses that correspond to the resonant frequency of the imaged nuclei, and a highly 

sensitive low noise- figure receiver. The signals are transmitted or received using 

coils integrated into the scanner or as separate devices.  To adequately detect the 

MR signal, effective RF shielding of the scanner room is necessary to prevent inter-
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ference from external sources, which is achieved by housing the magnet in a closed 

conductive structure known as a Faraday cage [17].  

 

Figure 2:6 MRI system: main magnet, transmitter, receiver, and the gradient coils. Adapted 

from [www.ovaltech.ca]. 

 

NMR probes are the interface between a sample and the transmitter/receiver (T/R) 

of the MR scanner. An NMR probe typically consists of a resonant circuit, which 

contains a sample in a coil at the end of a transmission line (TL). A schematic dia-

gram of an NMR probe with these three key elements is shown in Figure 2:7. 

 

Figure 2:7 Schematic diagram of an NMR probe, showing (a) a transmission line, (b) a reso-

nant circuit and (c) a coil.  

 

The phenomenon of resonance in oscillating physical systems occurs when the 

natural frequency of the system coincides with the frequency of a driving signal, 

called the resonance frequency. It is not necessarily a requirement that the probe is 

tuned to the resonance frequency, but a detuned coil, is not very efficient [36, 37]. 
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Therefore tuning the probe to the resonance frequency is crucial for maximising the 

energy transfer to the coil, in order to obtain the best quality signal from the sam-

ple. An electrical resonant circuit can be tuned to different frequencies usually by 

adjusting the values of the capacitors included in the circuit. The frequencies used 

in MRI vary depending on the strength of the main field, and on the resonance fre-

quency of the nuclei being imaged (for example at 7 T for protons the resonance 

frequency is 298 MHz) [36]. 

The resonant circuit of the probe is connected to the transmitter/receiver of the MR 

scanner by a transmission line with characteristic intrinsic impedance :. It is impor-

tant to match the circuit to appropriate load resistance (typically рл Ҡ, to satisfy 

the boundary condition at the end of TL, which says that the reflection coefficient, 

ɜ, should be (ideally) equal 0:  

ɜ π   ÆÏÒ   Ὑ ὤ,                         (2-37) 

where 6  and  6  are the signal voltage amplitudes of the reflected wave and the 

incident wave, along the line; and 2  is the load resistance.  

If the load resistance is equal to the intrinsic impedance of the line, there is no re-

flected power in the line. If this condition is not satisfied, then not all of the incident 

ŜƴŜǊƎȅ ǿƛƭƭ ōŜ ǘǊŀƴǎƳƛǘǘŜŘ ǘƻ ǘƘŜ ŎƛǊŎǳƛǘΣ ƳŜŀƴƛƴƎ ǘƘŜ ǇǊƻōŜ ǿƛƭƭ ōŜ ƭŜǎǎ ŜŶŎƛŜƴǘΦ 

aƻǊŜƻǾŜǊΣ ǘƘŜ ŜƴŜǊƎȅ ǊŜƅŜŎǘŜŘ ōŀŎƪ in the TL can damage the receiver. Matching is 

usually achieved by adding another capacitor to the circuit, in parallel or series con-

figuration [36, 37].  

The coil in the NMR probe typically has two purposes: excitation and detection. In 

excitation mode it produces ŀƴ ƻǎŎƛƭƭŀǘƻǊȅ ƳŀƎƴŜǘƛŎ ŬŜƭŘ ǘƻ ǘǊŀƴǎŦŜǊ ŜƴŜǊƎȅ ǘƻ ǘƘŜ 

sample, thereby exciting the spins. The second purpose of the NMR coil is to detect 

a signal produced by the sample. The coil will detect a signal most strongly at its 

resonance. By reciprocity, a coil having a high "ᴆ1 generation efficiency will also have 

a good receive sensitivity (and SNR) [5].  
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2.4.2 Signal localization  

In order to localize an FID signal it is required to make the resonance frequency vary 

as a function of position. It is done by superimposing the gradient fields, "ᴆ , onto 

the main field. The gradient magnetic field may vary along any of the three axes, 

and as the static field "ᴆ is aligned to the z- axis, the full tensor representation (not 

shown here) of the field gradient, 'ȟᴆ can be simplify to a vector containing only the 

" terms: 

Ὃᴆ ὼ ώ ᾀǶȟ                                         (2-38) 

where   Ὃ,  Ὃ and  Ὃ are the amplitudes of the gradients. The 

magnetic field at the point Òᴆ ØȟÙȟÚ is: 

ὄᴆὶ ὄ ὋᴆϽὶᴆᾀǶȢ                                            (2-39) 

This causes the Larmor frequency to vary linearly as a function of position along all 

three axes, according to: 

‫ ὶᴆ ‎ὄ ὋᴆϽὶᴆ.                                          (2-40) 

Given a signal obtained from a single point, the frequency determines the position 

uniquely if the three gradient components are introduced independently. This can-

not be done in 3-D as a single measurement because the 'ᴆϽÒᴆ is a scalar, which is 

the basis of the coil system presented in Chapter 4. 

Three steps are required to localize the signal: slice selection, phase and frequency 

encoding. The slice selection is the first stage of the spatial encoding (Figure 2:8a). It 

is based on the excitation of a slab or a slice of spins in a sample and is achieved by 

applying the RF field (called the selective pulse) in the presence of a magnetic field 

gradient, Ὃ . According to the Larmor Equation (Equation 2-6) only the spins reso-

nating at, or close to, the frequency of the RF pulse will be affected, so that only a 

slice of a sample is excited. The thickness of the slice can be varied by adjusting the 

bandwidth of the selective pulse, and the amplitude of the gradient: 
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ὸὬὭὧὯὲὩίί
 

Ͻ
Ȣ                                          (2-41) 

Finally, the orientation of the slice is determined by the direction of the magnetic 

field gradient [5, 8, 11].  

The RF pulse excites all of the tissues in the selected slice, thus the emitted signal is 

a sum of contributions from all of the spins within the slice. To identify the contribu-

tion from each tissue element, spatial information is encoded into the signal, in the 

frequency and phase encoding steps of image acquisition (Figure 2:8b, c).  

 

Figure 2:8 Schematically presented spatial encoding steps: a) slice selection, b) frequency 

encoding and c) phase encoding. Adapted from [15]. 

 

Frequency encoding mechanism uses the same principle as the slice selection, but 

the field gradient, Ὃ , is applied in x- direction during image readout rather than 

excitation, and influences the precession frequency of only the spins that have al-

ready been excited. The amplitude of the frequency encoding gradient remains con-

stant in each repetition, and the gradient is applied continuously during data read-

out (see Figure 2:7b). The origin of the signal can be identified by its frequency, but 

because the signal comes from the entire slice, the position information is at this 

stage encoded only in one direction within the slice, and is therefore not sufficient 

to reconstruct an image [15, 17]. Position information in the second, perpendicular 

direction is obtained through a mechanism known as phase encoding, which is in 
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fact, mathematically equivalent to frequency encoding, except that the data are 

acquired in a discrete manner όƛƴ άǇǎŜǳŘƻ ǘƛƳŜέύ [15, 17]. Gradient is applied in the 

phase- encoding direction ὋὖὉ) before the signal readout, and alters the Larmor 

frequency of the spins for a brief period which results in a relative phase shift 

amongst the spins. The detected signal now contains components with different 

phases, which originated from different positions along the direction of the Ὃ . The 

entire process of excitation and signal readout must be repeated many times, with 

gradient pulses in phase-encoding direction of incrementally different strengths 

which is shown schematically in Figure 2:8c.   

The three processes combined together uniquely identify the position of the tissue, 

which is required to create a faithful picture of the imaged volume [8, 15, 17].  

2.4.3 Contrast and the pulse sequence 

There are three sources of contrast in MRI that enable to differentiate between 

tissue types, and these are: T1 relaxation, T2 or T2* relaxation and spin density (SD). 

All three contrast mechanisms are present in any imaging sequence, but usually 

only one mechanism dominates and the image is then called T1, T2 (or T2*) or SD - 

weighted. By manipulating various pulse sequence parameters, the image sensitiv-

ity can be adjusted to the chosen contrast mechanism. 

A pulse sequence is a set of RF and gradient pulses of fixed duration, separation, 

shapes and amplitudes represented in a pulse sequence diagram (see Figure 2:9) 

where each object is placed in order on a time line. Creation and manipulation of 

pulse sequences can be done in the Pulse Programming Environment provided by 

the manufacturer.  

An FID (also referred here to as FID echo) is acquired when the transverse magneti-

zation is refocused after a certain time of de-phasing. There are two commonly 

used FID echo formation methods: spin echo (SE) and gradient echo (GE).   

A typical spin echo pulse sequence is shown in Figure 2:9a. It employs a 90 degree 

excitation pulse, followed by one or more 180 degree re-phasing pulses to generate 

the signal. After the 90 degree RF pulse is turned off, the spins that were initially 
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coherent will de-phase due to T2* effects. The application of 180 degree pulse flips 

the spins, cancelling the phase shift and producing an echo. If the inversion pulse is 

applied after a period TE/2 (echo time/2), the inhomogeneous evolution will re-

phase to form an echo at time TE.  A spin echo method refocuses T2Ω ŜŦŦŜŎǘǎ ŘǳŜ 

field inhomogeneity (by employing the 180 degree RF pulse), and can be used to 

give the T2 contrast.  

A typical gradient echo pulse sequence is shown in Figure 2:8b. Rather than re-

focusing the transverse magnetization with the 180 degree pulse as in SE imaging, 

the bipolar gradient projection refocuses the transverse magnetization. First, the 

defocusing gradient lobe is applied, causing the spins to de- phase. Refocusing the 

field gradient will reverse the de- phasing effect. The gradient echo method cannot 

eliminate the field inhomogeneity contribution, and gives the T2* contrast [8, 11, 

15, 17].  

 

 

Figure 2:9 Typical a) spin echo and b) gradient echo pulse sequence. TE- echo time, TR- 

repetition time not shown here, is the time between two 90 degree excitations.  Adapted 

from [15].   

2.4.4 Data collection and image reconstruction: k-space 

The same slice of tissue is excited repeatedly (with the constant repetition time, TR, 

measured between two 90 degree excitations, shown in Figure 2:9).  The signal is 

sampled as a function of time after each excitation and recorded as an array of 

data.  This array is used in two formats: as raw or image data, both containing the 
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same image information, and related by the Fourier transformation.  The image 

matrix is a map of the signal intensity from an imaged volume, with the specific fre-

quencies and phases of the signals unique to the location of this volume. This matrix 

is displayed as an array of real or integer values, consisting either of the signal mag-

nitudes or the relative phases at each point [1]. 

The raw data matrix, known as k-space, is a complex array of digitized signals from 

an imaged volume collected prior to it being processed into the image space. The 

array is described as 2-D grid of spatial coordinates: kx and ky (measured in units of 

mm-1) with the readout direction displayed horizontally (x- direction) and the phase-

encoding direction displayed vertically (y- direction). The rows are typically ar-

ranged in order of increasing phase- encoding amplitudes, with the (0, 0) point in 

the middle of the matrix.  The dimensions of the matrix (and so the image resolu-

tion) depend on the number of readout data points and phase encoding steps for 

the scan.  Each (kx, ky) data point corresponds to the echo signal influenced by the 

combination of readout and phase encoding gradients, and contributes to the ap-

pearance of the entire FOV of the final image.  Some data points emphasize differ-

ent features in the image: data near the centre of k-space, i.e. point (0, 0), corre-

spond to low spatial- frequency components (large- scale image structures) while 

data near the outer edges of k-space correspond to high spatial- frequency compo-

nents (fine image structures) [1, 15]. 

The application of the gradients navigates the filling of a k-space, which can be done 

in many different ways (different k-space trajectories), some of which are shown in 

Figure 2:10. The most common is the linear trajectory (sequential filling), in which 

the k-space is filled one ky line at the time (Figure 2:10a).  The readout gradient of a 

certain amplitude is applied for a period of time, identical for all ky lines, during 

which the kx points are acquired (echo is sampled) with a constant sampling fre-

quency. The increment of the phase encoding gradient is constant, with the ky= 0 

line measured half- way through the data collection. Some MRI applications benefit 

from using different k-space filling approaches, in which the number of ky lines is 

reduced, or the k-space filling is completely re- ordered. In many cases this is done 
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to shorten the scan time or alter image contrast to avoid certain artefacts [1, 38, 

39].    

 

Figure 2:10 a) Gradient navigation of the linear k-space trajectory; Schematically repre-

sented b) linear trajectory with reduced number of phase encoding steps, c) radial and d) 

spiral trajectories. Adapted from [15] 

For example, the number of k-space lines can be reduced symmetrically around the 

central ky line (Figure 2:10b). Another example is the centric ordering, which applies 

a low amplitude phase gradient first, with higher amplitude phase steps acquired 

only later during the scan.   

Other, alternative techniques of filling the k-space are non- rectilinear, and include 

for example the 2-D radial (Figure 2:10c) and spiral sampling (Figure 2:10d).  These 

techniques are based on acquiring data in a presence of sinusoidal gradient wave-

forms, which traverse the k-space lines along these unique trajectories  [1, 15]. 
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Chapter 3 Motion in MRI 

The definition of an artefact with regards to MRI refers to a voxel that does not 

faithfully represent the anatomy being imaged. There are many different origins of 

MR image artefacts: gross physical or physiological movement of an imaged struc-

ture, differences in magnetic susceptibility of adjacent tissues, hardware imperfec-

tions, external noise, and sequence/protocol limitations such as aliasing, chemical 

shift or truncation [1, 40, 41]. In this section only motion artefacts and main motion 

compensation methods will be discussed. 

3.1 Image artefacts related to motion 

Motion artefacts appear in the image because when a structure that is excited at 

one location moves, it experiences different phase gradient amplitude and pro-

duces signals that are mapped to a different location during detection. The phase 

encoding step is repeated multiple times during data acquisition, allowing for dif-

ferent amount of motion contamination in each measurement. The result is that the 

entire set of measurements does not result in a unique set of frequencies and 

phases required for correct spatial localization, but is a mixture of semi- random 

signals, which in turn produces artefacts throughout the entire FOV [1, 15]. The sig-

nal mis-registration builds up mainly in the phase- encoding direction. This direction 

is sensitive to motion because the phase encoding process is slow enough to leave a 

significant time for motion to affect the image (typically of the order of seconds), as 

opposed to much faster frequency encoding step, where all the samples of a signal 

are acquired in the time of a single echo (typically of the order of ms) [2]. For this 

reason, although motion artefacts along the frequency encoding axis may occur, 

they are usually insignificant. Typical motion induced artefacts observed in the im-

age are a combination of: blurring of object edges (sharp contrast), ghosting due to 

pulsating motion or signal loss due to spin dephasing. The specific appearance of 
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the artefacts depends on the nature of motion (rigid body motion, elastic motion or 

flow; spontaneous, slow/fast continuous or periodic), but also when it occurs during 

data acquisition (central or peripheral k-space, how many k-space phase lines af-

fected), as well as on the specifics of the pulse sequence and k-space trajectory 

[17].  

Incorrect phase accumulation due to tissue motion, during the periods where gradi-

ents are switched on, is a typical data motion corruption mechanism in GE pulse 

sequences. In this sequence spins are normally refocused with two gradients equal 

in magnitude but opposite in polarity (see section 2.4.3), but once in motion, the 

dephasing and refocusing occur at different physical locations and the same gradi-

ent induces different phase shifts leading to inconsistencies in k-space [1, 5, 17].   

For sequences where the slice selective RF pulses are used for excitation saturation 

or refocusing, the out-of-plane motion between these pulses affects the signal evo-

lution, resulting in generation of signals that are too strong or too weak which leads 

to alterations in image contrast. It is called the spin history effect and is visualized in 

Figure 3:1. 

 

Figure 3:1 Spin history effect for 3 RF excitation pulses. In the case of no motion, regions 

excited by all three pulses would overlap entirely, resulting in the desired signal evolution, 

but because the motion occurs this signal is reduced, and some of the undesired signal evo-

lution appears (coloured regions). Adapted from [40]. 
 

For a rigid body the translational motion leads to a phase ramp in the acquired k-

space, while rotations of the object correspond to the rotations of the spatial fre-

quency components associated with the object with respect to the encoding gradi-
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ents, which effectively re-distribute the samples in k-space [40, 42]. The effect of 

rotations on k-space sampling is shown in Figure 3:2. 

 

 

Figure 3:2 The effect of rotations on the k-space sample locations in object coordinates. A. 

Uniform sample spacing in the absence of rotations. B. Inhomogeneous k-space sampling in 

the presence of rotations.  Adapted from [40]. 
 

Motion as a function of k-space position is one of the most relevant parameter de-

termining the appearance of the artefacts. When it occurs during the acquisition of 

the central k-space (where most of the contrast information is held) it causes much 

larger image artefacts compared to corruption near the k-space periphery [8, 38].  

The artefacts will be more severe if k-space is corrupted close to its origin point. If 

the motion is periodic, the periodic artefacts will appear referred to as ghosts [43]. 

The ghost signals will cause artefacts in phase encoding direction at locations in-

versely proportional to the difference between the periodicity of the motion and 

the TR parameter [1]. 

The length and timings of the sequences used for imaging, as well as the choice of k-

space acquisition method are important factors that determine the significance of 

motion on the image quality. For slower imaging sequences (i.e. with the relatively 

long TR) significant artefacts will be generated since there will be a large signal 

measured from different spatial locations.  

The susceptibility induced field shifts will also change with the orientation of the 

body part [31, 33], the effects of which will be explored in detail in Chapter 5.  
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3.2 Motion compensation methods overview 

There is not a single methodological solution to the problem of motion in MRI. The 

choice of which tool to apply depends on the individual imaging situation and the 

type of motion.  Motion reduction methods can be categorized into three groups: 

motion prevention, artefacts reduction and motion correction [40] and will be dis-

cussed in this section.  

3.2.1 Motion prevention 

A number of techniques have been developed to prevent the patient from moving 

during the scan. These include: breath- holding for abdomen or cardiac imaging, 

sedation or general anaesthesia [44, 45], training with a mock MRI or timing the 

scan after feeding for infants (feed- and- sleep technique) [46], simple wrapping of 

imaged body parts, foam or inflatable restraints, vacuum cushions, bite bars 

mounted on head coils or personalized plaster cast head holders [47, 48].  All of 

these methods are in common use, however, most of them are only partially effec-

tive, some not widely available or costly. Many of them may cause discomfort to the 

patient. Additionally, the breath- holding restricts the scan duration significantly [8] 

which often downgrade the image quality. 

3.2.2 Artefact reduction 

The artefact reduction strategies include shortening the imaging time to below the 

typical time- scale of motion, gradient moment nulling, radial- or spiral- based mo-

tion compensation, phase reordering, application of spatial saturation bands, trig-

gering and gating [40].  Patients are less likely to become uncomfortable and move 

during shorter scans, and fast sequences allow for larger data set acquisitions.  Ex-

amples of fast pulse sequences include FLASH [49-52], bSSFP [53-55] or HASTE [56-

58], as well as the revolutionary parallel imaging [59-63] and the compressed sens-

ing MRI techniques which shorten the acquisition times further [64-70], and allow 

for simultaneous multi- slice imaging [71, 72].  

Gradient moment nulling method (also kƴƻǿƴ ŀǎ ΨŦƭƻǿ ŎƻƳǇŜƴǎŀǘƛƻƴΩύ ŀŘŘǎ ŀŘŘi-

tional gradient pulses to the sequence, to correct for difference in phase shifts ac-
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quired by stationary and moving spins [73-77]. It is done by refocusing both the sta-

tionary and moving spins at the echo time.  This method is employed in a range of 

multi- echo sequences such as multi- gradient echo or turbo spin echo [78], and is 

often used to overcome the artefacts caused by approximately constant tissue 

movement  (for example flow- related artefacts).  

The use of spiral or radial k-space trajectories (instead of the linear) helps to reduce 

motion related artefacts [39, 79-81] because these methods typically oversample 

the centre of k-space. The extra information is then used to either correct the image 

in post- processing [82-85] or inherently average the signals to smear out the arte-

facts [86-88]. 

Re-ordering the acquisition of k-space lines can be employed in two ways: one is the 

ΨƳƻǘƛƻƴ ŀǊǘŜŦŀŎǘ ǊƻǘŀǘƛƻƴΩ ǿƘƛŎƘ Ǌelocates motion artefacts in the image space, 

while the second is ǘƘŜ ΨǊŜǎǇƛǊŀǘƻǊȅ ŎƻƳǇŜƴǎŀǘƛƻƴΩ which significantly reduces 

ghosting from respiration [1, 40]. Respiratory compensation requires information 

about motion, for example respiratory bellows which gives information about the 

chest position [89, 90]. 

Spatial pre-saturation pulses (bands) are the selective 90 degree RF pulses applied 

before the actual excitation, in conjunction with spoiler gradients, which later de-

phase the arising transverse magnetization. It is done to prevent the moving spins 

from contributing with artefactual signals within the organ of interest [77, 91, 92]. 

Pre- saturation pulses are often used to reduce blood flow artefacts from the aorta 

or inferior vena cava in abdominal imaging by saturating the blood before it enters 

the imaging volume [93].  

In case of a periodic motion such as the heartbeat or breathing, two artefacts re-

duction methods are in common use: triggering, i.e. collecting the MR data at the 

same point in the cycle [94-96], and gating, i.e. acquiring data continuously and 

then re- ordering retrospectively [97, 98]. Both methods rely on the additional in-

formation about the physiological motion, such as for example the electrodes for 
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cardiac imaging to record the electrocardiogram (ECG), or pulse oximeter typically 

ŀǘǘŀŎƘŜŘ ǘƻ ǎǳōƧŜŎǘΩǎ ŦƛƴƎŜǊ [2, 15]. 

3.2.3 Motion correction 

Various approaches have been presented to actively correct MR images for motion. 

These can be divided into three groups: the navigator- based-, prospective- and 

retrospective motion correction methods.  

The navigator- based methods acquire the position information of the moving anat-

omy using the MR scanner, by employing a short pre-pulse sequence, namely, navi-

gator sequence [99, 100]. The navigator sequence is executed repeatedly during the 

main imaging process, ŀƴŘ ǇǊƻǾƛŘŜǎ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘŜ ƻōƧŜŎǘΩǎ Ǉƻǎƛǘƛƻƴ ōȅ 

comparing each acquired navigator signal to the reference. Navigators are classified 

in terms of their dimensionality as: 1-D, 2-D, or 3-D. The 1-D and 2-D navigators 

were originally developed for abdominal and cardiac imaging to correct for breath-

ing motion and are still widely used there  [101, 102].  In brain imaging the 2-D and 

3-D navigators are in common use, where they allow for correction of rigid body 

motion [103-111]. The 2-D navigators are of a great importance in multiςshot DWI, 

where they allow for correction of very small phase instabilities caused by brain 

pulsation, which if not corrected for, can in turn lead to major image artefacts due 

to the strong gradients used in this sequence [110, 111]. The 3-D navigator-based 

approaches have been recently developed to characterize the motion of a sample 

with up to 6-DOF [112, 113]. The increased complexity of these navigators comes at 

cost of prolonged acquisition and processing times (on the order of millisecond in 

the case of 1-D navigators but hundreds of milliseconds for the 3-D navigators).  It is 

therefore desired to keep the navigators dimensionality as low as possible and ac-

ceptable for the target application. On the other hand, the time is very often avail-

able in many sequences due to, for instance, contrast preparation or recovery de-

lays. Moreover, faster 3-D navigators which rely on parallel imaging or multiband 

excitation have been recently presented and have become very popular, especially 

in brain structural imaging and spectroscopic acquisitions [8, 114, 115]. An alterna-

tive to the presented above is the self- navigated method, which uses the MR image 
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data to determine the motion [82, 116, 117]. The self- navigated methods are typi-

cally restricted to 2-D. A good representation of these methods is PROPELLER [118-

122], a technique based on radial imaging with the entire strips of several k-space 

lines collected simultaneously, in the subsequent acquisition cycles and realized by 

various readout strategies such as RARE [123], EPI [15] or GRASE [124-126]. The 

sensitivity to motion is reduced due to oversampling the central region of k-space, 

which can be used to detect and correct the in- plane rotations and translations of 

the single k-space strip. Additionally by cross- correlating the central disc of the cor-

rected strips, the through- plane motion can be detected.  The limitations of PRO-

PELLER include the increased acquisition time, restrictions to 2-D imaging and poor 

robustness against the through- plane motion. 

Retrospective motion correction techniques are used to undo the motion- related 

changes that occurred in the MR data. These correction techniques are applied af-

ter the image acquisition, by modifying the collected data or the reconstruction 

model in post- processing stage by applying special transformations to the succes-

sive image volumes [127, 128]. The detailed knowledge of the motion during the 

scan (e.g. using navigator data) is required for these techniques. If this information 

is not available, the iterative algorithms are applied to recover the motion informa-

tion (e.g. optimizing image or gradient entropy) [129-132]. The translational rigid 

body motion can be corrected by applying the appropriate phase change to data, 

while any rotational motion requires the use of sophisticated, computationally in-

tensive algorithms of non- Cartesian reconstruction [100, 133-135].This can be done 

in 3-D for damaged, but not lost signals (no dropouts) and in 2-D but only for the in- 

plane motion. Elastic motion remains a major challenge for retrospective correction 

due to its extreme underlying complexity [136-139].  An alternative retrospective 

technique can be used when the dataset is only partially corrupted, by discarding 

the motion-corrupted data and filling the parts of k-space using parallel imaging 

techniques [140]. It has also been shown that the cardiac imaging can be corrected 

for motion by including a general description of motion into the MR signal equation 

[141] using measured or estimated displacement fields [142] and/or with incorpo-

rating the compressed sensing methodology [69].  Retrospective image reconstruc-
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tion methods are very popular, and find application in many imaging tasks. These 

methods do not require any additional equipment during scanning and do not pro-

long the total scan time. On the other hand these methods are extremely computa-

tionally intensive, which presently is the major drawback that limits their use mainly 

to research. 

Prospective motion correction strategies compensate for motion in the acquisition 

stage by keeping the image- plane at fixed orientation relative to the spatial posi-

tion of the object being imaged.  These correction techniques became very popular 

in recent years, especially in brain imaging where head motion is treated as a 6-DOF 

rigid body motion. The idea behind the prospective techniques is to measure the 

position and orientation of the object real time, and then knowing the transforma-

tion parameters adjust the gradients, RF pulses, receiver frequency and phase to 

keep the image- plane at fixed orientation. To correct for rotations, the encoding 

gradients need to be rotated. The translations on the other hand, require a change 

of transmit and receive frequency and phase [1, 8, 40]. In the case of head motion, 

head pose can be measured using MR navigators compatible with the sequence 

timing (e.g. PROMO [143], cloverleaf [113]), spherical or orbital navigators [107, 

108], and external tracking devices such as in- bore camera systems [3, 144-146],  

miniature RF probes [147-149], or ultrasound systems [150].  

The first full development of a complete prospective real time compensation pack-

age capable of handling an arbitrary rigid body motion was presented by Ooi et. al 

in 2009 [149]. The correcting routine sections are interleaved into the imaging se-

quence allowing for intra- image motion compensation and can be flexibly incorpo-

rated into multiple imaging sequences. Prospective motion correction using active 

sensors is a promising approach for neuroimaging, with growing popularity in the 

last few years resulting in numerous new applications including fMRI [151, 152], 

DWI [153], and spectroscopy [154, 155]. It is not free from limitations though, and 

these include practical considerations (e.g. marker mounting for external tracking 

systems), hardware calibrations and compatibility with strong magnetic fields, and 
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finally the uncorrectable effects of motion- related susceptibility B0 distortions [40, 

156]. 

The prospective motion correction method designed for this PhD was based on the 

approach proposed by Ooi et al. [149],  but employed innovative tracking devices, 

not yet described in the literature. The prototype of the tracking device was built 

and tested for the functionality, measurement accuracy and repeatability.  In this 

thesis the subject of motion- related susceptibility B0 distortions was investigated in 

detail, in order to verify whether these distortions are significant enough to com-

promise motion correction. The attempt was made to develop a method for cor-

recting these, potentially serious image effects. The results of this research are 

shown in the following chapters.   
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Chapter 4 Miniature TL-based track-

ing devices for prospective motion cor-

rection in MRI 
 

4.1 Introduction  

It is well known that living subjects have restricted ability to maintain the position of 

their body for extended period of time during the MRI scan. Patient movement dur-

ing a brain scan is a fundamental problem that causes major degradation of image 

quality. Various techniques have been proposed to compensate for image motion 

artefacts, and were discussed in Chapter 3. It was mentioned in Chapter 3, that 

some of the prospective correction methods presented in the literature were car-

ǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ǎƳŀƭƭ baw ǇǊƻōŜǎ ŦƛȄŜŘ ǘƻ ǘƘŜ ǎǳōƧŜŎǘΩǎ ƘŜŀŘΣ ǎŜǊǾƛƴƎ ŀǎ ǘǊŀŎƪƛƴƎ Ře-

vices [149]. Following this approach an innovative NMR tracking device was devel-

oped in this study and intended for use as a motion active sensor for prospective 

motion correction in MRI at 7 T. In this chapter the prototype of the device is pre-

sented, and its implementation proposed in form of a complete external tracking 

system.  

Aim: The aim of this study was to create a method for the prospective real time 

correction of an arbitrary rigid body motion (human head) for ultra-high resolu-

tion MR brain imaging studies at 7 T.   

4.2 Background theory 

In this section some of the theoretical aspects of the motion tracking system and 

correction methods are presented. These include some of the transmission lines 

properties employed in this study to design the position sensor, as well as the 
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mathematical background of the geometry update module, which will be a crucial 

component of the motion correcting algorithm. 

4.2.1 The input impedance of a lossless transmission line with a short-circuit  

termination  

A transmission line is a specialized device designed to carry alternating RF currents, 

that is, currents with a frequency high enough that their wave nature must be taken 

into account.  A lossless TL is modelled as an infinite series of two-port infinitesi-

mally short segments, each consisting of an inductor and a capacitor. When a TL is 

excited on one end, these components charge up creating voltage and current 

waveforms along the line [37]. The behaviour of these waveforms is described by 

ǘƘŜ ¢ŜƭŜƎǊŀǇƘŜǊΩǎ 9quations (not shown), the solution to which, in phase-domain 

and for sinusoidal excitation, can be written as: 

 ὠᾀ ὠ ϽὩ ὠ ϽὩ ȟ                                  (4-1) 

Ὅᾀ ϽὩ ϽὩ ȟ                                   (4-2) 

where :  ɱ is the characteristic/intrinsic impedance of the line; 6ȟ6  [V] 

are the amplitudes of the forward and backward propagating waves respectively; 

ɼ     is the wavenumber, ʇ Í is the wavelength, and Ö is the 

velocity of the signal propagation, Öᴆ
Ѝ
 . 

For convenience the termination of the TL was set at a co-ordinate point Ú π, and 

the input to the line at Ú Ì (where Ì is the length of the line). For a short-circuit 

termination the reflection coefficient at the end of the line, ɜ , is: 

ῲ ρ   ῲ Ͻὠ ὠ    ὠ ὠ Ȣ                (4-3) 

Substituting Equation 4-3 to Equations 4-1 and 4-2, the solution of the ¢ŜƭŜƎǊŀǇƘŜǊΩǎ 

Equations becomes: 

ὠᾀ ὠ ϽὩ Ὡ Ὦςὠ ϽÓÉÎ‍ᾀȟ                   (4-4) 
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Ὅᾀ ϽὩ Ὡ Ὦ ϽÃÏÓ‍ᾀȢ                     (4-5) 

At the end of the line (Ú π) the amplitude of the voltage wave is therefore equal 

to zero (6 π), and the amplitude of the current wave is maximum () άὥὼ). 

The input impedance of a TL terminated with a short- circuit is given by: 

ὤ ὮὤϽÔÁÎ‍ὰȢ                                  (4-6) 

Based on the Equation 4-6 it can be concluded, that the input impedance to the TL 

with a short- circuit termination can be: 

     1.   Infinite (an open circuit), if   Ì    ÌÉÍO : Њ ,                         (4-7)        

2.   Capacitive, if    ὰ  ,                                                                        (4-8)         

3.   Inductive, if    π ὰ  .                                                                         (4-9)        

The input impedance :  repeats itself every half of wavelength and in certain set 

up, it is seen by the source as inductive according to the Equation 4-9 [157-159]. 

This means that such TL can be used as the NMR active device, provided there is a 

proton sample signal source complementing its design. Near the shorted end the 

voltage value is close to zero and the current is maximal.  Hence, at this point of the 

standing wave there will be a maximum in the magnetic field and minimum in the 

electric field.  If the TL is oriented along the magnetic field then all the magnetic 

field generates B1, which is used to excite the sample. According to the reciprocity 

theorem the point near the termination will have a high sensitivity in the receiving 

mode [37]. 

4.2.2 Mathematical background of the geometry update module 

This section is based on [149, 160]. In order to realign two sets of points (rigid-body) 

in a 3-D space from one position to another the transformation matrix needs to be 

identified. The motion is fully defined by the σ σ rotation matrix  2 ʃȟ ʃȟ ʃ  

and the σ ρ translation vector  Ô ᴆ ÔȟÔȟÔ . Let the  8 ØᴆȟØᴆȟØᴆ  be the initial 

point pattern and 9 ÙᴆȟÙᴆȟÙᴆ  the point pattern measured after some arbitrary 
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motion in 3-D space. The matrix 2 and vector Ô ᴆ that realigns 9 into 8 are found by 

minimizing the following least-squares estimation:  

Ὡ Ὑȟὸ ᴆ  В ȿȿώᴆ Ὑ ὼᴆ ὸȿȿ.                                   (4-10)  

The solution to this equation together with a detailed proof has been shown by 

Umeyama in [160]. The minimum value of the mean squared error, Å 2ȟÔ ᴆ, of the 

two point patterns with respect to the transformation parameters (2 and Ô ᴆ) is:  

άὭὲὩ ḳ ‐ „ ,                                      (4-11) 

where the variances, ʎȟ, around the mean vectors, ʈᴆȟȟ are: 

„ В ȿȿὼᴆ ‘ᴆȿȿ  and  ‘ᴆ В ὼᴆ,                           (4-12) 

„ В ȿȿώᴆ ‘ᴆȿȿ  and  ‘ᴆ В ώᴆ,                           (4-13) 

and the matrices $ and 3 in Equation 4-11 are defined as: 

Ὀ ὨὭὥὫὨ ȟὨ Ὠ Ὠ π,                                        (4-14) 

 

ὛӶ
ὍӶ                                       ὭὪ   ÄÅÔɫ  π

ὨὭὥὫρȟρȟȣȟρȟρ      ὭὪ   ÄÅÔɫ  π  
.                           (4-15) 

If the singular value decomposition (SVD) of covariance matrix, ɫ ȟ is: 

36$ɫ 36$
ρ

σ
ώᴆ ‘ᴆ ὼᴆ ‘ᴆ   

ὟὟ ὠὠ ὍӶ,                                                  (4-16) 

then for rank(ɫ Í ρ (where Í is an integer value larger than 0) the optimum 

transformation parameters, 2 and Ô ᴆ, can be determined as:  

2 ὟὛӶὠ ,                                                        (4-17) 

ὸᴆ ‘ᴆ 2‘ᴆ.                                                     (4-18) 

When rank(ɫ Í ρ, then the matrix 3 (in Equation 4-15) must be chosen as:  
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ὛӶ
ὍӶ                                   ὭὪ  ÄÅÔὟÄÅÔὠ ρ

ὨὭὥὫρȟρȟȣȟρȟρ      ὭὪ  ÄÅÔὟÄÅÔὠ ρ  
.                      (4-19) 

 

In this way the transformation matrix that realigns two sets of position vectors can 

be calculated. Equations 4-17 and 4-18 are intended for use in the geometry update 

module of the prospective motion correction method, discussed later in this chap-

ter.  

4.3 The tracking device 

A few different prototypes of the device were created during the development, 

three of which are presented in this section. Only one of them met the experimen-

tal requirements, but in its current form must not be used with a person inside the 

magnet bore.        

4.3.1 General design of the tracking device 

Each model was built as a short extension of a coax TL, (π ὰḺ‗Ⱦτ, where length: 

Ìḙχ ÍÍȟ and ʇ φψȢτ ÃÍ), terminated with a short-circuit.  This means that the 

input impedance to the TL was considered to be inductive, according to the Equa-

tion 4-9.  Each of the prototypes was made of copper and designed to receive an 

FID signal from a very small volume of proton sample (< ωπ ʈÌ). The sample was 

placed between the inner core and the outer shield, making an unusual insulating 

layer of the otherwise classical TL. Pure, still water was used as a proton sample in 

early stages of the development, and was later replaced by olive oil. In order to ac-

commodate the sample, the TL had a total diameter of τ ÍÍ, which made the de-

vice resemble a small cylinder. The schematic drawing of the tracking device is 

shown in Figure 4:1.  
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Figure 4:1  a) Prototype NMR tracking device with selected: b) internal-section with marked 

magnetic field directions, and c) cross-section of the model;  ὰ-length, d-internal diameter. 

All models were designed to work in both transmitting and receiving modes. The 

device was self- shielded due to its cylindrical geometry, because the generated 

transverse RF magnetic field ("ᴆ) was enclosed between the inner core and the 

outer shield. This field was not radially uniform, and therefore had a different spa-

tial response, which will manifest in the measured position uncertainty shown later 

in this chapter. 

A short length (approximately φȢυ ÃÍ) of non-magnetic coaxial wire (with copper 

shield and core, PTFE insulation) connected the device to the tuning and matching 

circuit, which consisted of two capacitors in a series- parallel configuration. In this 

way the prototype device was matched to the impedance of υπ ɱ at the resonance 

frequency of Ὢ
π
ςωψ -(Ú.  The NMR tracking device connected to its matching 

and tuning circuit is shown in Figure 4:2. 

a) b) c) 

c) 

b) 

║ᴆ 
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Figure 4:2 The prototype of the NMR tracking device connected to the matching and tuning 

circuit; a) A photograph of the assembly; b) Schematic of the assembly; c) Equivalent circuit 

of the assembly. CT ς tuning capacitor, CM ς matching capacitor, L ς inductance of the track-

ing device. 

4.3.2 Development of the tracking device 

During the development of the tracking device multiple different models were cre-

ated, three of which are shown in Figure 4:3. The models were based on the same 

basic design and were similar in size. The main difference between them was the 

way the sample was placed inside the device. The first model (Figure 4:3a) had two 

small openings (< ρȢχ ÍÍ in diameter), each on the side of the TL device. The wa-

ter/oil sample was injected using a syringe, and the openings later secured with the 

PTFE tape. The second model (Figure 4:3b) also had two small openings of a similar 

ŘƛŀƳŜǘŜǊ ŜŀŎƘΣ ōǳǘ ǇƭŀŎŜŘ ƻƴ ǘƘŜ ǘƻǇ ΨƭƛŘΩ ƻŦ ǘƘŜ ŘŜǾƛce (top of the cylinder). The 

sample was injected in a similar way, but secured using a silicon sealant paste. In 

both models the inner core was soldered to the outer shield in the central area of 

ǘƘŜ ǘƻǇ ΨƭƛŘΩ ƻŦ ǘƘŜ ŘŜǾƛŎŜΦ ¢ƘŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ƻǳǘŜǊ ƭŀȅer (both the side walls and 

ǘƘŜ ΨƭƛŘΩ ƻŦ ǘƘŜ Ŏȅƭƛƴder) was less than ρȢυ ÍÍ. The final model had one small open-

ƛƴƎ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ ŀǊŜŀ ƻŦ ŀ ǎƭƛƎƘǘƭȅ ǘƘƛŎƪŜǊ ǘƻǇ ΨƭƛŘΩ ƻŦ ǘƘŜ ŘŜǾƛŎŜ ός ÍÍ, Figure 4:3c). 

The opening was of a bigger diameter (ς ÍÍ) and was equipped with the on-wall 

inner threads. In this case the core wire was not soldered to the outer shield, but a 

Tracking device, L  

L  

CT 

CM 

Tuning and 

matching circuit  

Coax cable connects 
the device to the MR 
scanner  

CM 

a) 

b) 

c) 

CM 

CT 

CT 

6.5 cm  
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Coax cable  
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tight clamp connection was made between the core and a small screw (length of 

approximately τ ÍÍ, diameter of the thread of approximately ς ÍÍ). The sample 

was injected through the single opening, and secured by less than three turns of the 

screw.   

 

Figure 4:3 The prototype NMR tracking device. Photograph of a) the 1st model, b) the 2nd 

model, c) the 3rd (final) model. 

4.4 Sensor validation and the position measurement 

4.4.1 Hardware set up 

Position data from a single tracking device was acquired on a 7 T Philips Achieva 

Scanner (Philips Medical Systems, The Netherlands). The tracking device was con-

nected to the first channel of the experimental 7 T Achieva Quad TR Linear Interface 

Box. Prior to the position measurement, tuning and matching of the device were 

adjusted to υπ ɱ at ςωψ -(Ú, which was checked with Hewlett Packard 4396B Net-

work Analyser.  The quality of the signal (shape, amplitude and duration) was exam-

ined before the actual position measurements using the standard spectroscopy se-

quence. Due to experimental character of the device and its small power require-

ments, it was necessary to modify some of scanner system settings in order to ac-

quire the FID from the sensor. The maximum average power was set to τ 7, refer-

ence "ᴆ to ω ʈ4, reference scale to πȢπππυ and the "ᴆ to SAR conversion was set to 

1.  These reference scales corresponded to about ρ Í7 of power delivered to the 

coil (assuming a linear power amplifier). The coil was also attached to the MRI 

phantom (water bottle) and imaged using one of the standard GE sequences, in 

order to confirm it had no effect on the image data.   

a) b) c) 
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4.4.2 Tracking pulse sequence 

A 4-pulse-acquire readout sequence was implemented into the Philips Pulse Se-

quence Programming Environment to obtain the FID signal from the tracking device 

under each of the 3 orthogonal gradient directions (see Figure 4:4). The gradient 

amplitude was set to υ Í4ȾÍ. The RF pulse was applied 4 times (4x30 deg), before 

each acquisition. The 4th acquisition, without gradient projection, was added to the 

sequence for static field drift correction. The total duration of this experimental 

sequence was approximately χ ÍÓ. This sequence was added to the front of a stan-

dard FFE sequence. 

 

Figure 4:4 The tracking pulse sequence created by modifying the original Philips FD code 

routine. This sequence was added to the front of a standard FFE sequence. Adapted from 

[15]. 

4.4.3 Tracking algorithm 

The FID frequency of each acquisition was calculated using the modified phase in-

crement algorithm, originally implemented by Philips in the Frequency Drift Deter-

mination (FD) software routine. The working principle of this algorithm was to 

summarize the total phase increment within each acquisition and divide this sum by 

the number of sampling intervals. In this way the phase value which corresponded 

to each interval was obtained, and the frequency of the signal calculated. After each 

acquisition the frequency data was printed to the temporary system log-file, from 

where it was easily recovered and used in further calculations. Finally, the location 

of the TL device, Òᴆ ÒȟÒȟÒ was determined in the 3-D scanner coordinate sys-

tem using the relationship: 

RF 

Ὃ  

Ὃ  

Ὃ  

Signal 

30° 30° 30° 30° 
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 Òȟȟ
ȟȟ

 Ͻ ȟȟ
  Íȟ                                            (4-20) 

where  'ȟȟ  is the gradient amplitude in units of 4ȾÍ. 

4.4.4 Position accuracy evaluation 

The accuracy of the position measurements was evaluated using a non-magnetic 

platform. The platform consisted of two parts, moveable in x- and z- direction. It 

was built as a mobile base mounted on rigid wooden board, secured to the scanner 

bed in coronal orientation. The mobile base was moved by turning two wheels, de-

signed in such way that the full turn of the first wheel caused ρ ÍÍ translation 

movement of the mobile base in z- direction, while the full turn of the second wheel 

caused ρ ÄÅÇ rotational movement in xy- plane. Knowing the dimensions of the 

wheel and length of the platform components, the rotational movement was con-

verted to translations in x- directions.  The accuracy of the platform was examined 

with dial gauge as better than πȢππρ ÍÍ. The tracking device was rigidly attached to 

the mobile base and precisely moved in the two directions inside the magnet bore 

(between scans). This movement was then compared with the position data ac-

quired by the MR scanner. The device was moved 10 times in each direction, with a 

step of υ ÍÍ, starting from the isocentre of the scanner. The repeatability of meas-

urements was checked by measuring each position 20 times.  

 

 

Figure 4:5 Non-magnetic platform constructed to provide a framework for accurate move-

ment in z-direction (the wheel for movement in x- direction not shown).  

4.4.5 Preliminary results of the position measurement 

A 90 degree 100 microsecond pulse could be obtained with only a few mW of RF 

power.  The FID recorded as a single pulse had an SNR typically ρπππ, but was 

a) b) c) 
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expected to vary with the flip angle value (higher SNR for larger flip angles), which 

in turn will influence the position uncertainty. Visual inspection of the phantom im-

age with the sensor attached to it confirmed that the sensor had no effect on the 

image (data not shown). The accuracy of MR measured distances (RMR) with respect 

to platform measured distances (Rknown) is shown in Figure 4:6a. Due to similarity of 

the physical x- and y- gradients, and the platform limitations, the behaviour in the y- 

direction was not presented here.  Least squares linear regression demonstrated 

high correlation between measurements. Better visualization of the small errors is 

presented in Figure 4:6b as Rknown-RMR vs. Rknown. Localization errors (mean absolute 

value of Rknown-RMR  std) were calculated as πȢπφπȢπτ ÍÍ and πȢπωπȢπχ ÍÍ 

along the x- and z- direction. Reproducibility of the position measurements is shown 

in Figure 4:6c as a histogram of the deviation of each measurement from its corre-

sponding mean, and depicts Gaussian distribution with full-width at half-maximum 

(FWHM) ρψ ‘ά and φω  ‘ά for x- and z- direction, indicating high measurement 

precision. These values are calculated under assumption of perfectly linear gradi-

ents. 
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Figure 4:6 a) Accuracy of measurements displayed as a comparison between RMR and Rknown; 

b) Measurement error represented as Rknown -RMR vs. Rknown;  c) Reproducibility of MR position 

measurements with a Gaussian fitting. 

4.5 Tracking system design for future implementation 

In this section the idea of how to correct the MR image for motion prospectively, 

using the designed position sensors is presented. The system would consist of the 

tracking hardware unit and the Philips Software Patch for 7 T, both discussed below. 

4.5.1 Tracking system hardware unit 

Because the head movement can be treated as an arbitrary 3-D rigid body motion 

described fully by 6-DOF transform, three points in the 3D-space are sufficient to 

uniquely solve for this transform. Therefore, the tracking system hardware must 

a) 

b) 

c) 
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consist of a minimum of three position sensors, to provide accurate measurements. 

The sensors were designed to work in both transmit and receive modes, hence the 

connection to the T/R switch was required. The experimental control circuit board 

hosting the T/R switch for multiple sensors was created in this study and is sche-

matically shown in Figure 4:7. A  low power transmit amplifier would supply all the 

sensors in the future, but in the current design the control circuit board served the 

function of splitting the signal from the Philips transmitter between the TL devices. 

This was done using simple resistor- splitter due to low power (few mW) require-

ments for each of the RF pulses. The sensors would be connected to the 3 of 32 

available channels of the Philips receiver box, with the other 29 being used nor-

mally. This could sacrifice the image SNR, but choosing the appropriate channels 

could minimize this effect. 

Such designed system, in its experimental version, was checked with one position 

sensor proving its functionality. Each of the position sensors would be (in the fu-

ture) attached to a wearable, rigid frame on the head separately connected to an 

individual tuning and matching circuit isolated from the patient.  The frame would 

be firmly secured maintaining a fixed location with relation to the head.  In this way 

any head movement would be captured in the tracking position data. The most fa-

vourable of the ideas was to use a glasses frame, but dental frames or head-bands 

were considered as well.   
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Figure 4:7 Simplified schematic of the tracking system hardware; ὰ .  

4.5.2 Software patch for 7 T 

The patch would consist of the position acquisition sequence (shown in section 

4.4.2), the algorithms to modify the general image acquisition loop, and the geome-

try update software modules. This section is based on solutions presented in the 

literature [148, 149]. 

The position data acquired real time during the head scan, with the use of three 

sensors would provide the transformation matrix, which could be then be fed back 

dynamically to the image acquisition loop.  In this way the image plane would be 

adjusted real time and kept at fixed orientation relative to the head, mechanism of 

which lies at heart of the real time prospective motion correction. The idea of how 

to modify the acquisition loop, in order to correct for motion real-time with the 

scanning, is graphically presented in Figure 4:8. 
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Figure 4:8 A flowchart representing necessary modifications to the acquisition loop. Steps 

(1-5) are described in the text. Adapted from [149]. 

In step 1 the initial positions of all tracking devices are measured at the start of the 

scan before the pre-pulse (for scans that contains it, e.g. inversion, saturation, and 

magnetization preparation). Then, in step 2, the tracking module re- measures the 

positions after any arbitrary motion. The geometry update module compares the 

current positions of the devices with their reference positions in step 3. The 6-DOF 

transform is calculated according to Equation 4:19 derived in section 2.3, and used 

to update the image-plane orientation. Motion compensation is done by modifying 

the relevant RF, gradient, and data acquisition attributes in the imaging pulse se-

quence. 

Motion threshold module in step 4, checks if the displacement between the current 

and previous tracking measurement is greater than a user defined threshold. This 

distance is measured in the image plane, from and to the outermost edge of the 

FOVΦ CƻǊ ǇƻǎƛǘƛǾŜ ŀƴǎǿŜǊ όΨƳƻǘƛƻƴ ŜȄŎŜŜŘŜŘ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƭƛƳƛǘΩύ ǘƘŜ Ƴƻǎǘ ǊŜŎŜƴǘƭy 

acquired k-space data are rejected, and the subsequent imaging module re-acquires 

the rejected k-space with updated geometry. For negative answer the data are ac-

cepted, and the following imaging module acquires the next segment of k-space as 

usual. In step 5 the imaging module performs normally with a chosen imaging se-

quence. Once the corrected k-space acquisition is finished, images are recon-

structed and are immediately available for viewing.  
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4.6 Discussion and conclusions 

In this chapter a method for prospective real time correction of an arbitrary rigid 

body motion for MR brain imaging studies at 7 T has been proposed. The prototype 

of the NMR tracking device was built and the general strategy of correction was 

planned.  

The design of the tracking device was based on certain properties of the transmis-

sion lines. Carefully calculated length of the TL and a short- circuit termination 

made the input impedance of the TL inductive. Therefore the device could be 

treated as a simple NMR probe (RF coil), but with an unusual design having many 

advantages, such as self- shielding (which allows for use of high flip angles having no 

effect on the image data), small dimensions (which should ease its mounting with-

out compromising the comfort of the patient), dual working mode (as both trans-

mitter and a receiver), with the proton source of NMR signal being an integral part 

of the device. The source of a signal was a very small volume of an olive oil, which 

made up the insulating layer of the TL. In such a small volume of the sample the 

gradient dephasing is limited, which should extend the signal measurement time. A 

90 degree 100 microsecond FID signal could be obtained with only a few mW of 

power. The device has been demonstrated to be highly accurate and the position 

measurements reproducible. The localization error was calculated as πȢπφ

πȢπτ ÍÍ and πȢπωπȢπχ ÍÍ along the x- and z- direction in the scanner coordinate 

frame.  

The tracking device proposed in this study requires some improvement before it is 

ready for use in routine scanning, such as the method of placing the proton sample 

inside it permanently. Water tended to leak from it or evaporate (while soldering). 

The thick olive oil was chosen to replace the water in later stages of development, 

due to its higher viscosity (smaller risk of air bubbles and leaking). Another practical 

limitations were the cables and separate electrical circuits which will need to be 

separated from the patient. Finally, the shape of the device may be a limiting factor 

in the accuracy of measurements, because the generated field is not radially uni-

form, and therefore has a different spatial response. 
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The device implementation was proposed in form of a complete external motion 

correction system, and inspired by the literature [149]. The correction method 

would consist of the hardware unit (3 sensors minimum) and a software patch 

meant to be compatible with most of the imaging sequences. The hardware unit 

was designed and built in this study, and proved its functionality. It consisted of 3 

sensors attached to separate tuning/matching circuits and the control board, where 

the signal was split between each separate sensor, transmitter and the receiver. 

The sensors were meant to be attached to a wearable frame (glasses, bands), pro-

viding a rigid frame which would move with the anatomy. The correcting software 

was only drafted, inspired by literature. The software structure included the posi-

tion capturing sequence (tracking sequence and phase increment algorithm), as well 

as  the geometry update module which calculates the transformation matrix based 

on the equations derived in section 4.2.2 and implements it to correct the imaging 

data, by making appropriate changes to the general image acquisition loop real 

time. 

The common problem that links all the prospective correction techniques is the 

practicality. In most cases the prospective techniques require expensive apparatus, 

compromise patient comfort, are difficult to set up or prolong the total scan time 

significantly. For these reasons there is a general goal to achieve the most practical 

solutions possible, especially by means of the tracking system hardware. Prospec-

tive motion correction method proposed in this chapter shows promise. The proto-

type sensor has many advantages, and once ready for implementation in its final 

version (i.e. improved for the current limitations) it stands a great chance to be 

suitable for practical use in prospective motion correction. It is potentially a cost 

and time saving solution, when compared to other tracking techniques (discussed in 

Chapter 3). The prototype of the device presented in this chapter was built using 

small volumes of cheap materials (olive oil, copper). It does not require much of an 

additional equipment, and the set up should be straightforward. It is also believed 

that the application of the tracking system will be relatively comfortable for the 

patient, and no calibration should be required before each scan.   
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Chapter 5 Investigation of the suscep-

tibility  induced magnetic field variation 

in the human brain due to small head 

rotations 

5.1 Introduction  

Part of this work was presented in form of an oral presentation at the Joint Annual Meeting 

of the International Society for Magnetic Resonance in Medicine and the European Society 

for Magnetic Resonance in Medicine and Biology (ISMRM­ESMRMB) in Milan, Italy in May 

2014. 

It has been previously reported that susceptibility induced magnetic field perturba-

tion in the human brain will change with head rotation [31-34] but the in-depth 

investigation of the topic has not yet been presented in the literature. The knowl-

edge of how field perturbations change with head rotation is of great importance. If 

the changes are large, they may cause significant image signal dropout and voxel 

shifts in certain areas of the brain, leading to gross image artefacts. This problem 

has been tackled for single shot EPI time courses in fMRI [31], where each acquisi-

tion provides a field map. It will be less tractable though, for multi-shot imaging 

sequences used for high resolution imaging (e.g. MPRAGE, PSIR, T2*- weighted at 7 

T) where the local field shifts can cause not only the residual image distortion, but 

also phase encoding artefacts distributed over the whole field of view. It is neces-

sary to characterize the magnitude and location of the field changes in the brain, to 

verify whether they have to be taken under consideration while correcting images 

for motion, using available methods or while developing new ones. Ultra- high 

magnetic field offers the chance to produce images with extremely high spatial 

resolution, but motion is a major barrier to using these sequences routinely in clini-

cal populations. Different retrospective and prospective motion correction tech-
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niques have been proposed (presented in Chapter 3) but will all be compromised by 

the effects of the change in static field distribution in the brain, if those field 

changes are large enough, and cannot be accounted for.  

Aim: The aim of this study was to characterize the size and location of the suscep-

tibility induced field change within the brain due to small head rotations at 7 T, for 

types of head movement likely to be encountered during clinical imaging (small 

rotations of up to ±10 deg). 

In this chapter an investigation of the change in magnetic field in human brain due 

to small head rotation is presented. In order to characterize the field change at 

various head orientations (in relation to main field), numerical simulations employ-

ing digitized human brain model were conducted, as well as the MRI experiments 

which involved 14 human subjects. The simulation was done for small rotational 

angles likely to be encountered in real scanning, but also larger angles were used to 

look at the testing method. The characteristic field patterns were evaluated qualita-

tively, and the areas of the biggest observed field change identified. The field shifts 

were investigated in the brain for chosen volumes of interest, and also across the 

whole brain volume. Maps of the field change were created as a function of angle of 

rotation. Thus, an atlas of the change in field per degree of rotation was created. 

These maps will be used in the next chapter to assess if the susceptibility induced 

change related to head rotation has a significant influence on the image quality and 

to determine its importance in correcting images or motion.   

5.2 Numerical simulation of the susceptibility induced magnetic 

field change in model human brain due to head rotation 

5.2.1 The purpose of the simulation 

The purpose of the simulation was to investigate the susceptibility induced field 

change in a model human brain due to small head rotations. This was done to pro-

vide some insight into both the size and location of the change expected for pure 

angles of rotation, i.e. not a combination of both (the separation of angles pitch and 

yaw was not possible in experimental measurements) and model this field pertur-
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bation as a function of rotational angle and location in the brain. The simulation 

results were then compared with the experiments, to asses if the agreement be-

tween these was good enough to allow for the simulation to be used to model the 

field change.  

5.2.2 Simulation methods 

The simulation was done in Matlab R2010b (The MathWorks Inc., Natick, MA), while 

the plots and figures were prepared in Excel 2010.  

Magnetic field variation in the brain was investigated using a portion of digitized 

and segmented brain model HUGO (Medical VR Studio GmbH, Lorrach). The suscep-

tibility distribution model was simplified to 5 compartments: CSF, grey and white 

matter, cerebellum, and a small length of the spinal cord (approximately 2 cm long), 

all of which were assigned the volume susceptibility value of water (ʔ

 ωȢπτÖρπ). The surrounding air space was given the susceptibility value of vac-

uum (ʔ  π).   

Head rotation was simulated by rotating the direction of the main magnetic field 

around the object of a fixed orientation. The main field was rotated in such way that 

it corresponded to head rotations, defined in the scanner coordinate system as:  

¶ yaw, which was the rotation about the anterior-posterior axis (y- axis),  

¶ and pitch, which was the rotation about the mediolateral axis (x- axis). 

The x-, y- and z- axes of the scanner coordinate system, original direction of the 

main magnetic field and the pitch and yaw rotational angles are depicted in Figure 

5:1. 
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Figure 

5:1 a) Scanner coordinate system; b) Yaw head rotation about the anterior-posterior (y-) axis. c) Pitch 

head rotation about the mediolateral (x-) axis.  

Both clockwise (positive angles) and anti-clockwise (negative angles) pitch and yaw 

rotations were simulated separately. This was done for a wide range of unrealistic 

angles (±90 deg) to assess the simulation method, and for small angles (±10 deg), 

likely to occur in clinical populations. The rotation about the z- axis (roll) does not 

induce the change in field, therefore the effects of this rotation were not investi-

gated in this study [31, 33] 

The simulation was carried out using the Fourier- Based Method proposed by 

Marques and Bowtell in [35]. This method assumed perfectly homogeneous static 

field of 7 T oriented in the superior-inferior (z- axis). The field change at each point 

within the brain was calculated as a combination of single dipolar fields, and the 

mathematical background of this method was given in Section 2.3 of Chapter 2.  The 

output field variation maps were simulated in units of Hz.   

The field difference maps were calculated for each head rotation by subtracting the 

field map generated at a given pitch or yaw orientation from the initial orientation 

(66 difference maps in total). The difference maps were first evaluated qualitatively, 

by identifying the location of the largest observed field change. The quantitative 

analysis was then carried out in 5x5x5 voxels (8 mm3) volumes of interest (VOIs) 

selected in the approximate locations of the largest observed field change: 5 VOIs 

were chosen from each of the 37 difference maps for pitch rotations and 4 VOIs 

from each of the 29 difference maps for yaw rotations. The arithmetic mean value 

of the field change in each VOI was calculated and plotted against the angle of rota-

tion. For large angles of rotation (±90 deg) the agreement was checked between the 

shape of the calculated curve and the Equation 2-35 (in Chapter 2).  For small angles 

a) b) c) 
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of rotation (±10 deg) the change in field was approximated by a linear function 

(with 95% confidence bounds, intercept= 0), and the sensitivity of the field variation 

to angle of rotation (in units of Hz/deg) was extracted from this fit for each set of 

VOIs. This was done to create a map used to predict the field shifts per angle de-

gree. The standard deviation error within each VOI was also calculated, to investi-

gate the homogeneity within the local field shift.  

5.2.3 Simulation results  

Ten difference maps were chosen to present the simulated field change patterns 

characteristic for pitch and yaw rotations. The maps are shown in Figure 5:2, de-

picted on sagittal, coronal and horizontal slices chosen from approximately the 

middle of the model brain volume, with the typical locations of the largest field 

change highlighted. 

For both types of rotation the largest field change was observed near air-containing 

structures, i.e. above the nasal cavity in the inferior frontal and temporal lobes (red 

arrows 1-3 in Figure 5:2a, yellow arrows 1-2 in Figure 5:2b). The field change ob-

served for pure pitch, in the inferior frontal lobe (red arrow 1 in Figure 5:2a) was 

characteristically symmetrical in both hemispheres. For this rotation a visible field 

change was also registered in the occipital lobe (red arrow 4 in Figure 5:2a) and su-

perior parental lobes (red arrow 5 in Figure 5:2a). For pure yaw, the field change in 

the inferior frontal lobe was characteristically bipolar in the hemispheres (yellow 

arrows 1-2 in Figure 5:2b). The bipolar field change was also observed on both left 

and right sides of the brain in the superior temporal lobes (yellow arrows 3-4 in Fig-

ure 5:2b).  
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Figure 5:2 Simulated field difference maps a) pitch and b) yaw. Typical locations of the largest field 

change highlighted with red and yellow arrows. 

The approximate location of 5 VOIs for pitch, and 4 VOIs for yaw selected from the 

corresponding difference maps, the arithmetic mean value of the field shift in each 

VOI calculated against the angle of rotation for large and small range of angles (±90 

deg and ±10 deg), the standard deviation within each VOI, and finally the field sensi-

tivity to rotation are all shown in Figure 5:3.    

 

a) 

b) 
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a) 

b) 

c) 

d) 

e) 
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Figure 5:3 VOIs locations in the a) pitch and f) yaw difference map (pitch=-10deg); the arithmetic 

mean value of the field shift in each VOI calculated against a large range of b) pitch and g) yaw an-

gles (±90deg) and for small range of  c) pitch and h) yaw angles (±10deg); standard deviation of the 

field shift calculated in each VOI for d) pitch and i) yaw rotations; field sensitivity to rotation for e) 

pitch and j) yaw VOI set, with error bars representing the 95% confidence bounds of the linear fitting 

and the R
2
 values of each fitting shown in the corner. 

f) 

g) 

h) 

i) 

j) 
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For large range of pitch and yaw rotations (±90 deg) the average field variation cal-

culated in all VOIs as a function of angle (Figure 5:3b, g) has shown the sin2 enve-

lope of both pitch and yaw curves. 

For smaller range of angles the average field variation in each VOI set could be rea-

sonably approximated by a linear function (Figure 5:3c, h). The linear fits in VOIs 1-2 

for both rotations were characterized by high R2 values, but much lower in VOIs 3-5 

(values shown in the corner of Figure 5:3e, j). 

The standard deviation of the field variation within VOIs was not larger than 14 Hz 

for pitch and 7 Hz for yaw. It was observed that the homogeneity depends on the 

VOI location and the size of rotation. The most uniform field shifts were registered 

in VOI 4-5 for pitch and in VOI 3 for yaw. The least uniform field on the other hand 

was observed in VOI 2 for pitch and in VOI 1 for yaw. The homogeneity tended to 

decrease with the increasing value of rotational angle. 

The field sensitivity to both rotations depended on the VOI location and varied from 

| -14.7|±0.2 Hz/deg in VOI 2 to |-0.3|±1.3 Hz/deg in VOI 3 for pitch (Figure 5:3e) and 

from | -6.7|±0.9 Hz/deg in VOI 1 to |-2.5|±1.3 Hz/deg in VOI 3 for yaw (Figure 5:3j).  

5.2.4 Discussion of simulation results 

The simulation prediction of the susceptibility induced field shifts due to head rota-

tion was limited by the assumptions made for the calculations, as well as by the 

simplification of the brain model.  

This simulation has shown that the susceptibility induced field change in human 

brain due to head rotation can be modelled as function of rotational angle, with sin2 

envelope for large range of rotation (±90 deg). This function could be approximated 

linearly for small angles (up to ±10 deg), likely to be encountered during real scan-

ning. The largest field changes were observed near air containing structures in the 

frontal and temporal lobes, with pitch and yaw patterns distinguishable. It was cal-

culated that pitch rotation causes larger field shifts compared to yaw. The change of 

field per degree angle varied, depending on where in the brain it was measured, 
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with the maximum sensitivity of |-14.7|±0.2 Hz/deg registered in temporal lobe 

near nasal cavity for pitch rotation.  

It was assumed in the simulations that the main field within the brain was initially 

perfectly homogeneous, which means that the externally imposed field variations 

(not related to susceptibility, e.g. magnet or shim field imperfections, movement of 

the lungs and chest cavity), were neglected. Limited accuracy of the HUGO model 

segmentation and the discretization effects of the 3D- FFT method could have also 

potentially introduced errors in the simulation.  

The model was simplified, as it consisted only of the brain and a short length of spi-

nal cord, surrounded by a vacuum- like medium, with all tissues treated as water. 

Therefore, the subtle distortions caused by the intra- tissue susceptibility differ-

ences were missed in the simulations. Moreover, it was not considered in the simu-

lation, that the susceptibility of water can be a function of temperature and other 

physiological variables [33]. The volume and shape of the brain, the size of the air 

filled cavities of sinuses and other anatomical features differ between individuals, 

possibly generating different size of field shifts which was not accounted for in 

simulations. Finally, all the elements of the model were treated as one rigid object 

and rotated together. Neck and shoulders were not included in the model, which 

means that any potential field shifts due to the conformation of neck were not cap-

tured.  

The simulation provided an insight into the size and location of the field shifts, but 

was limited by many factors, related to calculation method and the HUGO model. 

Therefore, it was crucial to conduct experiments with similar methodology, and 

produce the field maps to which the simulation could be compared to. In the next 

section the results of these experiments will be presented.   
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5.3 Experimental measurements of the susceptibility induced 

magnetic field variation in real human brain 

5.3.1 The purpose of experiments 

The purpose of the experimental measurements was to measure the susceptibility 

induced field variation in real human brain due to small, relatively pure pitch and 

yaw head rotations (±10 deg), and compare it with the simulation results. The aim 

was to quantify the experimental shifts which would include small environmental 

effects, which were not captured in simulations. 

5.3.2 Experimental methods 

The field variation in human head was experimentally investigated for pitch and 

yaw head rotations defined in Section 5.2.2.  

The field maps of the human brain were acquired from 14 healthy volunteers on a 7 

T Philips Achieva Scanner (Philips Medical Systems, the Netherlands), with a 32-

channel receive array and a volume transmit head coil. A standard 3-D double gra-

dient recalled echo sequence was used with 2 mm isotropic resolution, FOV: 

300x300x200 mm3, TE1κɲ¢9κ¢wҐ рκпκмр ms and FA=12°. The double echo sequence 

was chosen to eliminate the "ᴆ1 phase errors. Flow compensation was turned off and 

the water- fat shift was set to 5.5 voxels. The shimming was kept constant and its 

magnitude manually set to 0. Two types of images were acquired in each scan: 

phase image (the field map) and the modulus image (to monitor the change in head 

orientation). Two experimental data sets were collected. The first set employed just 

one volunteer, the second involved 13 volunteers: 

¶ Single subject: One subject was scanned at 19 different head orientations.  

The subject was asked to stay still in the horizontal position, then perform 9 

head rotations as purely pitch as possible and 9 rotations as purely yaw as 

possible. 

¶ Multiple subjects: Each of the 13 subjects was scanned at 4 different head 

orientations. Each volunteer was asked a to stay still in the horizontal posi-

tion (reference), then perform 2 head rotations as purely pitch as possible 
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and finally 1 rotation as purely yaw as possible. All volunteers were in-

structed to perform relatively small rotations (the exact angles were not 

specified) and to stay still in each orientation during the imaging. 

Data processing and analysis were done partially in Matlab R2010b (The MathWorks 

Inc., Natick, MA), Excel 2010 and partially in FSL, the comprehensive library of 

analysis tools for MRI brain imaging data (http://fsl.fmrib.ox.ac.uk/). 

Phase images of the head were unwrapped to yield the field maps [161]. The brain 

volumes were extracted from the modulus head images acquired at each orienta-

tion, using the BET (brain extraction tool in FSL) [162], with the threshold for the 

cut-off voxel values set to 20% of the maximum. Extracted modulus brain images 

were used as masks and applied on the field maps. The modulus brain images at 

each orientation were co-registered to the initial orientation for each subject sepa-

rately, employing the 6-DOF rigid body transformation function of the FLIRT (linear 

registration tool in FSL) [163]. The rotational matrices were extracted from the set 

of co-registration parameters for each rotation, and applied to the field maps using 

the fslmaths functions. This operation brought all 3 field maps of each of 13 sub-

jects, and 18 field maps of a single subject into the same space (but characteristic 

for individual subject). The experimental field difference maps were produced for 

each scanned brain by subtracting the co-registered field map at each head orienta-

tion from the initial orientation. The co-registered difference maps from all of the 

subjects (57 maps in total) were also additionally transformed into the shape of the 

chosen reference brain, using the affine 12 parameter model transformation func-

tion in FLIRT FSL. Finally the angles of rotation were extracted from the rotational 

co-registration matrices in Matlab. 

Similarly to simulation methods, the experimental field difference maps were first 

evaluated qualitatively, by identifying the location of the biggest observed field 

variation. This was done for 20 difference maps co-registered within each subject, 

which corresponded to the rotations considered as the most experimentally pure. 

Based on the simulation methods, 5x5x5 voxels (8mm3) VOIs were selected in the 

approximate locations of the largest observed field change: 6 VOIs were chosen 
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from each of the 10 difference maps for relatively pure pitch rotations, and 4 VOIs 

from each of the 10 difference maps for relatively pure yaw rotations. The VOI 

analysis was done in a similar way to simulations, with the arithmetic mean value of 

the field change in each VOI averaged over all subjects.  

Voxel maps of the !Òᴆ and "Òᴆ linear fitting parameters were generated for the 

experimental difference maps, according to: 

Ў" ɻȟɼȟὶᴆ !ὶᴆϽɻ "ὶᴆϽɼ,                                   (5-1) 

where ɻ is the pitch and ɼ is the yaw rotational angle. The fit was generated with 

95% confidence bounds and the intercept was set to 0.  This was done separately 

for a single subject as well as averaged for multiple subjects (together with the cor-

responding inter- subject standard deviation maps). Quantitative analysis of the 

parameter maps was carried out in one 19x13 voxels area (Area 1 in the !Òᴆ map) 

and two 11x20 and 13x24 voxel areas (Area 2 and Area 3 in the "Òᴆ map) selected 

from the location of the biggest observed parameter values. For each box the corre-

sponding histograms were created. The bins of the histograms corresponded to a 

certain range of !Òᴆ or "Òᴆ values, calculated as parts of the maximum observed 

values (4 bins: 0%-50% of maximum, 50%-70% of maximum, 70%-90% of maximum 

and finally 90%-maximum). 

5.3.3 Experimental results 

Ten experimental field difference maps (from 9 subjects) were chosen to present 

the experimental field change patterns characteristic for pitch and yaw rotations. 

The maps are shown in Figure 5:4, with the typical locations of the largest field 

change highlighted and depicted on slices chosen from approximately the middle of 

the brain volume.  
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Figure 5:4 Experimental field difference maps a) pitch and b) yaw. Typical locations of the largest 

field change highlighted with red and yellow arrows. Grey scale (GS) is adjusted for each map indi-

vidually for optimal contrast. 

Similar patterns of the change in field perturbation were observed across the sub-

jects. The experimental pitch and yaw patterns were distinguishable (but mixed). 

For both types of rotation the biggest field shifts were observed near air-containing 

structures (red arrows 1-3, yellow arrows 1-2 in Figure 5:4a). The field change ob-

served for relatively pure pitch in the superior frontal lobe (red arrow 6 in Figure 

5:4a) was characteristically symmetrical in both hemispheres. Field shifts for this 

rotation were also observed in the cerebellum (red arrow 3 in Figure 5:4a), in the 

b) 
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occipital lobes (red arrow 4 in Figure 5:4a), superior parental lobes (red arrow 5 in 

Figure 5:4a) and symmetrically on both left and right sides of the brain in the supe-

rior temporal lobes (red arrow 7 in Figure 5:4a). The field change observed for rela-

tively pure yaw in the frontal lobe was characteristically bipolar in the hemispheres 

(yellow arrows 1-2 in Figure 5:4b). The bipolar, asymmetrical field change was also 

observed on both left and right sides of the brain in the superior temporal lobes 

(yellow arrows 3-4 in Figure 5:4b). There was no observable field change in the oc-

cipital lobes, cerebellum or the superior parental lobe for this rotation.  

The approximate location of 6 VOIs for pitch, and 4 VOIs for yaw selected from the 

experimental difference maps, the arithmetic mean value of the field shift in each 

VOI calculated against the angle of rotation (averaged over all subjects), the stan-

dard deviation within each VOI, and finally the field sensitivity to rotation are all 

shown in Figure 5:5.    
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a) 

b) 

c) 

d) 
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Figure 5:5 VOIs locations in the a) pitch and e) yaw experimental difference map; the arithmetic 

mean value of the field shift in each VOI calculated against the angle of b) pitch and f) yaw; standard 

deviation of the field shift calculated in each VOI for c) pitch and g) yaw rotations; field sensitivity to 

rotation for d) pitch and h) yaw VOI set, with error bars representing the 95% confidence bounds of 

the linear fitting and the R
2
 values of each fitting shown in the corner. 

e) 

f) 

g) 

h) 
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The experimental results were similar to the simulation results. For small angles of 

pitch and yaw the average field variation in each VOI set could be reasonably ap-

proximated by a linear function (Figure 5:5b, f). The linear fits in VOIs 1-2 for both 

rotations were characterized by high R2 values, but much lower in VOIs 3-5 (values 

shown in the corner of Figure 5:5d, h). 

The standard deviation of the field variation within VOIs was not larger than 29 Hz 

for pitch 8 Hz for yaw. It was observed that the homogeneity depends on the VOI 

location and the size of rotation. The most uniform field shifts was registered in VOI 

5 for pitch and in VOI 4 for yaw. The least uniform field was observed in VOI 2 for 

both rotations. The homogeneity tended to decrease with the increasing value of 

rotational angle. 

The field sensitivity to both rotations depended on the VOI location and varied from 

| -6.7|±0.8Hz/deg in VOI 1 to 1.8±0.5Hz/deg in VOI 5 for pitch (Figure 5:5d) and 

from | -3.6|±2.5Hz/deg in VOI 1 to 2±2Hz/deg in VOI 4 for yaw (Figure 5:5h).  

The experimental sensitivity maps of !Òᴆ and "Òᴆ parameters calculated for one 

subject, and averaged map for multiple subjects are presented in Figure 5:6. The 

maps are shown for sagittal, coronal and horizontal slices selected approximately 

from the middle of the brain volume. 
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Figure 5:6 The sensitivity ὃὶᴆ and ὄὶᴆ maps for a) single subject and b) multiple subjects.  

The distribution of !Òᴆ and "Òᴆ values that corresponded to pitch and yaw rota-

tions in both singular and averaged maps (in Figure 5:6), was such that the field 

change patterns characteristic for these two rotations were clearly visible. The !Òᴆ 

map pattern was symmetrical and centralized in the frontal lobe of the brain while 

the "Òᴆ map pattern was bipolar, asymmetrical in this area.  

The values of these fitting parameters were investigated quantitatively in boxed 

regions depicted in Figure 5:7 for single subject map and multiple subject map 

(maps shown in horizontal slice only). The variance and standard deviation maps are 

presented together with the histograms showing the fraction of voxels within each 

bin range.  

a) Single subject 

b) Multiple subjects 

ὃὶᴆ map  

ὃὶᴆ map  

ὄὶᴆ map  

ὄὶᴆ map  
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Figure 5:7 The histograms, sensitivity ὃὶᴆ and ὄὶᴆ maps with marked areas and the corresponding 

variance/deviation map for a) one subject and b) multiple subjects (details in text). 

a) Single subject 

b) Multiple subjects 

ὃὶᴆ map  ὄὶᴆ map  

ὄὶᴆ map  ὃὶᴆ map  Deviation  Deviation  

Variation  Variation  
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The Area 1 was selected from the frontal lobe of the !Òᴆ parameter map (approxi-

mately the middle of the brain volume), as this area focused the largest !Òᴆ values. 

The Area 2 and Area 3 were selected from the frontal lobe of the "Òᴆ parameter 

map, as this area focused the largest "Òᴆ values. The data are summarized in Table 

5:1. 

A
R
E
A 

Pa-
ram
eter 

MAP Maxi-
mum 
ὃ or 
ὄ  

[Hz/deg] 

Number of counts 
in a bin range (Nc) > 

90% of ὃ or 
ὄ  

Number of counts in 
a bin range (Nc) < 50% 

of maximum 

Average 
variance/ 
deviation 
[Hz/deg] 

Maximum 
variance/ 
deviation 
[Hz/deg] 

 
1 

 
ὃὶᴆ 

SINGLE 
SUBJECT 

| -3.8|  Nc =3.6% ɴ [| -3.4|, 
| -3.8| Hz/deg) 

Nc =52.3% 
[ɴ0, | -1.9| Hz/deg) 

1.8 2 

MULTIPLE 
SUBJECTS 

| -6.1|  Nc =8.5% ɴ [| -5.5|, 
| -6.1| Hz/deg) 

Nc =0.5% ɴ [0, 
| -3.1| Hz/deg) 

2.6 3.2 

 
2 

 
ὄὶᴆ 

SINGLE 
SUBJECT 

| -2|  Nc =20.7% ɴ [| -1.8|, 
| -2| Hz/deg) 

Nc =22.2% ɴ [0, 
| -1| Hz/deg) 

9.4 11 

MULTIPLE 
SUBJECTS 

| -4.3|  
 

Nc =1.8% ɴ [| -3.9|, 
| -4.3| Hz/deg) 

Nc =4.5% ɴ [0, 
| -2.1| Hz/deg) 

5.3 6 

 
3 

 
ὄὶᴆ 

SINGLE 
SUBJECT 

10.4  Nc =3.2% ɴ [9.3, 10 
Hz/deg) 

Nc =22.7% ɴ [0, 
5.2 Hz/deg) 

9 10.2 

MULTIPLE 
SUBJECTS 

2.1 Nc =1.8% ɴ [1.8, 2.1 
Hz/deg) 

Nc =76% ɴ [0, | -1.1| 
Hz/deg) 

5.6 6.2 

 

Table 5:1 Quantitative analysis of the chosen areas of single subject and multi-subjects parameter 

maps.   

5.3.4 Comparison of experimental results with the simulation 

Experiments confirmed a change in susceptibility induced field variation in the brain 

at 7 T due to small head rotations. Despite a large variety of sizes and shapes of the 

scanned brains, similar field shift patterns were observed across the subjects. The 

simulated field shift patterns characteristic for pure pitch and pure yaw rotations, 

could be observed in experiments for cases where one rotation was much larger 

than the other. Experiments and simulations clearly showed the field change near 

air-containing structures, i.e. in the inferior frontal and temporal lobes, as well as on 

both sides of the brain, in the approximate location of the superior temporal lobes. 

The symmetry (for pitch) and bipolarity (for yaw) of the field change in the inferior 

frontal lobes was registered in both simulations and experiments. Experimental 

data additionally revealed field variation not observed in the simulations, mainly 

related to rotations where pitch was large compared to yaw, and located in the su-

perior parental lobe, in occipital lobes, the cerebellum and in the superior frontal 
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lobe (see Figure 5:2 and Figure 5:4). This indicates that the experimental factors 

contributed to the change in field and suggests that simulations may not be suffi-

cient to reliably demonstrate these field shifts. The regions of the largest field 

change in the brain were identified in literature [31, 33] to be adjacent to the sphe-

noid sinus and at the back of the head (for pitch), as well as in flat, lateral surface of 

the brain (for yaw) which agrees with the data shown in this chapter. 

The quantitative analysis carried out in VOIs has shown, that for both simulation 

and experiments the change in field per angle degree (or sensitivity to rotation) for 

small rotations (approximately up to ±10 deg) can be approximated with a linear 

function and depends on the type of rotation (pitch or yaw) and location in the 

brain. The highest sensitivity to rotation was found in the frontal and temporal 

lobes (VOI 1 and VOI 2 for both pitch and yaw rotations). The simulation and ex-

periments generally agreed on these locations within the brain, but a discrepancy in 

the sensitivities values was registered (see Figure 5:3 and Figure 5:5). These values 

are compared in Table 5:2.  

Rotation Sensitivity in VOI 1 [Hz/deg] Sensitivity in VOI 2 [Hz/deg] 

simulations experiments simulations experiments 

pitch | -3.9|±0.3 | -6.7|±0.8  | -14.7| ±0.2 | -6.2|±0.8 

yaw | -6.7|±0.9 | -3.6|±2.5  5.5 ±1.2 2±2 

Table 5:2 Comparison of simulated and experimental sensitivity values in the areas of the largest 

observed field change, for both pitch and yaw rotations. 

These numbers show that, in general, the pitch rotation causes bigger field shifts 

than yaw rotations, which agrees with the literature [33]. The discrepancy in the 

sensitivity values between simulation and experiments is caused by the influence of 

experimental factors, data analysis method (for example the assumption of angle 

purity made in experiments), and the limitations of the simulation methods.  

For these two sets of VOI data the R2 value of linear fitting to pitch rotation was 

very large in both simulation and experiments, as well as for simulated yaw, but 

significantly smaller for experimental yaw due to scatter in the data. This suggests 
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that the experimental yaw field shifts are largely affected by the experimental fac-

tors not accounted for in simulations. The R2 values are compared in Table 5:3.  

Rotation R
2 
in VOI 1 R

2
 in VOI 2 

simulations experiments simulations experiments 

pitch 0.98 0.93 0.99 0.98 

 yaw 0.93 0.54 0.91 0.33 

Table 5:3 Comparison of simulated and experimental R
2
 linear fitting values in the areas of the larg-

est observed field change, for both pitch and yaw rotations. 

The VOIs were designed to be very small (5x5x5 voxels) to maintain high homogene-

ity of the field shift within each VOI, for reliable modelling of its angular depend-

ence. The arithmetic mean value of the field shift calculated from each VOI was 

characterized typically by a small deviation, which depended on the VOI location 

and the size of rotation, and tended to increase linearly with the angle of rotation. 

The yaw field shifts were typically more homogeneous compared to pitch (see Fig-

ure 5:3 and Figure 5:5).  

The features of the fitting parameter maps were compared with simulation and the 

experimental findings of previous data analysis (qualitative patterns and VOIs). The 

results were satisfying: the distribution of  the parameter values in the single- sub-

ject maps as well as in averaged multi- subject maps quite clearly showed similar 

rotational patterns (see Figure 5:2, Figure 5:4 and Figure 5:6). These patterns were 

better defined in the averaged multi- subjects maps compared to the single- subject 

maps (see Figure 5:6). The qualitative analysis in the boxed regions selected from 

the !Òᴆ and "Òᴆ maps showed that the frontal lobe focused the largest values of 

both parameters. These values were compared with the simulation and previous 

experimental VOI analysis in corresponding areas of the frontal lobe in Table 5:4. 
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Rotation (parameter) Sensitivity in VOI 1 [Hz/deg] 

 

Average sensitivity [Hz/deg] in boxed areas 

of the frontal lobe 

simulations experiments Single-subject map Multi-subject map 

Pitch (A) | -3.9|±0.3 | -6.7|±0.8 | -3.8|±1.8 | -6.1|±2.6 

Yaw  (B) | -6.7|±0.9 | -3.6|±2.5 | -10.4|±9.4 | -4.3|±5.3 

Table 5:4 Comparison of simulated and experimental sensitivities calculated from VOIs and parame-

ter maps in the frontal lobe (area of the largest observed field change), for both pitch and yaw rota-

tions. 

Table 5:4 shows that the sensitivities calculated in experimental VOI analysis were 

in good agreement with the multi- subjects !Òᴆ and "Òᴆ maps. The table also 

shows that the values of A and B parameters in single- and multi- subjects maps 

differ from each other quite significantly. This could be due to the differences in 

field shift size and location of individual brains. For this reasons the averaged, multi-

subject parameter maps were considered as the most reliable data set, and were 

chosen in formulating the final conclusions about the size and location of the field 

shifts. According to the multiple- subjects maps, the field shift could be as large as 

| -183| Hz in the frontal lobe of the brain, assuming pitch and yaw rotation both of 

10 deg and taking the largest error of each. If we compare this value with a typical 

bandwidth per voxel of a standard 7 T anatomical imaging sequences like PSIR, 

MPRAGE or any 3-D T2*, we will see that a 10 deg combined rotation could cause 

the field shifts of a voxel magnitude, precisely: 

¶ 115 Hz for 0.6 mm isotropic PSIR, leading to a voxel shift of 1.6 voxel (0.96 

mm). 

¶ 100 Hz for 0.6 mm isotropic MPRAGE, leading to a voxel shift of 1.8 voxel 

(1.1 mm). 

¶ 80 Hz for 0.5x0.5x0.3 mm 3-D T2*- weighted, leading to a voxel shift of 2.3 

voxel (1.2 mm, 0.7 mm). 

These voxel shifts can be considered large in some MRI applications, and cause a 

significant image distortion.  



Motion Correction in High- Field MRI 

78 
 

5.4 Conclusions and summary   

In this chapter the size and location of the susceptibility induced magnetic field 

shifts in the human brain due to small head rotations pitch and yaw were character-

ized. The field change was investigated at various head orientations (pitch and yaw) 

using numerical simulations, as well as in the MRI experiments, which involved 13 

human subjects. The characteristic field patterns were evaluated qualitatively and 

the field shift size was then investigated quantitatively in the brain locally, for cho-

sen volumes of interest, but also across the whole brain volume. The field change 

for small angles of rotation was approximated with a linear function and the atlas 

maps of the average change in field perturbation were created.   

Numerical and experimental results are only in partial agreement due to various 

factors, including numerical limitations of the model brain, purity of the experimen-

tal rotational angles, as well as the experimental factors contributing to the overall 

field shifts. For these reasons, the simulations could not be used exclusively to fully 

characterize the field shifts.  

The field shift patterns characteristic of two types of rotation (pitch and yaw) are 

distinguishable. Similar experimental field shift patterns were found across the sub-

jects despite large variety of sizes and shapes of the brains. The largest field shifts 

were observed in the frontal lobe and in the areas adjacent to sphenoid sinuses.  

The average atlas maps generated in this study could provide a practical way to cor-

rect for the field shifts, without the need of collecting a field map at every head po-

sition during the scan. The maps show that the susceptibility induced field change 

due to head rotation may be as large as | -183|Hz for typical head rotations, which 

translated into resolution values of typical techniques used in high-field imaging 

gives the image distortion of a voxel magnitude.  However, it is important to stress 

here, that a larger population should be studied to create a definite field shift atlas. 

Nevertheless, this work gives a general idea of the size and location of the field 

shifts.  
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The atlas maps will be used in the next chapter to assess whether the change in 

susceptibility induced field perturbation has a significant influence on the image 

quality in high resolution imaging, and therefore to determine its importance in 

correcting images for motion by answering the question: will field shifts due to 

small head rotation compromise prospective motion correction?   
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Chapter 6 MRI simulations of human 

brain model with incorporated inter-

scan magnetic field change due to small 

head rotations 

6.1 Introduction  

In the previous chapter the size and location of the susceptibility induced field 

changes in human brain, due to small head rotations (±10 deg), were characterized 

in detail. The main output of that investigation was the set of two 2-D parameter 

maps, corresponding to the linear coefficients !Òᴆ and "Òᴆ describing the field 

change for small angles of rotation. These maps suggested new, and rather large, 

voxel shifts that could potentially occur for certain sequences in high resolution 

imaging, if motion takes place. In this chapter the problem was approached differ-

ently- from the image quality perspective, with the assumption of known field shifts 

which were already well characterized. The parameter maps were used to simulate 

the effects on image quality of susceptibility induced field changes in the human 

brain, caused by small head rotations. The emphasis was put on the size and pat-

terns of phase encoding artefacts that could potentially be distributed over the 

whole FOV.  The simulations were done to answer the question, whether these im-

age distortions will compromise available prospective motion correction techniques 

in high-field anatomical imaging. In other words, the simulations performed in this 

study aimed to show if further correcting action needs to be taken on the image, 

after it has been corrected for physical motion using available techniques.  

 



Motion Correction in High- Field MRI 

81 
 

Aim: The aim of this study was to simulate the effect on  image quality of the sus-

ceptibility induced field variation due to small head rotation within the brain at 7 

T, for types of head movement likely to be encountered during clinical imaging 

(i.e. pitch, yaw rotations of up to ±10 deg), using previously generated 2-D linear 

parameter maps, and conclude whether the image distortion caused by this phe-

nomena will leave the residual artefacts of the size such that it will compromise 

available prospective motion correction techniques, and further correcting actions 

will have to be taken to compensate for it.  

6.2 Background theory 

6.2.1 The Versatile and Realistic Magnetic Resonance Imaging Simulator 

A Java-based MR simulator, VERMAGRIS, developed by Mougin et. al. [164] was 

used in this study to investigate the effects of change in field (caused by small head 

rotations) on image quality for the standard 3-D Gradient Echo sequence. The input 

image to the simulation was generated as a collection of discrete voxels. Each voxel 

contained a number of isochromats, i.e. microscopic aggregates of spins resonating 

at the same frequency. The resonance frequency of each isochromat was distinct, 

drawn from the Lorentzian distribution centred around the Larmor frequency.  To 

model the T2 decay the bulk magnetization of an isochromat was calculated for 

each time point of the simulation. The evolution of magnetization throughout the 

MR acquisition with realistic field inhomogeneities was modelled numerically using 

the Bloch Equations. The MR signal was computed as a sum of the transverse mag-

netization from all isochromats. The k-space was populated using the transverse 

magnetization calculated at each time point, and the simulated 3-D MR image was 

reconstructed in a similar manner to that by which it is reconstructed in the MR 

scanner, i.e. by Fourier transforming the k-space data into the image space.  

6.3 Simulation methods 

6.3.1 Programming environment 

A series of changes were made to the simulator to customize its functions.  All the 

changes were written in Java v. 1.6, and NetBeans IDE 7.4 was used as the pro-
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gramming environment. The code was embedded in the ImageJ project, which is a 

Java based image processing software developed in public domain at the National 

Institutes of Health [165]. The input maps, as well as the linear k-space trajectory 

script were created in Matlab R2010b and FSL. The start-up of each simulation 

process was done via Bash .sh script on Unix platform, which automatized the com-

putations by combining all the files composing the simulator.   

6.3.2 Digital input maps  

The digital phantom was the main input map to the simulation. It was generated as 

a collection of discrete voxels and is shown in Figure 6:1a. Human brain data 

(HUGO) formed the basis for the model, spanning 34x46x57 voxels (with 2 mm iso-

tropic resolution) in respectively x-, y- and z- direction (z- is the long axis direction). 

The model was placed in the centre of much bigger, 224x224x150 voxels matrix of 

zeroes to allow the monitoring of potential artefacts in the background, as well as 

to minimize the effects of the Fourier transform discretization. Four slices (70:73 in 

z- direction) were extracted from this matrix, from the middle of the brain volume 

close to the sinuses. In this area the biggest susceptibility induced field changes 

were previously recorded (in Chapter 5). The 4- sliced brain phantom was initially 

assigned voxel values of 1 for any tissue, and 0 for the background. Artificial fea-

tures were then incorporated in this model. For a region of 3 voxels thickness sur-

rounding the head was assigned voxel value of 2, and then 6 small volumes varying 

in size from 1 to 6 cubical voxels were assigned value of 3 (see Figure 6:1a). The 

cubes were positioned approximately in the areas of the biggest field change indi-

cated with the !Òᴆ and "Òᴆ) maps (created in Chapter 5). These parameter maps 

and the main field ("ᴆ) phase map are shown in Figure 6:1b, c. The phase map and 

the averaged, multi-subject parameter maps were described in Chapter 5. All maps 

were already co-registered to the model brain volume, and the same 4 slices were 

extracted from them.    

In this way four digitized voxel input maps were prepared, matching each other in 

size and orientation, ready to be used in the simulation.  
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Figure 6:1. The input maps depicted for one slice in horizontal orientation (the 2nd slice of 

the 4-sliced maps); a) The main digital phantom, with superimposed features; b) The main 

field (ὄᴆ0) phase map;. c) The ὃὶᴆ map; d) The  ὄὶᴆ map.   

6.3.3 Simulation mechanism 

The simulated sequence was the standard 3-D Gradient Echo. The actual simulation 

was divided into two processes. The first process was carried out by functions called 

once at the beginning of the each simulation. In this process the isochromats were 

read from the input voxel maps provided (phantom). A series of .ISO files was then 

created resuming the positions of the isochromats and relaxation times of the slice 

of interest. The information required to enable this process was provided by two 

a) b) 

c) d) 
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auxiliary files, containing user specified sequence parameters, such as the output 

image size of 112x112x4 voxels, FOV: 100x100x20 mm2, TE/TR= 12/25 ms, FA= 5 

deg. The files also linked the ὄᴆ0, ὃὶᴆ and ὄὶᴆ  maps, and the linear k-space trajec-

tory input .bin file (generated in Matlab R2010b) to the rest of the simulation proc-

esses.  

In the second process the isochromats from each of the .ISO file together with the 

sequence parameters were used to calculate the MR signal time course. This was an 

intensive computational task which had to be parallelized for large isochromats 

numbers. The resulting k-space of the image was Fourier transformed to produce 

the MR image. 

6.3.4 Simulated movement 

A variety of realistic head movements were taken from fMRI motion correction, and 

three possible (but simplified) motion parameters were simulated during the linear 

k-space trajectory. The susceptibility induced change in field variation due to this 

movement was introduced by employing the !Òᴆ and "Òᴆ parameter maps for 

non- zero angles of rotation (pitch and yaw), but the digital phantom itself was kept 

static. Thanks to that the field changed in a way it would have during head rotation, 

if prospective motion correction was used to modify the gradients, so that the ob-

served image artefacts originated purely from susceptibility changes. The !Òᴆ and 

"Òᴆ maps were applied during the simulated acquisition of chosen k-space lines of 

the 2nd slice of the phantom, between the 1st and 112th line in phase direction (ky).  

The three types of motion considered were:  

¶ The abrupt motion, occurring for the 20 phase lines in various parts of k-

space: from ky=46 to ky=66 here referred to as TOP k-space, then from ky=-

10 to ky=10 referred to as MIDDLE k-space, and finally from ky=-45 to ky=-65 

referred to as BOTTOM k-space of k-space (see Figure 6:2a). This type of 

movement simulated very rapid head rotation after which the head would 

stay still in this new orientation for the acquisition of the 20 k-space lines, 

and went back to the reference position once the 20 line acquisition was 
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complete. The rest of the k-space would be acquired in the normal reference 

position. This motion is schematically shown in Figure 6:2b; 

 

¶ The linear continuous motion occurring for the 20 middle lines of k-space,  

but also through the entire slice (112 lines).  This type of motion simulated 

slow head rotation, linearly increasing in angle (pitch and yaw).  If only 20 k-

space lines were affected, the head would go back immediately to reference 

position once the acquisition of the 20 lines was complete. This motion is 

shown graphically in Figure 6:2c; 

 

¶ The sinusoidal continuous motion, would occur in the middle 20 lines of k-

space but also through the entire slice, with the period of T=20 lines or 

T=112 lines. This type of motion simulated is slow or fast, continuous and 

periodical head motion. This motion is graphically shown in Figure 6:2d. 
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Figure 6:2 Types of motion occurring between the phase encoding steps, for chosen k-space 

lines (in phase direction, ky); a) TOP, MIDDLE and BOTTOM k-space lines positions, b) abrupt 

motion; c) linear motion and d) sinusoidal motion as a function of k-space position. T - Pe-

riod of the sinusoid. 

6.3.5 Data analysis methods 

The output images were generated by subtracting the resulting motion affected 

images from the reference image (with no motion).  Images were normalized to the 

brightest voxel of the reference image. Difference images were first analysed quali-

tatively, by visual assessment of the size and location of the artefacts. The images 

with the largest visible changes were then subjected to quantitative analysis. For 

these images, histograms were created showing the number of counts of image 

intensity values for voxels. The bin size was chosen as 1% of the maximum observed 

intensity in the image. The average intensity change was also calculated for each 
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image in the whole FOV. This value indicated how the entire FOV was affected, in-

cluding the area outside the object boundaries. Finally, two images were selected, 

and the voxel intensity values were plotted along certain lines and compared with 

similar analysis of the reference image.  

6.4 Simulation results and analysis 

In Figure 6:3 the simulated reference image together with the example motion af-

fected image (abrupt pitch and yaw combined rotation, 10 deg each) are presented:  

normal size, zoomed in and for two different grey scales (0%- 100% and 0%- 20%). 

Additionally the phase image is presented, showing the phase changes in the whole 

FOV.  Images show the typical output of the simulation. 

 

 

Figure 6:3 Simulated reference image and with motion of 10 deg pitch and yaw combined; 

a) Simulated normalized image, b) zoom-in of the simulated image, c) simulated normalized 

image shown for 20% of the original grey scale to visualize better small background changes 

and d) phase image.  

The difference images simulated with the abrupt motion occurring during the ac-

quisition of 20 TOP, BOTTOM and MIDDLE k-space lines are shown in Figure 6:4 for 

selected (1 deg- 30 deg) pitch and yaw rotations (pure and combined).  

 

A. B. C. D. a) b) c) d) 
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Figure 6:4 Difference images for abrupt pitch and yaw rotations (pure and combined).  All 

images are depicted for the 2nd slice of the phantom, in horizontal orientation; a) MIDDLE of 

k-space, b) BOTTOM of k-space, c) TOP of k-space. Images are presented for the same grey 

scale (0-2%).  

A. 

B. 

C. 

a) 

b) 

c) 
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The change in voxel intensity was observed in the entire FOV, mostly in the phase 

encoding (y-) direction. The difference images showed that for this type of motion 

the effect of pitch rotation was slightly larger (and different in pattern) compared to 

yaw. The biggest change was observed when the two rotations were combined and 

occurred during acquisition of middle of k-space.  

The difference images simulated with the continuous linear and sinusoidal motion 

occurring during the acquisition of 20 middle k-space lines and through the entire  

slice are shown in Figure 6:5 for selected (1 deg- 30 deg) combined rotations pitch 

and yaw.  

It has been observed that continuous linear rotation occurring during the acquisi-

tion of the middle of k-space, as well as the sinusoidal rotation (T= 20 lines) occur-

ring through the middle of k-space and the entire slice (Figure 6:5a, c, e) caused the 

intensity change visually similar in magnitude but different in pattern to the abrupt 

motion in the middle of k-space (Figure 6:4). In all these images the FOV was dis-

torted, with the changes most visible in the phase encoding direction. Distinctively 

different distortion pattern was observed for continuous linear and sinusoidal mo-

tion (T= 112 lines), which occurred during the acquisition of all the 112 k-space lines 

of the slice (Figure 6:5b, d). In this case there was no observable background 

change, and only the voxel intensity within the object boundaries was affected.   

Head movement likely to occur in clinical populations is in the range of ±10 deg. The 

effect of larger, 30 deg, rotation was depicted in Figure 6:4 and Figure 6:5, to show 

what happens to the image for such big rotational head movement, but will not be 

analysed further. This study focused on investigating the residual image distortions, 

assuming the image has already been corrected for small motion. In practice, if such 

large, 30 deg head movement takes place, then the image will not be corrected for 

motion but often just simply re-acquired. Therefore the effects of 30 deg rotation 

will not be analysed quantitatively, limiting the range of rotations to ±10 deg.   
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Figure 6:5 Difference images for continuous linear and sinusoidal pitch and yaw rotations 

(combined). All images are depicted for the 2nd slice of the phantom, in horizontal orienta-

tion.  

Eight difference images, showing visually the largest distortion for abrupt, sinusoi-

dal and continuous movement were chosen from Figure 6:4 and Figure 6:5, and 

subjected to quantitative analysis in order to find the magnitudes of distortions. The 

chosen difference images together with corresponding histograms, the average and 

the typical maximum voxel intensity change values are all presented in Figure 6:6.  

a) 

b) 

 

c) 

d) 

e) 
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Figure 6:6 Quantitative analysis of chosen difference images, showing the largest distortion 

for abrupt, sinusoidal and continuous motion. 

Figure 6:6 shows that the average intensity change of the whole FOV varied from 

0.04% (abrupt motion, top 20 lines, Figure 6:6b) to 0.5% (Sinusoidal motion, 112 






















