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Abstract

Magnetic resonance imaging (MRI) at the magnetic field strength of 7 Tesla (7T) enhances the
quality of images available for research and clinical use. The improvements are however ac-
companied by novel challenges that are specific to ultra high-field MRI, which includes field
strengths of 7T and above. Transmit B+

1 field inhomogeneity is also higher, causing uneven sig-
nal intensity and linking to an uneven SAR distribution, which is also higher than at lower field
strengths. The potential for higher spatial resolution imaging can also result in more pronounced
motion artefacts. To address these issues in routine clinical use, motion correction strategies are
required. This thesis describe the implementation of real-time, image-based Multislice Prospec-
tive Acquisition Correction (MS-PACE) technique for 7T MRI. Firstly, developmental work
was done to establish a 7T-specific MS-PACE implementation. Pulse sequence and image re-
construction pipeline work was implemented using the Siemens Integrated Development Envi-
ronment for Applications (IDEA) and Image Calculation Environment (ICE) framework. The
technique was then validated in a task-based functional MRI study with healthy subjects. It
was also integrated with parallel transmit imaging using slice-by-slice B+

1 shimming. Validation
experiments were performed in vivo using the Siemens MAGNETOM Terra 7T MRI scanner
(Siemens Healthineers, Erlangen, Germany) at the Imaging Centre of Excellence (ICE).
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Chapter 1

Introduction

Magnetic resonance imaging (MRI) has developed in the past few decades to provide clinical
professionals and academic researchers worldwide with a powerful tool for anatomical imaging.
MRI has since become indispensable tools for radiological examinations, medical research and
neuroscience studies. However, MRI is particularly sensitive to motion effects, which can de-
grade the acquired images to a level that is unsuitable for diagnosis, leading to extended or even
repeated scans. The financial impact is also substantial, with Andre et al. (2015) estimating
a loss of US$115,000 per scanner annually [1]. Common types of artefacts observed include
subject motion-related ghosting and blurring, flow effects and motion of internal organs. De-
phasing and inhomogeneous signals due to main magnetic B0 or transmit B+

1 field effects can
also be confounded further by motion [2]. In the past few years, 7T MRI has been gradually
becoming more available for routine clinical purposes as more 7T scanners were given regula-
tory approval. At this field strength, there is a capacity for higher signal-to-noise ratio, which
in turn can be traded for higher spatial resolution imaging. However, this potential for higher
spatial resolution means motion-related ghosting and blurring effects can become more critical
at 7T, such that small movements can cause major artefacts in the output image. Field fluc-
tuations due to susceptibility changes linked to motion are also increased. There is also more
image distortion effects when a subject moves. In particular, this is an issue for the longer scan
times used to acquire high resolution images [3]. UHF MRI also has to contend with the issue
of field inhomogeneity and signal unevenness [4], which lead to the benefits of UHF not being
fully exploited. Parallel transmit imaging (pTx) is a technique that can be used to tackle these
problems.

Motion correction can be performed to reduce the effects of these artefacts. Hardware- and
software-based motion correction approaches have been proposed. The former group includes
the usage of fixation pads, while the latter includes methods such as dynamic frequency correc-
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tion, flow-compensated gradients, respiratory gating, cardiac triggering and retrospective motion
correction. Another approach falling within the latter group is prospective motion correction,
which works by adapting the image acquisition with the goal of keeping the slice position and
orientation as constant as possible. PMC is used to reduce rigid-body motion effects. A com-
mon PMC approach is Prospective Acquisition Correction (PACE). PACE works by comparing
a volume from a reference timepoint to successive volumes, detecting any motion that has oc-
curred in the interval [5]. Multislice-PACE (MS-PACE) derives from PACE but uses only three
slices in the echo-planar imaging (EPI) navigator volumes to estimate the motion updates [6].
This allows improved temporal resolution of motion updates while achieving the intended com-
pensation of motion effects. This method has been successfully implemented and shown robust
motion compensation with several 3T MRI routines but has yet to be implemented at 7T.

The objective of the work described in this thesis is the development of a prospective motion
correction technique for routine application in 7 tesla (7T) ultra-high field (UHF) MRI, adjusting
for imaging issues that are more pronounced at higher field strengths. A 7T implementation of
the MS-PACE method was developed and analysed in this thesis. The wider aim is for the
methods within the project could be applied to other sequence types beyond the scope of this
thesis.

The following Chapter 2 describes the requisite theory covering the topics of this thesis,
from nuclear magnetic resonance principles to motion correction methods in MRI.

Chapter 3 of this thesis explores the development of multislice-to-volume image registration-
based PMC for 7T EPI. Firstly, the technique’s limits were examined. A main element of the
technique is the use of only a subset of slices for motion detection instead of a full volume,
thus allowing for repeated sub-TR motion detection and correction. The effects of varying this
number of slices were thus evaluated. MS-PACE’s sub-TR detection capability also poses an op-
portunity for capturing more intra-volume motion and this was also studied. With the outcomes
of these studies considered, the technique was developed further for an implementation in func-
tional MRI (fMRI) protocols using blood level oxygen dependant (BOLD) contrast, which are
often long and therefore susceptible to motion-related degradation. A novel integration of the
parallel imaging technique, in-plane generalised autocalibrating partially parallel acquisitions
(GRAPPA) [7] with the multislice-to-volume technique was also implemented due to the ele-
vated spatial distortion effects in ultra high-field (UHF) imaging, including 7T [8].

In Chapter 4, following the technical development and implementation, it was evaluated in a
task-based fMRI study in vivo. While an integral neuroimaging tool, fMRI suffers from various
sources of noise [9], low-frequency drift [10] and long-term subject motion [11][12]. Coupled
with these longer-term effects, the protocols used in task-based fMRI studies are inherently more
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susceptible to artefacts due to the amount of physical motion. With the BOLD effect being quite
small [13], motion can significantly affect subsequent data analyses. This second experimental
chapter studied how the usage of MS-PACE may ameliorate these motion effects and assist
functional analysis. By applying motion correction and thus acquiring more consistent datasets,
reproducibility of fMRI experiments can be improved [14].

A novel integration of pTx capability with MS-PACE was implemented and the effects were
studied in Chapter 5. This implementation sought to tackle the issue of B+

1 inhomogeneity that
is more prominent at 7T.

Phantom and healthy subject validation experiments in vivo were performed using the Siemens
MAGNETOM Terra 7T MRI scanner (Siemens Healthineers, Erlangen, Germany) at the Imag-
ing Centre of Excellence in Glasgow, Scotland, United Kingdom. The facility houses one of
the first clinical setting-located 7T MRI scanners in the UK and serves as a nexus for University
of Glasgow, NHS Greater Glasgow & Clyde and industrial partners to conduct clinical imag-
ing research. One study (Section 3.4.1) was conducted on a developmental research visit at the
Fraunhofer Institute of Digital Medicine MEVIS in Bremen, Germany. Early work on develop-
ing a 7T MS-PACE navigated TSE sequence was done (preliminary images shown in Appendix
B), which made it clear that a dedicated 7T development was required and provided the motiva-
tion to base further work on an in-house EPI sequence for 7T MS-PACE. This forms the work
described in the Chapters 3, 4 and 5 with self-navigated EPI. A long-term goal was to develop
fully 7T MS-PACE navigated TSE but this was not realised within the timeframe of this thesis.

Some of the work in this thesis has been published and presented in scientific meetings and
conferences. The list is within the Published Work section, preceding the full bibliography.
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Chapter 2

Theory

2.1 Nuclear magnetic resonance

While magnetic resonance imaging (MRI) was developed in 1970s, the nuclear magnetic res-
onance (NMR) principles underpinning it were first demonstrated in the 1940s independently
by Felix Bloch [15] and Edward Purcell [16]. Since then, MRI has grown into a vital medical
imaging and diagnostic tool. The lack of ionising radiation, as opposed to in X-ray, computed
tomography or positron emission tomography, makes MRI attractive for routine diagnostic and
research use. It utilises the NMR phenomenon, which takes advantage of the nuclear spin oc-
curring in nuclei lacking nuclear pairing such as 1H or hydrogen. The human body has a high
water content, which in turn contains an abundance of hydrogen nuclei. This property makes
the human body suitable for MRI. Image generation in MRI utilises magnetic fields to generate
signals from a subject or object. It takes advantage of different spin relaxation rates of tissues
to create contrast. These relaxation parameters, T1 (longitudinal), T2 (transverse) and T ∗

2 char-
acterise the rate of change of the magnetic spins in their respective directions. T ∗

2 considers
the local magnetic field inhomogeneity and chemical differences in the scanned region, and the
subsequent dephasing. Using pulse sequences, these characteristics are utilised to generate basic
weighted images [17].

To acquire a localised image, multiple electromagnetic fields have to be applied. A standard
clinical MRI scanner applies two types of electromagnetic fields. The primary static magnetic
field B0 causes the nuclear spins of the hydrogen nuclei to precess at the Larmor frequency about
the longitudinal z direction. A typical commercial clinical scanner typically features a B0 field
of 1.5, 3 or 7 Tesla (T). Experimental and preclinical scanners are available at up to 21T [18].
Conversely, ultra-low field scanners with 0.1T and less have also been developed [19].
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2.1. Nuclear magnetic resonance

After the primary field, a resonating RF pulse B+
1 is transmitted perpendicular to the z di-

rection. This causes the magnetisation to flip at an angle away from its alignment parallel to
B0. The magnetisation now lies in the transverse x−y plane before relaxing back into the initial
alignment. The magnetic flux then induces a voltage within the receive coil B−

1 and an NMR
signal is recorded.

This theory section is primarily based on the key texts of [20][21][22][23]. Further sources
is referenced accordingly following the content.

2.1.1 Nuclear spin

The phenomenon of nuclear spin occurs when the number of protons, the number of neutrons,
or the number of both are odd. The absence of nuclear pairing results in a nucleus with a net
spin. Spin quantum number, I, characterises this angular momentum. I can take the value of any
non-negative full and half integer. This phenomenon was first described by Pauli in 1924 [24].
An example of a nucleus with a half integer I is 1H or hydrogen. As it has just one proton in its
nucleus, its corresponding I is 1/2. Due to its abundance within the human body, hydrogen has
a special importance in MRI.

The aforementioned absence of nuclear pairing gives rise to a spin angular momentum S in
the nucleus, which can be characterised by the equation below:

S⃗ = h̄⃗I (2.1)

where h̄ is the reduced Planck constant, which is the Planck constant divided by 2π . h̄ relates
the particle’s energy to its angular frequency. S⃗ also has a z component which is expressed by:

S⃗z = h̄m (2.2)

where m is the magnetic quantum number, which has total possible values of 2I + 1. For the
1H nuclei of I = 1

2 , the possible m values are −1
2 and 1

2 . These also govern the spin angular
momentum orientation.

The spinning charge in the nucleus from the protons and neutrons means it now has an
intrinsic magnetic moment. This then gives rise to a magnetic field around its spinning axis with
its own magnetic dipole moment µ⃗ .

µ⃗ = γ S⃗ (2.3)

where the gyromagnetic ratio γ is a constant that varies depending on the nucleus. For the
hydrogen 1H nucleus, the γ is valued at 42.58×2πMHzT−1.
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2.1. Nuclear magnetic resonance

The z component of µ⃗ is expressed by:

µ⃗z = γ S⃗z = γ h̄m (2.4)

When an external magnetic field B⃗0 is introduced, the magnetic moment µ⃗ will tend to align
with the vectors of B⃗0 [20]. Due to the spin angular momentum, the nucleus experiences a torque
that results in rotational motion about the field vectors of B⃗0 called precession, which is shown
in Figure 2.1. The precession occurs at the frequency called the Larmor frequency, ωL. This
relationship can be described as below:

ωL =−γB⃗0 (2.5)

Figure 2.1: The precession of the magnetic moment µ⃗ of hydrogen around the static, external
magnetic field B⃗0 at the Larmor frequency ωL. The sense of rotation is shown for nuclei, such

as protons, with a positive gyromagnetic ratio.

2.1.2 Boltzmann distribution

Due to the Zeeman effect, the hydrogen nucleus’ spins have two possible discrete energy states,
either parallel ("spin-up") or anti-parallel ("spin-down") to the direction of B⃗0. The alignment of
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2.1. Nuclear magnetic resonance

these spins are governed by the strength of B⃗0 and their thermal energy. It is energetically expe-
dient to align with the external field and thus the lower energy spins are parallel to it. Conversely,
higher energy spins are able to oppose the field and will be anti-parallel to it. This expediency
means the majority of spins are in parallel to B⃗0 while in equilibrium. As illustrated in Figure
2.2, the energy requirement for opposing the field is proportional to the external magnetic field
strength.

The Boltzmann distribution can determine the probability of each hydrogen spin adopting
either energy state. If ni is the number of lower energy spins and n j is the number of the high
energy spins, then the predicted equilibrium distribution is:

ni

n j
= e(∆E/kT ) (2.6)

where ∆E is the energy differential between the two energy states, k is the Boltzmann constant (k
= 1.381×10−23JK−1) and T is the absolute temperature (in Kelvin). ∆E itself can be expressed
as following:

∆E = γ h̄B0 (2.7)

Figure 2.2: The energy level diagram for hydrogen (I=1/2) when subjected to an external field
B0, illustrating the Zeeman splitting. ∆E is the energy differential between the two energy

states.
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2.1. Nuclear magnetic resonance

Summing the effects of all the spins within the area of interest results in a net magnetisation
M⃗, which is parallel to the B⃗0 field. M⃗ can be represented as a sum of the magnetic moment µ⃗

vectors.
M⃗ = Σµ⃗ (2.8)

While the magnetic moments all precess about the B⃗0 field vectors, the phases of the individual
nuclei are randomly distributed and thus cancel each other, assuming the system is in thermal
equilibrium. There remains the longitudinal net magnetisation M0 in the B⃗0 direction, which for
Ns number of spins at equilibrium can be estimated as below:

M0 ≈ Ns
h̄2

γ2B0

4kT
(2.9)

It can be seen that the M0 is proportional to the number of spins Ns and B0. This is relevant to the
generation of an NMR signal when subjected to radiofrequency pulses, which will be described
in a later section.

2.1.3 Laboratory and rotating frames of reference

At thermal equilibrium, the net magnetisation M⃗ is completely aligned with the z or longitudinal
axis, in the direction of B⃗0. However, a signal can only be generated if this magnetisation is
perturbed from its equilibrium and flipped away towards the x-y or transverse plane. Magnetic
resonance is used for this purpose. Resonance occurs when a nucleus is subject to energy os-
cillating at, or near, its Larmor (resonant) frequency ωL. Exposed to such external energy, the
nucleus will be able to gain energy. On a quantum level, this means lower energy state nuclei
gains energy and thus are able to transit into a higher energy state. The active component of the
resultant magnetic field B⃗1 is applied perpendicular (but not precisely) to the static B⃗0 field. The
combination of all the field effects and its effect on the magnetisation can then be related as:

dM⃗
dt

= γ(M⃗× B⃗) (2.10)

To describe this phenomenon, two different frames of reference can be used: the laboratory
and the rotating frames of reference. The laboratory frame is stationary. In this frame of ref-
erence, the longitudinal z-axis is set on the direction of the static, external magnetic field B⃗0.
The transverse x-y plane is then established normal to the z-axis and thus the B⃗0 field. This
stationary frame of reference, however, is not an easy way to observe the complex motion that
occurs during the application of an RF pulse. This is where a rotating frame of reference can be
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2.1. Nuclear magnetic resonance

useful in illustrating this phenomenon.
In the rotating frame of reference, the z-axis remains in the same direction (the direction of

B⃗0). The difference is the x-y plane rotates around the z-axis at the Larmor frequency of the
subject nucleus. Consequently, a simplified picture of the precession is created. The rotating
frame essentially excludes the effect of B⃗0 and the precession of the net magnetisation M⃗. The
previously-rotating B⃗1 field is now static with the respect to the frame. This is illustrated in
Figure 2.3. For the rotating frame of reference, the axes are referred to as x’, y’ and z’. The two
coordinate systems can be linked with a rotation matrix R:x′

y′

z′

= R

x

y

z

=

cos(ωLt) −sin(ωLt) 0
sin(ωLt) cos(ωLt) 0

0 0 1


x

y

z

 (2.11)

where ωL is the Larmor frequency and also the frequency of the rotating frame. As the z-axis is
unchanged in both systems (z = z′), there is no transformation along that axis.

Figure 2.3: Magnetisation as viewed using the laboratory (left) and rotating (right) frame of
reference. ⃗B1e f f is the effective B⃗1 in the rotating frame of reference.

As observed in the rotating frame of reference in Figure 2.3, the applied B⃗1 field causes the
magnetisation M⃗ to be perturbed from its equilibrium state in the static field B⃗0 direction towards
the x-y plane. This angle between M⃗ and its former alignment with B⃗0 is called the flip angle
(α), which for a fixed amplitude can be characterised as:

α = γB1t (2.12)
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2.1. Nuclear magnetic resonance

in which t is the duration of the applied B⃗1 field. When a net magnetisation with magnitude M0

on the z-axis is subjected to an RF excitation and a corresponding B⃗1 field on the x-axis, the net
magnetisation M⃗ in the rotating frame of reference can be disentangled to its axial components
as following:

Mx = 0 (2.13)

My = M0sin(α) (2.14)

Mz = M0cos(α) (2.15)

Therefore, the net magnetisation M⃗ has now moved towards the y-z plane in the rotating frame
of reference. Following Faraday’s law, the precession of the magnetisation M⃗ in the laboratory
frame of reference then induces a voltage that can be recorded as an NMR signal in the RF
receive coil.

2.1.4 Relaxation times and contrast

The magnetisation does not remain in its post-perturbation state when the B⃗1 field is removed.
The magnetisation gradually evolves back to its equilibrium state. This gradual return is driven
by spin-lattice (also called T1 and longitudinal) relaxation, and spin-spin (also called T2 and
transverse) relaxation.

T1 relaxation

Energy starts being released from the spins after excitation. The spins begin transferring energy
to its environment (thus lattice). Consequently, the longitudinal component of the magnetisa-
tion Mz gradually returns to its non-excited, thermally-stable state M0. The time constant T1

characterises this behaviour. T1 is defined as the time it takes for 63% of the equilibrium longi-
tudinal magnetisation to be recovered. This is equivalent to 1− 1

e of M0. Figure 2.4 displays the
longitudinal relaxation after an excitation with a 90◦ RF pulse.

This recovery of longitudinal magnetisation as function of time can then be mathematically
formulated:

Mz(t) = M0(1− e−
t

T1 ) (2.16)

We can also relate the rate of the longitudinal magnetisation regrowth to T1. This rate is
proportional to the difference between M0 and Mz(t):

dMz(t)
dt

=
M0 −Mz(t)

T1
(2.17)
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2.1. Nuclear magnetic resonance

Figure 2.4: Longitudinal relaxation after an excitation with a 90◦ RF pulse. The time constant
T1 is equivalent to 63% (≈ 1− 1

e ) of the maximum longitudinal magnetisation (M0).

The size of T1 and the relaxation efficiency largely depend on the B⃗0 field strength and
magnetic field fluctuations from surrounding molecular dynamics. These molecular dynamics
are characterised by a molecular tumbling rate or correlation time, τc, which is the time required
for the molecule to rotate by approximately 1 radian. When τc is close to the Larmor frequency
ωL, longitudinal relaxation is optimum and thus the T1 value is minimised. This implies that
at higher B⃗0 field strengths (e.g. 7 Tesla), where the corresponding ωL is higher, the difference
between τc and ωL is bigger. Consequently, the relaxation is less optimum and the T1 also
increases.

T2 relaxation

Along with the longitudinal/T1 relaxation, the transverse magnetisation Mxy starts to gradually
decay due to magnetic field interactions with surrounding spins. These interactions disrupt the
magnetic moments of the spins and their precessional frequencies, leading to dephasing. Mxy

then eventually returns to its equilibrium value, which is zero. This relaxation is characterised by
the T2 constant, which is the time required for the transverse magnetisation to decay to 37% of
its original value. This is equivalent to 1

e of Mxy(0). Figure 2.5 displays the transverse relaxation
after an excitation with a 90◦ RF pulse.

This recovery of transverse magnetisation as function of time can then be mathematically
formulated as:

Mxy(t) = Mxy(0)(e
− t

T2 ) (2.18)
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2.1. Nuclear magnetic resonance

Figure 2.5: Transverse relaxation after an excitation with a 90◦ RF pulse. The time constant T2
is equivalent to 37% (≈ 1

e ) of the initial transverse magnetisation (Mxy).

We can also relate the rate of the transverse magnetisation decay to T2. This rate is propor-
tional to the Mxy(t):

dMxy(t)
dt

=−
Mxy(t)

T2
(2.19)

T ∗
2 relaxation

In the real world, the real transverse magnetisation decay ends up being faster than the T2 time
constant due to additional spatially dependent dephasing caused by B⃗0 inhomogeneities due
to varying susceptibility values across the sample (or within an imaging voxel). Instrumental
factors, such as local field gradients generated by eddy currents can contribute to this dephasing
process. This extra decay can be represented by the time constant T2i. Both of these dephasing
effects can be combined and described by the time constant T ∗

2 . The dephasing-influenced signal
decay results in a characteristic oscillating profile called the free induction decay (FID), shown
in Figure 2.6. T ∗

2 is related to the two former time constants as:

1
T ∗

2
=

1
T2

+
1

T2i
(2.20)

These relaxation time constants are tissue-varying and the knowledge of them is vital in
designing NMR or MRI sequences. An image of desired contrast can be acquired by adeptly
using these properties.
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Figure 2.6: The free induction decay (FID) signal with its characteristic exponential decay.

2.1.5 Bloch equations

The relaxation time constants can be used to describe macroscopically the net magnetisation M⃗

in the Bloch equations. These equations were introduced in 1946 in a seminal paper on nuclear
induction by physicist Felix Bloch [15]. These equations are a way to mathematically simulate
the evolution of magnetisation in an NMR experiment. The equations for the laboratory frame
of reference are as follows:

dMx

dt
= γ(M⃗(t)× B⃗(t))x −

Mx

T2
(2.21)

dMy

dt
= γ(M⃗(t)× B⃗(t))y −

My

T2
(2.22)

dMz

dt
= γ(M⃗(t)× B⃗(t))z −

Mz −M0

T1
(2.23)

where B⃗(t) is the resultant of the main (static) magnetic field and the dynamic magnetic field
component generated by an applied RF transmit pulse if present.

14



2.2. Image formation

2.2 Image formation

To simply excite the nuclear spins and acquire the NMR signals is not sufficient to produce a
spatially-encoded image. In order to localise the signal spatially within the required 3D volume,
magnetic field gradients are applied across the measured volume. While these fields are applied
along the z-direction (the same as the B⃗0 field), their magnitudes vary linearly along the x, y
and z-axes. These gradients Gx, Gy and Gz spatially modulate the Larmor frequency and encode
the locations of the NMR signals for precise reconstruction into an image. A resultant gradient
vector can then be formulated by superimposing these orthogonal gradients:

G⃗ = Gx +Gy +Gz =
dBz

dx
+

dBz

dy
+

dBz

dz
(2.24)

2.2.1 Slice-selection gradients

In order to selectively acquire a slice for imaging, a slice-selection gradient is applied along the
z-direction while a bandwidth-specific RF pulse is applied. The gradient application causes the
resonant frequencies to now linearly vary along the z-axis. Note that the slice-selection gradient
is assigned to the z-axis by convention, but can in practice be orientated in any direction in 3D
space. The simultaneously-applied RF pulse has a specific envelope that contains a defined band
of frequencies around a centre frequency ωc, which is in turn determined by its position along
the z-axis:

ωc = γ(B0 + zGz) (2.25)

Assuming a perfect excitation, this pulse will only excite a set of spins within the pulse’s
bandwidth ∆ω . As a result, a thin slice of thickness ∆z is excited. This process is illustrated in
Figure 2.7.

∆ω = γGz∆z (2.26)

A basic example of a shaped envelope RF excitation pulse is the sinc pulse (shown in Figure
2.8). To excite a very exact band of frequencies and thus an ideal slice with a rectangular profile,
the sinc pulse has to be transmitted for an infinite amount of time. As this is impractical, a sinc
pulse is truncated to a limited number of side lobes.

At the end of the slice-selection gradient, a negative gradient lobe (also called rephasing
gradient) is applied to cancel the dephasing effects of the preceding/positive selection gradient.
The size of this rephasing gradient is typically half the size of slice-selection gradient. It is also
notable that the gradients do not form a rectangular shape, but instead a trapezoidal shape. This
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2.2. Image formation

Figure 2.7: A slice of specified thickness ∆z excited by the slice-selection gradient Gz and an
RF pulse containing the defined resonant frequency bandwidth ∆ω .

Figure 2.8: A pulse diagram showing a sinc-shaped RF excitation pulse along with the
slice-selection gradient and its corresponding rephasing gradient.

is due to the inherent limitation on the gradient slew rate achievable by MRI scanners, which
means ramping the gradients up or down take some time.

2.2.2 Spatial encoding and k-space

Frequency encoding

The magnetic field gradient creates a distortion of the magnetic field experienced at the different
positions along the corresponding gradient axis, which, by convention, is usually assigned to be
the x-axis. These variations mean the spins across the axis now spin on varying frequencies.
Thus, the resonant frequency of a spin is now a linear function of its spatial position. This
feature can then exploited to provide precise spatial locations of acquired NMR signals in the
x-direction. This process is called frequency encoding. The gradient experienced across the
x-axis itself is also referred to as the readout gradient. At the centre of the gradient coil or x = 0,
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2.2. Image formation

the gradient effect is zero and thus only the effect of B⃗0 is experienced there. Data are sampled
during application of the frequency-encoding gradient.

Phase encoding

An additional spatial encoding gradient is also applied perpendicularly to the slice-selection
and frequency-encoding gradient (assigned to the y-axis by convention). As a result, the spins
across this direction also become altered momentarily. The resonant frequencies then return to
their original Larmor frequency shortly after the gradient is switched off. However, the spins
retain a spatially-dependent phase shift that is proportional to the strength and duration of the
applied gradient. This process, illustrated in Figure 2.9, can thus be called phase encoding. In
contrast to frequency encoding, data are not sampled during application of the phase-encoding
gradient.

K-space

These encoding processes can then be used to create a raw data map in the spatial frequency
domain, also known as k-space. Gx and Gy are used to acquire signal information across the kx

and ky directions respectively, where the individual k-space values are given by:

kx =
γ

2π

∫ tx

0
Gx(t)dt (2.27)

ky =
γ

2π

∫ ty

0
Gy(t)dt (2.28)

where tx and ty are the duration of the application of the x and y-axes gradients respectively.
We can now also formulate the spatially-varying phase with its respective location on (kx,

ky), compared to the value at the centre of the gradient coil:

φ(x,y) = 2π(xkx + yky) = γ(
∫ tx

0
Gx(t)dt +

∫ ty

0
Gy(t)dt) (2.29)

To cover the entirety of k-space, the encoding must traverse the domain in several steps. This
process is illustrated in Figure 2.10 with a Cartesian acquisition pattern. The encoding must also
fulfil the Nyquist-Shannon sampling requirement, which means the sizes of the frequency (∆kx)
and phase (∆ky) encoding steps in the k-space are equal to the inverse of the field of view (FOV)
of the acquired MR image [25][26]:
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2.2. Image formation

Figure 2.9: The application of a phase encoding gradient causes the spins across the sample to
precess at varying frequencies. While these return to the Larmor frequency after the gradient

has passed, each spin now possesses a unique phase angle.
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∆kx =
1

FOVx
(2.30)

∆ky =
1

FOVy
(2.31)

The process starts with the frequency and phase encoding gradients being applied to signals
from a line in k-space. In the following readout, the same frequency encoding gradient is then
applied with a phase encoding gradient of a different strength to cover another line. This is
then repeated until all the required k-space lines are acquired. Data sampling is applied during
frequency encoding and after phase encoding.

(a) (b)

Figure 2.10: Example of a Cartesian k-space acquisition pattern. Firstly (in a), the frequency
and phase encoding gradients are applied to shift the encoding to the corner of the k-space from
the centre (red dot). Readout is started and the frequency encoding gradient is then applied to

acquire the first line of k-space. Then, a new combination of phase encoding gradient and
frequency prephase gradient is applied to start another k-space line acquisition. The process is

repeated until all the lines are acquired (in b).
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2.2.3 Gradient echo

The eventual decay of the FID signal as shown in Figure 2.6 means that there is a limited amount
of time available to acquire perform the relevant encoding. However, a gradient of opposing
polarity can be applied to recover the FID signal. The first step in gradient echo acquisition
involves an application of a dephasing gradient. This dephaser is high strength and of a negative
polarity. Resonant frequencies of spins shift and the FID starts to dephase and decay more
rapidly. Immediately after this process, a positive rephasing gradient is applied. The rephaser
realigns the spins dispersed by the dephaser and frequency information can be encoded. This
signal or echo is called the gradient echo. The rephaser also has half of the zero-order moment
with the dephaser. Maximum signal is reached at the point where the rephaser’s area matches
the dephaser’s. Figure 2.11 displays how this technique is applied by means of a pulse diagram.

Figure 2.11: A basic gradient echo sequence. After an initial low flip angle α RF pulse
(typically less than 90◦ in a fast low angle shot or FLASH gradient echo sequence [27]), a

dephasing readout gradient (Gx) is applied. A rephasing gradient then immediately follows.
The phase encoding gradient (Gy) is applied in steps in order to acquire the entire image. At the
echo time (TE), a gradient echo forms and can be acquired. Data sampling is applied during the

frequency-encoding gradient.
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2.2.4 Spin echo

Another basic pulse sequence technique for signal acquisition is based on the spin echo. The
discovery of the spin echo phenomenon by Erwin Hahn in 1949 [28] is one of the most important
discoveries in the history of NMR and paved the way for its eventual imaging application. A
spin echo is generated by the application of two RF pulses, generally a 90◦ initial pulse followed
by a 180◦ refocusing pulse. After the magnetisation vectors dephase and the FID signal decays,
the refocusing pulse is applied. The spins then start to rephase with the slower precessing spins
now ahead of the faster spins. The result is then a refocused signal in the form of the spin echo.
A maximum signal is obtained at the echo time (TE), which is at the centre of the echo. Figure
2.12 displays how this technique is applied in the form of a pulse diagram. The signal eventually
decays again, but additional RF refocusing pulses can be used to retrieve more signals. This is
discussed in a later section.

Figure 2.12: A basic spin echo sequence. After an initial RF pulse and eventual decay of the
signal, a 180◦ refocusing RF pulse is applied. A spin echo forms, which is at its peak at the

echo time (TE).
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2.2.5 Image reconstruction

In the processes described in Section 2.2.2, spatial encoding is used to map MR signals ac-
quired from a sample or subject. However, this information, which is in the spatial frequency
or k-space domain, is not sufficient to be presented as a visually useful MR image. A further
processing of this k-space information is required. The k-space contains information from a
range of spatial frequencies. Lower spatial frequency information lies in the vicinity of the cen-
tre of k-space. This area contains the general information regarding the contrast of the received
signal. Meanwhile, higher spatial frequency information are stored in the outer areas of the
k-space. Contributions to the image sharpness and finer details are contained in this area. As
the spatial frequencies in k-space S(kx,ky) and the pixel location of the MR image s(x,y) are a
Fourier transform pair, the frequency kx and phase ky information can be converted into an MR
image using a two-dimensional Fourier transform (2D FT). The acquired signal including its
spatially-varying phase information can be represented in k-space as follows:

S(kx,ky) =
∫∫

s(x,y)e−i2π(kxx+kyy)dxdy (2.32)

Applying an inverse Fourier transform, the MR image can be reconstructed from this k-space
information:

s(x,y) =
1

(2π)2

∫∫
S(kx,ky)ei2π(kxx+kyy)dkxdky (2.33)

However, in practice, as the overall signal is acquired in discrete, quantised samples instead of
continuously, a discrete form of the inverse Fourier transform (2D-IDFT) is instead performed
to reconstruct the k-space information. If Nx ×Ny discrete data points were acquired, then the
transform equation becomes:

s(x,y) =
1

NxNy

Nx−1

∑
kx=0

Ny−1

∑
ky=0

S(kx,ky)e
i2π( kxx

Nx +
kyy
Ny ) (2.34)

2.2.6 Parallel imaging acquisition and reconstruction

Today, MRI coils are often equipped with a large number of receive elements (32 and 64 are
typical) as shown in Figure 2.14. This feature can be used for parallel imaging acquisition
and reconstruction. Parallel imaging techniques enable expedited acquisitions without having
to increase gradient slew rates significantly and thus avoid limitations due to potential safety
issues [30] or available gradient performance. Two widely-used parallel imaging techniques are
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2.2. Image formation

(a) (b)

Figure 2.13: (a) The representation of an image acquired using turbo spin echo (TSE) in the
k-space domain and (b) the actual image after a 2D inverse discrete Fourier transform is

performed on the k-space data. This sequence type was originally published under the name
RARE [29].

GRAPPA (generalised autocalibrating partial parallel acquisition) [7] and SENSE (sensitivity
encoding) [31], which are applied in k-space and image space respectively. This section focuses
on the usage of GRAPPA, which was used in the work described in this thesis.

GRAPPA claims its ancestry to the earlier k-space parallel imaging technique autocalibrat-
ing SMASH (simultaneous acquisition of spatial harmonics) [7]. It speeds up acquisition of each
slice (in-plane) by acquiring only a reduced number of k-space phase encoding lines but with
the centre fully-sampled, which forms the autocalibration signal (ACS) region. Reconstructing
this partially-sampled k-space straight away violates the Nyquist requirement and creates im-
age ghosts. However, by exploiting spatially-varying receive coil sensitivities, a full, unaliased
image can still be obtained.

The process of reconstructing a GRAPPA-acquired image goes through several steps, illus-
trated in Figure 2.15. GRAPPA uses the information from all C receive coils. To reconstruct an
unsampled ky line in a specific coil a on line ky−n∆ky distanced from the ACS (n being an inte-
ger), first the GRAPPA coefficients from each of the receive coils are calculated using the ACS
lines. A linear fitting using the fully-sampled centre ACS region SACS

c is performed to calculate
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Figure 2.14: Representation of receive coil array for use in parallel imaging acquisition.

GRAPPA coefficients:
C

∑
c=1

SACS
c (ky − x∆ky) =

C

∑
c=1

wa,cSa(ky) (2.35)

with wa,c being the coil-wise GRAPPA coefficient, which are then used to estimate the unsam-
pled data in the outer region of k-space.

A sliding block reconstruction is then used to reconstruct the unsampled k-space points.
Each sliding block consists of a group of surrounding lines and thus each missing line can be
reconstructed with several possible blocks surrounding it. Using combined available data from
all C coils B number of sliding blocks (weighted by the expanded GRAPPA coefficients wa,c,n,b)
and acceleration factor A, the unsampled ky line can be reconstructed:

Sa(ky −n∆ky) =
C

∑
c=1

B−1

∑
b=0

wa,c,n,bSa(ky −BA∆ky) (2.36)

The process of calculating all the missing k-space lines into a fully-sampled k-space map
S f s

c can also be represented as a convolutional process of the partially-sampled k-space map Sps
c
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Figure 2.15: Calculation of unsampled data points in GRAPPA. First, as in (a), GRAPPA
coefficients are calculated from the autocalibration signal lines in each receive coil. Using these

coefficient, unsampled data points can be calculated from its neighbouring sampled points in
all coils as illustrated in (b).

with the GRAPPA weight kernel wkc of line k and coil c across all C receive coils.

S f s
c =

C

∑
c=1

wkc ⊗Sps
c (2.37)

After this process is iterated across all the unacquired k-space lines, the data from each
receive coil is inverse Fourier transformed into conventional coil-wise images sc(x,y). These
images are then combined using the basic sum-of-squares method or with a sum weighted by
the coil sensitivity variance [32]. Combining all the coil images results in the final image s(x,y)

using the former method:

s(x,y) =

√√√√ C

∑
c=1

|sc(x,y)|2 (2.38)

It is crucial that the unacquired lines are calculated and filled in. Reconstructing the un-
dersampled k-space flouts the Nyquist-Shannon sampling requirement, which results in aliasing
(shown in Figure 2.16).

GRAPPA has a special relevance in ultra high-field (UHF) strength imaging, especially for
echo planar imaging or EPI (which itself is described further in Section 2.3.1). With EPI, the
degree of spatial distortions increases the B0 field strength, the effective echo spacing and the
extent of magnetic susceptibility variation. Additionally, the long readout time in the phase
encoding direction can cause distortions. GRAPPA accelerates acquisition and therefore reduces
distortion susceptibility without incurring a high acquisition time penalty. It also eliminates the
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(a) (b)

Figure 2.16: (a) The undersampled k-space map from a receive coil of a turbo spin echo (TSE)
acquisition with an acceleration factor of 3, where for every acquired line, the two following

lines are unacquired. (b) Reconstructing the undersampled k-space directly results in aliasing.
If the lines are filled using GRAPPA reconstruction with ACS data, the aliasing can be

eliminated.

need to reduce the FOV, which can introduce a phase wrap-around artefact [8]. This acquisition
acceleration is also important in 7T MRI as it assists in reducing scan times when high spatial
resolution (high k-space coverage) is used.

2.3 Advanced sequences

2.3.1 Echo planar imaging (EPI)

One example of a fast acquisition technique is the echo planar imaging technique or EPI. De-
spite it and its derivations remaining widely used today, this technique was first established in
the early days of MRI. Nobel laureate Peter Mansfield first proposed this in 1977 [33] as a
planar imaging technique exploiting the properties of the spin echo. The technique can now
be implemented with gradient echo and spin echo techniques. Figure 2.17 illustrates the way
the basic EPI technique works. It initially involves the application of a simple spin preparation
module, such as a single RF excitation pulse. Following this pulse, the prephase gradients are
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applied in both readout (frequency encoding) and phase encoding directions, which result in
the spins acquiring negative phase shifts and stepping the acquisition to the corner of k-space.
After this step, the first k-space line is acquired with a positive readout gradient lobe. A short,
positive phase encoding gradient is then applied to move the acquisition to the next k-space line,
followed by data sampling for this line using a negative readout gradient. These steps are re-
peated until all of the k-space lines are acquired. This method of alternating encoding gradients
create a continuous Cartesian trajectory with alternating directions along kx for alternate lines
that typifies this technique. While this base technique only uses a single RF excitation pulse
(single-shot), multi-shot variations of EPI can be implemented by using more excitation pulses.
Overall, the technique provides a rapid way to acquire k-space, with one slice obtainable in less
than 100ms.

The EPI acquisition requires a high receiver bandwidth in order to traverse through all of
k-space before the T ∗

2 relaxation completes. However, the low spatial resolution of EPI also
makes it unsuitable for certain clinical purposes. Due to imperfect gradient switching, gradient
imperfections and linear eddy currents, k-space shifts occur during readout. Phase errors also
accumulate during the acquisition of the alternating lines. The result is a ghost replica of the
image, shifted by FOV/2. This is called a Nyquist ghost [34]. One way to compensate for
this is by a phase correction reference scan prior to the primary acquisition. This reference
acquires the positive and negative direction readouts without the phase encoding to determine the
necessary phase offsets [35]. Beside the Nyquist ghosting, EPI is also vulnerable to other factors,
such as B0 inhomogeneity, off-resonance induced chemical shift effects and spatial distortions.
This effect is more pronounced in the phase encoding direction than in the frequency encoding
direction, because of its low bandwidth per pixel caused by the long readout time. The phase
encoding bandwidth is smaller, essentially equal to the frequency encoding bandwidth divided
by the number of readout samples and inversely proportional to the echo spacing in the EPI
echo train. If the other chemical component (e.g. fat) is known, the chemical shift in the phase
encoding direction can be estimated as following:

∆y = ∆ f
FOVy

BWy
(2.39)

where ∆y is the chemical shift, ∆ f is the precession frequency difference (e.g. between water
and fat) , FOVy is the field of view, and BWy is the bandwidth (equivalent to the inverse of time
between each readout sample).
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(a)

(b)

Figure 2.17: (a) A pulse diagram showing a single-shot, gradient-echo EPI sequence. The echo
spacing represents the time between the readout of two k-space lines. (b) The k-space

trajectory of a single-shot EPI acquisition.
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2.3.2 Turbo spin echo (TSE)

Another accelerated MR imaging technique is a variation of the spin echo technique called turbo
spin echo (TSE). TSE is also known as fast spin echo (FSE) or, as originally introduced in 1986,
rapid acquisition with relaxation enhancement (RARE) [29]. This technique differentiates it-
self from the standard spin echo technique by the usage of multiple, consecutive RF refocusing
pulses, instead of just one. The application of this refocusing pulses series generate a train of
further spin echoes. Accompanied by adjustments by addition of phase encoding steps during
and between the echoes, several k-space lines can be acquired within a single repetition time
interval. The result is a significantly-accelerated spin echo acquisition, with the acceleration
factor governed by the number of echoes acquired within one TR or the echo train length (ETL).
This acceleration gives TSE superior T2 contrast compared to standard spin echo. The subse-
quent time savings can also be utilised to improve the acquisition in other ways. Extra time per
repetition can be allocated to recover more longitudinal magnetisation and therefore improve
SNR. More phase-encoding steps can also be added to improve the image resolution. While
these are beneficial, some drawbacks are present. The addition of more refocusing pulses in-
creases the specific absorption rate (SAR) with potential consequences on tissue heating. This
can be offset by using smaller flip angles on the refocusing pulses [36]. TSE also suffers from
altered contrast, for example bright fat signals when used for T2-weighted imaging [37]. The
technique is susceptible to coherent ghosting when there is subject motion during imaging, due
to the sampling of multiple k-space segments at each spin excitation.

Overall image contrast is governed by the effective TE (T Ee f f ), which is the time when the
zero-order and low-order phase-encoding gradient moments are acquired. As these encoding
steps cover the contrast data-rich centre of the k-space, changing T Ee f f can be used to obtain a
desired contrast [38]. Typically, T Ee f f is defined to be the centre of the echo train.
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Figure 2.18: A turbo spin echo (TSE) sequence with an echo train length (ETL) of 4. After an
initial RF excitation pulse, a series of refocusing RF pulses is applied. Multiple spin echoes
form in the interval between the refocusing pulses, allowing for more k-space readouts. The
first echo appears after approximately twice the time between the excitation and refocusing

pulses (2τ). Gy gradients are varied from excitation to excitation and from echo to echo.
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2.4 Simultaneous multislice imaging (SMS)

As the multislice-to-volume prospective motion correction later described in Chapter 3 utilises
a subset of slices for motion detection, the use of simultaneous multislice imaging (SMS) can
potentially speed up the rate of motion correction updates. The concept of the technique is
explored in this section.

2.4.1 Concept

The basic principle of SMS involves applying a multiband RF pulse with a slice-selective gra-
dient, which excites several slices in the volume at once. While accelerating acquisition time,
SMS techniques inflicts minimum SNR reduction as it does not affect the echo train length or
phase encoding steps [39] [40]. SMS acceleration can however incur SNR penalties due to slice
aliasing that occurs during reconstruction (measured by the g-factor). When the distance be-
tween slices is especially small, the g-factor penalty is high and aliasing effects become more
prominent. These negative effects can be reduced by controlling the slice aliasing during k-
space sampling. An effective sampling technique is the controlled aliasing in parallel imaging
results in higher acceleration (CAIPIRINHA) method [41]. CAIPIRINHA uses a phase-shifted
sampling patterns with a goal of reducing pixel overlap and separating the close slices in a con-
trolled manner. Consequently, the aliasing during reconstruction can be minimised. Its deriva-
tion Blipped-CAIPI [42] includes rewinding gradients in the slice-select direction, which allows
phase accrual to be kept within ± π

2 . This reduces the occurrence of voxel-tilting artefacts,
which are especially problematic in EPI applications with SMS, such as functional MRI (fMRI)
and diffusion-weighted imaging (DWI) studies [42]. The higher spatial and temporal resolu-
tion would also be beneficial for blood oxygen level dependent fMRI [43]. DWI is commonly
performed with EPI-based techniques and is particularly sensitive to motion [44].

A major constraint in designing the simultaneous multi-slice part of the technique would
be the peak amplitude of the multiband RF pulse. The peak power of the multi-band pulse
increases quadratically with the number of simultaneously excited slices [39]. With the power-
demanding refocusing pulses and the higher power levels at 7T, the pulse would be susceptible
to causing localised SAR peaks that may not be possible due to the safety limits in operation at
the scanner. Several possible strategies can be used to mitigate this issue. These include phase-
shifting the component multiband pulses or by using asymmetric multiband pulses (e.g. using
“root-flipping”) [45] [46]. Another method that can be employed is to modify the excitation
pulses to occur in a periodic manner, for example the power independent of number of slices
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(PINS) algorithm (which modifies the pulses using a Dirac comb function) [47]. Designing the
pulses using the principles of these methods can reduce power and prevent it from exceeding the
scanner limits.

2.4.2 Reconstruction

The SMS-acquired data are reconstructed using the slice-GRAPPA (generalised autocalibrating
partial parallel acquisition) technique [42]. This version of GRAPPA reconstruction involves
several steps, similar to in-plane (slice-specific) GRAPPA reconstruction (described in Section
2.2.6) but with several differences. First, k-space data of the target slices is acquired from each of
the receive coils. As several slices are acquired at the same time, this can create a complication
where the images stack on one another in the same area and become difficult to disentangle.
This is where a sampling technique like CAIPIRINHA or blipped-CAIPI can help. Using the
additional rewinding gradients in the slice-select direction, the slices simultaneously excited by
the complex RF pulse accrue extra phases, causing the relevant slices to be maximally-shifted
in the phase-encoding direction. Consequently, separating the simultaneously-acquired set of
slices becomes simpler. This process is illustrated in Figure 2.19

While basic GRAPPA reconstruction only considers the single-slice (xy) plane, slice-GRAPPA
includes the z or slice dimension. The weights of the individual slices are acquired from an au-
tocalibration scan (ACS) acquired at the start. Instead of a fully-sampled centre of k-space,
the slice-GRAPPA ACS consists of a fully-sampled volume of single-band slices from each
coil. The GRAPPA weights of each slices are also calculated to enable separation of the aliased
slices. The in-plane GRAPPA k-space convolutional relationship can be extended to describe
this calculation of the separated image [44]:

Ssp
cz =

C

∑
c=1

wkcz ⊗Smb
c (2.40)

where to obtain the separated image k-space map Ssp
cz from receive coil c and slice z, the slice-

GRAPPA weights wkcz are convolved with the aliased multiband image Smb
c across all C receive

coils.
An inverse Fourier transform is then applied, providing images from each coil. The recon-

struction is completed by combining these individual images using sum-of-squares or weighted
complex sum, thereby producing the desired image [7].
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Figure 2.19: (a) To excite several slices simultaneously, a composite multiband RF pulse
composed of two single-band RF pulses with a frequency offset of ω is used. (b) Using the
blipped-CAIPI technique, where rewinding gradients are added in slice-select direction, the

slices are shifted by FOV/2 to simplify the separation process.

2.5 Ultra-high field MRI

Ultra-high field (UHF) MRI scanners for human scanning, especially at the field strength of 7
Tesla, are becoming increasingly available. 7T scanners were becoming more available in rou-
tine clinical settings. The motivation behind the move towards higher field strengths is primarily
the intrinsic increase in SNR, which grows near-linearly with the magnetic field strength (shown
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in 2.20) [48][49].

Figure 2.20: SNR values in different parts of the human brain plotted against the main
magnetic field strength B0. A fitting of the cerebrum’s SNR values is shown as the red line,

showing a near-linear increase in SNR with increasing B0. Reproduced from [49] with
permission from the publisher John Wiley and Sons, Inc.

Figure 2.21: Simulated gradient-echo images with increasing magnetic field strength, showing
a regressing trend of image homogeneity. Reproduced from [4] with permission from the

publisher John Wiley and Sons, Inc.

With increasing magnetic field strength, the RF wavelength becomes shorter. At 7T, the 1H
nucleus resonates at 298Hz and the RF wavelength in human tissue is 12cm. This wavelength is
equal to or shorter than many organs in the human body and especially relevant for this thesis,
half the longest measure of the head [50]. The interferences between the electromagnetic (EM)
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waves cause RF transmit/B+
1 field or flip angle inhomogeneity. The consequence is a progres-

sively more inhomogenous image profile as the field strength increases, as illustrated in Figure
2.21 [4]. Compensating this with applying much higher RF transmit power can cause uneven
and potentially unsafe SAR levels within the anatomy [45] [51]. This B+

1 field inhomogeneity
and its related issues have been the primary reasons why parallel transmit imaging (pTx) has
become an important tool in UHF MRI research.

2.5.1 Parallel transmit MRI

Parallel transmit coils can remedy this by using multiple arrays to transmit RF signals and create
a more uniform RF excitation profile. The overall B+

1 directed towards the target can then
expressed by a sum of B+

1 contribution from individual transmit channels [52]. Assuming the
same pTx RF pulse bpT x is played out the whole time on all channels and applying complex
weights wc with the variable spatial coverage of each of the T transmit channels Sc, the sum can
be expressed as:

B+
1 =

T

∑
c=1

B+
1,c = bpT x

T

∑
c=1

wcSc (2.41)

While this can enhance the image quality, using pTx pulses can also cause SAR issues. The
transmitted EM waves may create constructive and destructive RF interferences within the sub-
ject, which lead to unsafe local SAR hotspots. Robust modelling of the SAR patterns is thus
vital for the implementation of parallel transmit imaging for human scanning in vivo. For safety
purposes, SAR patterns within tissue are simulated using digital models, which are verified by
B1 mapping. Image uniformity is optimised by using B+

1 shimming or full pTx methods that
use dedicated RF and gradient waveforms, where they are designed to work to complement
each other [52] [53]. By applying these optimised RF and gradient waveforms, localised SAR
hotspots and loss of signal and contrast from B+

1 field inhomogeneity can be minimised [2] [54].
While the amount of clinical validation of pTx for UHF MRI is still limited, the studies which

explored pTx in clinical cohorts have demonstrated improved image quality and consequently
potential for clinical benefits. Figure 2.22, which compares brain images of a multiple sclerosis
patient acquired with single transmit (sTx) conventional and pTx imaging, shows significant
improvement in signal homogeneity when pTx was used in comparison to sTx. The cerebellar
region, which suffers from signal losses in sTx, has improved spatial uniformity.
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Figure 2.22: The comparison of (A) sagittal and (B) coronal MPRAGE images of the brain of a
multiple sclerosis patient acquired with single (sTx) and parallel transmit (pTx) MRI. The

cerebellum is highlighted with the red arrows. Reproduced from [50] with permission from the
publisher IOP Publishing.

2.6 Functional MRI (fMRI)

A type of MRI application is functional MRI (fMRI), which measures neuronal changes in the
brain related to blood flow. The relationship between these two processes in the form of neu-
rovascular coupling can be exploited to create a blood oxygen level dependant (BOLD) contrast,
a now-integral fMRI technique first described by Ogawa et al. (1990) [55].

When a cerebral region responds to a stimulus, the neurons require energy to be transported
from outside as they do not have excess energy storage. The neurovascular unit, consisting
of neural tissue and blood vessels [56], regulates accordingly and induces a haemodynamic
response in the region to provide the neurons with necessary energy to function. This leads
to a local change in the ratio of the two haemoglobin (Hb) substrates, oxyhaemoglobin and
deoxyhaemoglobin. The former is diamagnetic, while the latter is paramagnetic. As deoxy-
haemoglobin is paramagnetic, it increases local field susceptibility which leads to faster T2 and
T ∗

2 relaxation. This means as the concentration of deoxyhaemoglobin increases, T2 and T ∗
2 re-
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laxation times decrease. This relationship can be described as following [13]:

R∗
2 ∝ V [dHb]β (2.42)

where R∗
2 is the transverse relaxation rate (equivalent to 1

T ∗
2

), V is the blood volume, [dHb]

is the concentration of deoxyhaemoglobin in blood and β is the exponent signifying that this
relaxation-blood oxygenation relationship is not always a simple proportionality.

Using fast imaging sequences such as EPI [57], these small changes can be observed over
a time series. The BOLD contrast has been used in resting-state (observing baseline changes)
and stimulus or task-based fMRI experiments [58]. Due to increasing susceptibility differences
between the two Hb substrates and capacity for higher spatial resolution imaging, the BOLD
effect becomes more pronounced at higher B0 field strengths (including the focus field strength
of 7T in this thesis) compared to lower field strengths such as 1.5 and 3T [59].

2.7 Motion correction in MRI

2.7.1 The motion issue

Today, MRI has become a vital evaluation and diagnostic tool routinely used for clinical manage-
ment and research studies. The variety of pulse sequence and contrast techniques available also
makes MRI easily adaptable for a myriad of purposes. Nonetheless, MRI is an imaging modal-
ity particularly susceptible to motion effects due to the extended scan time. While it is feasible
for patients to remain still during shorter scans, the lengths of some MRI sessions, which can
extend to 30 minutes or more, can cause some discomfort to the patients. Compounded by other
potential sources of anxiety (e.g. claustrophobia, loud noises, contrast injection), subject motion
can become quite significant during MR scanning [60]. Motion effects can also be short and fast
(e.g. due to coughing, swallowing or sneezing), or longer-term and subconscious (e.g. involun-
tary muscle movements) [61]. Staying still during the whole scan can also be challenging for
certain categories of patients, for example geriatric, paediatric or neuropathic patients. These
motion effects on images may obscure important anatomical features and thus render them un-
usable for accurate clinical diagnosis. This often leads to a need for repeated scans, which incur
additional costs and time and potentially delaying vital diagnoses for certain patients.

Acquiring signal data in the frequency/Fourier domain (k-space) also comes with potential
complications when motion is involved. A shift in the subject’s anatomical position during
scanning will cause phase to accumulate and shift in the k-space data. Rotational motion effects
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appear in both image and k-space domains. In multi-shot sequences, this can also lead to shot-
to-shot phase variations. There is also a risk of short-term motion within the spatial encoding
window after a single excitation, which can lead to shifts in k-space because the relationship be-
tween dephase and rephase gradients is disrupted. Periodic, patterned motion causes noticeable
ghosting in the resulting image. Meanwhile, if the motion is random and follows an irregular
pattern, the subsequent dephasing and erroneous phase accumulation cause the reconstructed
image to have significant blurring and ringing artefacts [2].

Motion artefacts can be generally classified into rigid body and non-rigid (or deformable
or elastic) motion. Rigid body motion is described by the spatial changes in the six degrees
of freedom of the subject’s three-dimensional region of interest (ROI). These cover translation
along three axes and rotation about three axes. Rigid body motion is primarily caused by the
aforementioned shifting of the patient’s ROI during scanning [62]. On the other hand, non-rigid
motion is caused by various physiological processes in the human body, such as respiratory and
cardiac motion.

Motion artefacts at higher field strengths

Due to the higher spatial resolution at 7T, motion effects are amplified compared to imaging
at lower field strength. Small movements can cause major artefacts in the resulting image. In
particular, this is an issue for the longer scan times used to acquire high-resolution and high-
SNR images [3]. Even for cooperative subjects, involuntary motion inevitably occurs during the
longer scan times required for these acquisitions [63][64]. Higher static field strengths like 7T
are also associated with an increased level of discomfort in some subjects. Temporary physi-
ological effects such as nausea, vertigo, headache and metallic dysgeusia may be experienced
by subjects [65][66]. Therefore, there is a higher risk of subject motion. Small spatial changes
have also been shown to disrupt the uniformity of the B0 field distribution, resulting in undesired
phase changes [67]. In addition, with uneven signal intensity distribution due to the B⃗1 transmit
field inhomogeneity [68], these motion effects negatively offset the improvements from using a
higher field scanner.

2.7.2 Motion correction techniques

With motion artefacts being commonplace in MRI examinations and their deleterious effects
documented extensively, a multitude of motion mitigation and compensation techniques have
been proposed and developed over time [2][62][69][70][71]. Figure 2.23 shows categories of
common techniques for mitigating and compensating for motion in MRI.
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Figure 2.23: Various categories of motion mitigation and compensation techniques.
Reproduced from [2] with permission from the publisher John Wiley and Sons, Inc.

Motion prevention techniques

The most elementary way to prevent the occurrence of motion artefacts is by preventing mo-
tion from happening in the first place and/or using fast acquisition techniques that are less mo-
tion sensitive. This can be achieved by using restraints, pre-scan subject training or anaesthe-
sia. Widely used in routine and experimental MRI scanning, flexible head restraints such as
polystyrene cushions, foam pads and plastic straps can be used to restrict the subject’s head
motion within the coil. Customised head restraints are also used for some repeat or long exam-
inations, but implementing it for regular clinical practice can be impractical [71]. Nonetheless,
this restriction is not able to completely eliminate subject motion. Another classic example of
head restraining tool is bite bars fixed to the top of the head coil. While this technique was able
to reduce head motion to an acceptable level, the major discomfort caused and the increased fre-
quency of oral motion present hurdles for widespread adoption [72]. An alternative method is to
administer or partial or general anaesthesia to the subject (typically in paediatric examinations)
prior to the scan. General anaesthesia is more reliable than partial sedation for this purpose, but
both come with potential adverse events and/or long-term risks [73].

Motion artefacts can also be "pre-empted" by employing fast acquisition and acceleration
techniques, providing that the scanner hardware is able to accommodate this multitude of tech-
niques. Additionally, taking advantage of the multiple parallel receiver channels can accelerate
the acquisition even further. Parallel imaging techniques, such as the Generalized Autocalibrat-
ing Partially Parallel Acquisitions (GRAPPA) technique [7], yield unaliased images with much
reduced acquisition time. Simultaneous multislice imaging (SMS) acquisition also expedites
acquisition by using a multiband RF pulse to excite multiple slices at the same time (discussed
in Section 2.4) [39] [74].
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Retrospective motion correction

Using retrospective motion correction techniques, motion effects can be corrected after the ac-
quisition of k-space data. This class of techniques uses detected motion information to develop
a matrix model of acquired data, which is then used to interpolate, transform and correct the
data [75]. There is a range of methods used to obtain the necessary motion parameters to correct
the data retrospectively. One way is by using MR navigators, for example with FID navigators
[76], fat image navigators/FatNavs [77] and PROPELLER (periodically rotated overlapping par-
allel lines with enhanced reconstruction) [78]. Another way is to use volume-to-volume motion
detection, which detects motion by registering each volume to a reference volume [62]. Alter-
natively, physiological (respiration/cardiac) pattern synchronisation and modelling can be used
[79]. Another option is using external tracking devices that subsequently feed motion informa-
tion into the processor for retrospective correction [80]. While the formerly mentioned tech-
niques rely on accurate scan-time estimation of motion, there are also techniques that are based
on iterative models using k-space data independent of navigators or trackers. These techniques
calculate motion parameters either by evaluating consistency across the data [81] or minimising
a metric of image or gradient entropy [82] [83] [84]. While limiting additional complications to
the scanning protocol, retrospective techniques have their drawbacks. Retrospective algorithms
are often computationally expensive and sophisticated. Coupled with long scan times, these
techniques are not particularly feasible for high resolution acquisition [84]. On the contrary, ret-
rospective techniques are not sensitive to corruption caused by the feedback of erroneous motion
information that may occur in prospective techniques.

Estimation of motion parameters is a vital component in successfully reconstructing the
motion-corrupted images. This can be achieved by using image registration. The parameters
and thus the transformation between the reference and subsequent motion-affected acquisitions
can be calculated iteratively with registration. In the case of head motion, a rigid body model
can be used to describe the motion evolution. This model consists of six parameters, which are
three (x-, y- and z-axes) translation and three (x-, y- and z-axes) rotation parameters.

Image registration

Image registration is a tool used to measure and correct the misalignment between individual
images or imaging volumes. It has found applications in many fields from astronomy to medical
imaging. While the algorithms available for image registration are many, the process involved
in each of these algorithms is underpinned by the same principle of operation, as illustrated
in Figure 2.24. The operation involves repeatedly performing a spatial transformation τ of a
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moving or source image Imvg. A comparison guided by a similarity metric s is then performed
between this transformed moving image Itrans = τ(Imvg) and the reference, target or fixed image
Ire f . These steps are then iterated n times until the optimal alignment is found. This problem
can be expressed as following:

argmin(sn(τn(Imvg), Ire f ))) (2.43)

Reference/
target/fixed 

image
Optimiser

Similarity
metric

Moving/source 
image Interpolator Transformer

Figure 2.24: The basic principle of iterative registration of two images with an optimiser and
interpolator. This process is guided by a similarity metric.

A wide taxonomy of similarity metrics and registration optimisers can be used for this iter-
ative registration process [85]. In terms of similarity metrics, the simplest is by calculating the
sum of squared intensity differences (sSSD) between the moving and reference images:

sSSD = ∑
(x,y)

|Imvg(x,y)− Ire f (x,y)|2,∀(x,y) ∈ Imvg ∩ Ire f (2.44)

This metric has a low computational power requirement and thus fast, but unsuitable for mul-
timodal or multicontrast registration (e.g. registration of CT and MR images, or PET and CT)
because of the substantial signal and contrast differences between the modalities. More complex
metrics include cross-correlation (sCC) and mutual information (sMI):

sCC =
∑(Imvg − Imvg)− (Ire f − Ire f )√
∑(Imvg − Ire f )2 ∑(Ire f − Ire f )2

,∀ ∈ Imvg ∩ Ire f (2.45)

sMI(Imvg, Ire f ) = H(Imvg)+H(Ire f )−H(Imvg, Ire f ) (2.46)

where Imvg and Ire f are the average voxel values for the moving and reference images respec-
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tively, H(Imvg) is the entropy of the moving image, H(Ire f ) is the entropy of the reference image
and H(Imvg, Ire f ) is the joint entropy of both images. These algorithms are more robust for mul-
timodal/contrast registration, but incur a higher computational power and time. A variant of this
metric is the Mattes’ mutual information metric [86][87]:

sMI =− ∑
L∈Imvg

∑
K∈Ire f

p(L,K)log(
p(L,K)

p(L)p(K)
) (2.47)

where p(L) and p(K) are the individual marginal probability distributions of the moving and
reference images respectively, and p(L,K) is the joint probability distribution of both images.
Note that as mutual information is maximum when the transformed moving image is the most
similar to the reference, the negative of sMI is required for the minimisation problem. This metric
uses a concept in information theory to estimate the similarity of two images by evaluating the
relationships between their underlying image histograms, instead of their signal intensities.

The registration optimiser receives the value of the similarity metric sn and determines the
progression of the iteration process. An example is by using a regular step gradient descent
method. This method works by iterating step-by-step along the negative gradient of the similar-
ity metric function F , ¬∇F . This method works well for single-modal registration. Multimodal
registration employs other optimiser methods such the one-plus-one evolutionary iteration. The
iterative minimisation process eventually arrives at a spatial transformation that best represents
the registration between the moving and reference images.

Another vital component of the image registration process is the choice of the spatial trans-
formation type. These types are classified to the number of degrees of freedom they include. The
first type is the rigid body transformation model. This model covers six degrees of freedom and
only considers translation t and rotation r with respect to the x-, y- and z-axes. Consequently, this
model is very simple, yet able to estimate in-plane and through-plane motion-induced changes
[88]. A rigid body spatial transformation matrix can be expressed as following:

τ =


rxx rxy rxz tx
ryx ryy ryz ty
rzx rzy rzz ty
0 0 0 1

 (2.48)
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We can then decompose this matrix into a separate translation T vector and rotation R matrix:

T =

tx
ty
tz

 ,R =

rxx rxy rxz

ryx ryy ryz

rzx rzy rzz

 (2.49)

Following the conventional way of applying rotation first before the translation, the overall trans-
formation of the vector x⃗ after n transformations can be described as [5]:

x⃗ f inal = Rtot⃗x+ ttot (2.50)

where Rtot = R1 +R2 + ...+Rn and ttot = R2t1 + ...+Rntn−1 + tn.
Using the full rotation matrix means there is a total of 12 parameters (9 rotational and 3

translational). These 3D rotational parameters can be represented in more compact ways, which
will reduce the number of parameters to six. This is also important for prospective motion
correction application as there are now fewer parameters to be fed back into the scanner system
(discussed in the next subsection 2.7.2). First is the Euler angles (φ ,θ ,ψ), which compact the
3D rotational parameters into three angular values. However, as the Euler angle triples are not
unique to a set of 3D rotations, it is vulnerable to the gimbal lock phenomenon that can return
unrealistic registration results [89]. A more elegant way to represent these rotational components
is by using quaternions [90]. Quaternions represents the 3D rotational system as:

q = w+qxi+qy j+qzk = (w, q⃗), q⃗ =

qx

qy

qz

 (2.51)

where w is the rotation around the three axes (qx,qy,qz) with (1, i, j,k) as the basic quaternions.
The quaternions also has a property where i = j = k =

√
−1. The 3D rotational parameters can

then be reduced into simpler representations using the unit quaternions or versors of q, which is
also unique:

||q||= 1 =
√

w2 +q2
x +q2

y +q2
z (2.52)

Combining all of the rotations produces the overall rotation [5]:

qtot = q1 +q2 + ...+qn (2.53)

Rigid body transformation can provide an estimate of in-plane and through-plane motion, but
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an option of using non-rigid transformation is also available. One transformation model of this
class, affine transformation, takes into account shearing and scaling transformation components.
However, the increase to twelve degrees of freedom also means an increase in calculation time
and a reduction in the confidence limits of parameter estimates. Other non-rigid models such as
in-plane or out-of-plane deformable models are available [88], but these are not very applicable
in neurological imaging. As the shape of the head and brain does not change significantly with
motion, a rigid body model is suitable [91].

Prospective motion correction

Another approach to motion correction is using prospective motion correction techniques. This
group of techniques uses tracking or navigating tools to detect motion during the acquisition and
subsequently adapt the scanner coordinates in real time. The objective is to keep the spatial rela-
tionship between the subject and scanner’s imaging volume constant. Similar to in retrospective
techniques, the tracking data needed for correction can be acquired using MR navigators and
external tracking equipment.

External tracking equipment is typically independent of the MRI scanner itself. Examples
include in-bore optical trackers [92], reflector-based laser positioning system [93], outer-bore
stereo tracker cameras [80], NMR probes [94] and ultrasound imagers [95]. When cameras
or other optical trackers are used, the device must be properly aligned to markers attached on
the subject’s head. Markerless techniques, such as using point cloud reconstructions [96], have
also been introduced. While able to provide fast and accurate updates to the imaging system,
external devices have the downside of additional complexity and inconvenience to the subject.
Paired with the limited space within the head coil and the overall MR system, implementing
these devices in routine clinical environment is challenging.

MR navigators can be classified into k-space and image-space navigators. The use of nav-
igators have evolved since a 1989 method proposed by Ehman and Felmlee [97], which uses
one-dimensional frame projections via interleaved sampling to determine displacement in the
frequency encoding direction. K-space navigator techniques, such as orbital [98] and cloverleaf
navigators [99], sample the k-space in motion-sensitive trajectories that can be then compared
to a reference. Alternatively, image-based navigators can also be used, in which the MR images
themselves are employed to acquire real-time motion parameters. Techniques in this category
include PROMO [100] and the Prospective Acquisition Correction (PACE) [5]. PROMO uses
three orthogonal spiral navigators, which are then passed onto an extended Kalman filter frame-
work. PACE, which also provides a base to the methodologies later described in this thesis, was
originally used to track motion effects in functional MRI (fMRI). The motion parameters are
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obtained by performing six degree-of-freedom, rigid-body image registration of the initial EPI
volume to the subsequent volumes. These MR navigator techniques have the distinct advantage
of not requiring potentially cumbersome devices and consequently inconvenience to subjects.
However, it is important to note that these navigators have to be acquired along with the primary
imaging sequence, which inevitably extend scan times, and also with consistent SNR in the case
of the image-space navigators as less motion-corrupted image would need to be discarded dur-
ing post-scan analysis [101]. The navigator echo acquisitions must fit within the pulse sequence
architecture [2].

Overall, beside the reduction of data interpolation effects, prospective techniques minimise
the changes in magnetisation history due to the constant update of the imaging volume as the
acquisition progresses. Motion-induced relaxation effects can then be avoided [5]. The need
for rapid navigators limit the use of computationally-expensive navigator techniques, but for
brain imaging, this is precluded by the fact that the rigid-body model often sufficiently describe
head motion. There is also a limit with motion-induced B0 distortion effects, which can not be
directly compensated by this class of techniques [102]. This is especially important at 7T due to
the increased B0 inhomogeneity.
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Chapter 3

Motion correction for echo-planar imag-
ing at 7 Tesla using multislice prospec-
tive acquisition correction (MS-PACE)

3.1 Introduction

This chapter presents an alternative technique for prospective motion correction in 7T clinical
MRI. The technique proposed in this chapter is adapted from a technique previously imple-
mented at 3T, namely Multislice Prospective Acquisition Correction (MS-PACE), which in turn
is inspired by PACE [5][6]. This echo planar imaging (EPI)-based technique has also been used
in a navigator-based technique for clinical sequences such as turbo spin echo. This chapter aims
to develop and validate MS-PACE application for 7T EPI motion correction. Problems unique
to 7T and ultra high field MRI were considered during this development process.

3.2 MS-PACE

The MS-PACE technique, which was originally proposed by Hoinkiss and Porter [6], is a
prospective motion correction technique that acquires real-time motion information by regis-
tering subsets of 2D EPI navigator slices to a reference volume acquired at the start of the mea-
surement. This varies from the base PACE method which employ registration of full volumes
of navigator slices to a reference volume [5]. This subset of slices registration scheme allows
real-time updates to be performed at a heightened temporal resolution. These navigator slices
can act as a navigator for other sequences but also as a self-navigator in EPI acquisitions.
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Start: acquire in-plane 
GRAPPA accelerated 
reference volume

Acquire EPI slices in 
groups of 3 equidistant 

slices

Trigger image 
registration every 3 slices

Perform multislice-to-
volume registration to 

the reference

Feed the motion 
parameters back to the 
scanner's measurement 

system

Update the imaging 
volume with new spatial 
orientation and position

Motion detection 
and correction

Figure 3.1: The 7T MS-PACE motion detection and correction pipeline. In this example, as
only a subset of three slices is used for each registration, detection and correction can be done

multiple times within a repetition time.

Shown in Figure 3.1, this technique follows an iterative process that begins with an acquisi-
tion of a volume of 2D EPI navigator slices at the start of the measurement. In the subsequent
volumes of EPI slices, a registration to the reference volume is performed every time a new sub-
set of three slices is acquired. Using the Mattes’ mutual information similarity metric (described
in Section 2.7.2), this multislice-to-volume registration then yields a 3D rigid body versor trans-
formation matrix that is used to update the gradients and thus the acquisition volume. This par-
ticular similarity metric is chosen as it is more sensitive to image differences when information
is more limited as in this technique, where only a subset of slices is used for registration. In this
case, obtaining reliable and accurate motion estimation with typically computationally-lighter
metrics, such as sum of squared differences, is more challenging [103]. This process, includ-
ing the similarity metric, the gradient descent optimisation and the transformation matrix, uses
the open source Insight Toolkit (ITK) libraries available within the Siemens’ Image Calculation
Environment (ICE) (Siemens Healthineers, Erlangen, Bavaria, Germany) image reconstruction
framework.

The rigid-body image registration produces representative translational parameters in the
three axes and three quaternion versors, which can be converted into rotational parameters. This
is then fed back into the imaging system to correct for the motion effects by altering the slice
position and orientation. The process is then repeated for every subset of three slices, enabling
very quick motion updates. An important point for the slice subset acquisition is that the three
slices are acquired with the largest-possible distance between one another. This is to ensure that
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the registration can capture the rigid body head motion as accurately as possible.

3.3 Equipment

3.3.1 Locations and scanners

All experimental and developmental work, except for Section 3.4.1, was conducted at the Imag-
ing Centre of Excellence site in Govan, Glasgow, Scotland. Embedded in the NHS Scotland
Queen Elizabeth University Hospital, the Centre houses a MAGNETOM Terra 7T MRI scanner
(Siemens Healthineers, Erlangen, Bavaria, Germany) used in the phantom and healthy volunteer
studies for this thesis. At the time of this thesis’ writing, 7T MRI was slowly growing into more
routine clinical use as 7T commercial scanners were approved under the United States Food and
Drug Administration (FDA) and the European Economic Area’s conformité européenne (CE)
standard regimes. These include the Terra. The Centre’s 7T scanner is one of the first in the
United Kingdom to be located in a clinical setting [104]. It also served as a collaboration inter-
face for academic, clinical and industrial partners. All experiments on healthy subjects at this
site received ethical approval from the local NHS Clinical Research Imaging Facility (CRIF)
Approval Group [105].

The scan element of the work in Section 3.4.1 was performed on a MAGNETOM Skyra
3T scanner (Siemens Healthineers, Erlangen, Bavaria, Germany) during a research visit at the
Fraunhofer Institute for Digital Medicine MEVIS, Bremen, Germany. This visit was funded
under the Postdoctoral and Early Career Researchers (PECRE) award from the Scottish Imaging
Network: A Platform for Excellence (SINAPSE) consortium.

3.3.2 Programs used for 7T MS-PACE technique development

A major element of this thesis is the development and validation of the 7T MS-PACE technique.
This involved extensive developmental work in C++ programming language using Siemens’ In-
tegrated Development Environment for Applications (IDEA) pulse sequence development and
ICE image reconstruction platforms (Syngo MR version VE11 until 2021, VE12U from 2021).
The IDEA element of the developmental work involved integrating the technique into an EPI
sequence originally developed in-house at the University of Glasgow by Prof David Porter. This
involved the extensive integration of new codes and modules into the sequence code, which in-
cludes: enabling the sequence to receive the motion information feedback; enabling acquisition
with the parallel imaging acceleration technique, in-plane generalised autocalibrating partially
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parallel acquisitions (GRAPPA); enabling fat saturation pulses; debugging and quality control
codes such as embedding feedback slice indices on the measurement data header. The update
using motion feedback was aided by a modified version of Siemens’ product PACE module.
The slice acquisition order was also modified so it acquired in an equidistant manner, e.g. for a
60-slice volume, the acquisition gap is 20 slices (0-20-40, 1-21-41, 2-22-42, etc). This was to
synchronise it with multislice-to-volume registration technique and help to future-proof it for a
potential simultaneous multislice application.

The development on the ICE platform involved extensive modification of the original 3T
MS-PACE reconstruction algorithm [106] for the 7T application. This included: adding GRAPPA
reconstruction modules; adapting and integrating the in-house EPI sequence reconstruction
modules; adapting the reconstruction pipeline; reconfiguring the multislice-to-volume image
registration functor. Shown in Figure 3.2, the reconstruction pipeline has two branches. The
first is the real-time motion estimation branch, which directs data for motion calculation into the
image registration functor and then feeds this information back to the sequence. The second is
the normal reconstruction branch, which generates images.

The sequence was intensively phantom-tested at the 7T scanner to ensure it was safe and
stable before being used in healthy volunteer experiments.

FT
and 

PhasCorr

Standard
image
recon

(+GRAPPA)

Figure 3.2: A truncated version of the ICE image reconstruction pipeline developed for the 7T
MS-PACE technique, demonstrating how the data processing branches into two. On ICE, the
pipeline is constructed with individual processing modules (functors) with input and output

nodes that control data flow between them. The data branches out of the source functor to form
a separate real-time motion calculation branch towards the MultiSliceRegFunctor where
motion estimation and feedback of motion parameters to the pulse sequence for real-time

acquisition system updates occur. GRAPPA processing is also active in the real-time branch
(GrappaFB). The other branch heads to the standard image reconstruction pipeline.

3.3.3 Phantom

Sequence testing was performed on a Siemens Solution J spherical phantom (Siemens Healthi-
neers, Erlangen, Bavaria, Germany), which has a yellow fat to polydimethylsiloxane oil ratio of
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0.05:1000. All phantom tests were conducted at the 7T Terra scanner with the coils relevant to
each study.

3.3.4 Coils

The work described in this chapter and in the following Chapter 4 utilised a single-channel
transmit, 32-channel receive channel head coil (Nova Medical, Wilmington, MA, USA). The
work in Chapter 5 used a different coil, which was an 8-channel transmit, 64-channel receive
head coil (MR CoilTech Ltd, Glasgow, Scotland, UK). For the specific work described in Section
3.4.1, the coil used was a single-transmit, 20-channel receive head coil (Siemens Healthineers,
Erlangen, Bavaria, Germany).

3.4 Methods

The process of adaptation and integration of the technique for 7T EPI application involved sci-
entific evaluations of different aspects of the technique and sequence and image reconstruction
algorithm development. As feedback speed is essential for prospective motion correction, the
experiment described in section 3.4.1 was conducted to evaluate the effect of the number of
slices in the multislice subset. Section 3.4.2 then evaluated the sensitivity of the technique to
sub-TR intra-volume motion.

Following pulse sequence development and integration of the feedback system into an in-
house EPI as described in Section 3.3.2, 7T MS-PACE was then validated for use in fMRI
protocols, described in Section 3.4.3

3.4.1 Motion detection: the effect of the number of slices in the
registration subset

(Published in [107][108][109])

One aspect that was considered during the development is the possibility of using differ-
ent numbers of slices in a multislice navigator subset. This was evaluated in order to find the
ideal balance between the temporal resolution advantage by using fewer slices and registration
accuracy.

The initial study was performed using retrospective reconstruction of scan data acquired
from a healthy 28-year-old subject on a MAGNETOM Skyra 3T scanner (Siemens Healthineers,
Erlangen, Bavaria, Germany) with a single-transmit, 20-channel receive head coil (Siemens

51



3.4. Methods

Healthineers, Erlangen, Bavaria, Germany). Two gradient echo EPI time series were acquired
(98 volumes, 39 slices, TR 3000ms, TE 30ms, matrix size 64×64, slice thickness 3mm) using
a Siemens product sequence. The time series was acquired: 1) without instructed motion; 2)
with instructed motion. The motion protocol instructed through the intercom system was: 1)
nodding down; 2) nodding up; 3) back to neutral position and 4) right-tilting. No prospective
motion correction was applied during the scan. The translational and rotational parameters were
calculated offline post-scan using an algorithm developed using ICE. Motion parameters were
estimated from both time series using the following numbers of equidistantly-spaced slices in
the registration subset: 2, 3, 4, 6, 12, 18. For comparison, a volume-to-volume registration was
also performed (as in PACE [5]).

3.4.2 Motion detection: the effect of intra-volume motion

(Published in [110])

The standard PACE technique, which uses volume-to-volume registration, is unable to cap-
ture intra-volume motion. MS-PACE, which instead uses subsets of EPI slices for navigation,
has the potential to be used for this purpose. A study was conducted to investigate motion de-
tection in the presence of intra-volume motion, comparing the multislice-to-volume registration
approach to that of the original volume-to-volume method.

The study was performed by reconstructing and analysing data acquired in vivo from a
healthy 26-year-old volunteer using a MAGNETOM Terra 7T scanner (Siemens Healthineers,
Erlangen, Bavaria, Germany) with a single-transmit, 32-channel receive head coil (Nova Med-
ical, Wilmington, MA, USA). A 2D gradient echo EPI with BOLD (blood oxygen level de-
pendent) contrast brain image set was acquired (50 volumes, 36 slices, TR 2310ms, TE 25ms,
slice acceleration factor 3, matrix size 128×128) using a Siemens product sequence. The subject
was instructed to perform head movements along the x, y and z-axes during the scan. Using a
processing algorithm developed in Siemens ICE, the first volume was set as the reference vol-
ume and multislice subsets from the subsequent volumes were registered against it. Two image
registrations were performed: 1) full volume; 2) multislice subsets of 3 equidistant slices using
rigid-body image registration. Translational and rotational parameters were then obtained.

3.4.3 Application to real-time motion correction in fMRI protocol

(Published in [111][112])

After the previous studies on the technique’s capabilities and limits, the technique was devel-
oped further in Siemens IDEA and ICE. The mature version of the technique was then validated
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for use in functional MRI (fMRI) protocols. Compared to lower field strengths, functional MRI
(fMRI) at 7T benefits from an improved inherent signal-to-noise ratio (SNR), higher BOLD
contrast, and there is evidence of a greater spatial selectivity [59]. These benefits are most easily
achieved at a high spatial resolution, where the noise in the image is less dominated by phys-
iological contributions, making 7T highly suitable for the detailed mapping of neural activity,
such as in the investigation of differential activity in the cortical layers. However, this high spa-
tial resolution leads to a greater sensitivity to motion artefacts during the long time series used
in standard fMRI protocols. These artefacts are typically mitigated with retrospective motion
correction [113]. Alternatively, prospective motion correction can be performed by applying
corrections to the acquisition system in real time, reducing the effects of spin history and in-
terpolation [114]. The restricted environment in 7T scanners (i.e. narrower bores, tighter head
coils) makes markerless, non-hardware techniques an attractive choice. This section evaluates
the implementation of MS-PACE for 7T functional MRI (fMRI). A variant of this method has
previously been implemented for fMRI at 3T [106].

Unlike in the previous implementation at 3T, the 7T implementation also includes the use
of the parallel imaging technique in-plane GRAPPA [7]. This technique helps to reduce spatial
distortion effects in EPI that are more pronounced in 7T [8]. Despite the extra processing needed
with the integration of GRAPPA reconstruction, it was still possible to perform multislice-to-
volume registration with high temporal resolution of scan updates.

The initial validation study was performed on a MAGNETOM Terra 7T scanner (Siemens
Healthineers, Erlangen, Bavaria, Germany) with a single-transmit, 32-channel receive head coil
(Nova Medical, Wilmington, MA, USA) using an in-house-developed EPI sequence on 3 healthy
volunteers (age 31±5). The scan protocol consisted of four acquisitions, two without and two
with MS-PACE motion correction. The subject was blinded to the acquisition order. Beside
the motion correction, the scan parameters for both scans were identical: isotropic voxel size
2×2×2mm3, resolution 96×96, GRAPPA factor 3, 60 slices, 100 volumes, echo spacing 580ms,
TR 7s, TE 18ms and total acquisition time 12m1s. Figure 3.1 shows how the motion detection
and correction pipeline operates.

Each multislice subset used for registration had 3 equidistant slices, i.e. for a 60-slice vol-
ume, the gap is 20 slices (indices of slice groups: 0-20-40, 1-21-41, 2-22-42, etc). Calculated
motion parameters were then fed back to the scanner system and the imaging gradients were
subsequently updated to account for the preceding movements. The threshold for correction
was set for translation and rotation of 0.2mm and 0.2◦ respectively.

Residual rigid body motion parameters (translation and rotation in x, y and z axes) were also
retrospectively calculated using the multislice-to-volume method. Online and offline process-
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ing were done within ICE (Siemens Healthineers, Erlangen, Germany) using ITK open-source
image registration libraries. The residual motion parameters were compared for all subjects.

Voxelwise temporal SNR (tSNR) comparison was made between the non-corrected and cor-
rected cases. These maps illustrate the temporal variance in noise and were calculated by com-
paring the mean signal of each voxel to its standard deviation over the time series.

tSNR =
mean o f the time series

standard deviation o f the time series
(3.1)

The technique was also compared to FSL’s MCFLIRT (Motion Correction FMRIB’s Linear
Image Registration Tool) [115]. The time series data was calculated retrospectively using the
multislice-to-volume method and MCFLIRT and then compared. The reference volume parame-
ter for the MCFLIRT calculations was set to be the first volume, akin to the multislice-to-volume
method, instead of the default middle volume.

In order to expedite the calculation of motion parameters and consequently the feedback
speed, evaluation by randomised spatial masking in the image registration step was enabled.
Instead of using the whole image to evaluate the metric, voxels are randomly subsampled from
the image. This was first evaluated by retrospectively calculating the motion parameters from
data from one subject, with the random masking enabled. This feature was then enabled on the
sequence in the scanner and the effects on motion correction were examined in a subject.

3.5 Results

3.5.1 Motion detection: the effect of the number of slices in the
registration subset

Figure 3.3 shows x-axis (left-right) translation estimates for the different numbers of slices for
image registration and compares them to results from the volume-to-volume registration. The
jump at 230s is caused by the right-tilting motion. Figure 3.4 and 3.5 compare respectively
the translational and rotational parameters along the three spatial axes for the motion-affected
dataset.
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Figure 3.3: X-axis translation parameters acquired from the registration of the motion-affected
dataset. The red curve signifies the reference volume-to-volume registration. The fewest (2)

and the most (18) image registration slices cases are highlighted with bolder colours. The inset
focuses on the 230-300s time window (post the right-tilting motion).
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Figure 3.4: Translation parameters across the three spatial axes acquired from the registration
of the motion-affected dataset with variable numbers of navigator slices.56
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Figure 3.5: Rotation parameters across the three spatial axes acquired from the registration of
the motion-affected dataset with variable numbers of navigator slices. 57
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3.5.2 Motion detection: the effect of intra-volume motion

Figure 3.6 shows a comparison of volumes unaffected (a) and affected (b) by intra-volume mo-
tion. Figure 3.7 shows translation and rotation calculations for the full volume (blue line) and
multislice subset (red points) registrations. The time intervals during which multidirectional
intra-volume motion occurred are highlighted in grey.

Figure 3.6: A BOLD-EPI volume unaffected (a) and affected (b) by multidirectional
intra-volume motion.
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Figure 3.7: Translation and rotation parameters in both registration schemes. Blue curve shows
full volume registration, red points show multislice-subset registrations. Volumes affected by
intra-volume motion highlighted in grey. The translation parameters are in the left column,

while the rotation ones are in the right column.
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3.5.3 Application to real-time motion correction in fMRI protocol

Figure 3.8 shows the comparisons of the retrospectively-calculated rigid-body motion parame-
ters from one subject. Figure 3.9 summarises this in a box plot format.

Figure 3.8: Rigid-body motion parameter estimates (x, y and z-axes) from the acquisitions
without (blue) and with (red) real-time motion correction. The translation parameters are in the

left column, while the rotation parameters are in the right column.
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Figure 3.9: Box plot representation of the rigid body motion parameter estimates (x, y and
z-axes) from the acquisitions without and with real-time motion correction. The translation

parameters are in the left column, while the rotation parameters are in the right column. Each
box includes the interquartile range (IQR) of the parameter values. The red line represents the
median. Each whisker extends to the furthest data point in each wing that is within 1.5 times

the IQR. Data points outside this range are represented by the outlier dots.
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Figure 3.10 then shows voxelwise temporal SNR (tSNR) maps for each slice, with and with-
out motion correction. These maps illustrate the temporal variance in noise and were calculated
by comparing the mean signal of each voxel to its standard deviation over the time series.

ba

Figure 3.10: Temporal SNR (tSNR) maps from a single subject without (a) and with (b)
real-time motion correction. These maps illustrate the temporal variance in noise and were

calculated by comparing the mean signal of each voxel to its standard deviation over the time
series. An improvement in tSNR is observed in (b).
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The motion parameter calculations from the three subjects were aggregated into Figures 3.11
and 3.12. The former shows the rigid body translation parameters (x, y and z-axes), while the
latter shows the rotation parameters. The plots are set to uniform axes to illustrate the varying
tendencies of each subject to involuntary movement.

Subject 1 Subject 2 Subject 3

Motion correction

Subject 1 Subject 2 Subject 3

Motion correction

Subject 1 Subject 2 Subject 3

Motion correction

Figure 3.11: Comparison of the non-corrected and corrected translation parameter estimates (x,
y and z-axes) from three separate subject acquisitions using the same protocol.
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Subject 1 Subject 2 Subject 3

Motion correction

Subject 1 Subject 2 Subject 3

Motion correction

Subject 1 Subject 2 Subject 3

Motion correction

Figure 3.12: Comparison of the non-corrected and corrected rotation parameter estimates (x, y
and z-axes) from three separate subject acquisitions using the same protocol.
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Table 3.1 presents Figures 3.11 and 3.12 numerically, displaying mean and standard devia-
tion values. A statistical test was applied to the averages. Table 3.2 present the Student t-test of
the averages of each rigid body motion parameter of the data corrected with MS-PACE against
those without.

MoCo Off On

Subject 1 2 3 1 2 3

Translation
x -0.04±0.89 0.52±0.24 0.24±0.20 -0.00±0.05 -0.02±0.01 -0.04±0.13
y -0.08±0.07 0.13±0.23 0.34±0.16 -0.02±0.02 -0.01±0.08 0.02±0.05
z 0.16±0.11 -0.41±0.34 -0.21±0.18 0.11±0.08 0.06±0.18 0.03±0.09

Rotation
x 0.07±0.08 -0.13±0.14 0.24±0.11 -0.03±0.04 -0.10±0.11 0.04±0.05
y 0.15±0.22 -0.16±0.17 -0.05±0.09 -0.00±0.06 -0.02±0.06 0.01±0.04
z -0.26±0.14 0.16±0.14 0.08±0.05 -0.01±0.03 0.02±0.05 0.01±0.02

Table 3.1: Mean and standard deviation (mean±SD) of the non-corrected and corrected
translation and rotation parameter estimates (x, y and z-axes) from three separate subject

acquisitions.

Parameter Mean parameter t-test

Translation
x t(2) = -1.80, p = 0.21
y t(2) = -2.24, p = 0.15
z t(2) = -2.17, p = 0.16

Rotation
x t(2) = -1.61, p = 0.25
y t(2) = -2.97, p = 0.10
z t(2) = -2.93, p = 0.10

Table 3.2: The results of Student t-test comparing the means of each rigid body parameter from
scans with against without prospective motion correction. The numbers in parentheses signify
the degrees of freedom in each statistical calculation, which is the number of pairs evaluated

subtracted by 1.
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The residual motion parameters calculated with the multislice-to-volume method were then
compared against image registration results from FSL’s MCFLIRT tool. Figure 3.13 shows the
comparison of rigid body translation parameters between the two algorithms from one subject
data. Figure 3.14 shows the comparison of rotation parameters.

Figure 3.13: Comparison of the residual translation parameters calculated from a single subject
with the multislice-to-volume method (left column) and with FSL’s MCFLIRT tool (right
column) from the acquisitions without (blue) and with (red) real-time motion correction.
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Figure 3.14: Comparison of the residual rotation parameters calculated from a single subject
with the multislice-to-volume method (left column) and with FSL’s MCFLIRT tool (right
column) from the acquisitions without (blue) and with (red) real-time motion correction.
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To evaluate the impact of the addition of spatial masking for the image registration step
of the motion detection, the residual motion parameters from one subject was retrospectively
calculated with the results displayed in Figure 3.15.

Figure 3.15: Comparison of the rigid body motion parameter estimates with motion correction
applied and with motion correction plus masking. These were retrospectively calculated

post-acquisition. The data are derived from one subject.
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This feature was then added into the sequence’s reconstruction pipeline. The updated se-
quence was evaluated on a subject and the same comparison was made, displayed in Figure
3.16.

Figure 3.16: Comparison of the rigid body motion parameter estimates from a subject dataset
acquired with the masking-enabled sequence, with motion correction applied and with motion

correction plus masking.
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3.6 Discussion

3.6.1 Motion detection: the effect of the number of slices in the
registration subset

The results suggest that the use of fewer slices for the navigation subsets, i.e. two or three
slices, could yield an image registration accuracy comparable to volume-to-volume registration.
As seen in Fig 3.4 and 3.5, the lower extreme of the range used in the experiment, two slices,
achieved a registration profile that is close to the volume-to-volume (36 slices) case. However
when inspected closely in Fig 3.3, which shows the x-axis translation comparison for all scenar-
ios, the differences between the two cases are more noticeable and significant. Using three slices
provided a closer approximation to the volume-to-volume case, but also would be much faster
than using volume-to-volume registration, particularly for a large number of acquired slices.
The standard deviation between the two slices and full volume scenarios are 0.123mm, while
it’s lower at 0.101mm with three slices. Implementing a three-slice multislice-to-volume regis-
tration allows frequent sub-TR motion detection and correction for protocols with slice-dense
volumes, but also with less accuracy penalty than when using two slices.

3.6.2 Motion detection: the effect of intra-volume motion

Figure 3.7 suggests that for volumes affected by intra-volume motion, multislice registration
identified additional motion components that were not detected by the volume-to-volume reg-
istration, which averaged the different motion components occurring in the registered volume.
This is shown in the grey-highlighted areas. These data do not prove definitively that the ad-
ditional motion components detected by the multislice registration correspond to true motion
events due to the feedback lag. A more definitive result could potentially be achieved, for ex-
ample by correlating with optical tracker data, or by using a mechanical phantom with pro-
grammable defined movement. However, the good agreement with whole-volume registration
during the time intervals without intra-volume motion in Figure 3.7 suggests that the multi-
slice motion parameter estimates are reliable. The results demonstrate that multislice-to-volume
registration possesses more sensitivity in detecting intra-volume motion occurring within a TR.

3.6.3 Application to real-time motion correction in fMRI protocol

As seen in the motion parameter estimates for the acquisition without motion correction (Figure
3.8), the volunteer was subject to longer-term motion, which increased as the scan progressed.
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This is also consistent with the other subjects in this cohort, who were scanned with the same
long protocol. The aforementioned figure also shows how the motion parameters after prospec-
tive motion correction are closer to zero, indicating successful motion detection and real-time
adjustment of the imaging volume. It is also observed in Figure 3.8 and 3.9 that there’s typi-
cally a higher variance in the through-plane motion parameters (translation Z, rotation X and Y)
compared to the in-plane ones (translation X and Y, rotation Z). 3.9, a box plot comparison of
the motion parameters, also demonstrates this effect. This is due to the through-plane resolu-
tion’s dependence on the number of slices [108]. Figure 3.10 demonstrates an improvement in
voxelwise tSNR in the acquisition with motion correction, noting that no retrospective motion
correction was applied to either dataset.

Aggregating data from three subjects scanned under the same protocol, seen in Figure 3.11,
Figure 3.12 and Table 3.1, it can be observed that the motion correction and detection were
working consistently in each subject. The technique worked with the different involuntary mo-
tion tendencies of the subjects. This is also reflected in the statistical Student t-test evaluation
of the average rigid body motion parameters in Table 3.2. The values are all negative, indicat-
ing that the motion correction resulted in overall decrease in residual motion parameters. Note
that the p-values do not cross below the 0.05 threshold, which indicates statistical significance.
This is due to the relatively small size of compared data. Another qualifier to these observed
improvements is that all the acquisitions, corrected or not, were separate, which mean each was
not affected by identical sets of involuntary motion. Larger-cohort studies are required to more
strongly validate this, which was performed in Chapter 4. The blinding of the scan order was an
important protocol feature for limiting biases.

Comparing the multislice-to-volume method and FSL’s MCFLIRT (Figures 3.13 and 3.14)
motion parameter calculations demonstrate similar residual motion component directions and
patterns in both methods. As the former calculates motion parameters multiple times within
a TR and volume, there is a higher temporal resolution of motion detection and adjustment
compared to the latter, which uses volumetric image registration. In MCFLIRT, an intra-volume
motion component is averaged with other motion components occurring in the same volume,
instead of detected as a separate component. However, the multislice-to-volume method returns
less precise spread of through-plane parameters compared to MCFLIRT due to due to the z-
dimension resolution’s dependence on the number of slices [108].

Although a sub-TR correction rate was achieved, the 7T implementation initially had the
limitation of a feedback lag of 350-700ms, which was relatively long compared to the previous
implementation at 3T. To remedy this issue, several avenues were explored. First, randomised
spatial masking was added in the image registration step of the motion parameter calculation.
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This reduces the number of pixels used during image registration and speeds up the computa-
tion time during this step. The initial application of this method on a previously-acquired dataset
showed detection that is close to the original correction that used no masking. As Figure 3.15
shows, the motion estimates in the masked case are close to the non-masked case. The former
has a slightly higher variance but still approximates to the latter and crucially to zero, which
indicates successful motion correction. Figure 3.16 also confirms that masking didn’t introduce
significantly-deleterious effects to the motion correction capacity in the masking-enabled ver-
sion of the sequence. When masking was enabled, the correction was not as accurate as when
full-sampling as used, i.e. increased residual motion was detected. However as observed in
the figure, this difference is very small. Considering the benefits of being able to use a much
shorter TR, this feature returns more positive impacts. After this was implemented, the feedback
lag was down to ≈179ms. A potential area of improvement is the image registration pipeline,
including parallelisation of the ITK modules used for image registration [106].

The work in this chapter has shown that the technique can correct for longer-term motion
components with EPI at 7T by incorporating in-plane GRAPPA to minimise spatial distortion. A
correction rate that is substantially shorter than the TR, which is the update interval for standard
volume-to-volume motion correction, was achieved.

3.7 Conclusion

This chapter has introduced an implementation of the multislice-to-volume prospective motion
correction technique for 7T EPI with the incorporation of GRAPPA for acceleration and minimi-
sation of spatial distortion effects at this field strength. Preceding the main study, the size of the
multislice subset used for motion correction was evaluated, with the use of three slices yielding
an accuracy close to volume-to-volume registration. The multislice-to-volume technique also
displayed sensitivity to sub-TR intra-volume motion. The main study results demonstrated that
the motion correction technique is able to perform sub-TR motion correction and detection (up to
5% of TR) for longer-term motion components in long standard fMRI protocols at 7T, and sub-
sequently reduce deleterious motion effects. The technique was also shown to work consistently
across subjects with different propensities to in-scan motion. Applying the prospective motion
correction technique also yielded in an observed improvement in temporal signal-to-noise ratio.
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Chapter 4

Prospective motion correction using MS-
PACE for 7T task-based functional MRI
(fMRI)

4.1 Introduction

This chapter presents an implementation of the MS-PACE real-time motion correction technique
for 7T task-based functional MRI (fMRI). To capture neuronal changes which are small, such as
the associated blood oxygen level dependant (BOLD) signal [55], lengthy, multivolume acqui-
sitions are often required to detect the signal through multiple observations. This makes fMRI
protocols often prone to voluntary (e.g. from subject adjusting their position within the scan-
ner or coil), involuntary (e.g. from gradual movement towards the padding cushion inside the
coil [106]) and stimulus-correlated motion [116]. The motion risk is further elevated when the
subject has to perform a task during the protocol, even if the task is relatively simple, such as
finger tapping or button pressing. Motion correction is thus crucial and needed to correct for any
artefacts in the acquired time series in order to preserve the quality of the data for subsequent
functional analysis.

Most previous work with prospective motion correction uses volume-to-volume registration
with relatively slow update rates. The MS-PACE method substantially reduces the update time
and increases sensitivity to shorter-term motion components.

In this chapter, the MS-PACE integrated in-house EPI sequence developed in 3.4.3 was
optimised and extended for use in task-based fMRI. The chapter sought to validate the effect
of motion correction with MS-PACE in 7T fMRI acquisitions involving a finger tapping task.
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4.2 Methods

(Published in [117][118])

The subjects were scanned on a MAGNETOM Terra 7T scanner (Siemens Healthineers, Er-
langen, Bavaria, Germany) with a single-transmit, 32-channel receive head coil (Nova Medical,
Wilmington, MA, USA) on 10 healthy subjects (age 31±9), of which 1 is left-handed and 9
are right-handed. The study received ethical approval from the local NHS Clinical Research
Imaging Facility (CRIF) Approval Group [105]. The study was run with the aid of PsychoPy
neuroscience software package [119], which transmitted the task commands to a screen behind
the subject. Figure 4.1 outlines the block design used in this study. A single cross was set at
the centre of the screen during non-task segments, while the word "tap" appeared on the screen
during tapping segments. Apart from the first rest block, which included calibration scans, each
rest/task block lasted 40 seconds, which is equal to 10 volumes. The paradigm involved tapping
of the index finger on the hand specified before the start of a scan.

tap tap tap tap tap

Figure 4.1: The block design used in the study. The finger tapping task blocks were interleaved
with the rest blocks. Apart from the first rest block, which included calibration scans, each

rest/task block lasted 40 seconds, which is equal to 10 volumes.

The scan protocol consisted of an initial T1-weighted magnetization-prepared two rapid ac-
quisition gradient echo (MP2RAGE) [120] whole-brain structural scan, which was acquired with
the following parameters: sagittal orientation, isotropic voxel resolution 0.8×0.8×0.8mm3, ma-
trix size 320×320, 208 slices, TR 5000ms, TE 1.94ms, TI (inversion times) = 700 and 2700 ms,
echo spacing = 5.3ms, flip angles = 4◦ and 5◦, in-plane GRAPPA acceleration = 3.

This was followed by six functional scans acquired with the in-house EPI sequence (as in
Table 4.1). The functional scans were split into three groups: 2 resting scans, 2 scans with left-
hand tapping and 2 scans with right-hand tapping. For each group, prospective motion correction
was applied to one scan. The order of the motion corrected scans (off or on) was blinded to
the subject to prevent biases. The subject was also not told pre-session that the study was
looking at motion effects. Side padding cushions were provided to all subjects, but two subjects
voluntarily elected to not use them. The scan parameters for the functional EPI scans were
otherwise identical: gradient echo readout, transverse orientation, isotropic voxel resolution
2.0×2.0×2.0mm3, matrix size 96×96, GRAPPA acceleration factor of 3 with 32 calibration lines,
60 slices, 110 volumes, echo spacing 580ms, TR 4000ms, TE 18ms and total scan time 7m32s.
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The threshold for motion correction was set for translation and rotation of 0.2mm and 0.2◦

respectively.

Task type Prospective motion correction

None (resting) Off
None (resting) On

Left-hand tapping Off
Left-hand tapping On

Right-hand tapping Off
Right-hand tapping On

Table 4.1: The six EPI scans acquired from each subject and the task variation. The acquisition
order was varied for each subject.

Using the method developed in Section 3.3.2, each multislice subset used for registration
had 3 equidistant slices, i.e. for a 60-slice volume, the gap is 20 slices (indices of slice groups:
0-20-40, 1-21-41, 2-22-42, etc). The robustness of the motion correction was evaluated by
retrospectively calculating the residual rigid body motion parameters (translation and rotation in
x, y and z axes) using the multislice-to-volume method. Online and offline processing was done
within the Image Calculation Environment (ICE) (Siemens Healthineers, Erlangen, Germany)
using InsightToolkit (ITK) open-source image registration libraries.

For the resting (no task) data, temporal SNR (tSNR) maps were calculated for both datasets
without and with prospective motion correction. These maps illustrate the temporal variance in
noise and were calculated by comparing the mean signal of each voxel to its standard deviation
over the time series. These were then compared for each subject by calculating the percentage
difference in tSNR in every voxel between the two modes (prospective correction on and off)
δ tSNR(On−O f f ):

δ tSNR(On−O f f ) =
tSNROn − tSNRO f f

(
tSNROn+tSNRO f f

2 )
×100% (4.1)

To calculate the average δ tSNR across all subjects, each δ tSNR map was registered into stan-
dard Montreal Neurological Institute 152 (MNI152) space using FMRIB’s Linear Image Regis-
tration Tool or FLIRT (FSL, v.6.0, FMRIB, Oxford, England, UK) [115]. For a more accurate
registration to the MNI152 space, each map was registered into its corresponding T1 structural
volume before registration into MNI152 space.

The scan update rate was also analysed by evaluating the origin subset indices of the motion
feedback received in each multislice subset, which were coded to be saved into the measurement
data headers.

75



4.2. Methods

4.2.1 Functional analysis

For the tapping paradigm scans, a general linear model (GLM) analysis was performed us-
ing the BrainVoyager software package (v.22.4, Brain Innovation BV, Maastricht, The Nether-
lands) [121] to compare the parametric activation maps from the non-prospective-corrected and
prospective-corrected data. The first step involved converting each DICOM dataset into a NIFTI
file using the dcm2nii tool (MRIcroGL, v.1.2, University of South Carolina, Columbia, SC,
USA). Each EPI dataset was then preprocessed with slice scan-time correction (to specify each
slice’s timing), temporal high-pass filtering (to remove scanner and physiology-induced low
frequency noise) and spatial smoothing with 4mm Gaussian kernel FWHM.

The datasets were also corrected with BrainVoyager’s volumetric retrospective motion cor-
rection tool, which detects residual motion effects with volumetric image registration as opposed
to the multislice-to-volume motion-correction technique used during the scan.

The processed EPI datasets were then coregistered to the T1-weighted structural scan of the
respective subject data, which was normalised to a 1-mm isovoxel dimension. Each MP2RAGE
scan was skull-stripped and denoised using the CEREBRUM-7T tool [122]. To enable all-
subject group analysis, each T1-weighted structural scan was also normalised to the Talairach
space, guided by the anterior commissure-posterior commissure (AC-PC) line of each brain
[123]. This normalisation process was followed by the conversion of each of the fMRI slice-
time-course files into volume-time-course (VTC) files using information from the coregistration
step and the Talairach normalisation step.

These VTCs were used to perform a GLM analysis on each of the fMRI datasets. The VTCs
were then fitted to the design matrix of predictors based on the block design. Using the tapping
task as a predictor, the GLM was fitted to the time series data at each voxel to evaluate the BOLD
response.

To statistically evaluate the performance of the prospective motion correction technique, A
relevant region of interest (ROI), namely the primary motor cortex (Brodmann Area 4), was
examined. For tapping scans on the left hand, the ROI was examined on the right hemisphere,
and vice versa. The Talairach client [124] was used to pinpoint these regions within the atlas.
Two measures were tested: 1. Multiple correlation coefficient or R-value (how well the GLM-
analysed data fits to the model); 2. β weights (correlation strength of a predictor, which in
this case is the BOLD activation during the task blocks) [125][126]. Paired two-tailed Student
t-tests were then used. The non-prospectively corrected, but BrainVoyager-retrospectively cor-
rected average of all subjects, was used as a benchmark/standard against the MS-PACE corrected
average.
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4.3 Results

Figure 4.2 compares the mean voxel displacement for the acquisitions without (green) and with
(red) prospective motion correction across the three groups of scans, namely resting (no task),
left-hand tapping and right-hand tapping scans. Using the rigid-body translational and rotational
parameters across the three axes, the mean voxel displacement of each dataset is calculated
by measuring the displacement of a voxel within the current imaging volume relative to the
reference, before averaging the displacements across all the voxels in the volume. The figure
shows reductions in mean voxel displacement across all groups of scans and all subjects, except
in some subjects with low initial motion. Table 4.2 presents the statistical Student t-test results
of the three groups’ datasets.

Task type Mean voxel displacement t-test

Resting t(9) = -3.996, p = 0.003
Left-hand tapping t(9) = -3.476, p = 0.007

Right-hand tapping t(9) = -3.511, p = 0.007

Table 4.2: The results of Student t-test comparing the mean voxel displacement from scans
with against without MS-PACE in the three functional group scans. The numbers in

parentheses signify the degrees of freedom in each statistical calculation, which is the number
of pairs evaluated subtracted by 1.

Figure 4.3 displays tSNR maps and percentage differences in tSNR from the resting scans
with and without MS-PACE prospective motion correction in each subject (δ tSNR) for a lower
slice, a middle slice and an upper slice in the brain. The figure demonstrates increases in tSNR
in most subjects in these slices when MS-PACE was applied.
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Figure 4.2: Mean voxel displacement comparison of the acquisitions without and with
MS-PACE prospective motion correction for the three groups of functional scans: resting (top),

left-hand tapping (middle) and right-hand tapping (bottom). The error bars represent the
standard deviation in each dataset.

78



4.3. Results

Figure 4.3: Temporal SNR (tSNR) maps and differences (δ tSNR) derived from the resting
scans. The rows show data from individual subjects. In each row, the leftmost set of three

images are from a lower slice, the middle set of three images are from a middle slice and the
rightmost set of three images are from an upper slice. Within each set of three images, the first
column is the tSNR map with MS-PACE turned off, the second column is the tSNR map with

MS-PACE turned on, and the third column image is the δ tSNR(On-Off).
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Figure 4.4 shows the average δ tSNR(On-Off) maps from the resting scans across all subjects
normalised into standard MNI space. There is a mix of percentage increases and decreases in
δ tSNR across the maps.

Figure 4.4: Average δ tSNR(On-Off) of the resting scans across all subjects. Each subject’s
δ tSNR map was normalised into the standard MNI152 space before the average was calculated.
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Figure 4.5 shows the trimmed average of the δ tSNR(On-Off) maps, which excludes the
extreme 5% ends of the range and shows the average without the extreme outliers. Without the
outliers, the maps show an average increase in δ tSNR(On-Off) except in two slices.

Figure 4.5: Trimmed average δ tSNR(On-Off) of the resting scans across all subjects (extreme
5% excluded). Each subject’s δ tSNR map was normalised into the standard MNI152 space

before the average was calculated.

As Figures 4.4 and 4.5 displayed slices with consistently lower tSNR in the MS-PACE-
corrected case, the corresponding subset of slices (indices 0, 20 and 40) were evaluated across all
subjects in Figure 4.6 to determine whether the tSNR drops were consistent across all subjects.
The drops were consistent, except in some slices with low tSNR from scans without MS-PACE.
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Figure 4.6: Temporal SNR (tSNR) maps and differences (δ tSNR) derived from the resting
scans in all ten subjects when prospective motion correction was turned off or on. The maps

were plotted for slices 0 (most inferior), 20 and 40 in subject-native EPI space. In each row, the
leftmost set of three images are from a lower slice, the middle set of three images are from a
middle slice and the rightmost set of three images are from an upper slice. Within each set of

three images, the first column is the tSNR map with MS-PACE turned off, the second column is
the tSNR map with MS-PACE turned on, and the third column image is the δ tSNR(On-Off).82
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Following the tSNR analysis of the affected slices, the feedback latency was also examined
below in Figure 4.7. The figure shows that the affected slices used feedback from a three-slice
subset in the previous volume that include superior slices, which in some subjects, had low
spatial information.

Figure 4.7: Analysis of scan update rate during prospective motion correction from one run,
showing current imaging volume subset indices plotted against the origin subset of motion

feedback received. The indices are of the first slice of each three-slice subset (e.g. 0 for
0-20-40, 1 for 1-21-41, etc.). The red-shaded area indicates feedback coming from the previous

volume.
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Functional analyses were performed on the tapping paradigm scans. For both tapping groups,
the data from subject 6 were excluded from the test due to the lack of detectable activation. For
the right-hand tapping scans analysis, data from subject 1 were excluded from the test due to
poor tapping performance during the non-prospectively corrected scan.

Figures 4.8a and 4.8b visualise the integrated GLM results for all subjects’ left-hand tapping
scans without and with prospective motion correction respectively. Figures 4.9a and 4.9b show
the right-hand tapping equivalent.

To compare MS-PACE to the standard BrainVoyager retrospective correction, the latter was
applied to the datasets acquired without prospective motion correction. Figure 4.8c demon-
strates the integrated GLM results for all subjects’ left-hand tapping scans without MS-PACE,
but retrospectively-corrected in BrainVoyager. Figure 4.9c shows the right-hand tapping equiv-
alent. Table 4.3 summarises the statistical Student t-tests of the GLM results comparing the
averages in R-value and β weights in the primary motor cortex ROI between the MS-PACE and
BrainVoyager retrospective correction (RC) methods.

Task R-value β

Left-hand tapping t(8) = -1.009, p = 0.34 t(8) = 0.693, p = 0.51
Right-hand tapping t(7) = 0.767, p = 0.47 t(7) = 1.898, p = 0.10

Table 4.3: The results of Student t-test comparing the GLM results from tapping scans with
prospective motion correction versus without (but retrospectively-corrected). The numbers in
parentheses signify the degrees of freedom in each statistical calculation, which is the number

of pairs evaluated subtracted by 1.

Lastly, the effect of combining BrainVoyager retrospective correction with MS-PACE prospec-
tive motion correction was evaluated. Figure 4.8d visualises the integrated GLM results for all
subjects’ left-hand tapping scans with MS-PACE prospective motion correction and BrainVoy-
ager RC applied on both. Figure 4.9d shows the right-hand tapping equivalent.
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(a) No MS-PACE, no RC (b) MS-PACE, no RC

(c) No MS-PACE, RC (d) MS-PACE, RC

Figure 4.8: Integrated GLM results of all subjects’ left-hand tapping paradigm scans without
(a,c) and with (b,d) MS-PACE prospective motion correction.

BrainVoyager-retrospectively-corrected (RC) data are shown in the bottom row. The white
boxes indicate the location of the hemisphere’s primary motor cortex on the Talairach brain

(coronal view). The bar scale is of the β weight, which indicates the activation during the task
blocks.
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(a) No MS-PACE, no RC (b) MS-PACE, no RC

(c) No MS-PACE, RC (d) MS-PACE, RC

Figure 4.9: Integrated GLM results of all subjects’ right-hand tapping paradigm scans without
(a,c) and with (b,d) MS-PACE prospective motion correction.

BrainVoyager-retrospectively-corrected (RC) data are shown in the bottom row. The white
boxes indicate the location of the hemisphere’s primary motor cortex on the Talairach brain

(coronal view). The bar scale is of the β weight, which indicates the activation during the task
blocks.
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To further compare the MS-PACE and BrainVoyager RC outcomes, the activation outside
the primary motor cortex ROI in each individual technique map was quantified using the ImageJ
software [127], i.e. between Figures 4.8b and 4.8c for left-hand tapping and between Figures
4.9b and 4.9c for right-hand tapping.

Task RC MS-PACE

Left-hand tapping 17.29% 5.85%
Right-hand tapping 14.75% 3.39%

Table 4.4: Comparison of outside-primary motor cortex ROI activation as a percentage of the
full normalised Talairach brain slice in the integrated GLM map with an individual motion

correction technique, i.e. BrainVoyager standard retrospective correction (RC) and MS-PACE.

4.4 Discussion

The MS-PACE prospective motion correction technique was implemented and evaluated on how
it responded to the large variation of motion tendencies of the subjects in the cohort. The
paradigm also added further risk of task-related motion during the protocol. Figure 4.2 com-
pares the mean voxel displacements in each functional scan group (resting, left-hand tapping and
right-hand tapping scans) from all subjects. The figure shows that the technique consistently cor-
rected for motion across all subjects, from subjects who moved little to those who moved more
significantly. For scans with a low level of movement, there was also a reduction in most cases,
demonstrating that the method is performing well at multiple scales of motion. The prospective
correction was found to be effective for both resting scans and scans acquired during the tapping
paradigm, which are at risk from stimulus-correlated motion. It is important however to note that
each acquisition is separate and thus the underlying motion patterns are variable. This explains
the case of subject 2 and 5 during their left-hand tapping scans, where the non-prospectively-
corrected data has marginally less displacement than the corresponding prospectively-corrected
data. In both cases, the subjects moved less during the non-prospectively-corrected scans. De-
spite this, the marginally-worse prospectively-corrected scans still have residual displacement
that is much smaller than the voxel size.

Shown in Table 4.2, statistical Student t-test evaluation of the mean voxel displacement in
the three groups yields all negative values, signifying that the technique has reduced the mean in
all three groups. The p-values are also much lower than the 0.05 threshold, which suggest that
the findings are statistically significant.
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Temporal SNR analysis of the resting scans also demonstrates positive effects in most sub-
jects when prospective motion correction was applied. As observed in Figure 4.3, Percentage-
wise increases in tSNR (δ tSNR) in the prospective-corrected scans were observed to be particu-
larly more significant in subjects that moved more, such as subject 6, 8, 9 and 10. However, the
net δ tSNR increases are not universal across all voxels, especially in regions with already high
tSNR (as shown in subject 9).

The average δ tSNR across all subjects (shown in Figure 4.4) however displays percentage
decrease in most voxels when prospective motion correction was applied. As the voxelwise
percentage difference has a small range (0-100% or 0-1), outlier positive or negative percentage
differences can significantly contribute to the average. Using the trimmed mean statistical mea-
sure, which excludes 5% of each extreme, the outliers were excluded from this analysis. After
the exclusion of outlier data, the average (shown in Figure 4.5) demonstrates an overall tSNR
improvement with prospective motion correction on most slices. These findings demonstrate
that while δ tSNR generally improves using the technique, it does not always provide additional
benefits when detected motion is already limited.

Observed in both Figures 4.4 and 4.5, several slices consistently have lower tSNR with
prospective motion correction. These correspond to slices 20 and 40 in the native space. Com-
paring the δ tSNR in the subset of slices 0, 20 and 40 (Figure 4.6), drops in tSNR in the motion
corrected data can be seen to occur in a majority of the subjects in those slices. Due to the feed-
back latency (shown in Figure 4.7), these chronologically-acquired series of slices used feedback
information from a subset in the previous volume with low amounts of information. Due to the
large coverage of the brain (high number of slices), the feedback origin slices also included su-
perior slices, which have more limited spatial information, and this could result in inaccurate
registrations. As brain sizes vary, there were not always brain information in the superior part of
the 60-slice volume, and when there was signal, these could disappear from the position due to
motion. In the future, using a smaller volume that covers only the non-skull region of the brain
may reduce these effects.

For the tapping paradigm acquisitions, an initial comparison of the group activation maps for
the left-hand tapping (shown in Figures 4.8a and 4.8b) and right-hand tapping (shown in Figures
4.9a and 4.9b) was performed. In both task paradigms, primary motor cortex activation was
reflected in the correct region and hemispheres in the group maps without and with prospective
motion correction. However in the group maps of the former, higher levels of noise and acti-
vation outwith the primary motor cortex and supplementary motor area (located medially). The
group maps of the latter have comparably less of this.

To examine how 7T MS-PACE performed against standard BrainVoyager retrospective mo-
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tion correction, a procedure routinely performed in fMRI analysis [113]), paired two-tailed Stu-
dent t-tests were performed on R-value and β weight measures to statistically compare the ac-
quisitions with only BrainVoyager retrospective correction and with only MS-PACE. As shown
in Table 4.3, the p-values in the t-test results, which evaluates whether the difference between
the two averages being compared is statistically significant, are above 0.05 in all cases (both
measures and both tapping tasks). A p-value of under 0.05 means the difference between the
compared averages are significant. This implies that the prospective motion correction per-
formed similarly to the retrospective motion correction of the non-prospectively corrected data,
which is the standard in fMRI analysis.

Comparing group activation maps for the left-hand tapping (Figures 4.8c versus 4.8b) and
right-hand tapping (Figures 4.9c versus 4.9b) demonstrates that primary motor cortex activa-
tion was detected in the scans corrected only in real time with MS-PACE at a similar level to
the benchmark retrospectively-corrected data. This agrees with the aforementioned t-test results
and demonstrates that the MS-PACE application during fMRI acquisitions produces volumes
showing activation accurate to the paradigm or protocol. It is however worth noting that the
retrospectively-corrected data has stronger activation profile in the region surrounding the pri-
mary motor cortex, suggesting that extra activation was recovered in this standard method. How-
ever, as in the preceding comparison, there is more false-positive and outside-ROI activation in
the acquisitions without MS-PACE with standard thresholding. This is supported by the analysis
in Table 4.4, which shows lower percentages of outside-ROI activation in the MS-PACE-only
maps for both left-hand and right-hand tapping. A caveat is that some outside-ROI signal may
be related to secondary functions activated during the task, for example somatosensation [128].

Finally, applying standard retrospective correction during postprocessing to the MS-PACE-
corrected data yields maps with clear activation profile in the ROI and lower amount of false-
positive signal, as shown in Figures 4.8d) (left-hand tapping) and 4.9d) (right-hand tapping).
This demonstrates that the application of MS-PACE during the fMRI acquisitions can produce
improved datasets for fMRI postprocessing analysis.

fMRI scanning protocols at 7T often target a higher spatial resolution than that used in
this study, for example when exploring the differential neuronal responses in the cortical layers
[129]. Future work with the MS-PACE motion correction method will include an evaluation of
its performance in these ultra-high-resolution applications.
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4.5 Conclusion

This chapter validated an application of the MS-PACE multislice-to-volume prospective motion
correction technique for task-based fMRI at 7T. An analysis of mean voxel displacements shows
that the technique was able to consistently minimise motion effects in a cohort of ten subjects
and in a statistically-significant manner. Voxelwise temporal SNR has also been observed to
generally improve with MS-PACE, albeit this was not completely universal and there are overall
percentage decreases in some subjects. Functional analysis of the tapping paradigm acquisitions
demonstrated that the technique performs well in comparison to standard software retrospective
motion correction. Activation signal in the primary motor cortex ROI was preserved and false-
positive activations were reduced even without high thresholding. The use of both prospective
and retrospective methods together has also been shown to yield maps with clear activation
profiles within the ROI.
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Chapter 5

MS-PACE prospective motion correction
using parallel transmit imaging (pTx) at
7T

5.1 Introduction

This chapter presents a novel implementation of the MS-PACE real-time motion correction tech-
nique at 7T with the integration of parallel transmit (pTx) imaging. Ultra-high field MRI, which
includes field strengths equal or larger than 7T, has an inherent problem of transmit field (B+

1 )
inhomogeneity. The inclusion of pTx sought to tackle this issue. In this chapter, a slice-by-
slice B+

1 field shimming scheme using pTx was integrated into the MS-PACE technique and
compared against the circularly-polarised (CP) version of the technique, which is equivalent to
conventional single transmission (sTx). The objectives of this chapter were to develop a method
in which pTx pulses are updated in real time as part of a prospective motion correction scheme,
and to confirm that both pTx and motion correction contribute to improved image quality when
applied together as part of an integrated acquisition scheme.

5.1.1 Online pTx pulse design and slice-by-slice B+
1 shimming

Parallel transmission uses a dedicated RF coil with independent transmit channels that generate
individual RF fields. These B+

1 fields can be tailored for a homogenous, combined excitation
that is simultaneously subject to SAR constraints. As the maps are subject-specific and thus also
session-specific, the pTx system needs to consider B+

1 maps and static field B0 maps during each
session. It is possible to eliminate the need to measure field maps every session by using a more
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generalised pulse such as in the Universal Pulse (UP) approach [130]. Instead of using session-
acquired field maps, universal pulses use previously-acquired maps from a representative subject
group. While this provides convenience and overall scan time reduction, the UP method does
not perform as well as tailored pulse design methods.

While previously complicated and requiring extensive offline work during scan sessions,
tailored pTx workflows have been optimised in the recent years to be able to run online on 7T
scanners such as the Siemens MAGNETOM Terra. The work described in this chapter integrated
a subject-specific pTx workflow [131][132]. Instead of a full-head, volumetric B+

1 shimming,
the workflow utilised slice-by-slice B+

1 shimming, which was demonstrated to provide superior
transmit homogeneity at 7T compared to the former option [133].

5.2 Methods

(Published in [134])

A right-handed finger-tapping task was used to characterise the performance of fMRI data
acquistion using combined prospective motion correction and pTx. 6 healthy subjects (age
45±15) were scanned on a MAGNETOM Terra 7T scanner (Siemens Healthineers, Erlangen,
Bavaria, Germany) with an 8-channel transmit, 64-channel receive head coil (MR CoilTech Ltd,
Glasgow, Scotland, UK) (shown in Figure 5.1) [135][136], of which 1 is left-handed and 5 are
right-handed. The study received ethical approval from the local NHS Clinical Research Imag-
ing Facility (CRIF) Approval Group [105]. The study was run with the aid of the PsychoPy
neuroscience software package [119], which transmits the task commands to a screen behind
the subject. The screen was viewed through a rear-facing mirror attached to the head coil (see
Figure 5.1). Figure 5.2 outlines the block design used in this study, which is identical to the one
used in the study in Section 4.2. A single cross was set at the centre of the screen during non-task
segments, while the word "tap" appeared on the screen during tapping segments. Apart from the
first rest block, which included calibration scans, each rest/task block lasted 40 seconds, which
is equal to 10 volumes.

Following localisation and B0 shimming, B0 and B+
1 field mapping [137] were performed at

the slice positions used by the EPI protocol, and the results were used in MATLAB (MathWorks,
Natick, MA, USA) offline to generate pTx slice-specific B+

1 shim weights (see below).
Prior to the validation experiments, the MS-PACE-enabled 7T EPI sequence (see Section

3.3) was adapted for reading in and applying excitation pulses with the calculated slice-by-slice
shim values.

This was followed by a T1-weighted fast low angle shot (FLASH) whole-brain structural
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Figure 5.1: The 8-channel transmit, 64-channel receive head coil used in the study. The design
features an open face to help reduce claustrophobic reactions. A visor mirror was placed to

reflect the screen correctly towards the subject. Reproduced with permission from Dr G.
Shajan.

tap tap tap tap tap

Figure 5.2: The block design used in the study, which is similar to in Section 4.2. The finger
tapping task blocks were interleaved with the rest blocks. Apart from the first rest block, which

included calibration scans, each rest/task block lasted 40 seconds, which is equal to 10
volumes.

scan, which was acquired with the following parameters: sagittal orientation, isotropic voxel
resolution 0.8×0.8×0.8mm3, matrix size 320×320, 208 slices, TR 35ms, TE 2.00ms, echo spac-
ing 5.3ms, flip angle 50◦, in-plane GRAPPA acceleration factor 2.

While the T1-weighted FLASH structural scan was being acquired, the pulse design data
were collected from the scanner, reconstructed offline on MATLAB (MathWorks, Natick, MA,
USA) and used to calculate slice-by-slice B+

1 shims. This slice-wise shimming was done using
a specialised magnitude least-squares [138] optimisation technique, originally formulated by
Williams et al. [131] (see Equation 5.1 below): Ns represents the number of slices; Ashim the
small tip-angle excitation matrix calculated with the B+

1 maps [139]; bshim,s optimised B+
1 shims;

α the flip angle; w the region of interest mask used for evaluating excitation performance; Q
the Q-matrices used for SAR prediction [140]; Nv the number of Q matrices used for calculating
local SAR.
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for s = 1 : Ns

b̂shim,s = arg minbshim,s|||Ashim,sbshim,s|−α||2W
subject to
bH

shim,sQvbshim,s ≤ SARmax,local ∀v = 1 : Nv

stdev(|Ashim,sbshim,s|)≤ 0.1α

end

(5.1)

This optimisation involved imposing a constraint on the standard deviation of 0.1 times of
the flip angle and also local SAR. This process produced relative magnitude and phase for each
of the 8Tx channels, which could be applied universally to all excitation pulses throughout the
sequence. This optimisation step was also performed individually on each of the 51 slices.
These optimised shim data were then loaded back into the scanner to be executed in the fMRI
acquisitions.

After the T1-weighted structural scan was completed, 4 functional scans were acquired with
the in-house EPI sequence (as in Table 5.1). The EPI sequence was adapted to include slice-by-
slice B+

1 shimming capabilities. 4 EPI scans were acquired: 2 in CP (sTx-equivalent) mode and
2 in pTx shim mode. The order of the acquisition was blinded to the subject to prevent biases.
Side padding cushions were also provided to all subjects for comfort. The scan parameters
for the functional EPI scans were otherwise identical: gradient echo readout, isotropic voxel
size 2.0×2.0×2.0mm3, resolution 96×96, in-plane GRAPPA acceleration factor of 3 with 32
calibration lines, 51 slices, 110 volumes, echo spacing 580ms, TR 4000ms, TE 18ms, target flip
angle 90◦ and total scan time 7m32s. The threshold for motion correction was set for translation
and rotation of 0.2mm and 0.2◦ respectively.

Transmit mode Motion correction

CP Off
CP On
pTx Off
pTx On

Table 5.1: The parameter variation of the four functional scans acquired from each subject.

Each multislice subset used for registration had 3 equidistant slices, i.e. for a 51-slice vol-
ume, the gap is 17 slices (indices of slice groups: 0-17-34, 1-18-35, 2-19-36, etc). The robust-
ness of the motion correction was evaluated by retrospectively calculating the residual rigid body
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motion parameters (translation and rotation in x, y and z axes) using the multislice-to-volume
method. Online and offline processing was done within the Image Calculation Environment
(ICE) (Siemens Healthineers, Erlangen, Germany) using InsightToolkit (ITK) open-source im-
age registration libraries.

Temporal SNR (tSNR) comparison maps were also calculated. These maps illustrate the
temporal variance in noise and were calculated by comparing the mean signal of each voxel to its
standard deviation over the time series. These were then compared for each subject by calculat-
ing the percentage difference in tSNR in every voxel between the two modes δ tSNR(Mode2−Mode1),
e.g. between CP and pTx excitation modes, or between motion correction off and on:

δ tSNR(Mode2−Mode1) =
tSNRMode2 − tSNRMode1

( tSNRMode2+tSNRMode1
2 )

×100% (5.2)

To calculate the average δ tSNR across all subjects, each δ tSNR map was registered into stan-
dard Montreal Neurological Institute 152 (MNI152) space using FMRIB’s Linear Image Regis-
tration Tool or FLIRT (FSL, v.6.0, FMRIB, Oxford, England, UK) [115]. For a more accurate
registration to the MNI152 space, each map was registered into its corresponding T1 structural
volume before registration into MNI152 space.

5.2.1 Functional analysis

The preprocessing steps follows the ones used Section 4.2.1. A general linear model (GLM)
analysis was then performed using the BrainVoyager software package (v.22.4, Brain Inno-
vation BV, Maastricht, The Netherlands) to compare the parametric activation maps from the
non-prospective-corrected and prospective-corrected data. The first step involved converting
each DICOM dataset into a NIFTI file using the dcm2nii tool (MRIcroGL, v.1.2, University of
South Carolina, Columbia, SC, USA). Each EPI dataset was then preprocessed with slice scan-
time correction (to specify each slice’s timing), temporal high-pass filtering (to remove scanner
and physiology-induced low frequency noise) and spatial smoothing with 4mm Gaussian kernel
FWHM.

The processed EPI datasets were then coregistered to the 1mm-isovoxel-normalised T1-
weighted structural scan of the respective subject data. Every T1-weighted FLASH scan was
skull-stripped using FSL’s Brain Extraction Tool (BET) [141]. To enable all-subject group anal-
ysis, each T1-weighted structural scan was also normalised to the Talairach space, guided by
the anterior commissure-posterior commissure (AC-PC) line of each brain [123]. This normal-
isation process was followed by the conversion of each of the fMRI slice time course files into
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volume time course (VTC) files using information from the coregistration step and the Talairach
normalisation step.

These VTCs were used to perform a GLM analysis on each of the fMRI datasets. The VTCs
were then fitted to the design matrix of predictors based on the block design. Using the tapping
task as a predictor, the GLM was fitted to the time series data at each voxel to evaluate the BOLD
response. A relevant region of interest (ROI), namely the primary motor cortex (Brodmann Area
4), was examined. As the paradigm involves right-hand tapping, the ROI was examined on the
left hemisphere. The Talairach client [124] was used to pinpoint these regions within the atlas.

5.3 Results

5.3.1 Application of MS-PACE to data acquisition using pTx

Figure 5.3 shows the transmit channel-wise B+
1 field magnitude maps from the centre slice in

one subject, which were acquired for the slice-by-slice B+
1 shim calculation step. Figure 5.4

shows the corresponding transmit channel-wise phase maps. Figure 5.5 visualises the channel-
combined B+

1 maps for three slice positions: 16, 26 (centre) and 36 in the subject.

Figure 5.3: Transmit channel-wise B+
1 field magnitude maps from the centre slice in one

subject.

Figure 5.4: Transmit channel-wise B+
1 field phase maps from the centre slice in one subject.
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(a) Slice 16 (b) Slice 26 (c) Slice 36

Figure 5.5: Combined B+
1 field maps for slices 16, 26 (centre) and 36 in one subject.
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Figure 5.6 compares the mean voxel displacement for the CP acquisitions without (green)
and with (red) prospective motion correction. Figure 5.7 compares the same for the pTx ac-
quisitions. Using the rigid-body translational and rotational parameters for the three axes, The
mean voxel displacement of each dataset is calculated by measuring the displacement of a voxel
within the current imaging volume relative to the reference, before averaging the displacements
across all the voxels in the volume. The figure shows lower mean voxel displacement in scans
with correction in both modes across all subjects, except in the CP scan of subject 6.

Figure 5.6: Mean voxel displacement comparison of the acquisitions without and with
MS-PACE prospective motion correction for the CP acquisitions. The error bars represent the

standard deviation in each dataset.

Figure 5.7: Mean voxel displacement comparison of the acquisitions without and with
MS-PACE prospective motion correction for the pTx acquisitions. The error bars represent the

standard deviation in each dataset.
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Table 5.2 presents the statistical Student t-test results of both transmit mode scans.

Transmit mode Mean voxel displacement t-test

CP t(5) = -1.079, p = 0.33
pTx t(5) = -2.513, p = 0.05

Table 5.2: Student t-test comparing the mean voxel displacement from scans with against
without MS-PACE in both transmit modes. The numbers in parentheses signify the degrees of
freedom in each statistical calculation, which is the number of pairs evaluated subtracted by 1.

Figure 5.8 displays tSNR maps and percentage differences in tSNR from the resting scans
with and without prospective motion correction in each subject (δ tSNR). The figure shows
higher increases in tSNR where the tSNR in non-corrected scans is lower (i.e. subject 3 and
6), but lower increases and also decreases when the tSNR in non-corrected scans is already high
(i.e. subject 4’s occipital region and subject 5) .

Figure 5.8: Temporal SNR (tSNR) maps and differences (δ tSNR) derived from the pTx scans
in all six subjects when prospective motion correction was turned off or on. The maps were

plotted for slices 16, 26 (centre) and 36 in subject-native EPI space. In each row, the leftmost
set of three images are from slice 16, the middle set of three images are from slice 26 and the

rightmost set of three images are from slice 36. Within each set of three images, the first
column is the tSNR map with MS-PACE turned off, the second column is the tSNR map with

MS-PACE turned on, and the third column image is the δ tSNR(pTx-CP).
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Figure 5.9 shows the average δ tSNR maps from the pTx scans across all subjects, normalised
into standard MNI space with positive values indicating an increased SNR when MS-PACE was
used.

Figure 5.9: Mean δ tSNR(On-Off) of the pTx scans across all subjects. Each subject’s δ tSNR
map was normalised into the standard MNI152 space before the average was calculated.
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Figure 5.10 shows the trimmed average, which excludes the extreme ends of the range.

Figure 5.10: Trimmed mean δ tSNR(On-Off) of the pTx scans across all subjects. Each
subject’s δ tSNR map was normalised into the standard MNI152 space before the average was

calculated.

Figure 5.11 visualises the integrated GLM results for all subjects’ scans without and with
prospective motion correction, comparing the differences in activation levels.
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(a) No MS-PACE

(b) MS-PACE

Figure 5.11: Integrated GLM results of all subjects’ pTx scans without (a) and with (b)
MS-PACE prospective motion correction. The white boxes indicate the location of the

hemisphere’s primary motor cortex on the Talairach brain (coronal view). The bar scale is of
the β weight, which indicates the activation during the task blocks.
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5.3.2 Comparison of MS-PACE corrected acquisitions in CP and
pTx modes

Figure 5.12 displays tSNR maps and percentage differences in tSNR from the MS-PACE-corrected
scans acquired in CP and pTx modes in each subject (δ tSNR). Higher relative increases in tSNR
were observed where the non-corrected scans have low tSNR, and lower when the non-corrected
scans have high tSNR. A stark case is subject 6, where the corrected CP scan was heavily af-
fected by motion.

Figure 5.12: Temporal SNR (tSNR) maps and differences (δ tSNR) derived from the pTx scans
in all six subjects when prospective motion correction was turned off or on. The maps were

plotted for slices 16, 26 (centre) and 36 in subject-native EPI space. In each row, the leftmost
set of three images are from slice 16, the middle set of three images are from slice 26 and the

rightmost set of three images are from slice 36. Within each set of three images, the first
column is the tSNR map with MS-PACE turned off, the second column is the tSNR map with

MS-PACE turned on, and the third column image is the δ tSNR(pTx-CP).
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Figure 5.13 shows the average δ tSNR maps from the MS-PACE-corrected scans across all
subjects normalised into standard MNI space with positive values indicating an increased SNR
on pTx mode compared to CP.

Figure 5.13: Mean δ tSNR(pTx-CP) of the MS-PACE prospectively-corrected scans acquired in
CP and pTx modes across all subjects. Each subject’s δ tSNR map was normalised into the

standard MNI152 space before the average was calculated.
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Figure 5.14 shows the trimmed average, which excludes the extreme ends of the range.

Figure 5.14: Trimmed mean δ tSNR(On-Off) of the MS-PACE prospectively-corrected scans
acquired in CP and pTx modes. Each subject’s δ tSNR map was normalised into the standard

MNI152 space before the average was calculated.

Figure 5.15 visualises the integrated GLM results for all subjects’ scans without and with
prospective motion correction, comparing the differences in activation levels.
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(a) CP mode

(b) pTx mode

Figure 5.15: Integrated GLM results of all subjects’ MS-PACE prospectively-corrected scans
acquired on (a) CP and (b) pTx modes. The white boxes indicate the location of the

hemisphere’s primary motor cortex on the Talairach brain (coronal view). The bar scale is of
the β weight, which indicates the activation during the task blocks.
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5.4 Discussion

5.4.1 Application of MS-PACE to data acquisition using pTx

This chapter has described the evaluation of an implementation of the MS-PACE technique that
is integrated with pTx scanning at 7T. The motion correction technique was applied to both CP
and pTx modes in each subject. Taking advantage of the capability of the individual transmit
coils to generate spatially-variable B+

1 field maps, the maps can be tailored to generate a more
homogenous combined transmit field as shown in Figure 5.5. Analysing the mean voxel dis-
placements in the CP and pTx acquisitions (Figures 5.6 and 5.7 respectively), it is observed
that MS-PACE was able to reduce overall motion in both modes. This is also supported by the
Student t-test statistical evaluation of the mean in both modes (Table 5.2), showing negative
values (less displacement with MS-PACE). The p-value is on the 0.05 threshold of statistical
significance, indicating that MS-PACE correction and pTx worked in concert successfully. The
CP case has a p-value above the threshold, likely affected by an outlier. This exception is sub-
ject 6’s MS-PACE corrected CP scan. The subject had moved significantly during that specific
acquisition, and although real-time motion correction was applied, the scan update time was
too long to correct all components of motion. It underlies a limitation of this type of real-time
motion correction experiment where a comparison is made between two separate acquisitions in
which the underlying motion patterns are variable. It also displays a space for temporal resolu-
tion improvements in the future. The MS-PACE implementation used in this work was based on
separately-excited slices, which means a lower temporal resolution of scan updates compared to
a simultaneously-excited-slices application.

As observed in Figure 5.8, tSNR improvements were observed when MS-PACE motion
correction was applied to pTx data acquisition, especially in subjects that moved a lot such as
subject 3. The benefits are less prominent in subject data with higher tSNR in the data acquired
without MS-PACE and this is reflected on the average δ tSNR in Figure 5.9. The trimmed
mean, which excludes the extreme values, demonstrates a higher average improvement with
prospective motion correction. It is important however to note that the sample size is small. A
similar drop in tSNR in several slices akin to Figure 4.5 in Section 4.3 is also observed. As
in that study, the slices where tSNR drops occurred were the first few chronologically-acquired
slices in every volume and received feedback from a slice subset with low and variable spatial
information. Future work can explore the effects of slice location in detail and modify scan
protocols and update algorithms to mitigate these effects.

The group-integrated GLM activation map of the pTx prospectively-corrected scans (Fig-

107



5.5. Conclusion

ure 5.11b) demonstrates a high primary motor cortex activation profile. The group activation
map from the uncorrected scans in Figure 5.11a also demonstrates high levels of primary motor
cortex signal, although with leaked signals in more regions of the brain. Both maps also dis-
play activation in the cerebellum, which is also involved in coordinating learned movement and
has ipsilateral control (i.e. the right hemisphere controls the right side of the body) unlike the
contralateral motor cortex [142].

5.4.2 Comparison of MS-PACE corrected acquisitions in CP and
pTx modes

This study was performed to confirm that pTx was improving data quality when the RF pulses
were updated in real-time as part of the prospective motion correction technique, which was the
focus of Chapter 4. The subject-wise comparison in Figure 5.12 and the all-subject average in
Figure 5.13 demonstrate overall improvement when pTx was used, especially in the cerebellum
(an area that suffers from low B+

1 in CP mode at UHF [52] [143]), the right frontal lobe and
the centre of the brain. But as the sample size is small and the MS-PACE-corrected CP data for
subject 6 has particularly low tSNR, the data point might have a significant influence towards
the average. After excluding for extremes in Figure 5.14, the preceding observations seem
to have remained. Marginal tSNR decreases in the left frontal lobe however have been more
accentuated. There is also high tSNR on the first slice due to mask misalignment during the
MNI normalisation.

The integrated GLM activation maps in Figure 5.15 demonstrate a broader activation profile
in the combined pTx and MS-PACE approach. Comparing this (Figure 5.15b) against the CP
equivalent (Figure 5.15a), it can be observed that activation is stronger in the primary motor
cortex and the ipsilateral cerebellum region in the former.

5.5 Conclusion

This chapter has evaluated an application of the MS-PACE multislice-to-volume prospective
motion correction technique with pTx integration at 7T using slice-by-slice B+

1 shimming. The
prospective motion correction technique has been shown to work in most subjects with this pTx
integration, with more pronounced spatial benefits in subjects with a higher level of motion
during acquisitions. Comparing to the CP application of the technique also demonstrates an
overall improvement in tSNR and functional activation signal when a combined MS-PACE and
pTx imaging approach was used, with the caveat that the cohort size was relatively small.
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Chapter 6

Conclusion

6.1 Future work

During the work performed in this thesis, several spaces for future improvements and technical
developments were identified. The implementation of the prospective motion correction tech-
nique can potentially be improved further by introducing more technical features.

Chapter 4 and 5 demonstrated an issue with the realignment of the first acquired slices of a
new volume. Optimising the acquisition parameters to explore the effects of using registration
information from areas with low and variable spatial information, e.g. superior slices. The
acquisition protocol may also be updated to avoid this area to reduce this effect.

While the implementation achieved a high temporal performance, it is still feasible to fur-
ther improve the temporal resolution further. The integration of simultaneous multislice imaging
(SMS) can decrease the repetition time required between volumes by several factors and con-
sequently reduce the time required to acquire slices [39][40][106]. This time can be traded off
with increased spatial resolution if desired as well. However, it is also important to note the
SAR challenges of using SMS at 7T [40].

Spatial resolution is also an area to be potentially explored in future work. The part of k-
space data used for self (EPI) or other sequence navigation could be smaller than the actual
acquired data. This can be potentially examined to optimise the trade-off between SNR and
spatial resolution, and see what gives the highest accuracy and precision of motion estimates.
This may find an application to very high resolution laminar fMRI, when the SNR in the full
images might be low [144].

Linked to the potential integration of SMS imaging with MS-PACE, exploratory work was
undertaken on another possible area of reduction of motion detection time, namely the use of
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unseparated multiband slices for image registration, therefore skipping the separation step and
potentially further processing delay (see Appendix A). Extending from this, it was also explored
whether a simpler registration of a collapsed slice combined from several (e.g. three) slices
in the image registration module can reduce the time required for image registration as there
would be just one slice each to be registered between the reference and the moving images.
The schematic of this system is shown in Appendix A.5. A complication of implementing
this method is that standard image registration algorithms, such as from ITK, would have to
be substantially rewritten or replaced. There is also further possibility of applying a machine
learning algorithm [145] as a means for more rapid prediction of motion estimates from the
unseparated images, or even from raw data.

Applying parallel processing for the ITK image registration modules used to estimate mo-
tion parameters also has the possibility to increase the temporal resolution further and capacity
for increasing other registration parameters for higher accuracy, such as the number of iteration
steps. Another measure that can be used to increase motion estimation accuracy is the introduc-
tion of a Kalman filter. This can help to stabilise and smooth the motion parameter estimates
especially during outlier motion patterns [100][106]. It is important to consider however that
this inclusion might also introduce slight delays.

There are potential benefits of using EPI acquisition as a navigator for prospective correction
in a range of 2D pulse sequences. Applying the technique in high-resolution diffusion-weighted
imaging (DWI) is a possible area. While it is challenging to use the EPI images in DWI for
registration due to the contrast changes with the diffusion weighting and diffusion gradient di-
rection, the high b-value images are low in SNR and an EPI navigator can potentially be used
in this case. There is also a high potential impact with standard clinical 2D sequences which do
not currently have a method of motion correction available. Prospective motion correction can
be crucial in these 2D sequences because retrospective motion correction is not possible if the
slice position changes.

If sufficient acceleration from in-plane GRAPPA and SMS is used for the acquisition, the
single-shot navigators can potentially also be integrated into multi-shot EPI sequences with spa-
tial resolution-improving methods such as readout-segmented EPI [146][147]. With the im-
proved spatial resolution potential at 7T, an application for navigating structural imaging se-
quences such as turbo spin echo (TSE) is desirable and has previously been implemented at 3T
[6]. Preliminary developmental work was done on translating the technique for 7T application
(early results shown in Appendix B).

110



6.2. Summary

6.2 Summary

This thesis presents the development and applications of an image-based multislice-to-volume
prospective motion correction technique for MRI at 7T. Taking into consideration the distinctive
challenges of ultra-high field MRI, the technique was developed with novel addition of technical
features to mitigate these challenges.

Chapter 3 introduced an implementation of the technique for 7T EPI protocols. In con-
junction to pulse sequence and image reconstruction pipeline development, the technique was
evaluated in preceding studies on the multislice subset and intra-volume/sub-TR motion. Paral-
lel imaging technique GRAPPA was then incorporated into the implementation to compensate
for spatial distortion effects that are more prevalent at higher field strengths, such as 7T. Subse-
quent application in vivo displayed an ability to correct for motion and improve temporal SNR in
long EPI acquisition protocols in subjects with various levels of in-scan motion. The application
also compared well with the more commonly-used volumetric registration method.

The work established in Chapter 3 was a foundation for the larger population validation in
vivo presented in Chapter 4. In this chapter, the multislice-to-volume technique was extended for
application in 7T functional MRI with a task-based paradigm. Compounded by long acquisition
times, incidental and stimulus-correlated motion, these protocols are invariably prone to motion
artefacts. The motion correction application was shown to have consistently compensated for
these effects in the different metrics evaluated and the findings were statistically significant. The
positive benefits were especially more visible in acquisitions affected by higher levels of motion.

Addressing one of the main challenges of MRI at 7T, namely B+
1 field inhomogeneity, the

motion correction technique was integrated with parallel transmit imaging in Chapter 5. This
work has described for the first time application of the MS-PACE method to 7T and pTx. Inte-
grating subject-specific, slice-by-slice B+

1 shimming, the combined approach was demonstrated
to provide a consistent improvement in image quality and fMRI results in most subjects, es-
pecially when higher levels of motion were present. It also favourably compared against the
circularly-polarised version, showing overall higher temporal SNR and functional activation.

The work presented in the thesis promises to make neuroimaging more robust at 7T, allowing
both clinical and neuroscience applications to benefit consistently from the increased SNR and
spatial resolution offered at this field strength. Nonetheless, there are improvements that can
be made to further enhance its accuracy and reliability. Recommendations were also made for
future applications in other pulse sequences that may potentially benefit from real-time motion
correction using multislice-to-volume image registration.
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Appendix A

Using unseparated multiband slices as
an image registration shortcut

Note: This work was performed with offline processing during the COVID-19 pandemic-related

developmental and experimental work disruption. This was later presented at the 2021 Annual

Scientific Meeting of the European Society for Magnetic Resonance in Medicine and Biology

(ESMRMB) [148]. Due to the incomplete and preliminary nature of this work, it has not be

included in the main text. It does, however, present interesting options for future work.

A.1 Introduction

When simultaneous multislice (SMS) excitation is used, image registration-based prospective
motion correction is typically performed after the SMS-acquired slices are separated into indi-
vidual slices. This study explored the possibility of programming the motion correction feed-
back pipeline to register the unseparated/collapsed multiband (MB) slices in a PACE scheme
and explore its effects. In PACE, translational and rotational motion estimates are calculated by
registering the current imaging volume to a reference volume. These estimates are then used to
adjust the slice position and orientation [5]. This also results in a time delay, in addition to the
multislice separation-related delay [106]. Registering the volumes without a prior separation of
the SMS images (illustrated in Figure A.1) would theoretically allow for quicker processing and
an increase in temporal resolution.
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Figure A.1: An unseparated MB slice and its corresponding slices after slice-GRAPPA
separation. Notice the folding and aliasing effects on the MB slice.

A.2 Methods

The study was performed using retrospective calculation of scan data acquired from a healthy
26-year-old volunteer on a Siemens MAGNETOM Terra 7T scanner (Siemens Healthineers,
Erlangen, Germany) with a single-transmit, 32-channel receive head coil (Nova Medical, Wilm-
ington, MA, USA). A 2D EPI with BOLD contrast time series was acquired using a Siemens
product EPI sequence with the following parameters: 50 volumes, 36 slices, SMS factor 3,
TR/TE 2310/25ms, matrix size 128×128, slice thickness 3mm. During the scan, the subject
was instructed to perform a motion protocol: 1) nodding up-down; 2) tilting left-right; 3) ro-
tating left-right. Using a processing algorithm developed in the Siemens Image Calculation
Environment (ICE) using InsightToolkit (ITK) open-source image registration libraries, volume-
to-volume registration was performed for two different scenarios: 1) SMS slices unseparated;
2) SMS slices separated using the slice-GRAPPA method. Transition scans affected by intra-
volume motion were excluded.
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A.3 Results

Figure A.2 shows the comparisons of the calculated residual rigid-body motion parameters when
volumetric registration was performed with SMS volumes unseparated (blue) and unseparated
with slice-GRAPPA.

Figure A.2: Residual rigid-body motion parameters (x, y and z-axes) for the unseparated SMS
volume registration (blue) and slice-GRAPPA separated SMS volume registration (red). The
translation parameters are on the left column, while the rotation parameters are on the right

column.
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A.4 Discussion

On detecting translational motion, the unseparated slice registration seem to be in close agree-
ment with the separated slice registration, which is the benchmark for this study. However, its
sensitivity to through-plane motion, such as z-axis translational and all axes rotational motion
was limited. This is likely due to a limitation of the algorithm, where the the position of each
aliased slice is not fully considered in the calculation of the residual motion parameters. The
image registration algorithm used did not correctly model the effect of rotation on the collapsed
data. This loss of slice-direction information complicates determining the through-plane mo-
tion parameters. Future work should account for this slice-direction information to estimate
through-plane motion parameters more accurately.

A.5 Proposed future algorithm

Following this exploratory work, an algorithm for an expedited image registration process was
proposed (illustrated in Figure A.3 below). After skipping the multiband separation process,
a collapsed SMS-acquired slice is iterated through a registration process against a pseudo-
collapsed reference image generated from earlier-acquired reference data.
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Figure A.3: The schematic of image registration with collapsed multiband slices for
simultaneous multislice imaging. After skipping the multiband separation process, a collapsed

SMS-acquired slice (current image) is iterated through a registration process against a
pseudo-collapsed reference image generated from earlier-acquired reference data.
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Appendix B

Preliminary work on MS-PACE navigated
turbo spin echo (TSE) at 7T

Note: The images below are from the translation and developmental work of the original 3T

MS-PACE TSE technique for 7T application. The base sequence was provided by Dr Daniel

Hoinkiss at the Fraunhofer Institute for Digital Medicine MEVIS in Bremen, Germany. This

preliminary work made it clear that a dedicated 7T development was required and provided the

motivation to base further work on an in-house EPI sequence for the MS-PACE application.

(a) (b)

s

(c)

Figure B.1: Inferior (a), centre (b) and superior (c) slices from the 7T MS-PACE-navigated
TSE sequence. The inset on the top left are the EPI navigators used for the corresponding TSE

slices. Note the heavy blurring artefacts in all slices, reflecting that the application was still
under development.
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