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Abstract

The sensitivity to subject motion is one of the major reasons of image quality degradation in
magnetic resonance imaging (MRI). Subjects need to be very calm to maintain the relationship
between spatial image information and subject anatomy throughout the scan. In case of
moving subjects, prospective motion correction can regain this relationship by constantly
adapting the image slice positioning to follow the subject in real time. This requires continuous
estimates of the current motion state, which is complicated for a variety of MRI applications.

In diffusion-weighted imaging, the calculation of accurate motion estimates is difficult due
to the strong contrast variation between consecutive image volumes. This thesis proposes
to exploit the rotational invariance of the trace of the diffusion tensor to reduce the contrast
variation during image acquisition. The approach yields accurate motion estimates when
compared to a gold standard with a correlation coefficient of R = 0.9634 for voxel displace-
ments determined across all measurements of the underlying imaging study. Using the motion
detection technique for real-time prospective motion correction substantially reduces the
level of residual motion between image volumes to under ± 0.2 mm and ± 0.2°, leading to
high-quality diffusion parameter maps.

In contrast to MRI sequences in which successive image volumes are acquired, high-resolution
anatomical imaging itself does not provide sufficient image data for prospective motion
correction. This work suggests utilizing echo planar imaging (EPI) navigator slices, which
are interleaved with the primary sequence acquisition, to perform a multislice-to-volume-
based prospective motion correction. A dedicated slice iteration scheme minimizes the
disruption to the magnetization of the primary pulse sequence, which can arise when acquiring
additional navigator scans. The technique provides high temporal resolution and is evaluated
in conventional spin echo as well as RARE pulse sequences. Human study data show residual
motion parameters within ± 0.5 mm and ± 0.5° despite strong, intentional head motion and a
higher level of image quality when compared to uncorrected scans or a reference method.

Multislice-to-volume-based prospective motion correction is then combined with simultaneous
multislice imaging to further increase the temporal resolution of motion correction updates in a
way that a single EPI readout train provides enough information for sufficient motion detection.
This technique is applied to multiband functional MRI pulse sequences, resulting in up to
50 % reduction of residual motion parameters and improvements in temporal signal-to-noise
ratio as well as brain activation study results when compared to conventional, volume-to-
volume-based prospective motion correction during in-vivo imaging studies.
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1 Introduction

Since the discovery of the spin echo by Erwin L. Hahn [1] and later the first introduction
of image formation using nuclear magnetic resonance (NMR) by Paul C. Lauterbur [2],
the research field of magnetic resonance imaging (MRI) has constantly grown. Nowadays,
MRI is among the most important imaging technologies for clinical diagnosis and research
applications. Although there have been great technological achievements in the field, which
offer a wide range of applications due to the versatility of MRI sequence design, patient
motion is still one of the major challenges and is directly connected to image quality. The
sensitivity to patient motion comes with one of the biggest drawbacks of MRI; its long
acquisition times, which can vary between seconds and up to 30 minutes or more. Robust
MRI image quality relies on the cooperation of the patient who needs to remain still during
the whole scan time. This is often difficult due to the uncomfortable environment, particularly
for some groups of patients like elder people or children. However, even cooperative patients
cannot always avoid significant motion. There are also physiological sources of motion, such
as respiration, which cannot actively be inhibited by the patient for a long time. Motion during
MRI exams leads to strong artifacts in the images and can reduce the image quality to a level
that is not sufficient for a reliable clinical diagnosis anymore.

Although there is a variety of different types of motion, this thesis only addresses rigid-body
head motion in neurological imaging studies. A simple solution to reduce this type of motion
is the use of head restraints, which can improve the imaging results in some cases, but is often
not sufficient. Additionally, head restraints are told to be very uncomfortable for the patient.
Acceleration of the MRI acquisition might also limit subject motion. However, this is not
feasible in all applications and image quality can suffer from the acceleration process.

Therefore, motion correction in MRI has become a wide research topic with multiple solutions
ranging from retrospective correction methods, which compute and correct for subject motion
using image registration algorithms after the scan, to prospective methods for real-time motion
correction during the acquisition. Retrospective methods use sophisticated and computation-
ally intense algorithms, but also require changing the data for spatial transformation. They
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1 Introduction

cannot be applied easily in lack of adequate data for subject motion detection and suffer from
the fact that missing data points cannot be recovered.

Prospective motion correction, which relates to the adaptation of the imaging system during
the scan to account for detected patient motion, was first described by E. Mark Haacke and
John L. Patrick [3] and since then constantly improved and adapted for a variety of different
MRI applications. Due to the versatility of MRI, a range of prospective motion correction
techniques can only be used in a specific scope of imaging sequences, which is why there is
still a large amount of applications without robust solutions.

A general solution to prospective motion correction could be achieved using camera-based
motion detection [4]. However, there are studies and situations where this is not appropriate
due to restrictions related to the required optical markers. In addition, there are the disadvan-
tages of the financial expense and setup time of the corresponding hardware as well as the
fact that the measured motion of the scalp does not necessarily represent the actual motion of
the brain.

The goal of this thesis is the development and evaluation of image-based prospective motion
correction techniques for MRI to guarantee the acquisition of images with high quality even in
the presence of subject motion. MRI sequences that do not offer reliable prospective motion
correction techniques yet, include:

1. Diffusion tensor imaging (DTI): Motion detection is difficult due to strong contrast
variation between successive image volumes.

2. Anatomical spin echo sequences: No adequate data for motion correction is available
during image acquisition.

3. (Multiband) functional MRI (fMRI): Motion correction updates of available techniques
are usually very slow due to the required time to acquire a full image volume.

The developed techniques aim for overcoming the mentioned challenges and providing robust
prospective motion correction for routine clinical imaging. They are theoretically described
and implemented from scratch to fully working and versatile prototypes. This includes the
development of MRI pulse sequences as well as image reconstruction and motion correction
algorithms. The methods are evaluated with comprehensive imaging studies using human
subjects.
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1.1 Structure of the Thesis

1.1 Structure of the Thesis

This thesis is written for an audience with basic knowledge in physics and image/signal
processing, but no specific experience in MRI and its applications. All MRI-specific funda-
mentals which are relevant for the described work will be introduced in Chapter 2, containing
discussions about MRI physics and image formation in Section 2.1, basic MRI sequence
modules in Section 2.2 and available techniques to avoid motion artifacts in MRI acquisitions
in Section 2.3.

The three following Chapters 3, 4 and 5 cover the developed techniques for prospective
motion correction. The chapters start with an introduction (e.g. Section 3.1), summarizing the
current state of the art, the challenges and the general approach to overcome them. Additional
fundamentals which are necessary for understanding the chapter are also described there. The
method is then derived and explained in detail (e.g. Section 3.2), followed by the experiments
which are performed to evaluate the motion correction algorithm (e.g. Section 3.3). The
results are shown (e.g. Section 3.4) and discussed afterwards (e.g. Section 3.5) before giving
recommendations for future work (e.g. Section 3.6) and summarizing the key statements in a
concluding section (e.g. Section 3.7).

After the three main parts, the overall results of the thesis are discussed in Chapter 6 and
summarized in the concluding Chapter 7.
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2 Fundamentals and State of the Art

Fundamentals that are required for an understanding of the developments in this thesis are
discussed in the following chapter. After a short introduction of general MRI physics in
Section 2.1 and different MRI sequence modules in Section 2.2, the chapter focuses on motion
effects and how to avoid or correct them in Section 2.3. After this chapter, the reader should
have an overview of existing techniques to prevent or correct for subject motion in MRI, but
should also realize the necessity for improvements in the current state of the art.

2.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a tomographic imaging method and one of the most
important diagnostic techniques in clinical routine and research. In contrast to other diagnostic
imaging methods like x-ray or computed tomography (CT), the image generation does not
require ionizing radiation, but uses a combination of static and oscillating magnetic fields to
form the signal based on the interaction with molecules of the body, utilizing the phenomenon
of nuclear magnetic resonance (NMR).

For a historical overview from the first experiments on NMR in the 1930s to the first reference
of imaging techniques using the NMR phenomenon in the 1970s, the author refers to [5,
6]. The following section only covers the physical background of MRI, based on [5–8].
Additional sources are marked in the respective sections.

2.1.1 Spins and Magnetization

Nuclear magnetic resonance utilizes the fact that atomic nuclei with an odd number of protons
or neutrons possess an intrinsic angular momentum, which is also called (nuclear) spin ~J , and
the associated magnetic dipole moment ~µ:

~µ = γ ~J, (2.1)
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distributed along the spin axis. The gyromagnetic ratio γ depends on the nucleus. Hydrogen
(1H) carries a single proton, resulting in a 1/2 spin quantum number, and is the most relevant
atom in biological tissue, hence also for MRI. In a hydrogen atom, γ can be found to be:

γ = 2π · 42.58
MHz

T
. (2.2)

Due to the magnetic dipole moment ~µ, the proton rotates into alignment with the field vectors
when brought into a static, external magnetic field ~B0. The angular momentum of the spin
yields a precession around the field axis of ~B0 with a frequency called the Larmor frequency
(see Figure 2.1):

ωL = −γB0. (2.3)

Figure 2.1: Precession of a single spin ~J in a static, external magnetic field ~B0: The magnetic dipole
moment ~µ precesses around the field vectors of the external magnetic field ~B0 with the
Larmor frequency ωL.

The motion equation of the magnetic dipole moment ~µ of a single spin ~J rotating around the
field axis of ~B0 can then be written as:

d~µ

dt
= γ

(
~µ× ~B0

)
. (2.4)

Nuclear spins that are brought into a ~B0-field can adopt two different energy states, based on
Zeeman-splitting: parallel and anti-parallel to the ~B0-field vectors. These are related to the
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spin quantum number ms (ms = ±1/2 for hydrogen) and correspond to the energy:

εms = −~µ · ~B0 = −γ ~J · ~B0 = −γmshB0

2π
with ~J =

1

2π
msh, (2.5)

where h is the Planck constant

h = 6.626 · 10−34 Js. (2.6)

The energy state parallel to the field vectors is energetically advantageous and thus more
spins align themselves parallel to ~B0, as depicted in Figure 2.2a. The probability P (εms) of a
hydrogen spin to adopt either energy state is given by the Boltzmann distribution:

P (εms) =
e
− εms
kBT

1/2∑
ms=−1/2

e
− εms
kBT

(2.7)

with kB being the Boltzmann constant:

kB = 1.38 · 10−23 J

K
(2.8)

and T being the temperature. At body temperature of 310 Kelvin and a ~B0-field strength of
3 T, the probability P (ε1/2) of a hydrogen spin aligning parallel to the ~B0-field is:

P
(
ε1/2
)

=
e
−
ε1/2
kBT

e
−
ε−1/2
kBT + e

−
ε1/2
kBT

=
e
γhB0
4πkBT

e
− γhB0

4πkBT + e
γhB0
4πkBT

= 0.500005. (2.9)

Since the phases of the precessing spins of the spin ensemble are randomly distributed and
thus cancel each other (see Figure 2.2b), this generates a net magnetization vector ~M which is
aligned parallel to the ~B0-field vectors. It can be described as the vector sum over all magnetic
dipole moments in a volume V :

~M =

∑
protons

~µi

V
. (2.10)

For the hydrogen spins, this leads to an expected magnitude M0 of the net magnetization in
equilibrium state of:

M0 ' ρ0

γ2
(
h
2π

)2

4kBT
B0,

(
proton,

h

2π
<< kBT

)
(2.11)
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where ρ0 describes the density of the spin ensemble. The motion equation of ~M is dependent
on all experienced magnetic fields, combined in ~B, and given by:

d ~M

dt
= γ

(
~M × ~B

)
. (2.12)

It becomes fundamental when the net magnetization is altered during the exposure to radiofre-
quency pulses, as will be described in Section 2.1.3.

Figure 2.2: Spin ensemble behavior when brought into a static, external magnetic field. a: ~B0-field
forces spins to adopt a state parallel or anti-parallel to the field vectors with a higher
probability of adopting the parallel state. b: Net magnetization ~M resulting from the sum
of magnetic dipole moments in the ensemble. Spin phases are distributed randomly and
cancel each other.

2.1.2 Coordinate Systems

When describing MRI, two different coordinate systems need to be introduced: the laboratory
and the rotating coordinate system. The former has its z-axis pointing in direction of the static,
external magnetic field ~B0 and thus through the MRI scanner bore. The x-y-plane is then
chosen to be normal to the ~B0-field. In detail, the x-axis lies horizontal to the ground and the y-
axis spans between floor and ceiling for a typical MRI scanner. However, the most often used
coordinate system when explaining MRI principles is the so-called rotating coordinate system
in which the z-axis stays in the same direction, but the x-y-plane rotates around the z-axis
with a frequency equal to the Larmor frequency. This simplifies the formulation of processes
which are involved in MRI by circumventing the need of including the precession of the net
magnetization vector ~M and the oscillating external magnetic fields into the description. In
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this coordinate system, the ~B0-field disappears. The laboratory coordinate system is typically
marked by a ′, resulting in the coordinates (x′, y′, z′).

The connection between these two coordinate systems can be described using a rotation matrix
R which leads to the coordinate transformation:xy

z

 = R

x
′

y′

z′

 =

 cos(ωLt) sin(ωLt) 0

−sin(ωLt) cos(ωLt) 0

0 0 1


x
′

y′

z′

 , (2.13)

where ω is the frequency of the rotating coordinate system which is chosen to be the Larmor
frequency ωL. The inverse transformation can be performed using the inverse matrix of R.
Because RTR = I , this equals to the transpose matrix RT and the transformation is described
by: x

′

y′

z′

 = R−1

xy
z

 =

cos(ωLt) −sin(ωLt) 0

sin(ωLt) cos(ωLt) 0

0 0 1


xy
z

 . (2.14)

Note that the z-axis does not need a transformation, because z = z′.

2.1.3 Excitation and RF Pulses

The assumption that the net magnetization is in perfect alignment with the ~B0-field with
purely random distributed spin precession phases and that the energy state distribution of the
spins is defined by the Boltzmann distribution (see Section 2.1.1) does only hold in thermal
equilibrium. In a thermal equilibrium state, the net magnetization is defined along the z-axis,
also referred to as longitudinal magnetization, without any x-y-components. However, the
desired MR signal is only generated by oscillating x-y or also called transverse components
of net magnetization which induce a current in the rf receiver coil based on Faraday’s law.
Thus, the net magnetization vector ~M needs to be flipped away from the z-axis. This is
achieved by short radiofrequency pulses (rf pulses, typically up to 5 ms long) with resonance
(Larmor) frequency. The rf coil generates an oscillating magnetic field ~B1 which is applied
perpendicular to the static, external field ~B0. The angle α with which the net magnetization
vector ~M is flipped away from the direction of the ~B0-field is called the flip angle:

α = γB1τ (2.15)
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with τ being the duration of the applied ~B1-field. Figure 2.3 shows the effect of an rf pulse on
the net magnetization ~M in the laboratory and rotating coordinate system.

Figure 2.3: Application of an rf pulse and effect on the net magnetization vector ~M . a: Before applying
the rf pulse, ~M is parallel to the z-axis. b: The ~B1-field flips the net magnetization vector
~M towards the x-y-plane while precessing around the z-axis. c: This precession is frozen

using the rotating coordinate system.

According to [7], when the rf pulse frequency matches the Larmor frequency, when M0

describes the magnitude of the net magnetization along the z-axis before rf excitation and
when the ~B1-field is applied along the x-axis, the components (Mx,My,Mz) of the net
magnetization ~M in a rotating coordinate system after rf excitation can be described as:

Mx = 0, (2.16)

My = M0 · sin (α) and (2.17)

Mz = M0 · cos (α) . (2.18)

Thus, the net magnetization ~M flips along the z-y-plane of the rotating coordinate system.
Going back to the laboratory coordinate system using Equation (2.14) introduces a time
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dependency of ~M , generating a precessing net magnetization vector ~M (see Figure 2.3c)
which induces an MR signal in the rf receiver coil. Applying rf pulses during an MRI
experiment is limited by the specific absorption rate (SAR) to avoid tissue heating. The SAR
is defined as the rf power deposition to the patient relative to the patient mass.

2.1.4 Relaxation and Contrast

After the net magnetization ~M has been flipped towards the transverse plane by applying
an rf excitation pulse (see Section 2.1.3), the single spins of the ensemble possess equal
phases of precession. Shortly after, the spins begin to evolve back to the initial state. This
process is driven by the T1-relaxation, also called longitudinal or spin-lattice relaxation, and
the T2-relaxation, also called transverse or spin-spin relaxation. These two processes describe
how the spin ensemble is slowly tending back to the equilibrium state by dephasing of the
precessing spins and realigning with the ~B0-field vectors. The process of the net magnetization
flipping towards the x-y-plane and the regrowing longitudinal magnetization as well as the
dephasing of the spin ensemble is depicted in Figure 2.4 for a 90° flip angle (note that the
figure uses the rotating coordinate system).

Figure 2.4: Relaxation of a spin ensemble after an initial rf excitation with a 90° flip angle. a:
Macroscopic view on the net magnetization ~M which is flipped towards the x-y-plane by
an rf excitation pulse and slowly regrows into equilibrium state. b: On top view of the
single spins of the spin ensemble. The spins are dephasing while the magnetization tends
back to its initial state.
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T1-Relaxation
After excitation, the spin-lattice relaxation describes the release of energy to the surroundings
which leads to a regrowth of the longitudinal magnetization until the system reaches its
minimum energy state. The rate in which the longitudinal magnetization grows is proportional
to M0 −Mz(t):

dMz(t)

dt
=
M0 −Mz(t)

T1

. (2.19)

Starting with no longitudinal magnetization, the time constant T1 is defined as the time
in which ~ 63 % of the longitudinal magnetization is recovered. Figure 2.5 shows the
longitudinal relaxation after an initial 90° rf excitation pulse. The temporal progression of the
magnetization regrowth with an arbitrary starting point t0 can be formulated as:

Mz(t) = M0

(
1− e

−(t−t0)
T1

)
+Mz (t0) · e

−(t−t0)
T1 . (2.20)

Figure 2.5: T1-relaxation after an initial 90° rf excitation pulse. The time constant T1 defines the time
in which ~ 63 % of the longitudinal magnetization is recovered.

T2- and T∗2-Relaxation
Simultaneously to the T1-relaxation, the transverse magnetization begins to decay due to spin-
spin interactions. The rate in which the transverse magnetization decreases is proportional to
Mx,y(t):

dMx,y(t)

dt
=
Mx,y(t)

T2

(2.21)

with T2 being the time constant in which ~ 37 % of the transverse magnetization is left after
an initial 90° rf excitation. The temporal progression of the transverse component of the net
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magnetization, formulated for an arbitrary starting point, is:

Mx,y(t) = Mx,y(t0) · e
−(t−t0)
T2 (2.22)

and depicted in Figure 2.6.

Figure 2.6: T2-relaxation after an initial 90° rf excitation pulse. The time constant T2 defines the time
in which ~ 37 % of the transverse magnetization is left.

The decay of transverse magnetization is caused by local field differences. The spins do
not only experience the applied magnetic field, but also varying local fields of adjacent
spins, resulting in spatial differences in precession frequencies. After being in phase after rf
excitation, the differing precession frequencies lead to a dephasing of the spins and thus a
decay of transverse magnetization, as shown in Figure 2.4.

Local ~B0-field inhomogeneities, which can be raised by hardware imperfections or different
tissue susceptibilities, yield additional dephasing, happening simultaneously to the T2-decay.
This is defined by the time constant T ′2. The T2- and T ′2-decays are typically summarized to a
time constant T ∗2 , characterizing the combined relaxation:

1

T ∗2
=

1

T2

+
1

T ′2
. (2.23)

The T ∗2 signal decay after an initial rf pulse is called the free induction decay (FID). The
time constants T1 and T2 are tissue-specific characteristics which lead to image contrast in
MRI experiments by adapting the timing of MRI sequences and thus utilizing the different
relaxation times. This is one of the main parts of MRI sequence protocol design.
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2.1.5 Bloch Equation

The motion equation of the net magnetization vector ~M (see Equation 2.12), which describes
the behavior of a spin ensemble in a magnetic field ~B, can now be complemented to yield the
Bloch equation, introduced by Felix Bloch in 1946 in a paper about nuclear induction [9]. It
allows mathematical simulation of the macroscopic view on the magnetization during NMR
experiments including rf pulses and relaxation processes:

d ~M

dt
= γ

(
~M × ~B

)
− Mx

T2

· ı̂− My

T2

· ̂− (Mz −M0)

T1

· k̂. (2.24)

2.1.6 Refocusing Pulse and Spin Echo

As discussed in Section 2.1.4, the spin ensemble immediately begins to dephase with the
time constant T ∗2 after applying an rf excitation pulse (see Figure 2.7). The T2-component
of this decay is driven by a stochastic process and thus cannot be recovered; however, the
deterministic T ′2-dephasing can. This leads to the basic idea of generating a spin echo with a
second, so-called, refocusing rf pulse that recovers the T ′2-decayed signal (see Figure 2.7) and
typically has a flip angle of 180°. The echo then represents the T2-decay and appears after a
time TE (echo time), which is twice the time between rf excitation and refocusing pulse.

Figure 2.7: Schematic view on the T ∗2 -driven decay and the recovered spin echo: The spin echo is
generated using an rf refocusing pulse to recover the T2′-decay and form a signal based on
the T2-decay, which appears after the echo time TE.

In detail (see Figure 2.8), the rf excitation pulse flips the magnetization towards the x-y-plane
(a) where the spins begin to dephase (b) (see Sections 2.1.3 and 2.1.4). The rf refocusing pulse
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then creates an oscillating magnetic field ~B1 which rotates the spins around the y-axis by 180°
(c) and leads to a rephasing of the spins (d). This means that spins which have accumulated
positive phase prior to the rf refocusing pulse, now accumulate negative phase:

φ(~r, tbefore) = −φ(~r, tafter) (2.25)

and thus build up the transverse magnetization to form the spin echo, whose amplitude is
given by the true T2-decay.

Figure 2.8: Effect of rf refocusing on an rf-excited spin ensemble. a: Magnetization is flipped towards
the x-y-plane by an initial rf excitation pulse. b: Spins begin to dephase due to T ∗2 -
relaxation. c: An rf refocusing pulse rotates the spins around the y-axis where they begin
to rephase and form an echo of the true T2-decay (d).

2.1.7 Magnetic Field Gradients

The previous descriptions considered measuring the MR signal of objects as a whole. For
spatial encoding to reconstruct an actual image, magnetic field gradients are generated by
corresponding gradient coils. These are often applied as linear gradients.

The direction of the magnetic fields, formed by the gradient coils, lies along the z-direction,
which is also the direction of the ~B0-field. The magnitude of the magnetic fields, however,
varies linearly in one direction: x, y or z. The resulting gradient vector ~G combines the three
gradient components

Gx =
∂Bz

∂x
, (2.26)

Gy =
∂Bz

∂y
and (2.27)

Gz =
∂Bz

∂z
(2.28)
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and can be formulated as:

~G =

Gx

Gy

Gz

 . (2.29)

However, linear magnetic field gradients with only one directional component violate the
Maxwell equations. Thus, in reality, when magnetic field gradients are applied according
to Equations 2.26 to 2.28, additional spatially-varying magnetic fields perpendicular to the
applied magnetic field gradients arise, which are defined by the Maxwell terms.

2.1.8 Slice Selection Gradients

Slice selection gradients help to only excite the spins in a two-dimensional (2D) slice. The
orientation and position of the slice can be chosen freely. However, for discussing the
principles behind spatial encoding, the orientation is defined to be along the z-axis, resulting
in the slice being located in the x-y-plane. While applying an rf pulse, a linear magnetic field
gradient of the same duration is switched on to create a spatial dependency of the precession
frequencies in z-direction:

ω(z) = ωL + γGzz (2.30)

with ωL being the Larmor frequency in the isocenter z = 0. Under perfect conditions with
an infinite rf pulse length, an infinitesimal thin slice z is excited by tuning the rf pulse to the
respective frequency ω(z) for resonance condition. To acquire a slice with slice thickness ∆z,
the rf pulse needs to consist of a frequency band with the bandwidth ∆ω:

∆ω(∆z) = γGz∆z. (2.31)

The connection between the slice selection gradient amplitude Gz, the rf pulse bandwidth ∆ω

and the excited slice with slice thickness ∆z is depicted in Figure 2.9.

Slice selection gradients introduce additional dephasing to excited spins which requires
realigning them after excitation by an opposed gradient, called rephasing gradient, which is
typically half the size of the slice selection gradient (see Figure 2.10). Due to the maximum
slew rate of the MRI scanner, the magnetic field gradients need a short time to ramp up and
down which is why they are played out as trapezoidal gradients.
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Figure 2.9: Selection of a specific slice in z-
direction. A frequency band ∆ω is
selected to excite a slice of slice thick-
ness ∆z using a slice selection gradi-
ent with gradient amplitude Gz .

Figure 2.10: MRI sequence diagram showing
the rf excitation pulse and the cor-
responding slice selection gradi-
ent with his rephaser of half the
size.

2.1.9 Frequency- and Phase-Encoding Gradients

After slice-selective excitation, there are still two directions to be spatially encoded. The
goal of frequency- and phase-encoding gradients in MRI is to fill a frequency space (kx, ky),
called k-space, with the detected MR signal. Magnetic field gradients Gx and Gy with the
corresponding durations tGx and tGy help to step through the k-space and detect the signal at
certain k-space positions (kx, ky) with:

kx =
γ

2π

∫ tGx

0

Gx(τ)dτ and ky =
γ

2π

∫ tGy

0

Gy(τ)dτ (2.32)

by accumulating a phase φ which varies with spatial location (x, y):

φ(x, y) = 2π(kxx+ kyy) = γ

(∫ tGx

0

Gx(τ)xdτ +

∫ tGy

0

Gy(τ)ydτ

)
. (2.33)

Without additional gradients, the detected signal would represent the center of k-space.
For spatial encoding, gradients in phase-encoding direction ky and frequency-encoding
direction kx help to accumulate phase by introducing a short spatial variation of precession
frequencies prior to the MR signal readout to step to the corner of k-space (see Figure 2.11a).
Another magnetic field gradient in frequency-encoding direction spatially varies the precession
frequencies in kx-direction during the MR signal readout, such that the detected MR signal
contains a range of phase states which are connected to spins at a certain spatial position
in x-direction. This can be thought of as moving along a line in k-space while detecting
the MR signal as depicted in Figure 2.11b. Prior to the next readout, again, frequency- and
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phase-encoding gradients are applied. Now, the size of the phase-encoding gradient changes
to measure another line in k-space as before. In this manner, the k-space is filled line by
line where each line needs a new excitation, spatial encoding and readout (see Figure 2.11c).
Acquisitions in which multiple excitations are needed to fill a 2D k-space are called multishot
MRI sequences. According to the Nyquist-Shannon theorem [10, 11], the field of view
(FOV, the extent of the MR image in x- and y-direction) has to be chosen to fulfill an inverse
proportional relationship to the frequency- and phase-encoding step size in k-space:

∆kx ≤
1

FOVx

and ∆ky ≤
1

FOVy

. (2.34)

Figure 2.11: Trajectory of the k-space to acquire an MR image. a: From the initial position in the
k-space, gradients in frequency- and phase-encoding direction yield a step to the corner
of k-space. b: MR signal readout with simultaneous frequency-encoding gradient fills a
line in k-space. c: Step to the next line by applying spatial-encoding gradients prior to the
next readout.

2.1.10 Gradient Echo and Spin Echo Pulse Sequences

Figure 2.12 shows MRI sequence diagrams of two basic principles of MRI: gradient echo and
spin echo pulse sequences. Both sequences are depicted for the duration of a single k-space
line readout. Gradient echo sequences (see Figure 2.12a) acquire the signal of the T ∗2 -decay
for fast imaging and spin echo sequences (see Figure 2.12b) use a second rf refocusing pulse
to recover the true T2-decay (see Section 2.1.6). For spatial-encoded MRI, the slice-selected
rf pulses are combined with magnetic field gradients for phase encoding (1) and frequency
encoding (2,3) with the corresponding MR signal readout by the rf receiver coil (4). The
amplitude of the phase-encoding gradient cycles to cover different lines at different time
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points. Its direction changes between the two sequence diagrams because of the rf refocusing
pulse in the spin echo sequence.

Figure 2.12: MRI sequence diagrams of a single line readout in a gradient echo and a spin echo MRI
sequence. The gradient echo sequence diagram (a) shows the rf excitation with the slice
selection gradient and his rephaser in z-direction, spatial-encoding gradients in phase-
and frequency-encoding direction (1,2) to step to the start of the desired k-space line and
the readout gradient for frequency encoding (3) with simultaneous detection of the MR
signal (4). Additionally, the spin echo sequence diagram (b) shows the slice-selective rf
refocusing pulse to form the spin echo. Note that the amplitude of the phase-encoding
gradients of the two sequences are opposed to each other due to the refocusing in the spin
echo sequence.

Two time constants are important to define the tissue contrast during MRI acquisitions: the
echo time (TE) and the repetition time (TR). The echo time defines the time after which the
peak amplitude of the spin echo appears. In gradient echo sequences, where no spin echo
is recovered, the echo time is defined as the time after which the center of the k-space line
is read out. The repetition time describes the time between consecutive rf excitations of the
same tissue (see Figure 2.12). These two timing variables can be utilized to achieve a certain
contrast weighting in MRI acquisitions. For example, T1-weighting means short TE and short
TR whereas T2-weighting is gained by long TE and long TR.

2.1.11 Effect of Coherent and Incoherent Motion on the MR Signal in Presence of a

Magnetic Field Gradient

The magnetic field gradients also introduce sensitivity to spin motion, which is categorized
into coherent motion, e.g. bulk motion of the body where the spins move in the same direction,
or incoherent motion, e.g. unrestricted, molecular diffusion.
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Coherent spin motion introduces additional spin phase effects when applying a magnetic
field gradient [12]. Assuming a magnetic field gradient vector ~G in arbitrary direction and
coherent spin motion with constant velocity ~v, resulting in a position vector ~r(t) = ~r0 + ~vt,
the accumulated phase during a time t is given by:

φ(t) = γ

∫ t

0

~G~r(τ)dτ = γ

∫ t

0

~G(~r0 + ~vτ)dτ

= γ

∫ t

0

~G~r0dτ + γ

∫ t

0

~G~vτdτ = γ ~G~r0t+
1

2
γ ~G~vt2.

(2.35)

In the equation, the former integral (γ
∫ t

0
~G~r0dτ ) describes the accumulated phase that sta-

tionary spins would have experienced. The second integral (γ
∫ t

0
~G~vτdτ ) adds the influence

of the coherent spin motion to the phase.

Incoherent spin motion can be observed in fluids where molecules perform random motion,
driven by the Brownian motion model [13]. This produces Gauss-distributed phase shifts in
the spin ensemble during application of magnetic field gradients and reduces the amplitude of
the measured MR signal [14]. The attenuated MR signal S can be calculated from the MR
signal intensity in the absence of incoherent spin motion S0 and the variance of the Gaussian
phase distribution < φ2 > [7]:

S = S0 · e−<φ
2>. (2.36)

2.1.12 Image Reconstruction and Fourier Transform

Section 2.1.9 shows the connection between the accumulated phase during spatial encoding
and the signal position in 2D k-space. The detected signal of the transverse magnetization in
the receiver coil is then defined as the Fourier transform of the resulting MR image m(x, y),
which stands for the net magnetization across the excited image slice. The signal at a certain
time corresponds to the k-space M(kx, ky) at a certain position:

M(kx, ky) =

∫
x

∫
y

m(x, y) · e−iφ(x,y)dxdy. (2.37)

Using Equation 2.33, describing the accumulated phase during spatial encoding, yields:

M(kx, ky) =

∫
x

∫
y

m(x, y) · e−i2π(kxx+kyy)dxdy. (2.38)
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Vice versa, the MR image m(x, y) can be reconstructed from the measured k-space M(kx, ky)

by calculating the inverse Fourier transform:

m(x, y) =
1

(2π)2

∫
kx

∫
ky

M(kx, ky) · ei2π(kxx+kyy)dkxdky. (2.39)

In theory, the Equations 2.38 and 2.39 are used to transform the image between k-space
and image space. However, in real-world MRI applications, the signal is quantized and thus
consists of discrete samples. In consequence, MR image reconstruction uses the inverse
discrete Fourier transform (iDFT) to reconstruct the MR image from the measured MR signal
in k-space with Kx ×Ky discrete data points:

m(x, y) =
1

KxKy

Kx−1∑
kx=0

Ky−1∑
ky=0

M(kx, ky) · e
i2π(kxx)
Kx

+
i2π(kyy)

Ky . (2.40)

The k-space is a representation of the MR image in frequency space. Low spatial frequencies
can be found in the center of k-space whereas the higher spatial frequencies are located in
the outer areas. Figure 2.13 shows the effect of the (inverse) discrete Fourier transform,
exemplified by an MRI phantom image. It also depicts the contribution of the outer and inner
parts of the k-space on the final image. If the inner part is left out during reconstruction of the
image, the image contrast is absent, but the details remain. On the other hand, if the outer
areas are ignored, the image contrast is visible, but the image gets blurry due to the missing
details.

Figure 2.13: Discrete Fourier transform of an MRI phantom image. The upper row shows the frequency
space from which the image is reconstructed using the inverse discrete Fourier transform.
This transform is also calculated with missing parts in the center (mid column) and
missing outer parts (right column) of frequency space.
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Properties of k-Space
The k-space representation has several properties that can be utilized in MR imaging and
image reconstruction. For simplification, this paragraph discusses these properties in one
dimension.

The Fourier shift theorem states that a shift ∆s of the data in one domain yields a linear phase
ramp in the other:

f(x−∆s)⇐⇒ F (k) · e−i2πk∆s and f(x) · ei2πx∆s ⇐⇒ F (k −∆s). (2.41)

Rotations in image space behave differently and do not introduce a phase shift, but, according
to the 2D rotation theorem, lead to the same rotation in k-space which was performed in
image space. By using polar coordinates and a rotation δ, this can be described as:

f(|~r|, θ + δ)⇐⇒ F (|~p|, θ + δ). (2.42)

The convolution theorem says that a convolution in one domain can be described as a point-
wise multiplication in the other, which can be utilized for accelerating convolutional tasks:

f(x)⊗ g(x) = F (k) ·G(k) and f(x) · g(x) = F (k)⊗G(k). (2.43)

The Parseval’s theorem states that the quadratic sum of all values stays the same after the
Fourier transform. This means that both domains contain the same energy∑

x

|f(x)|2 =
∑
k

|F (k)|2, (2.44)

which makes it, for example, possible to compute the image noise in either domain.

2.1.13 Influence of Coherent Motion on Spatial Encoding

As described in Section 2.1.11, coherent motion during the presence of magnetic field
gradients leads to an additional accumulated phase, depending on the strength of the gradient,
the velocity of the coherent motion and its direction relative to ~G. This affects the spatial
encoding by frequency- and phase-encoding gradients. Considering a line-wise trajectory, as
depicted in Figure 2.11, two types of motion can be differed: inter-shot motion and intra-shot
motion.
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Inter-shot motion refers to motion that happens between consecutive line readouts in k-space.
Assume that the signal Mr(kx, ky) is the measured MR signal of a resting object. Moving this
object by a translational motion (tx, ty) creates a motion-corrupted signal Mm(kx, ky) that,
according to the Fourier shift theorem, experiences a linear phase shift, proportional to the
translated distance:

Mm(kx, ky) = Mr(kx, ky) · ei2π(kxtx+kyty). (2.45)

For example, subject motion components in phase-encoding direction would yield additional
phase between consecutive phase-encoding steps. A change of this additional phase over the
time of a 2D k-space acquisition results in inconsistencies in k-space which can violate the
Nyquist-Shannon theorem [15].

According to the 2D rotation theorem, as described in Section 2.1.12, a rotational motion
of the object around the image center rotates the k-space signal by the same angle. In polar
coordinates, an object rotation of an angle δ yields the motion-corrupted signal Mm

(∣∣~k∣∣, θ)
that originates from the rotated MR signal Mr

(∣∣~k∣∣, θ − δ):

Mm

(∣∣~k∣∣, θ) = Mr

(∣∣~k∣∣, θ − δ) . (2.46)

Combining translational motion components tx and ty and a rotation around the image center
with the angle δ yields the motion-corrupted signal:

Mm

(∣∣~k∣∣, θ) = Mr

(∣∣~k∣∣, θ − δ) · ei2π|~k|(txcos(θ)+tysin(θ)). (2.47)

Rotations that have their rotation center outside the center of the FOV result in a combination
of translational and rotational effects in k-space. The influence of rotational motion on the
magnitude of the k-space signal is depicted in figure 2.14. It shows varying rotational motion
during the acquisition of a 2D k-space which leads to altered directions of the k-space line
readout and with that yields areas with low sampling density in which the Nyquist-Shannon
criterion is not fulfilled anymore [15]. These undersampled areas of the k-space are depicted
in red.
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Figure 2.14: Effect of rotational inter-shot subject motion on 2D k-space data. Rotational motion is
directly transferred into k-space, leading to varying directions of k-space lines. This
yields areas with low sampling density which violate the Nyquist-Shannon criterion.

Again considering a line-wise k-space trajectory, intra-shot motion describes the portion of
motion that happens simultaneously to the application of the imaging gradients in a single
k-space line readout. Due to the long time needed to acquire all k-space lines, inter-shot
motion is much more common than intra-shot motion, where a readout usually happens
during a very short period of time. However, as described in Section 2.1.11, during the
application of the magnetic field gradients, an additional phase builds up which can lead to
slight inconsistencies in the measured k-space line.

2.1.14 Image Aliasing by Violating the Nyquist-Shannon Criterion

As discussed in Section 2.1.13, motion can cause a variation in the distance between adjacent
data points that leads to a violation of the Nyquist-Shannon criterion. This section describes
the effect on the resulting MR image, exemplified by a 1D sinc function. Figure 2.15a shows
the continuous signal in k-space and its representation in image space. However, in MRI
acquisitions, the signal is discretely sampled. Sampling the continuous signal leads to replicas
whose positions are dependent on the sampling frequency. The sampling scheme depicted in
Figure 2.15b satisfies the Nyquist-Shannon theorem, because there are enough data points
to reconstruct the actual signal and the replicas that occur due to the sampling process are
pushed out of the FOV. If the sampling frequency is not sufficient, as shown in Figure 2.15c,
the objects overlap in the FOV and form ghost images, i.e. replicas of the image overlaying
each other.
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Figure 2.15: Image aliasing by violating the Nyquist-Shannon criterion. a: A continuous signal in
k-space leads to a single object in image space. b: By fulfilling the Nyquist-Shannon
theorem, the original signal can be recovered from the sampled data points and replicas
are pushed out of the FOV. c: Undersampling yields ghosting in the reconstructed image.

2.2 MRI Sequence Modules

Since there is a lot of MRI sequence design involved in the developments of this thesis,
essential modules and methods of MRI applications are discussed in the following section.
Basically all MRI sequences used in the later chapters can be built using these modules and
the general knowledge about gradient echo and spin echo sequences from Section 2.1.

2.2.1 Echo Planar Imaging

Echo planar imaging (EPI) was first described by Peter Mansfield in 1977 [16]. The main
advantage of this readout technique is its time efficiency. Instead of applying rf excitations
for each line readout, EPI uses an alternating readout train to fill a complete 2D k-space
after a single rf excitation pulse, resulting in slice acquisition times of under 100 ms. The
acquisition of a 2D k-space after a single rf excitation is called single-shot. The EPI readout
technique can be combined both with gradient echo and spin echo sequences and is often used
for acquiring a time series of multiple three-dimensional (3D) image volumes, e.g. to observe
functional brain activity over time. Figure 2.16a depicts an EPI readout in a spin echo MRI
sequence. The slice-selective rf excitation and refocusing does not change in comparison to a
conventional multishot spin echo sequence. Also, the initial spatial-encoding gradients on
the phase and frequency-encoding axes behave the same by stepping to the corner of k-space
(Figure 2.16, blue). After that, the first positive readout gradient in frequency-encoding
direction, together with switching the rf receiver on, yields the first spatially-encoded k-space
line readout (Figure 2.16, green). A short gradient in phase encoding-direction helps to
directly step to the next line in k-space (Figure 2.16, red) where a new line readout, now
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in opposite direction, is applied (Figure 2.16, green). This leads to a fast ’zig-zag’ readout
pattern (see Figure 2.16b) due to alternating readout gradients. The time between the centers
of consecutive line readouts in EPI sequences is called echo spacing.

Figure 2.16: Graphical depiction of the EPI readout scheme. a: MRI sequence diagram of a spin echo
EPI acquisition. b: Trajectory of the k-space in a ’zig-zag’-pattern.

Nevertheless, the time advantage comes with the challenge of misalignments and phase
inconsistencies between odd and even lines in 2D k-space (see Figure 2.17a) due to inaccurate
gradient-switching of the frequency-encoding gradient [17]. These effects yield signal
modulations, leading to a so-called Nyquist ghost; a ghost image which is shifted by half of
the FOV in phase-encoding direction (see Figure 2.17b) [18]. A common technique to correct
for the phase offsets between odd and even lines in EPI utilizes a calibration scan without
phase-encoding gradients at the start of the acquisition to determine the phase offset of the
echoes for odd and even lines [17]. This information is used to correct incoming imaging
scans by compensating the phase offsets. Other disadvantages of echo planar imaging are the
low spatial resolution, geometric distortions and strong chemical shift artifacts (see Section
2.2.2).

2.2.2 Chemical Shift and Spectrally-Selective Pulses

The chemical shift artifact is caused by resonance frequency alterations of precessing protons
which arise from differences in magnetic shielding [19]. Electrons that circulate around the
hydrogen nucleus shield it by inducing a magnetic field in opposite direction of ~B0 and thus
reduce the experienced static field [20]. In MRI, the difference in magnetic shielding is most
notable between the more shielded hydrogen protons in fat when compared to water; this
is where the phenomenon of the fat-water shift arises. Precession frequencies of water and
fat molecules differ by ~ 3.3 ppm [7]. Assuming a static, external magnetic field of 3 T with
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Figure 2.17: Phase offsets between odd and even lines (a) yield a Nyquist ghost in the resulting image
(b).

a main magnetic field (ordinary) Larmor frequency of νL = ωL
2π
≈ 128 MHz leads to an

absolute difference in precession frequencies of:

∆ν = νL · 3.3 ppm = 128 MHz · 3.3 · 10−6 ≈ 422 Hz (2.48)

between water and fat. This accumulates a phase shift which yields a spatial shift ∆x between
fat and water signal in the image. The image shift is dependent on the difference in precession
frequencies ∆ν, the field of view (FOV) and the bandwidth (BW) in the respective image
direction:

∆x =
∆ν · FOV

BW
. (2.49)

In conventional multishot gradient echo and spin echo sequences, the chemical shift does not
affect phase encoding, because the phase differences, originating from differing precession
frequencies, do not accumulate between consecutive rf excitations. But a noticeable fat-water
shift occurs in frequency-encoding direction where the differences in precession frequencies
lead to mislocalization during spatial encoding. However in EPI sequences, where a 2D
k-space is acquired after a single rf excitation, chemical shift affects both in-plane encoding
directions. Whereas the effect is negligible in frequency-encoding direction, it becomes severe
in phase-encoding direction where the bandwidth per pixel is an order of magnitude smaller
(see Figure 2.18). Therefore fat suppression techniques are often used when imaging with
EPI readouts.
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Figure 2.18: Severe chemical shift artifact in a spin echo EPI sequence. Due to the mislocalization, the
fat signal is moved upwards and overlaps the water signal.

MRI Techniques to Suppress Fat Signal
One option to suppress fat signal in MRI acquisitions is the use of a global, spectrally-selective
90° rf pulse that only excites lipids with subsequent dephasing of the fat signal [21]. In detail,
the spectrally-selective rf pulse is inserted prior to the main sequence rf excitation (see Figure
2.19) and flips the net magnetization vector of fat spins into the x-y-plane. A subsequent
magnetic field gradient, called spoiler gradient, dephases the spins to avoid influence on the
transverse magnetization. The rf excitation from the main sequence then only excites water
spins, because the longitudinal fat magnetization has not regrown yet.

Figure 2.19: Global fat saturation pulse to avoid fat signal in EPI measurements. The spectrally-
selective 90° rf pulse flips the fat magnetization into the x-y-plane and the subsequent
spoiler gradient applies a dephasing to avoid MR signal from fat.

Another fat suppression technique is included in the STIR (short TI inversion recovery,
[22]) sequence that uses a 180° rf pulse to flip the longitudinal magnetization to the opposite
direction and places the rf excitation at the moment when the longitudinal magnetization of the
fat signal has become zero due to T1-relaxation. Because of the different T1-relaxation process
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of water, its longitudinal magnetization is not zero at this time, such that it can contribute to
the MR signal. Hybrid techniques, which combine the two approaches above, are the SPIR
(spectral presaturation with inversion recovery, [23]) and SPAIR (spectral attenuated inversion
recovery, [24]) techniques. These use a spectrally-selective rf pulse of > 100° (180° in case of
SPAIR) with successive spoiler gradients to dephase the transverse magnetization of fat. The
rf excitation is then applied when the longitudinal magnetization of fat is zero.

It is also possible to directly excite hydrogen spins using so-called composite binomial water
excitation pulses for slice-selective fat suppression [7, 25]. This kind of rf excitation is called
binomial, because it consists of consecutive rf pulses of which the flip angles are proportional

to the binomial coefficients

(
n

k

)
, represented by Pascal’s triangle. The rf pulse train is

combined with multiple slice selection gradients and effectively cancels fat signal. Note
that additional gradients in opposite direction are needed for prephasing and rephasing to
counteract the dephasing of the slice selection gradients. Figure 2.20 shows a 1-2-1 binomial
rf pulse train.

Figure 2.20: MRI sequence diagram of a 1-2-1 binomial water excitation pulse consisting of the three
rf pulses with the corresponding slice selection gradients together with prephasing and
rephasing gradients to counteract the dephasing of the slice selection process.

Figure 2.21 shows the time course of the magnetization and how the fat signal is canceled
during the pulse train, exemplified by an effective flip angle of 90°. The first rf pulse flips
fat and water spins by a flip angle α (a). During the time t, the spins are precessing until
the phase difference due to the dissimilar precessing frequencies of fat and water is at 180°
(b). The next rf pulse then flips both net magnetization vectors by a flip angle 2α, such that
the effective flip angle for fat is α and for water 3α (c). Again, a waiting time of duration t
introduces a phase separation of 180°, such that a last rf pulse with flip angle α can flip the
fat magnetization onto the z-axis and the water magnetization to the desired effective flip
angle. In the example of Figure 2.21, the fat spins experienced a 0° net flip angle whereas the
water spins were flipped by 90° [26]. For effective cancellation of the fat signal, the duration
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t between the pulses needs to be:

t =
1

2∆ν
(2.50)

to get the desired 180° phase separation. Assuming a fat-water difference in precession
frequencies of 422 Hz, which was calculated in Equation 2.48, this requires a duration of:

t =
1

2 · 422 Hz
= 0.0011848 s = 1.185 ms. (2.51)

Figure 2.21: Time course of the fat and water magnetization during the application of a 1-2-1 water
excitation pulse, exemplified by a flip angle of 90°. a: First rf pulse with flip angle α. b:
Phase separation between fat and water during time t. c: Second rf pulse, now with flip
angle 2α. d: Phase separation between fat and water during time t. e: Final rf pulse with
flip angle α to flip the fat magnetization back onto the z-axis and the water magnetization
to the desired flip angle.

2.2.3 Diffusion Weighting in MRI

Signal attenuation due to incoherent, molecular motion (see Section 2.1.11) can be utilized
to introduce diffusion weighting into MRI sequences. A common technique was published
by Stejskal and Tanner in 1965 [27] in which diffusion encoding is achieved by placing
dephasing and rephasing magnetic field gradients in a spin echo MRI sequence (see Figure
2.22). The area of the two gradients is the same to cancel their zeroth order moments. The
geometric properties of the gradients define a factor called b-value which, together with the
solute’s diffusion coefficient D, weights the MR signal attenuation due to incoherent spin
motion [7]:

S = S0 · e−bD. (2.52)
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Figure 2.22: Diffusion-encoding gradients in a spin echo EPI sequence. The diffusion gradients can be
applied in arbitrary directions and introduce MR signal attenuation based on the b-value
and the apparent diffusion coefficient in the respective direction.

In the case of unrestricted, incoherent molecular motion, the direction of the gradients is
not relevant. However, in biological tissue, diffusion is often restricted and the diffusion
coefficient becomes direction-dependent. The apparent diffusion in an arbitrary direction can
then be detected by choosing the respective direction for diffusion encoding. In the example of
diffusion-encoding gradients on a single axis, the b-value achieved by the diffusion gradients
is defined as [7, 8]:

b = γ2

TE∫
0

 t∫
0

G(τ)dτ

2

dt. (2.53)

For trapezoidal gradients, as depicted in Figure 2.22, this leads to:

btrapezoid = γ2G2

(
δ2

1

(
∆− δ1

3

)
+
δ3

2

30
− δ1δ

2
2

6

)
. (2.54)

Note that, in practice, the imaging gradients of MRI pulse sequences also influence the
diffusion weighting in MRI exams.

2.2.4 Magnetic Field Drift and Frequency Correction

Under normal conditions, the main magnetic field ~B0 is very stable. Demanding imaging
sequences, though, can yield a ~B0-field drift due to heating of the system. This field drift
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causes image shifts of several millimeters in the phase-encoding direction during long acqui-
sitions. Figure 2.23a shows the image shift, introduced due to a ~B0-field drift, exemplified by
a 11 min 47 s long diffusion-weighted (DW) EPI sequence. Figure 2.23b depicts an overlay
of the first DW image with the contour of the last DW image of the time series to show the
distance of subject displacement due to ~B0-field drift.

Figure 2.23: a: Observed image shift in phase-encoding direction during a diffusion-weighted spin
echo EPI acquisition. b: Overlay of the first and last DW image of the time series; the
last DW image is shown as contour image to see the distance of subject displacement due
to ~B0-field drift. The measurement took 11 min 47 s and the accumulated image shift in
phase-encoding direction is almost 7 mm.

Thesen et al. found a solution for ~B0-field drift detection [28] and Benner et al. introduced a
real-time adaption of the system operating frequency based on these calculations [29]. In this
thesis, the frequency offset is derived by acquiring an FID readout directly after the rephasing
gradient of the slice-selective rf excitation pulse and accumulating the complex differences of
consecutive, non-spatially-encoded samples. By consistently updating the system operating
frequency, which affects transmit and receive procedures, image shifts can be avoided.

2.2.5 Parallel Imaging: GRAPPA

As opposed to the descriptions prior to this section, the MR signal is not detected by a
single receiver coil, but using head coil arrays which consist of up to 32 or 64 single coil
elements. The complex images of each receiver coil are reconstructed on its own and combined
afterwards, for example by a simple sum of squares algorithm. For a total of C coils, the
single coil images mj(x, y) are combined and weighted by the variance σ2

j of coil j, such that
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the coil images with less noise get more weight in the coil combination [7]:

m(x, y) =

√√√√ C∑
j=1

(
|mj(x, y)|2

σ2
j

)
. (2.55)

The fact that an MR image is composed of multiple coil images is utilized in so-called parallel
imaging techniques, such as GRAPPA (generalized autocalibrating partially parallel acqui-
sitions, [30]). GRAPPA reduces the image acquisition time by applying an undersampling
factor in phase-encoding direction. However, according to the Nyquist-Shannon criterion,
undersampling can yield ghost images in the reconstructed image, as seen in Figure 2.24.

Figure 2.24: K-space undersampling in phase-encoding direction (a) yields ghosting in the recon-
structed image due to a violation of the Nyquist-Shannon criterion (b).

Removing the ghosting requires a reconstruction of the missing k-space lines. GRAPPA
utilizes an auto-calibration scan (ACS) through the center of k-space to gain weighting factors
which help to reconstruct the missing k-space data. This procedure is shown in Figure 2.25
for the reconstruction of a single k-space data point and an undersampling factor of two. The
auto-calibration scan creates a fully-sampled region in k-space and a sliding window collects
source (Figure 2.25a, light red) and target (Figure 2.25a, dark red) data points across all
single coil images. From this data, GRAPPA weights can be calculated [31]. To reconstruct a
missing k-space data point, existing data from all receiver coil images are used (see Figure
2.25b) and weighted by the GRAPPA weights, which were calculated in the calibration step.
This can be formulated as a convolution of the calculated GRAPPA weights wkl with the
undersampled coil image mus,l of coil l, summed over all coils C, to get the desired fully
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sampled image mfs,k of coil k:

mfs,k =
C∑
l=1

mus,l ⊗ wkl. (2.56)

Figure 2.25: Auto-calibration step and reconstruction of missing k-space data using GRAPPA. a:
Calculation of GRAPPA weights with a sliding window. b: Reconstruction of missing
k-space data points from existing data of all receiver coil images.

More on the computational background of the GRAPPA method can be found in [30].

2.2.6 Multiband Imaging and Reconstruction

In the previous sections, MR image acquisition was defined as the excitation of single slices
with subsequent in-plane spatial encoding (see Figure 2.26a). However, recent developments
allow to excite multiple slices with a single multiband rf pulse, also referred to as simultaneous
multislice (SMS) imaging. Starting with a single-band, slice-selective rf pulse, described by
the product of its waveform A(t) and an additional phase modulation:

RFSB(t) = A(t) · ei∆ωt+φ, (2.57)

a straight-forward way to compose a multiband rf pulse is given by simply summing up
multiple single-band pulses [32]. Since the rf waveform A(t) is usually the same for all
involved rf pulses, this leads to:

RFMB(t) = A(t)
N∑
n=1

ei∆ωnt+φn , (2.58)
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where the positions of the excited slices are defined by ∆ωn. The number of simultaneously
excited slices is also called multiband factor or MB factor.

After multiband rf excitation, subsequent spatial encoding merges the signals of the excited
slices into a single, spatially-encoded image. Similar to the unaliasing of undersampled
k-space data in GRAPPA, described in Section 2.2.5, the single slice images can be unfolded
with knowledge about the characteristics of the receiver coil array [33]. Without additional
gradients, this can be problematic, because the aliased images are overlapping each other in
the same image region. A solution for this was provided by Breuer et al. with CAIPIRINHA
(controlled aliasing in parallel imaging results in higher acceleration, [34]) and further
improved by Setsompop et al. with blipped-CAIPIRINHA [35]. By introducing an inter-slice
image shift in phase-encoding direction, the spatial distance of aliased voxels (voxel is short
for volume element) is maximized to simplify slice separation. The image shift is provoked
by a phase cycling between the simultaneously excited slices caused by additional gradients
in slice selection direction, called CAIPIRINHA blips. The Figures 2.26b and 2.26c show the
phase cycling for a MB factor of two and three and the respective FOV/2 and FOV/3 image
shifts in an EPI sequence. The CAIPIRINHA blip prior to the first image readout helps to
balance the states around zero to enforce phase cycling between −π and π.

Image separation is then similar to the separation of aliased images in the GRAPPA algorithm
(see Section 2.2.5). The slice-GRAPPA algorithm, published in [35], extends GRAPPA by
adding a dimension in slice direction. The ACS data consist of one fully-sampled single-
band image volume of each coil, which is acquired at the start of the measurement. The
CAIPIRINHA blips are active during these scans to introduce the same image shift as in
the respective multiband images. Slice-specific GRAPPA weights are calculated from the
ACS data to separate the collapsed multiband images. In k-space, this can be described as
a convolution of the GRAPPA weight kernel wklz of slice z and coil k and the collapsed
multiband image mmb,l, summed over all coils l = 1...C, to get the desired, separated image
msep,kz of slice z and coil k [32]:

msep,kz =
C∑
l=1

mmb,l ⊗ wklz. (2.59)

Note that by utilizing the convolution theorem (Equation 2.43), the GRAPPA and slice-
GRAPPA calculations (Equation 2.56 and 2.59) can also be calculated as a point-wise
multiplication in image space.
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Figure 2.26: Multiband excitation and CAIPIRINHA phase cycling in an EPI pulse sequence. a:
Conventional single-band EPI readout. b: Additional CAIPIRINHA blips introduce a
FOV/2 image shift in a two-slice multiband-excited EPI sequence. c: Phase cycling
between three slices leads to FOV/3 image shifts.

2.3 Reduction of Motion Artifacts in Magnetic Resonance Imaging

Subject motion is still one of the biggest challenges in clinical MRI, especially due to the
long time needed to acquire the images in most MRI sequences. Leading to severe image
artifacts, motion-corrupted MRI scans might not allow reliable clinical diagnosis. Often, the
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only suitable alternative is a repetition of the measurement, which comes with additional cost
and time. Motion prevention and correction techniques help to reduce the amount of repeated
measurements and improve the overall MR image quality. This chapter discusses the different
types of subject motion occurring during MRI exams and pictures different approaches to
limit motion artifacts in MR images. Discussing the disadvantages of existing methods then
leads to the main topics of this work which aim for overcoming these problems.

2.3.1 Types of Motion and Motion Artifacts

In their comprehensive review articles, Godenschweger et al. [36] and Zaitsev et al. [15]
provide a good classification of the various sources of motion which can affect the image
quality of the MRI exam. Motion can occur from a range of physiological sources and roughly
be categorized into elastic and rigid-body motion. Examples for elastic motion sources
are respiration, cardiac heartbeat and peristaltic motion. Solutions to inhibit these types of
motion include cardiac [37] or respiratory [38] gating. This thesis, however, concentrates on
rigid-body motion, in particular rigid-body head motion, describing three-dimensional, bulk
motion of the head with six degrees of freedom; three for translational and three for rotational
motion components. Common sources of rigid-body head motion in clinical imaging are
discomfort, long measurement times, neurodegenerative diseases or non-cooperative patients.
The type of motion varies from sudden and fast motion, for example due to sneezing, to slow
and unconscious long-term subject motion.

The effect of motion on the MR image can be different, depending on the MRI sequence. In
conventional multishot gradient echo or spin echo sequences, intra-shot motion is effectively
frozen due to very short readout times, whereas inter-shot motion can yield ghosting and
blurring artifacts in the reconstructed images (see Section 2.1.13) [39]. Figure 2.27 shows
in-vivo MRI acquisitions with severe motion artifacts in phase-encoding direction, which
was chosen in anterior-posterior direction. If the inconsistencies in k-space, introduced
due to subject motion, have a regular, periodic pattern, there are distinct ghosts in the
reconstructed image (see Figure 2.27a). If they are random or non-periodic, the ghost pattern
gets smeared across the image axis which results in a blurred and noisy image (see Figure
2.27b). Additionally, inconsistencies in the center of k-space lead to a higher level of image
artifacts due to the strong MR signal in that region than k-space corruptions in the outer parts
of the k-space.
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Figure 2.27: Ghosting artifacts in MRI acquisitions caused by inconsistencies in k-space. a: Severe
ghosting originating from a regular pattern of k-space corruptions. b: Ghosts appear as
blurring due to non-periodic, random changes in k-space.

In single-shot EPI sequences, inter-shot motion refers to the motion between the acquisition
of different slices of a volume and can lead to severe banding artifacts due to spin history
effects which can modulate the MR signal when the anatomical location of the excited slices
is shifted [40, 41]. A typical example of a strong banding artifact can be seen in the sagittal
view of a gradient echo EPI in Figure 2.28. Intra-shot motion, i.e. the motion during the
readout of a single slice, leads to increased noise and blurring in the image.

Figure 2.28: Sagittal view of a gradient echo EPI acquisition with severe banding artifacts due to
subject motion.

As already mentioned, EPI acquisitions are often used for imaging of MRI time series. Robust
data analysis requires a fixed anatomical location for each voxel over the course of the
measurement. Inter-volume motion leads to misalignments between consecutively acquired
image volumes which affects the data analysis [42]. This effect can be seen in Figure 2.29
during a 13 min 52 s long diffusion-weighted EPI exam of the head. Figure 2.29a shows
the translational subject drift in phase-encoding direction (after correction of the ~B0-field
drift, see Section 2.2.4) and Figure 2.29b the subject rotation around the phase-encoding axis
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during the measurement, caused by a slow, long-term subject motion. Between the first and
the last time point, there is a misalignment of up to 1.3 mm and 1.9°, only considering two
out of six degrees of freedom. Additionally, subject position and orientation changes may
also yield ~B0-field inhomogeneities leading to distortion artifacts in the reconstructed MR
images [43]. These effects can also originate from body parts which are far away from the
FOV, as for example susceptibility-induced artifacts in neurological imaging, resulting from
respiratory motion of the abdominal wall.

Figure 2.29: Subject head translation along ky (a) and rotation around ky (b) during a 13 min 52 s
long diffusion-weighted EPI exam. The ~B0-field drift was already corrected during the
measurement.

2.3.2 Motion Prevention

A straight-forward way to avoid motion artifacts in MRI exams is to reduce the extent of
motion perceived by the imaging sequence, either by restricting the space of possible subject
movements or reducing the time in which the motion can occur.

For the former, Edward et al. [44] and Zaitsev et al. [15] give comprehensive overviews
on existing head fixation methods to reduce the extent of possible movements. A common
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approach to reduce subject motion in neurological imaging is the use of generic head restraints
like foam pads, straps, vacuum cushions or bean bags to fix the head position in the head coil.
However, even with such head restraints, subject motion is notable in most MRI acquisitions.
Another approach uses bite bars which are mounted on the head coil to avoid head motion.
These are often very uncomfortable and can lead to increased occurrence of swallowing [45].
A better immobilization can be gained by using patient-specific solutions which, however,
need additional preparation time, making usage in routine clinical practice more complicated
[44, 46]. A combination of an individual head holder and a bite bar was introduced by Greitz
et al. [47]. Until now, head fixation other than the generic head restraint has not been accepted
in routine clinical imaging. In pediatric imaging, the use of sedation/anesthesia is often
considered to control subject motion, pain and anxiety. A comprehensive review about this
topic can be found in [48]. The motion correction techniques developed in conjunction to this
thesis (see Chapters 3, 4 and 5) try to avoid the use of any head restraint to increase patient
comfort and simplify the preparation of MRI exams.

The latter approach to reduce the perceived subject motion involves scan acceleration. Re-
ducing measurement time is one of the key areas in MRI research. Starting with a spin
echo sequence, there are many ways to accelerate the image acquisition. A simple way to
reduce measurement time is to shorten the echo and repetition times to avoid pauses in the
sequence. Since the image contrast is highly dependent on the sequence timing, this is, in
most scenarios, not applicable. In 1986, Hennig et al. developed RARE (rapid acquisition
with relaxation enhancement, [49]) which, instead of a single rf refocusing pulse, uses an rf
pulse train including multiple refocusing pulses and thus can avoid pause times, particularly in
T2-weighted imaging. Two consecutive refocusing pulses are separated by the echo spacing,
such that in between two pulses a new spin echo is generated (see Figure 2.30). The number
of consecutive rf pulses after the rf excitation is defined by the echo train length (ETL). In
these types of sequences, the echo time is defined as the time at which the center of k-space
is acquired. Especially spin echo sequences with long echo times can be highly accelerated
using RARE imaging; the acceleration factor then equals the echo train length. However,
in the case of subject motion, ghosting artifacts appear as strong, coherent ghosts due to a
periodic filling of the k-space. Additional downsides of the RARE technique are the increased
SAR and the remaining contrast changes in comparison to conventional spin echo pulse
sequences.
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Figure 2.30: Pulse sequence diagram of a RARE sequence. An rf refocusing pulse train follows after
the initial rf excitation pulse to generate spin echoes between two consecutive refocusing
pulses.

Even further acceleration can be achieved with echo planar imaging (see Section 2.2.1,
[16]). While this reduces the readout time to under 100 ms per slice, it also lacks spatial
resolution and general image quality, also when compared to RARE imaging. The EPI
readout introduces new image artifacts like geometric distortions, Nyquist ghosting and strong
chemical shift artifacts. In combination with parallel imaging techniques like GRAPPA [30]
and multiband imaging [33], whole brain coverage can be achieved in under a second. These
highly accelerated imaging techniques are very hardware-demanding, such that additional
acceleration, e.g. by shortening the echo spacing, is limited due to physical hardware
restrictions of the imaging gradients.

2.3.3 Retrospective Motion Correction

Retrospective motion correction helps to correct for motion which occurred during the scan
by adapting the measured data after the scan. This requires two steps: the detection of motion
parameters and the correction of motion-corrupted image data.

Regarding inter-volume motion, motion detection in the means of image registration is already
well-established [42]. There are multiple image post-processing libraries which include
solutions for retrospective motion detection and correction of MRI time series (i.e. FSL [50],
AFNI [51], TORTOISE [52] or SPM12 [53]). These libraries use sophisticated cost functions,
developed for multimodal image registration, and affine or rigid-body image transformation
to adapt the imaging data. The computational expense of the respective algorithms is usually
very high. More details on image registration can be found later in this section.

In 2D high-resolution imaging, where the final image often only consists of a single volume,
it is more difficult to get the desired input data for motion detection. A solution to this was
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introduced by the PROPELLER (periodically rotated overlapping parallel lines with enhanced
reconstruction, [54]) sequence. PROPELLER is a modified RARE sequence that allows data
from multiple shots to be compared by consecutively sampling the k-space center with rotating
image readouts which yields low-resolution images for motion detection. The readout scheme
and oversampling of the k-space center is depicted in Figure 2.31a. PROPELLER had a big
impact on diagnostic imaging, but requires additional scan time and is particularly sensitive
to subject motion in slice direction. Maclaren et al. proposed a method called TRELLIS
[55], which is similar to PROPELLER, but has a higher scan efficiency when measuring with
multiple averages. However, this comes with the downside of decreased motion detection
accuracy. The readout scheme of the TRELLIS technique, which consists of a grid with
overlapping line readouts, is shown in Figure 2.31b. Atkinson et al. [56] showed that it is also
possible to retrospectively correct for motion by manipulating the acquired data iteratively
using an entropy focus criterion.

Figure 2.31: Readout schemes for PROPELLER (a) with oversampling in the k-space center and
TRELLIS (b) with an overlapping grid of image readouts.

All retrospective motion correction techniques have in common that they require data interpo-
lation when transforming the image data to account for the subject motion which happened
during the scan, particularly in slice direction. In addition, motion during MRI acquisitions
can cause spin history effects (see Section 2.3.1) and thus introduce spatial variation in image
contrast which cannot be accounted by retrospective motion correction techniques without
expensive Bloch simulations.
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Image Registration
Image registration is generally used to iteratively find the best geometric transformation
τ(mmov) of a so-called moving image mmov to generate a new, transformed image mtrans =

τ(mmov) which is the best alignment to a reference image mref by minimizing a similarity
measure si [57]:

min
i

(si(τi(mmov),mref )). (2.60)

The components of a registration process are the two input images (the moving image and
the reference image), the similarity measure or metric, the image transformation with data
interpolation, and the optimizer [58]. Figure 2.32 shows how the different components of
image registration procedures interact with each other.

Figure 2.32: Overview of the registration process and involved components. The process is iterated
until there is a sufficient similarity between the transformed moving image and the
reference image. The starting point, which is the first calculation of the image metric
between moving image and reference image, is depicted in blue.

Starting point (blue) is the calculation of a similarity measure between the two input images.
The choice of the similarity measure is crucial for the final result of the image registration
process. Computationally fast methods like calculating the sum of squared differences:

SSD =
∑
x

∑
y

|mmov(x, y)−mref (x, y)|2 (2.61)

are computationally inexpensive, but do not serve good results for two images originating
from different modalities or with different contrast. Sophisticated metrics like the correlation
ratio or mutual information can handle these types of images with the downside of longer
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calculation times. More details about the different similarity measures in medical imaging
can be found in [59]. The result si of the similarity measure of iteration i is a single scalar
which is sent to the optimizer. The optimizer handles the iterative minimization of si to find
the best transformation by using, for example, a gradient descent method that minimizes a
function f(si) along the direction of steepest descent −∇f(si). The transformation matrix of
the current optimization step is used to geometrically transform the moving image. Because
the image data points usually lie on a cartesian grid, image transformation requires additional
interpolation of the transformed data points to align them with the cartesian grid. Essential for
the quality of registration results and the amount of computation time is the type of geometric
transformation. Rigid-body transformation requires low computation time, because it only
considers six degrees of freedom, describing rotational motion r and translational motion t. A
rigid-body transformation matrix Trigid can be composed as:

Trigid =


rxx rxy rxz tx

ryx ryy ryz ty

rzx rzy rzz tz

0 0 0 1

 . (2.62)

Allowing affine image transformation extends the degrees of freedom to twelve by allowing
scaling and shearing components at the image transformation which increases the time needed
for the optimization procedure. An additional trade-off to be made is the choice of image
resolution. Images are often subsampled prior to image registration to be more efficient. The
registration cycle is repeated until the optimizer finds the desired minimum/maximum of the
similarity measure and the final image transformation is found. Throughout this thesis, the
image registration coordinate system is defined, such that the x-axis represents the frequency-
encoding direction, the y-axis the phase-encoding direction and the z-axis the through-plane
direction.

2.3.4 Prospective Motion Correction

Prospective motion correction can further improve image quality by adapting the acquisition
during the exam to maintain a fixed geometric relationship between subject and image position.
It also avoids that parts of the subject move out of the FOV during the scan, which could
not be recovered by retrospective motion correction. In contrast to retrospective image
registration and subsequent image transformation, the transformation τ is applied to the
measurement vector ~x itself to generate a transformed measurement vector τ(~x) that accounts
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for the detected subject motion. This avoids the need of additional data interpolation. More
information on the transformation of the measurement vector can be found later in this
section. Prospective motion correction also helps in reducing spin history effects, because
the image plane moves with the excited slices, such that effects on spin relaxation due to
the presence of subject motion can be avoided [41]. A challenge of prospective motion
correction is that all included algorithms need to be computed in real time to ensure a
constant adaption of the measurement system. This excludes the use of sophisticated motion
detection algorithms that are utilized during retrospective image registration. Nevertheless,
a combination of prospective and retrospective motion correction can help to minimize the
amount of subject motion that has to be corrected retrospectively and thus reduces the amount
of data interpolation needed. Figure 2.33 shows the general approach of prospective motion
correction; a repeating interaction between data acquisition, motion detection and adaption of
the imaging system to account for the motion that happened since the last update.

Figure 2.33: General approach of prospective motion correction in MRI consisting of the data ac-
quisition, detection of occurred motion and updating the imaging system. This cycle is
repeated during the measurement to correct for subject motion in real time.

Updating the imaging system involves changing the position and orientation of the imaging
plane which requires altering the logical gradient orientations as well as rf pulse frequencies
and phases [4]. Since MRI acquisitions gather information of rigid imaging planes, a rigid-
body transformation using six degrees of freedom is sufficient for updating the scanner
geometry.

The review articles of Maclaren et al. [39] and Zaitsev et al. [15, 40] give deep insight into the
development of prospective motion correction and provide a good overview on the existing
methods. The following paragraph outlines the history and state of the art of prospective
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motion correction techniques that particularly influenced the developments of this thesis.
Prospectively correcting the MRI acquisition to increase image quality was first mentioned by
Haacke and Patrick in 1986 [3] for periodic, respiratory motion. Since then, two different
approaches were developed: motion detection based on optical tracking and motion detection
based on MRI image data. The former was first suggested by Eviatar et al. in 1997 [60]
and 1999 [61] using a laser tracking system to generate motion parameter sets for real-time
scanner updates. In 2006, Zaitsev et al. [4] introduced a system for camera-based prospective
motion correction to measure freely moving objects with high accuracy using two cameras
outside of the MRI scanner. Aksoy et al. [62] then proposed the use of MR-compatible
systems for motion tracking with an in-bore camera setup. These methods have in common
that they have high accuracy and update rates, but need additional, potentially expensive
hardware and a preparation step prior to the scan. They rely on the use of external markers to
be tracked by the cameras, which can be uncomfortable to the subject. Furthermore, optical
systems do only detect the motion of the scalp which might not precisely resemble the actual
motion of the brain.

These disadvantages can be resolved by using image-based tracking which, on the other hand,
can rarely match the update rates and accuracy of camera-based methods. First developments
suggested the use of navigator echoes to detect translational (Lee et al. in 1996 [63]) or
rotational (Lee et al. in 1998 [64]) motion. Navigator echoes are additional image acquisitions,
interleaved between the readouts of the primary MRI sequence, solely measured for the
purpose of motion detection. These can either increase the scan time or be placed in pause
times of the sequence. The first image-based implementation to adapt slice positions and
orientations in real time by using rigid-body image registration was the PACE technique,
proposed by Thesen et al. in 2000 [41]. It was used to track and correct the motion between
EPI volumes in functional imaging and resulted in improved robustness of the calculated
parameter maps for brain activation. However, the technique requires the MRI sequence
to consist of multiple repetitions of EPI volumes with similar contrast [65]. In a lot of
applications, this self-navigated approach is not suitable, which is where navigator-based
techniques are useful.

Some examples of navigators used for prospective motion correction are fat navigators [66],
low-resolution, volumetric EPI navigators [67–70], orthogonal navigators [71], through-plane
navigators [72] or the so-called cloverleaf navigators [73]. Not all navigators are used to
detect the motion parameters itself. Some concepts suggest the acquisition of very fast FID
navigators to trigger reacquisition steps in the case of subject motion [74, 75]. Navigator
acquisitions might increase the overall scan time and can change the MRI sequence timing
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and spin relaxation process which affects the magnetization history and image contrast.

Image Transformation
As discussed above, prospective motion correction requires a rigid-body transformation to be
applied to the imaging plane. This transformation is split into a rotation matrix:

R =

rxx rxy rxz

ryx ryy ryz

rzx rzy rzz

 (2.63)

and a translation vector:

~t =

txty
tz

 , (2.64)

derived from the transformation matrix in Equation 2.62. The transformation of a vector ~x0

can then be described by [57]:

~x1 = R · ~x0 + ~t, (2.65)

introducing the assumption of first rotating and then translating the vector ~x0. Applying n
consecutive transformations with R1, R2, ..., Rn and ~t1,~t2, ...,~tn yields [41]:

~xn = Rtotal · ~x0 + ~ttotal (2.66)

with

Rtotal = Rn ·Rn−1 · ... ·R1 and ~ttotal = R2 · ~t1 +R3 · ~t2 + ...+Rn · ~tn−1 + ~tn.(2.67)

The spatial rotations Ri can also be described as unit quaternions or versors. Quaternions
q = w + qxı̂ + qy ̂ + qzk̂ with ı̂2 = ̂2 = k̂2 = −1 describe a rotation w around the axis
(qx, qy, qz) with (1, ı̂, ̂, k̂) as its basis. A versor is defined as quaternion q with length 1:

|q| =
√
w2 + q2

x + q2
y + q2

z = 1. (2.68)

Versors are uniquely represented by the components (qx, qy, qz) since the last component w
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can be calculated using:

w =
√

1− q2
x − q2

y − q2
z . (2.69)

Analogue to Equation 2.67, consecutive rotations q1, q2, ..., qn can be combined to [41]:

qtotal = qn · qn−1 · ... · q1 (2.70)

This reduces the elements to be fed back to the imaging system to six (three for translation
and three for rotation) instead of twelve when using a rotation matrix [41].

Another representation of 3D rotations with only three parameters are Euler angles. The
Euler angles (α, β, γ) decompose a 3D rotation into three consecutive rotations around the
(x, y, z) axes. However, Euler angle representations are not unique since they are dependent
on the order of rotations and introduce the risk of gimbal lock. Conversion between the three
mentioned representations of 3D rotations is possible and in detail explained in [76]. When
converting involves Euler angles, the order of rotations has to be considered. When there
is no additional comment, this thesis uses the convention of first rotating around the z-axis,
then around the y-axis and then around the x-axis when using Euler angle representation of
rotations, as in graphs which visualize motion detection parameters.

The following chapters introduce different techniques of prospective motion correction which
utilize image registration for detecting the subject motion with subsequent transformation of
the imaging plane. The challenging part of this work is to obtain sufficient imaging data for
robust, prospective motion correction in the different MRI applications while maintaining
adequate temporal resolution, which is why these topics involve a serious amount of MR
pulse sequence development.
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3 Prospective Motion Correction in
Diffusion-Weighted Imaging Using Intermediate
Pseudo-Trace-Weighted Images

Parts of the work which is described in this chapter were presented as oral presentations at the
32nd and 33rd Annual Scientific Meetings of the European Society of Magnetic Resonance

in Medicine and Biology [77, 78] and as poster presentation at the 24th Annual Meeting of

the International Society for Magnetic Resonance in Medicine [79], where it was awarded
the First-Place Poster Prize by the ISMRM Motion Correction Study Group. The final results
were then published in the journal NeuroImage [80]. This chapter is an extended version of
that paper.

3.1 Introduction and Fundamentals

The following chapter discusses the transfer of rigid-body-based prospective motion correction
(see Section 2.3.4) to diffusion-weighted (DW) MRI pulse sequences (see Section 2.2.3)
without the need of additional navigator acquisitions. Since the diffusion weighting introduces
contrast variation between successive imaging volumes, this transfer needs a rethinking
of the imaging process to reduce the contrast variation and allow fast image registration
and transformation. The upcoming section gives an overview of fundamental DW image
acquisition techniques, discusses the state of the art of motion correction in DW imaging and
suggests a new approach to solve the problems of existing methods.

3.1.1 Anisotropic Diffusion and Magnetic Resonance

Diffusion-weighted imaging using magnetic resonance is a powerful, non-invasive method
for obtaining information about tissue microstructure and nerve-fiber pathways by character-
izing the anisotropic behavior of water diffusion in biological tissues. The fundamentals of
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establishing diffusion weighting in an MRI pulse sequence were already discussed in Section
2.2.3.

In biological tissues, water diffusion is hindered by biological structures, such that the
diffusion coefficient becomes direction-dependent and is reduced when compared to the
corresponding equivalent in free water. This coefficient is often referred to as apparent
diffusion coefficient (ADC). Using an arbitrary direction of the diffusion gradients and
a b-value b, the ADC in the respective direction can be estimated by two repetitions of
measurements, yielding an MR signal S0 without applied diffusion-encoding gradients and an
MR signal S with diffusion encoding [8]:

S = S0 · e−b·ADC , (3.1)

ADC =
−ln

(
S
S0

)
b

. (3.2)

However, to account for the directional variance of the ADC, multiple repetitions with
differing directions of the diffusion gradients are necessary to describe the characteristics of
the anisotropic diffusion. One technique used to achieve this goal is diffusion tensor imaging
(DTI, [81]) in which an assumed tensor model is fitted to the MR signals within a series
of DW images, acquired with a range of diffusion gradient directions and b-values. The
diffusion tensor is defined by a symmetric matrix that summarizes the magnitude, orientation
and anisotropy of the apparent diffusion in a single voxel of the image [8]:

D =

Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

 . (3.3)

The diffusivities along the main principal axes of the diffusion tensor can be characterized by
its eigenvectors and eigenvalues, where the eigenvectors (ε1, ε2, ε3) define the direction and
the eigenvalues (λ1, λ2, λ3) the scale of the corresponding diffusivity [82].

To obtain geometric information about tissue microstructure and nerve-fiber pathways, the
fractional anisotropy (FA) is calculated voxel-wise using the three eigenvalues (λ1, λ2, λ3) of
the diffusion tensor [82]:

FA =

√
3

2

√(
λ1 − λ1+λ2+λ3

3

)2
+
(
λ2 − λ1+λ2+λ3

3

)2
+
(
λ3 − λ1+λ2+λ3

3

)2√
λ2

1 + λ2
2 + λ2

3

. (3.4)
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The fractional anisotropy describes the magnitude of anisotropy of the diffusion tensor. The
symmetry of the diffusion tensor leads to the requirement of six repetitions of measurements
with different diffusion gradient directions plus one baseline low-b-value measurement to fill
its six unique elements. However, it is common practice to acquire DW images with a higher
number of evenly distributed diffusion gradient directions to avoid systematic bias and reduce
confidence limits in the fitted tensor parameters [83].

The FA, however, does not define the direction of the diffusion tensor. This can be described
with so-called color FA maps by using projections of the first principle eigenvector ε1 onto
the x, y and z-axes of the logical scanner coordinate system. Each projection is mapped to a
channel of an RGB image to get color-coded information about the direction of the diffusion
tensor anisotropy. The information can be utilized to estimate the course of nerve-fiber tracts
by tractography algorithms which follow the eigenvectors of the diffusion tensors to remodel
the biological fiber tracts [84–87].

The single-tensor model used in DTI is however limited, because it cannot represent the
diffusion behavior observed when there are multiple fiber populations within a voxel. This
problem has been addressed by adopting the high angular resolution diffusion imaging
(HARDI, [88]) approach to the analysis of anisotropic diffusion. This technique further
increases the number of diffusion gradient directions and allows alternative methods of data
analysis, such as modeling the data with multiple diffusion tensors or by using a model-
independent approach like q-ball imaging [89].

The characterization of anisotropic diffusion can be further improved by using diffusion
spectrum imaging (DSI, [90]) in which images are acquired that correspond to a 3D set of
q-space sample points on a Cartesian grid. The q-space describes a parameter space, similar
to the k-space, but with q-space encoding being defined by the diffusion-encoding gradients
of successive measurement repetitions. Spin displacement probabilities can then be derived
by applying a multi-dimensional Fourier transform with respect to the three q-space axes.
The data required for this type of analysis correspond to a large range of diffusion gradient
directions and b-values, typically resulting in over 500 DW images at each slice position.

Ignoring the directional information of the diffusion tensor, a simple measurement of the total
amount of diffusion can be achieved by acquiring a minimum of three DW images and one
low-b-value image with the directions of the diffusion gradients being evenly distributed in
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3D space. A geometric mean image of N DW images can be generated with [91]:

SMean = N

√√√√ N∏
i=1

Si (3.5)

and by utilizing the low-b-value image, the mean diffusivity (MD) can be calculated by [8]:

SMean = N

√√√√ N∏
i=1

Si = S0 · e−b
Dxx+Dyy+Dzz

3 = S0 · e−b·MD , (3.6)

which can be solved by using Equation 3.2. The sum Dxx + Dyy + Dzz in Equation 3.6
represents the trace of the diffusion tensor, which is why this measure is also called ’trace-
weighted’.

3.1.2 Image Artifacts in Diffusion-Weighted Imaging

The motion-sensitizing diffusion gradients and the low-bandwidth echo planar imaging (EPI
[16], see Section 2.2.1) readout in the phase-encoding direction conspire to make DW imaging
highly susceptible to a range of image artifacts [92]. Without adequate corrections, these
artifacts corrupt data analyses, leading to an erroneous characterization of diffusion anisotropy
and unreliable fiber tracking results. The artifacts include image distortion due to both static
~B0-field inhomogeneity and dynamic field perturbations, which are caused by eddy currents
induced by the diffusion gradients [93, 94]. Another source of artifacts is the change of
magnetic susceptibility at tissue interfaces which causes signal loss and signal displacement
effects when using an EPI readout. Further image quality problems arise from cerebrospinal
fluid (CSF) pulsation [95], table vibration and also from concomitant field terms during the
diffusion preparation [96]. In addition to these image quality issues affecting individual
images, another major factor that plays a critical role in DW imaging is inter-image subject
motion during data acquisition. It is this issue which is the subject of this chapter.

3.1.3 Motion in Diffusion-Weighted Imaging

Subject head motion is a major challenge when DW imaging is used to quantify anisotropic
diffusion in the brain. Firstly, robust data analysis requires, for each imaging voxel, a fixed
anatomical location over the course of the measurement, so that the same tissue region is sam-
pled at each b-value and diffusion gradient direction. Secondly, scan times are considerably
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longer than those of standard clinical imaging protocols, making it difficult, even for highly
motivated subjects, to remain perfectly still for the duration of the measurement. In particular,
prolonged measurement times of up to 30 minutes can be required when using HARDI or
DSI protocols, which are typically favored because they are not restricted by the assumed
validity of the single-tensor model. Even with head restraint, there is in general a significant
amount of long-term subject motion; this results in misalignment between acquired images,
leading to errors in quantitative parameter maps and estimates of nerve-fiber pathways. If the
subject moves out of the imaging field of view during the scan, this data cannot be recovered
in post processing.

3.1.4 Motion Correction Methods for Diffusion-Weighted Imaging

Image-registration-based prospective motion correction is already established in other ap-
plications that acquire time series of MRI data, such as blood oxygenation level dependent
(BOLD, [42]) imaging. Real-time applications require a fast registration algorithm that can be
applied without an increase in scan time whilst preserving registration accuracy (see Section
2.3.4). For BOLD imaging, these conditions are met by the PACE method [41] which uses an
efficient least-squares cost function (see Section 2.3.3) to combine low computational effort
with a registration accuracy that can detect displacements corresponding to a fraction of a
voxel. Despite some success in preliminary studies [65], the application of the PACE method
to DW imaging is limited, because the least-squares cost function is not ideally suited to the
task of detecting bulk head motion between different DW images due to the contrast variation
that occurs when the direction and magnitude of the applied diffusion-encoding gradient are
altered. A further factor affecting image-based estimates of motion in DW imaging is the low
signal-to-noise ratio (SNR) associated with high b-value images.

In standard data processing protocols used for the analysis of DW images, motion correction
is therefore restricted to the retrospective case (see Section 2.3.3), but using additional
prospective motion correction could reduce necessary image interpolation and spin history
effects (see Section 2.3.4). Additionally, the direction of the applied diffusion gradient can
be rotated in real time along with the modified slice orientation to reduce the requirement to
correct b-matrices during retrospective motion correction [97].

To overcome the difficulties of rapidly registering the DW images, a number of prospective
motion correction schemes have proposed navigator acquisitions (see Section 2.3.4). One of
these techniques monitors a free induction decay signal during the measurement to identify
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when significant motion has taken place [74]; when motion is detected, an additional low-b-
value volume is automatically acquired and registered with a reference volume to provide the
motion estimates that are required for adapting the data acquisition. Another approach has
been to interleave a low-resolution EPI navigator acquisition with the DW scans [68, 70]. The
disadvantage of an increase in overall scan time could be compensated by using accelerated
acquisition techniques, such as simultaneous multislice imaging [69] (see Section 2.2.6).

In addition to the image-based methods described above, prospective motion correction can
also be performed using optical motion tracking systems [4, 62]. This is an attractive option,
because it can be applied at high temporal resolution without modifying the data acquisition
or processing. However, it comes with the disadvantages which were already discussed in
Section 2.3.4.

3.1.5 Prospective Motion Correction Utilizing Pseudo-Trace-Weighted Images

This chapter introduces an alternative, novel prospective motion correction technique for DW
imaging which uses intermediate pseudo-trace-weighted (psTW) images, calculated in real
time during the scan, to overcome the effect of the contrast variation between individual DW
images. This allows a rapid motion detection using a least-squares cost function. Because
the image registration is based on the DW images themselves, there is no requirement for
external tracking hardware, navigator scans or additional low-b-value images. The technique is
compatible with all DTI, HARDI and DSI measurement protocols, requiring only a reordering
of the diffusion gradient directions without modifying the set of gradient vectors used by the
given application. The proposed method of motion detection is verified for b-values in the
range of 1000 s/mm² to 3000 s/mm² by comparison with image registration based on interleaved
low-b-value images. It is also demonstrated that, when the method is used in real time to
adapt acquisition parameters during human studies in vivo, there is a substantial reduction in
the level of voxel displacement between DW volumes and improvements in the quantitative
analysis of mean diffusivity histograms.

3.2 Method

Figure 3.1 shows an overview of the proposed prospective motion correction technique which
consists of the following three steps: reordering the diffusion gradient directions prior to
the scan (yellow); calculation of pseudo-trace-weighted images in real time during the scan
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(purple); registration of psTW images and use of resulting motion parameters to adapt the
image acquisition during the scan (blue). These steps are explained in detail below.

Figure 3.1: Overview of the proposed prospective motion correction technique. The section highlighted
in yellow shows the image acquisition with pre-measurement reordering of the diffusion
gradient vectors and subsequent acquisition of the DW images. The purple section de-
picts the temporary storage of the current DW image during the scan and the real-time
calculation of intermediate psTW images. The least-squares-based image registration and
corresponding adaption of the imaging slice and diffusion gradient direction during the
scan is shown in the blue section.

3.2.1 Reordering of Diffusion Vector Set

Prior to the measurement, the required set of diffusion gradient directions is reordered to
provide a new acquisition scheme which fulfills two requirements [98]:
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1. The reordered vector set consists only of subsets of three successive vectors that have a
high level of mutual orthogonality. This is achieved by an iterative sorting process in
which the new diffusion vector set ~v1, ~v2, ..., ~vn fits the following condition:

max
(∣∣~viT · ~vi+1

∣∣, ∣∣~viT · ~vi+2

∣∣, ∣∣~vTi+1 · ~vi+2

∣∣) < DEV, (3.7)

where DEV is the maximum allowed deviation in a single subset of three diffusion
gradient directions.

2. Two vectors are shared between the consecutive three-vector subsets, such that with
every new diffusion vector there is a new subset of three highly mutual orthogonal
vectors.

3.2.2 Calculation of Pseudo-Trace-Weighted Images

The acquisition with the reordered diffusion gradient vector set allows the calculation of
so-called pseudo-trace-weighted (psTW) images during the scan in real time. This is achieved
by taking the voxel-wise geometric mean g of the voxel intensities gi of the current and the
two preceding DW images, similar to Equation 3.5:

g = 3

√√√√ 3∏
i=1

gi (3.8)

to create a new image with a contrast that approximates to one that is weighted by the
rotationally invariant trace of the diffusion tensor due to the high level of mutual orthogonality
between the corresponding diffusion gradient directions. This mutual orthogonality constraint
results in a low level of contrast variation between successive psTW images independently of
the actual gradient vectors used for the acquisition of the corresponding three DW images.

Because of the shared-vector requirement above, a new psTW image volume is generated at
each repetition time (TR) in a sliding window fashion, such that each psTW volume shares two
DW volumes with the preceding psTW volume. This allows the motion parameter estimates
to be updated after each TR interval, even though the underlying DW volumes are acquired
during a time period equal to three times the TR interval. At the start of the scan, it is of
course necessary to acquire data from three TR intervals before the first set of psTW images
can be generated as a reference for subsequent psTW volumes.
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3.2.3 Real-Time Feedback and Adaption of Imaging System

These intermediate psTW images are used for an image registration with immediate feedback
to the imaging sequence, using the PACE technique described previously [41]. The psTW
images are used as input for a least-squares-based image registration (details on that in
Section 2.3.3) to the first psTW image in the time series. This rigid-body registration gives
three translational and three rotational motion parameters as estimates for the motion that
has occurred between the current imaging volume and the reference volume. The motion
estimates are then fed back to the sequence to adapt the imaging slice position and orientation
to compensate for the motion (see Section 2.3.4). In this procedure, the motion estimates
are used to derive a linear quaternion-based transformation of the imaging slice (see Section
2.3.4). Because the motion estimates of the registration are based on a geometric mean image
from the current and the two preceding time points, the transformation uses the averaged
slice position and orientation for these three time points as origin, which was calculated by
quaternion averaging [99]:

q =

3∑
i=1

qi∣∣∑3
i=1 qi

∣∣ . (3.9)

Averaging of quaternions can be seen as an approximation to the exact mean based on the
optimization of the Riemannian metric [100].

As reported previously [97], changing the orientation of the scan for the purpose of motion
correction without simultaneously adapting the corresponding geometry of the applied diffu-
sion preparation causes errors in tractography results derived from the data set. In this chapter,
the diffusion gradient vector was adapted to match the image plane orientation using the
same linear transformation. Finally, the original DW images, acquired with the dynamically
adapted scanning geometry, are used for calculation of diffusion parameter maps.

3.3 Experiments

All experiments were performed on a 3 T MR system (MAGNETOM Skyra, software version
Syngo MR D13A, Siemens Healthcare, Erlangen, Germany) with a 20-channel head coil using
a transverse image orientation. The pulse sequence, motion detection and real-time correction
algorithms were implemented in C++ using the manufacturer’s proprietary pulse sequence
and image reconstruction development frameworks. All subjects provided written informed
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consent prior to scanning and the study was run under a general protocol for pulse sequence
development approved by the local ethics committee. To exaggerate the level of subject
motion, the measurements in the first three experiments were performed without the usual
head restraint, but subjects were not instructed to perform intentional head movements.

3.3.1 Evaluation of Motion Detection Using psTW Images

In an initial experiment, the psTW-based motion detection algorithm was evaluated separately
without using the estimated motion parameters to adapt the ongoing image acquisition. The
evaluation was performed by interleaving low-b-value images at each time point between
the acquisitions of the reordered DW volumes. Motion estimates obtained by registering
these low-b-value images were then used as a reference method for the time course of motion
parameter estimates provided by image registration using the psTW method.

Data were acquired using the standard product single-shot DW EPI sequence provided by
the manufacturer, which can be configured to read a user-specified set of diffusion gradient
vectors from a text file. The sequence was run using twice-refocused diffusion preparation to
minimize image distortion due to eddy currents [101, 102]. A modified image reconstruction
program was used to perform the calculation of psTW images and image registration was
performed using the manufacturer’s standard least-squares-based algorithm. In this initial
experiment, these image reconstruction and motion detection procedures were applied offline
after the measurement.

Images were acquired from 10 healthy subjects (6 female, 4 male; aged between 23 and 48)
with 64 different diffusion gradient directions, a GRAPPA acceleration factor of two (see
Section 2.2.5) and b-values of 1000 s/mm² and 3000 s/mm². 48 contiguous slices were acquired
with a slice thickness of 2 mm, a matrix size of 122 by 122 and a FOV of 224 mm by 224 mm.
The TE/TR was 86 ms/6400 ms for a b-value of 1000 s/mm² and 114 ms/8000 ms for a b-value
of 3000 s/mm²; the respective scan times were 13 min 52 s and 17 min 20 s. The EPI echo train
had an echo spacing of 720 µs and the full k-space was acquired during a single readout.

In addition to motion detection using the interleaved low-b-value images and using the psTW
data, motion parameter estimates were also derived from image registration performed directly
on the native DW images. The time courses of estimated motion parameters were compared
for the three techniques, firstly regarding the six rigid-body translation and rotation parameters
and secondly with respect to the voxel displacements. In the latter case, displacements of all
individual voxels in the data set were determined by first translating the data point with the
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measured translation values and then rotating it with the rotational motion values, related to
a fixed point of origin. The voxel displacement was then given by the distance between the
final and the initial voxel positions.

3.3.2 Evaluation of Prospective Motion Correction Using psTW Images

In a second experiment, the psTW-based motion detection was combined with a real-time
update of the slice position and orientation during the scan, as described in Section 2.3.4.
For this purpose, a dedicated single-shot DW EPI sequence was developed which exploits
the manufacturer’s real-time sequence framework to receive motion parameter updates from
the image reconstruction during the scan and to make corresponding adjustments to the
ongoing image acquisition. As in the first experiment, diffusion preparation was performed
using a twice-refocused spin echo and interleaved low-b-value images were used to provide a
reference method for subject motion.

In this case, the modified image reconstruction program, described in Section 3.3.1, was used
at the scanner during the scan to perform image registration based on psTW images and a
least-squares cost function. An additional modification was required to automatically pass
measured motion detection estimates to the sequence framework for access by a suitably
programmed real-time pulse sequence. The sequence scheme of the developed single-shot
DW EPI sequence is depicted in Figure 3.2. An FID navigator (Figure 3.2, orange) is used
after slice-selective rf excitation (Figure 3.2, red) to calculate the frequency offset for ~B0-
field drift correction (see Section 2.2.4). Two rf refocusing pulses with corresponding slice
selection gradients (Figure 3.2, red) are used for twice-refocused diffusion preparation. Using
this technique requires the diffusion-weighting gradients (Figure 3.2, purple) to fulfill the
conditions:

tG1 + tG2 = tG3 + tG4 , (3.10)

tG2 + tG3 =
TE

2
and (3.11)

tG1 + tG4 =
TE

2
− tprep (3.12)

with tprep being the sum of the time between rf excitation and G1 and the time between the
end of G4 and the occurrence of the spin echo [101, 102]. The spoiler gradients before and
after the refocusing pulses (Figure 3.2, blue) counteract imperfect rf pulses which might not
flip the spins by exactly 180° and thus could introduce additional FID and echo signals. In
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detail, the spoiler gradient after the rf pulse dephases the unwanted signal and the spoiler
gradient before the rf pulse acts as balancing gradient. The sequence uses a sinusoidal EPI
readout (Figure 3.2, green), which defines the gradient waveform Gx(t) based on the angular
frequency ωosc and the maximum gradient amplitude G0 [3]:

Gx(t) = G0 · sin(ωosct) (3.13)

when assuming a starting point at t = 0. According to Equation 2.32 in Section 2.1.9, kx is
then defined as:

kx(t) =
γ

2π

∫ t

0

G0 · sin(ωoscτ)dτ. (3.14)

The corresponding phase-encoding blips are depicted in gray. The sinusoidal readout requires
a regridding of the measured k-space data onto a cartesian grid, because k-space sampling is
performed on the slopes of the readout gradient [17, 103].

Figure 3.2: Sequence diagram of the dedicated single-shot DW EPI sequence with slice-selective rf
excitation and refocusing (red), the twice-refocused diffusion preparation gradients (purple),
an FID navigator for ~B0-field drift correction (orange), spoiler gradients before and after
the refocusing pulses (blue) and the sinusoidal EPI readout (green) with corresponding
phase-encoding blips (gray). The direction of the diffusion-weighting gradients can be
changed freely.

Images were acquired from three healthy volunteers (2 female, 1 male; aged between 25 and
34) using a 2 mm isotropic voxel size and the same diffusion gradient vectors as in the first
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experiment. A b-value of 1000 s/mm² was used with TE/TR values of 85 ms/6000 ms, an EPI
echo spacing of 680 µs and a scan time of 13 min 18 s. In each subject, measurements were
performed both with and without motion correction to compare the level of residual motion in
the two cases, but noting that little similarity is to be expected between the actual motion of
the subject during the two independent measurements. Histograms of the mean diffusivity
maps (see Section 3.1.1) for measurements with and without prospective motion correction
were used to provide a quantitative comparison between the data sets.

3.3.3 Evaluation of DTI Measurement Protocol with Prospective Motion Correction

In a third experiment, the psTW-based prospective motion correction was used without the
interleaved low-b-value images to represent a typical DTI measurement protocol. The absence
of the interleaved images represents a more realistic measurement scenario than the previous
two experiments, with an increase in the temporal resolution of the motion correction; it also
means, however, that no reference method was available to assess the accuracy of motion
parameter estimates.

Data were acquired from three healthy volunteers (2 female, 1 male; aged between 25 and 34)
using, with the exception of the interleaved images, the same developed pulse sequence as in
the second experiment (see Section 3.3.2). Images were acquired for b-values of 1000 s/mm²

and 2000 s/mm² with TE/TR values of 85 ms/6000 ms and 108 ms/7100 ms, respectively, with
scan times of 6 min 48 s and 8 min 3 s. Data were also acquired in a separate measurement
without prospective motion correction using a b-value of 1000 s/mm².

To evaluate the performance of the real-time motion correction in this experiment, the original
DW images were retrospectively registered to a low-b-value reference image, which was
acquired at the start of the measurement. The registration was computed using the 3dAllineate
function within the AFNI package and used normalized mutual information as cost function
[51]. The results were analyzed by determining the absolute motion estimates as well as
the average voxel displacement from the motion parameters of all time points starting at
and offset-adjusted to the moment of acquiring the reference volume of the prospective
motion correction. The results were then summarized by computing the time-wise mean and
standard deviation. An analysis based on mean diffusivity histograms was made to provide a
quantitative comparison between the measurements. Trace-weighted images as well as color
FA maps were generated using the standard post-processing tools provided as product by the
scanner manufacturer.

61



3 Prosp. MoCo in DW Imaging Using Intermediate Pseudo-Trace-Weighted Images

3.3.4 Comparison of Measurements with and without Head Restraint

A fourth experiment on a single subject (female; aged 25) was performed to compare the
prospective motion correction results to those from a no-motion scan, which was performed
using head restraint and a highly motivated subject to restrict the level of motion to a minimum.
Scans were acquired with and without prospective motion correction and with and without
head restraint to get a full analysis of the performance of the prospective motion correction
in both high-motion and low-motion cases. Data were acquired using the same scanning
protocol and developed pulse sequence as in Section 3.3.2. An analysis of the mean diffusivity
histograms was performed to provide a quantitative comparison between measurements.

3.4 Results

Figure 3.3a shows data acquired with a b-value of 1000 s/mm². The native DW images are
shown in the top row in chronological acquisition order after reordering the set of diffusion
gradient vectors prior to the measurement. The corresponding calculated psTW images are
shown in the bottom row; each psTW image was calculated by taking the geometric mean of
three consecutive DW images, such that successive psTW images shared two common DW
images. In the actual measurement, low-b-value imaging volumes were interleaved between
the DW imaging volumes to provide a reference method for assessing the true motion; these
images are not shown in the figure. Similarly, Figure 3.3b shows DW and psTW images for
image acquisition with a b-value of 3000 s/mm². The figures demonstrate that for both 1000 s/mm²

and 3000 s/mm² the substantial contrast variation that occurs between the native DW images,
acquired with different diffusion gradient directions, is almost eliminated in the time series of
psTW images.

3.4.1 Evaluation of Motion Detection Using psTW Images

Figures 3.4 and 3.5 compare the motion parameter estimates derived by applying the least-
squares-based image registration to each of the three image series: native DW images (green),
calculated psTW images (blue) and interleaved low-b-value images (black, dashed). The
results for measurements with a b-value of 1000 s/mm² are shown in Figure 3.4 and the results
for 3000 s/mm² are shown in Figure 3.5. In both cases, all six graphs belong to the same
volunteer. The reference method data, based on the interleaved low-b-value images, show a
typical long-term subject motion during the scan of up to 3 mm translational and 3° rotational
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Figure 3.3: Native diffusion-weighted images and calculated pseudo-trace-weighted images at b-values
of 1000 s/mm² (a) and 3000 s/mm² (b). The first and third rows show native DW images in
chronological acquisition order. For simplicity, the interleaved low-b-value image volumes
are not shown. The second and fourth rows show the intermediate psTW images, which
were calculated by taking the geometric mean of three consecutive DW images with highly
mutual orthogonal diffusion gradient directions. The arrows depict a sliding window
calculation in which consecutive psTW images share data from two DW images. The
strong contrast variation between the DW images is absent from the psTW image series,
allowing a fast image registration based on a least-squares cost function.

motion. At 1000 s/mm², the parameter estimates derived from the native DW images follow the
general trend of the reference method values, but show a fluctuating behavior that depends
on the diffusion gradient direction and the estimates deviate significantly from the reference
values. At 3000 s/mm², these fluctuations become severe and the motion estimates based on the
native DW images become completely unreliable. Even low-pass filtering using the average
of three data points of the motion parameters, derived by registering the native DW images,
does not lead to reliable motion estimates (orange). However, the motion parameter estimates
derived from the psTW images show stable values with a close agreement to the reference
method at both b-values.
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Figure 3.4: Rotational and translational motion estimates for measurements with a b-value of 1000 s/mm²,
derived by registering the native DW images (green), the intermediate psTW images (blue)
and the interleaved low-b-value images (black, dashed). Additionally, a low-pass-filtered
graph of the DW images is shown (orange). In all plots, the displacement estimate is plotted
against the measurement time. Note the close agreement between the parameters obtained
from the psTW images and the values given by the interleaved low-b-value reference
images. The parameters derived from the native DW images follow the general trend of
the reference method values, but fluctuate and are less accurate.

Figure 3.5: Rotational and translational motion estimates for measurements with a b-value of 3000 s/mm²,
derived by registering the native DW images (green), the intermediate psTW images (blue)
and the interleaved low-b-value images (black, dashed). Additionally, a low-pass-filtered
graph of the DW images is shown (orange). In all plots, the displacement estimate is
plotted against the measurement time. At this b-value, the parameters obtained by directly
registering the DW images become completely unreliable, but there remains a close
agreement between the motion estimates derived from the proposed method using psTW
images and the values given by the low-b-value images.
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Figure 3.6 summarizes the results from all 10 subjects in the form of heat map scatter plots
which show the overall relationship between the voxel displacement estimates determined
from psTW images and the corresponding reference method value derived from the low-b-
value images; each plot uses data from all 64 diffusion gradient directions and all anatomical
voxels. The population of data points at each point in the plots is coded with a color scale
ranging from blue to represent a low population to red for highly populated data points. The
axes are truncated to show detail in the most populated area.

The combined results in Figure 3.6a for both 1000 s/mm² and 3000 s/mm² show a high overall
correlation between the two methods with a linear regression of y = 0.964 x − 0.021 and
a correlation coefficient of R = 0.9634. The separate data for 1000 s/mm² (Figure 3.6b) and
3000 s/mm² (Figure 3.6c) show the effect of the b-value on the results of the motion estimates
calculated from the psTW images. The 1000 s/mm² plot shows a stronger correlation between
the two methods than for the combined data with a correlation coefficient of R = 0.9893 and a
linear regression of y = 0.979 x − 0.053. For the 3000 s/mm² data, there continues to be a clear
correlation with the voxel displacements given by the psTW images and those derived from
the low-b-value reference data. However, there is a distinct reduction in precision of the voxel
displacement estimates with a lower correlation coefficient of R = 0.9133. There is also a
small systematic bias, by which the displacement estimates for the psTW images tend to be
overestimated compared to the reference method, also shown by the linear regression of y =
0.900 x + 0.002.

Figure 3.6: Heat map scatter plots for all voxel displacements for measurements on 10 subjects
with both b-values (a), only 1000 s/mm² (b) and only 3000 s/mm² (c). In all plots the voxel
displacements given by the reference method are plotted against those of the proposed
motion detection method using psTW images. The plots show a strong correlation between
the two methods, but with less agreement and increased systematic bias in the results at
3000 s/mm².
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3.4.2 Evaluation of Prospective Motion Correction Using psTW Images

The plots in Figure 3.7 show the level of residual motion in three subjects when prospective
motion correction based on psTW images was used during data acquisition and compare
these results with separate measurements in the same subject respectively, acquired without
prospective motion correction. Because subject motion was different in the two measurements,
care is required when making direct comparisons between the two sets of motion parameters.
However, the comparison does provide a clear indication regarding the ability of the proposed
prospective correction method to reduce the overall level of residual motion between imaging
volumes. Note that in all measurements, interleaved low-b-value images were used after
the measurement to estimate the residual motion and the psTW images were used during
measurement to control the prospective motion correction procedure. The results without
prospective motion correction typically show long-term motion behavior, characterized by
a smooth trend in motion parameters over time leading to substantial absolute parameter
deviations at later time points. When prospective motion correction was used, there is a marked
reduction in the level of parameter deviations and they do not accumulate over time, but remain
within a small band of values, which in most case is limited to a range of approximately
± 0.2 mm/± 0.2°. In some plots, there is evidence of an apparent increase in short-term
motion parameter fluctuation when prospective motion correction is active, but this is not a
general observation and it should be remembered that the two curves in each figure represent
independent measurements with differing underlying subject motion. Subject 3 reported a
period of fast movement during the measurement with motion correction activated. This
creates a jump in motion values around the 650 s mark which is corrected by the prospective
acquisition correction shortly after it occurs, such that the motion parameter deviations tend
back to their previously low levels. The short delay in correcting the fast motion reflects the
effective temporal resolution of the psTW image updates based on the moving geometric
average of the DW images. Note that in this experiment the temporal resolution was halved
due to the acquisition of the interleaved, low-b-value reference images.

Table 3.1 shows the linear regressions relating to the motion parameter curves in Figure 3.7
for which prospective motion correction was active. The regression coefficients verify the
visual impression from the plots. The data implies that when prospective motion correction is
used there is no substantial drift in the motion parameter estimates during the measurement,
despite the long-term subject motion seen in measurements without prospective motion
correction. This results in a consistent alignment of images from all time points during the
measurement and a minimization of the absolute voxel displacements that have to be corrected
by retrospective image registration.
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Figure 3.7: Motion parameter estimates derived by registering the interleaved low-b-value image
volumes after measuring with (blue) and without (red) prospective motion correction using
psTW images. The long-term subject motion, which can be seen in the red graphs, is
reduced to a narrow band of values without long-term drift when the proposed motion
correction method is applied. The motion-corrected graphs are offset-adjusted to the
moment of acquiring the reference volume of the prospective motion correction.
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Table 3.1: Linear regressions for the time courses of motion parameter estimates shown in Figure 3.7
for measurements performed with prospective motion correction.

subject motion parameter linear regression

1 translation x y = − 0.00033 x + 0.03076
translation y y = − 0.00129 x − 0.04901
translation z y = 0.00006 x + 0.00800
rotation x y = 0.00063 x − 0.00608
rotation y y = 0.00003 x + 0.04261
rotation z y = 0.00068 x − 0.05586

2 translation x y = − 0.00060 x + 0.04970
translation y y = − 0.00004 x + 0.04866
translation z y = 0.00156 x − 0.16824
rotation x y = 0.00012 x + 0.01112
rotation y y = − 0.00024 x + 0.06768
rotation z y = − 0.00037 x + 0.03435

3 translation x y = − 0.00139 x + 0.08192
translation y y = − 0.00067 x + 0.04265
translation z y = − 0.00068 x + 0.04950
rotation x y = 0.00098 x − 0.05894
rotation y y = 0.00002 x + 0.01821
rotation z y = − 0.00066 x + 0.04570

Figure 3.8 shows the mean diffusivity histograms of the parameter maps calculated from the
acquired images. A bin size of 0.02 · 10-3mm2/s was used to compute the histograms. The
blue curves (with prospective motion correction) are sharper and result in a higher peak value
than the red curves (without prospective motion correction). This complements the results
from the motion parameters in Figure 3.7 by showing that the measurements with prospective
motion correction result in a quantitative improvement in calculated parameter maps.

Figure 3.8: Histograms of mean diffusivity for measurements with prospective motion correction
(blue) and without prospective motion correction (red). The curves show a sharper mean
diffusivity distribution in the images acquired with prospective motion correction
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3.4.3 Evaluation of DTI Measurement Protocol with Prospective Motion Correction

Table 3.2 compares the means of absolute residual motion parameters from measurements
without the interleaved low-b-value images. The motion parameters shown in the table
were determined by applying a retrospective motion correction with the AFNI package [51]
and data are given for measurements at 1000 s/mm² and 2000 s/mm² with prospective motion
correction and at 1000 s/mm² without prospective motion correction. The table shows a tight
alignment of the diffusion-weighted images when prospective motion correction is activated.
For translations, the maximum mean value during the course of a prospectively corrected
measurement is 0.118 mm (subject 3, 2000 s/mm²), corresponding to 6 % of the voxel size. The
corresponding results for the rotational parameters show a maximum mean value of 0.074°
(subject 1, 2000 s/mm²). Other measurements with prospective motion correction show mean
values that are well below these maxima. Although the maximum translations and rotations
are seen for measurements at 2000 s/mm², the data do not in general show increased residual
motion at 2000 s/mm², despite the increased contrast variation and decreased SNR at the higher
b-value. Overall, the table demonstrates that the prospective motion correction provides a
consistent reduction in the level of residual motion to that corresponding to a small fraction of
a voxel. For measurements without prospective motion correction, the table shows substantial
increased levels of residual motion, which in nearly all cases are significantly higher than
those relating to measurements with prospective motion correction.

Table 3.2: Absolute mean residual motion parameters for measurements with and without the proposed
prospective motion correction technique for a typical DTI measurement protocol without
interleaved low-b-value reference images. The values were calculated from the time-wise
motion estimates of the respective measurement, given by a retrospective motion correction
performed by AFNI.

subject b-value MoCo trans. x [mm] trans. y [mm] trans. z [mm] rot. x [deg.] rot. y [deg.] rot. z [deg.]

1 1000 s/mm² No 0.075 ± 0.047 0.038 ± 0.028 0.216 ± 0.062 0.175 ± 0.064 0.200 ± 0.141 0.144 ± 0.082
1000 s/mm² Yes 0.067 ± 0.050 0.046 ± 0.028 0.057 ± 0.036 0.032 ± 0.026 0.034 ± 0.025 0.041 ± 0.023
2000 s/mm² Yes 0.073 ± 0.054 0.050 ± 0.041 0.042 ± 0.026 0.005 ± 0.003 0.036 ± 0.023 0.074 ± 0.039

2 1000 s/mm² No 0.155 ± 0.090 0.080 ± 0.058 0.168 ± 0.068 0.310 ± 0.160 0.217 ± 0.165 0.115 ± 0.086
1000 s/mm² Yes 0.089 ± 0.061 0.024 ± 0.019 0.069 ± 0.047 0.032 ± 0.025 0.043 ± 0.026 0.021 ± 0.018
2000 s/mm² Yes 0.029 ± 0.019 0.029 ± 0.019 0.014 ± 0.100 0.013 ± 0.008 0.012 ± 0.008 0.011 ± 0.009

3 1000 s/mm² No 0.559 ± 0.430 0.546 ± 0.334 0.509 ± 0.360 2.066 ± 1.449 0.225 ± 0.101 0.336 ± 0.210
1000 s/mm² Yes 0.053 ± 0.047 0.040 ± 0.035 0.037 ± 0.026 0.048 ± 0.030 0.020 ± 0.016 0.034 ± 0.026
2000 s/mm² yes 0.118 ± 0.078 0.058 ± 0.048 0.025 ± 0.015 0.006 ± 0.005 0.025 ± 0.017 0.060 ± 0.049

To give an overview of the combined motion parameter values in these measurements, Figure
3.9 shows the calculated means and standard deviations of the voxel displacements across all
anatomical locations for the time course of retrospectively acquired motion estimates. The
figure shows that when prospective motion correction is applied, the mean voxel displacement
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stays below a value of 0.2 mm. However, for measurements without prospective motion
correction the mean voxel displacement can be an order of magnitude larger and exceed
the nominal 2 mm voxel size. As can be seen from the figure, the level of residual motion
without prospective motion correction was much higher for subject 3 than for the other two
subjects; note that no attempt was made to confirm that this high level of motion also occurred
during the measurement with prospective motion correction. However, in all three cases the
level of residual motion was very similar when data were acquired using prospective motion
correction.

Figure 3.9: Bar chart showing the mean voxel displacement for measurements with (blue) and without
(red) the proposed prospective motion correction technique for a typical DTI measurement
protocol without interleaved low-b-value reference images. Motion estimates were deter-
mined from a retrospective motion correction performed by AFNI. The parameters are
shown separately for all 3 measurements from each of the three subjects.

The histograms in Figure 3.10 show the distribution of the mean diffusivity in calculated
parameter maps as a measure of image quality. The blue curves (with prospective motion
correction) show a sharper distribution with higher peak values in all three cases which
indicates an increase in image quality. As also seen in Figure 3.9, the subject motion of
subject three (right) was stronger which results in stronger differences in the histograms
compared to the other two subjects.

Figure 3.11 shows the effect of the proposed motion correction method on color FA and
trace-weighted images obtained by fitting a single diffusion tensor model to the signal
variation at each voxel location. The images used for the analysis were those acquired from
subject 3, for which the motion parameters in Figure 3.9 showed the highest values without
prospective motion correction. The data relating to the measurement without prospective
motion correction show distinct blurring artifacts due to the unintentional long-term subject
motion during the scan; this is especially noticeable in the trace-weighted images. For the
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Figure 3.10: Histograms of mean diffusivity distributions of measurements with prospective motion
correction (blue) and without prospective motion correction (red). The underlying images
were scanned without interleaved low-b-value images. The blue curves show a sharper
distribution of mean diffusivity resulting in increased quality of calculated parameter
maps.

acquisition with prospective motion correction, there is no obvious blurring and the figure
shows a distinctly sharper trace-weighted image with clear anatomical boundaries. Images of
the other two subjects did not show clear visual differences between acquisitions with and
without prospective motion correction due to the low motion parameters. However, the mean
diffusivity histograms indicate an increase in image quality.

Figure 3.11: Comparison of color FA maps and trace-weighted images of the same subject, acquired
with and without the proposed prospective motion correction algorithm using psTW
images. Data acquired without prospective motion correction results in noticeable blurring
artifacts due to long-term, unintentional subject motion. Data acquired with prospective
motion correction result in substantially reduced blurring, allowing a clear depiction of
anatomical structure in the composite images and parameter maps. No retrospective
motion correction has been applied to these images.
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3.4.4 Comparison of Measurements with and without Head Restraint

The graphs in Figure 3.12 show histograms of mean diffusivity for the four acquired mea-
surements: head restraint and motion correction (light blue), head restraint without motion
correction (light red), no head restraint with motion correction (blue, dashed) and no head
restraint without motion correction (red, dashed). Both measurements with applied prospec-
tive motion correction show the best results with almost equal mean diffusivity histograms
with the highest peaks of the four measurements. The reference scan with head restraint and
without motion correction shows that even with head fixation, there is a small amount of resid-
ual motion which has a negative influence on the calculated parameters. The measurement
without head restraint and without head fixation shows, as expected, the worst result with a
wide mean diffusivity distribution.

Figure 3.12: Mean diffusivity histograms of measurements with head restraint and with motion correc-
tion (light blue), with head restraint and without motion correction (light red), without
head restraint and with motion correction (blue, dashed) and without head restraint and
without motion correction (red, dashed). The graphs show that the sharpest distribution in
the mean diffusivity parameter maps is determined in the scans with motion correction
and that there is still some residual motion left when acquiring images with head restraint.

The corresponding color FA maps and trace-weighted images are shown in Figure 3.13. While
the images without motion correction and without head restraint show slight blurring artifacts,
the other three measurements show image quality which is comparable to each other. The
differences in image quality can especially be seen in the trace-weighted images of superior
slices where most of the subject motion happens. This confirms the results from Figure 3.12
in which the dashed red curve (no head restraint and no motion correction) shows a strong
decrease in the peak height of the mean diffusivity distribution.
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Figure 3.13: Comparison of color FA maps and trace-weighted images of the same subject, acquired
with and without the proposed prospective motion correction algorithm using psTW
images, both with and without head restraint. Images acquired without prospective
motion correction and without head restraint show a slight increase in blurring artifacts
due to subject motion. This is especially noticeable in the trace-weighted images of
superior slices where most of the subject motion happens. The image quality of scans
with applied prospective motion correction is comparable to the no-motion reference scan
(head restraint, no motion correction).

3.5 Discussion

In the course of this study, the majority of acquisitions were performed with additional low-
b-value imaging volumes inserted as a reference between consecutive DW volumes. Image
registration using these additional volumes can be considered a reliable reference method for
motion parameter estimates, because there are no contrast changes between time points and
motion detection using EPI volumes of this sort has been well characterized in BOLD imaging
applications. By interleaving the reference volumes between each pair of DW volumes, it was
possible to provide a reference method time course of motion parameters with high temporal
resolution for the validation of the psTW-based motion detection and prospective motion
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correction. The approach, however, has the obvious disadvantage that the temporal resolution
of the proposed motion correction technique was reduced by a factor of two, reducing the
ability of the technique to respond to short-term subject motion. Note that, because of the
interleaving of the low-b-value images and the DW images, the comparison and regression
analysis of the motion parameters is limited by the fact that the corresponding images are, by
necessity, not acquired at exactly same time points.

The corresponding validation studies were not truly representative of a typical measurement
protocol used for DW imaging; nevertheless, the results regarding long-term subject motion
are still reliable and the short-term performance of the proposed technique is likely to improve
when using typical measurement protocols without interleaved images. To address this
issue, the third experiment in this study acquired data without interleaved low-b-value images,
followed by offline motion detection using a well-established software tool, AFNI. This results
in the typical dilemma when validating prospective motion correction techniques that there is
no source of independent data which can be used as a reference for assessing the success of
the correction procedure. However, although the motion detection parameters provided by
AFNI are based on the same DW images that are used for the proposed psTW-based correction
and cannot be regarded as an independent or absolute reference, it is reasonable to regard
a reduction in residual motion detected by AFNI as a true reduction in the effect of subject
motion on image misalignment between different time points during the measurement.

3.5.1 Motion Detection Using psTW Images

The evaluation of motion detection using intermediate psTW images in ten subjects for a b-
value of 1000 s/mm² (see Section 3.4.1) confirms previous results from individual subjects which
were investigated in [98], demonstrating the value of intermediate psTW images for robust
motion detection in DW imaging. The study illustrates a close agreement between the motion
parameter estimates provided by the psTW images and those derived from the interleaved
low-b-value images (see Figure 3.4). The calculation of motion parameter estimates based
on native DW images leads to increased fluctuation and instability compared to the psTW
method.

At a b-value of 3000 s/mm², motion estimates on native DW images using a least-squares
cost function (see Figure 3.5) become completely unreliable due to the reduced SNR and
increased contrast differences at this b-value. The psTW images, however, provide motion
parameter estimates which are close to the results of the reference method. Figure 3.6c
shows a small overestimation of motion as well as a reduction in overall precision when
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comparing results for 3000 s/mm² with those for 1000 s/mm². This could be due to higher residual
contrast differences between successive psTW images or to the lower SNR corresponding
to the higher signal attenuation at 3000 s/mm². In future work, the effects of reduced SNR at
higher b-value could potentially be mitigated by increased use of raw-data filtering when
generating the intermediate psTW images. However, note that only the accuracy when using
a least-squares cost function was evaluated. Other cost functions like mutual information or
correlation ratio can handle the contrast variation between successive image volumes better.
These are mostly used in retrospective motion correction algorithms, since their computation
time in volume-to-volume-based image registration is much higher, which prevents the use in
real-time applications.

3.5.2 Prospective Motion Correction Using psTW Images

The measurements with prospective motion correction at b-values of 1000 s/mm² and 2000 s/mm²

demonstrate that the psTW approach to motion detection can be used effectively on a standard
clinical system to provide a robust basis for a prospective motion correction procedure in DW
imaging (see Sections 3.4.2 and 3.4.3). The technique allows motion detection parameters to
be evaluated rapidly and used in real time during the scan to compensate for subject motion
by adapting the slice position and orientation used by the scanner. The method was able to
substantially reduce the level of motion-induced image misalignment in all three subjects
based on two independent methods of validation: motion detection using interleaved low-b-
value images and motion detection based on DW images using AFNI. For both validation
methods, this conclusion was based on independent measurements, acquired with and without
prospective motion correction, respectively. Some care needs to be taken when interpreting
these comparative data, because the subject motion cannot be assumed to be the same when
repeating measurements. However, there is a consistent observation of low residual motion
parameters when using prospective motion correction compared to measurements without.
In addition, the experiments were designed to limit systematic effects by varying the order
of the measurements between subjects and by taking the subject out of the scanner between
measurements.

The evaluation with the interleaved reference images (see Figure 3.7 in Section 3.4.2) showed
that, when using prospective motion correction, the residual motion parameters were generally
found to be below thresholds of around ± 0.2 mm for translations and ± 0.2° for rotations.
Occasional values were seen above these thresholds, in particular for subject 3, and are
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attributed to a spontaneous component of subject motion that could not be addressed imme-
diately by the correction method, which updates the psTW image volumes using a moving
average based on three successive DW image volumes. Note also that, as in the original
PACE method [41], there was an additional delay of one volume between the acquisition of
the data and the use of the corresponding motion detection parameters to update the ongoing
acquisition. This allows the next measurement to start immediately while in parallel the psTW
image calculation and image registration are performed. In this way, there are no delays in
data acquisition and the overall measurement time is not changed when prospective motion
correction is activated. Despite this delay in responding to short-term subject motion, there
was no evidence that events of this type lead to major instability in the correction procedure,
with the level of residual motion remaining well below that seen in the uncorrected case;
in addition, the correction procedure recovered quickly to provide a continued low level of
residual motion after the event. Note that the rapid fluctuation of the y-translation parameter
for the measurement without prospective correction for subject 2 is likely to be due to a
minor instability in the real-time ~B0-field drift correction (see Section 2.2.4) used by the
sequence, causing corresponding variable image shifts in the phase-encoding direction; no
other measurement was affected by this behavior.

However, the ~B0-field drift correction could also be turned off when using the proposed
prospective motion correction technique. The technique could track the image shift, caused
by the ~B0-field drift, and adapt the image slices to account for it. This was already tested in a
small dataset (3 subjects, data shown in [79]). The ~B0-field drift was identified as true subject
motion and corrected accordingly, providing an alternative way to correct for frequency
drift.

The results of the retrospective motion correction using AFNI (see Section 3.4.3) also demon-
strate the effectiveness of the proposed prospective motion correction using intermediate
psTW images. In this case, there was a marked reduction in the level of motion parameter
estimates derived directly from the DW images when data were acquired using psTW-based
prospective motion correction. The mean voxel displacements (see Figure 3.9), which com-
bine all six motion parameters at all time points and for all anatomical voxels, were all below
0.2 mm, which is an order of magnitude smaller than the nominal isotropic voxel size used
for the acquisition. This is an important observation in practice, because, as stated above, a re-
duction in the level of voxel displacement that needs to be corrected during retrospective post
processing reduces the level of interpolation artifacts that are introduced into the images. This
is particularly true to displacements in the slice selection direction, for which the point spread
function (PSF) does not match the sinc form assumed by image registration algorithms.
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The analysis of mean diffusivity histogram data (see figures 3.8 and 3.10) indicates a strong
relation between the amount of subject motion and the sharpness and peak height of the mean
diffusivity distribution. The data lead to the same conclusion as the methods which are based
on detected motion parameters. Volunteer measurements acquired with prospective motion
correction show improved image quality in all cases.

The comparison of motion-corrected acquisitions to a no-motion scan (see Section 3.4.4)
shows that there are improvements in the calculated mean diffusivity maps of measurements
with prospective motion correction even when using head fixation (see Figure 3.12). Visual
Image quality of measurements with prospective motion correction both with and without
head restraint was comparable to the no-motion reference (Figure 3.13). However, subject
motion cannot be completely avoided using head restraint which explains the better results of
scans in combination with prospective motion correction.

3.5.3 Comparison with other Prospective Motion Correction Techniques in

Diffusion-Weighted Imaging

There have been a number of previous proposals for performing prospective motion correction
in conjunction with DW imaging. One of these methods used a least-squares motion detection
algorithm based on the native DW images [65]. Although this approach was effective at
suppressing some of the effects of subject motion at a b-value of 1000 s/mm², it is clear from
the study in this thesis that even at 1000 s/mm², motion parameter estimates based on DW
images are not completely reliable when a least-squares cost function is used. Furthermore,
results from this study at a b-value of 3000 s/mm² indicate that least-squares-based motion
detection is completely infeasible at higher b-values when relying on native DW images. The
proposed method based on psTW images overcomes this limitation by calculating the motion
detection on intermediate images with low contrast variation. Although the performance of the
psTW method also deteriorates slightly as the b-value is increased, the corresponding motion
parameter estimates were found to retain a high level of reliability at a b-value of 3000 s/mm².
The compromise for the reliability of the psTW method is a reduction in temporal resolution;
although the sliding window scheme allows motion detection updates to be generated for
each volume, each set of motion parameters is derived from three successive volumes which
smoothens out the response to short-term motion. Other methods can perform prospective
motion correction at a higher temporal resolution than the proposed psTW method. For
example, EPI-navigator-based methods [68] offer a fast image-based method of prospective
motion correction based on additional interleaved, low-resolution EPI volumes. However, this
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approach requires the acquisition of additional imaging data with a corresponding increase in
the overall scan time. In addition, the navigator data typically have a lower spatial resolution
than the DW images which might limit the precision of the motion detection. An even more
rapid method for performing prospective motion correction in DW imaging is provided by
optical tracking systems [4, 62]. This is likely to be the method of choice if hardware is
available and for subject groups that can accommodate the bite bars or other types of optical
markers required by the camera detection systems. However, camera-based prospective
motion correction comes with the disadvantage that the estimated motion of the scalp does
not correspond to the real motion of the brain. There will continue to be many studies where
this approach is not available or not appropriate due to the restrictions relating to the optical
markers (also see Section 2.3.3).

The proposed psTW-based technique introduced in this study provides an alternative to these
previous methods and can be applied on any standard clinical system that supports real-
time sequence control using feedback from the image reconstruction process. Critically, the
technique can be implemented without additional hardware and without an increase in scan
time or a modification to the measurement protocol, requiring only a reordering of the applied
diffusion gradient vectors. Although the method responds more slowly to spontaneous short-
term components of motion than the techniques mentioned above, the rigorous validation
performed in this study demonstrates that in practice the psTW-based technique provides a
robust correction for motion in DW imaging, even when subjects are scanned without head
restraint.

3.6 Future Work

As already mentioned, one topic for future work would be to increase the SNR of images
acquired with high b-values by using improved raw data filtering when generating the psTW
images. Further topics to investigate are the direct comparison of the proposed technique
to other prospective correction strategies as for example camera- or EPI-navigator-based
prospective motion correction.

The current work also did not consider the image quality of the underlying DW images, which
might be effected by dephasing and signal drop-outs. This could influence the calculation
of psTW images and reduce the accuracy of motion estimates. No such signal drop-outs
were observed in the acquired data, although no detailed study was performed to specifically
identify signal loss artifacts. The acquisition protocol in this study did not use partial Fourier in
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the phase-encode direction, so motion-induced signal loss might have been reduced compared
to other protocols; this might be an issue to consider in the future. The geometric averaging
could help to avoid the effect of signal loss, but further investigations are necessary to confirm
this. In the case of signal-loss-affected data, a combination of the proposed technique with
reacquisition of the affected images, as in previous work [65], could be considered.

This study did only cover DTI protocols with 64 unique diffusion gradient directions. Al-
though the technique would work with all kinds of measurement protocols, it highly profits
from protocols with a high number of diffusion gradient directions, increasing the mutual
orthogonality of the diffusion vectors yielding the psTW images. The accuracy of the method
could suffer from a low number of measured diffusion gradient directions, introducing con-
trast variation between psTW images, because the assumption of highly mutual orthogonal
diffusion vectors cannot be guaranteed for each subset. The effectiveness of the prospective
motion correction technique when measuring with different kinds of imaging protocols should
be evaluated in future studies.

One more potential limitation to the proposed technique is the influence of eddy-current-based
image distortions that depend on the applied diffusion direction. This problem was actively
avoided in the current work by using a twice-refocused diffusion preparation, which is widely
used in DTI studies. However, the proposed method of prospective motion correction may
be compromised when using a diffusion preparation with a single rf refocusing pulse where
image distortion is typically more significant. In this case, the application of the proposed
motion correction method may require additional measures, such as real-time distortion
correction. Although the twice-refocused diffusion preparation is widely used in MRI studies,
an additional evaluation using a single rf refocusing pulse is an interesting topic for further
research.

3.7 Conclusion

This study has introduced a novel approach to prospective motion correction in DW imaging
that exploits the rotational invariance of the trace of the diffusion tensor to limit the effect of
image contrast variation when estimating motion parameters from DW images. This makes it
possible to perform a rapid and robust motion detection in real time during the measurement,
based on a computationally efficient least-squares cost function using full-resolution DW
image data. The study verified the reliability of motion estimates provided by the technique
in vivo and their high level of accuracy with respect to data of a reference method. Image
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data acquired with the proposed method showed a substantial reduction in residual motion
between DW volumes that promises to improve the quality of diffusion parameter maps and
fiber tracking analyses. The method can be applied to all DW imaging protocols that acquire
data for multiple diffusion gradient directions without modifying the directions used and
without an increase in measurement time. Even for scanners without a real-time feedback
capability, the proposed method of diffusion gradient reordering and psTW-based motion
detection might be beneficial for post-acquisition image registration.
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4 Prospective Motion Correction in 2D Multishot
MRI Using EPI Navigators and
Multislice-to-Volume Image Registration

Parts of the work which is described in this chapter were presented as oral presentations at
the 25th Annual Meeting of the International Society for Magnetic Resonance in Medicine

[104] and at the 3rd ISMRM Workshop on Motion Correction in MRI & MRS [105]. The
final results were then published in the journal Magnetic Resonance in Medicine [106]. This
chapter is an extended version of that paper. The technique is part of a patent application
which was submitted in April 2017.

4.1 Introduction and Fundamentals

The following chapter proposes a new approach to prospective motion correction for clinical
diagnostic imaging, which is dominated by high-resolution protocols using two-dimensional
multishot sequences, such as spin echo sequences (see Section 2.1.6, [1, 107]) or RARE
(see Section 2.3.2, [49]). Acquisitions of this type are severely affected by motion between
multiple readout events for the same slice position, leading to signal modulation in the k-space
raw data and associated blurring, ghosting and ringing artifacts in the images (the effect of
motion on the MRI acquisition is further described in the fundamentals of this work in Chapter
2). The availability of correction procedures which can account for these effects, however,
is limited in routine clinical applications. The following section gives an overview of the
current state of the art of retrospective and prospective motion correction in 2D multishot MRI
and leads over to the new approach which corrects for in-plane and through-plane motion
and offers high temporal resolution by utilizing a rigid-body multislice-to-volume image
registration using three parallel EPI navigator slices.
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4.1.1 Retrospective Motion Correction in 2D Multishot MRI

Retrospective motion correction methods based on post-acquisition volume-to-volume image
registration (see Section 2.3.3) cannot be used easily to compensate for motion when using
standard multishot pulse sequences. Alternative approaches are utilized by the PROPELLER
[54] or TRELLIS [55] methods as described in Section 2.3.3. These techniques can substan-
tially reduce image artifacts caused by in-plane image translations and rotations, but are less
successful at addressing the effects of through-plane motion. Another retrospective method
which can be used in 2D multishot MRI sequences manipulates the acquired data iteratively
using a mathematical model for the effect of motion on the acquired signals [56].

4.1.2 Prospective Motion Correction in 2D Multishot MRI

Prospective motion correction in 2D multishot MRI sequences is often driven by navigator
acquisitions (see Section 2.3.4). This approach is useful for high-resolution multishot imaging
when it is not possible to estimate motion parameters reliably from the data acquired for the
individual shot, but has the disadvantage of additional scan time. In addition, the navigators
can potentially disrupt the steady-state magnetization and affect the contrast provided by
the primary MRI sequence. Different approaches to navigator-based prospective motion
correction techniques are discussed in Section 2.3.4, which also discusses the use of optical
camera equipment to track and correct the motion [4].

4.1.3 Prospective Motion Correction Using Multislice-to-Volume Image

Registration

This chapter introduces a novel approach to prospective motion correction that registers
a subset of slices to a reference volume in real time, allowing a substantial increase in
temporal resolution compared with previous volume-to-volume image registration methods.
A dedicated sequence timing scheme interleaves the acquisition of 2D-EPI navigator data
with that of standard sequences whilst minimizing spin saturation effects, which can affect
image contrast and signal-to-noise ratio (SNR). The method is particularly suited for the
2D imaging sequences used in routine clinical examinations. The new technique draws
on existing methodology in which individual slices are registered to a volume during post-
acquisition correction of MRI data [108–110]. The proposed technique obtains motion
parameter estimates by acquiring a subset of three 2D-EPI navigator slices which are registered
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to a corresponding reference EPI volume that is acquired at the start of the measurement.
Navigator data are acquired from the same slice positions as for the primary imaging data with
minimal disruption to the steady-state magnetization of the original sequence. The technique
can correct for in-plane and through-plane motion with high temporal resolution for a range
of standard 2D imaging sequences. It is evaluated using dedicated, T2-weighted spin echo and
multishot RARE sequences and its motion correction capabilities are compared with those of
the PROPELLER sequence.

4.2 Method

Figure 4.1 shows the acquisition scheme used for acquiring interleaved 2D-EPI navigator data
with a conventional, T2-weighted spin echo sequence and with a T2-weighted multishot RARE
sequence (more information on the sequence components can be found in the fundamentals of
this work in Chapter 2). A single 2D-EPI slice is acquired before each excitation pulse of the
primary imaging sequence and serves as navigator for the prospective multislice-to-volume,
rigid-body motion correction. To reduce mutual saturation, the slice iteration order of the two
constituents of the sequence are offset, such that, at each time point, different slice positions
are sampled for the navigator and for the primary sequence.

Figure 4.1: The acquisition scheme used for prospective 2D-EPI-navigated motion correction, shown
for two examples: conventional spin echo (top) and multishot RARE (bottom). In each case,
a single EPI navigator slice (green) is measured before each excitation of the respective
primary sequence (blue). Note that the slice sampled by the navigator acquisition (slice A)
is generally different than the slice of the corresponding module of the primary sequence
(slice B). A dedicated slice iteration scheme maintains a fixed time delay between navigator
and primary acquisitions at a given slice position; this time delay was chosen to limit the
slice saturation effects.
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4.2.1 Multislice-to-Volume-Based Prospective Motion Correction

The overall procedure used by the prospective motion correction scheme is summarized in
Figure 4.2; for simplicity, only the navigator images are shown. First, at the start of the
measurement, navigator data from all slices are acquired as a reference volume (1). During
the measurement, a single 2D-EPI navigator slice is measured before each excitation of the
primary sequence (2). Once a subset of three navigator slices has been acquired, motion
parameter estimates are generated by registering the three-slice subset to the reference volume
(3). This multislice-to-volume image registration is achieved by calculating the image metric
only on the three available slices, but performing a global, 3D image transformation of the
whole image (more information on image registration and transformation can be found in
Sections 2.3.3 and 2.3.4). The registration process is based on the Mattes’ mutual information
metric [111, 112] and a 3D rigid versor transform and optimization (ITK 3.8.0 [58], open
source). Since mutual information increases with increasing similarity between images,
the negative mutual information is used during the minimization step. For measuring the
similarity between two images mmov and mref , mutual information is calculated by:

sMI = −
∑

l∈mmov

∑
k∈mref

p(l, k) · log(
p(l, k)

p(l)p(k)
). (4.1)

p(l, k) describes the joint marginal probability distribution and p(l) and p(k) the marginal
probability distributions of the moving and the reference image, respectively, which are further
derived in [111]. It shows that similarity is not achieved using spatial intensity information,
but rather derived from information theory by measuring statistical relationships between
the two image histograms. This makes it more robust against contrast differences in the
images and more accurate when only a low amount of image information is available, as
for example in multislice-to-volume image registration. On the downside, it also requires
more computation time when compared to, for example, the sum of squared differences,
which was used in Chapter 3. However, the time penalty is compensated since it is only
computed on a subset of three slices. When using such a low amount of image information,
the faster least-squares-based image registration would not be able to compute reliable motion
estimates.

The rigid-body registration provides three translational motion parameters and a versor,
representing the rotational motion of the subject. The motion estimates are used in real
time to adapt the slice position and orientation and compensate for the motion that has
occurred since acquiring the reference volume (4). The process is repeated after each new
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subset of three navigator slices has been acquired, allowing frequent real-time updates of
the acquisition parameters regardless of the total number of slices that are measured. At
each subset, the acquisition is shifted cyclically to three new slice positions. To maximize
sensitivity to motion and to improve registration accuracy, the slice iteration scheme ensures
that there is a maximum separation between the navigator slices in each subset. For decreasing
the computation time of the motion correction, the registration process was parallelized on
multiple scanner processor cores.

Figure 4.2: Overview of the combination of multislice-to-volume-based image registration and prospec-
tive motion correction. For simplicity, only the data acquisition of the navigator slices is
shown. The technique consists of the acquisition of the reference volume at the start of the
measurement (1), the generation of subsets of three well-separated EPI navigator slices (2),
the multislice-to-volume, rigid-body image registration (3), and the real-time feedback to
adapt the imaging system during the scan to correct for subject motion (4).

4.2.2 Slice Iteration Scheme to Lower the Mutual Influence between Primary

Sequence and EPI Navigators

Figure 4.3 provides detail about the dedicated slice iteration scheme used by the prospective
motion correction for the example of a 21-slice measurement protocol. The measurement
of EPI navigator slices (shown in green) is interleaved with the acquisition of slice-specific
data for the primary sequence (shown in blue). The scheme fulfills two objectives: it ensures
that each subset of three navigator images has the maximum separation between slices and it
reduces the mutual effects of spin saturation between the two components of the sequence.
The slice indices within the boxes correspond to a set of monotonic slice positions which
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are shared by the two components of the sequence. The slice index increment between
consecutive slice positions is set to one third of the total number of slices to optimize slice
separation. The temporal delay between the acquisition of primary and navigator data at a
given slice position is controlled using a user-specified ’EPI time delay’; this can be varied to
optimize the navigator image quality while reducing SNR and contrast-to-noise degradation
in the primary images. In the example used in Figure 4.3, this time delay was equal to the time
required to sample navigator and primary data from six slice positions, respectively. Note that
the EPI time delay does not represent a pause in data acquisition; it just controls the temporal
alignment between the two constituents of the sequence. Because the EPI navigators can only
be inserted between the readouts of the primary sequence, the delay is highly quantized. This
quantization becomes larger with longer readout trains.

Figure 4.3: Slice iteration scheme used in the proposed prospective motion correction technique. The
boxes represent individual slices with indices that scale with slice position. The top row
(green) shows the slice acquisition order for the EPI navigator data for the example of
a measurement with 21 slices. The bottom row (blue) shows the corresponding slice
acquisition order for the primary imaging sequence. The sequence interleaves the acqui-
sition of the navigator and primary images with a temporal offset to limit the effect of
spin saturation. This results in a user-defined ’EPI time delay’ between the acquisition of
primary and navigator data at the same slice position. After the acquisition of each subset
of three EPI navigator slices, a multislice-to-volume image registration is used to detect
subject motion. To provide maximum slice separation within in each subset, slice indices
are incremented by numSlc/3 at each excitation in which ’numSlc’ is the total number of
slices in the measurement.

4.2.3 Spin Saturation Simulation

To describe the mutual influence between EPI navigator acquisition and the primary sequence,
a simulation of the magnetization during the measurement was performed. Starting from
the Bloch equation (see Section 2.1.5), this was done by iteratively calculating the current
magnetization Mz(t) and Mx,y(t) for small time steps, considering rf pulses and relaxation
times [113]. The Section 2.1.4 shows the T1- and T2-relaxation processes using an arbitrary
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starting point. Starting at a time t0 = 0, this yields to the equations

Mz(t) = M0

(
1− e

−t
T1

)
+Mz(0) · e

−t
T1 and (4.2)

Mx,y(t) = Mx,y(0) · e
−t
T2 . (4.3)

The influence of an rf pulse on both components of magnetization is dependent on the available
longitudinal magnetization Mz(t) and the pulse flip angle α. Considering an rf pulse duration
of trf , the transverse and longitudinal magnetization after applying the rf pulse is given by:

Mz(t+ trf ) = Mz(t) · cos(α) and (4.4)

Mxy(t+ trf ) = Mz(t) · sin(α). (4.5)

To discuss the mutual influence between the two constituents of the sequence, only the
development of Mz is considered, which describes the remaining longitudinal magnetization
before each rf excitation. The development of the longitudinal magnetization between two
timepoints of step size τ can then be calculated by:

Mz,n+1 = M0

(
1− e

−τ
T1

)
+Mz,n · e

−τ
T1 · cos(α). (4.6)

This simulation can be used to optimize the EPI time delay or flip angle when requiring, for
example, a specific navigator SNR in the measurements. However, in this work, the EPI time
delay is chosen to be a fix value and the simulation is used to evaluate the mutual effects of
the two constituents of the sequence.

4.3 Experiments

Healthy subjects were scanned on a 3 T MR system (MAGNETOM Skyra, software version
Syngo MR D13A, Siemens Healthcare, Erlangen, Germany) with a 20-channel head coil.
Dedicated pulse sequences and data processing modules were developed in C++ using
the manufacturer’s proprietary sequence development and image reconstruction tools, in
conjunction with the ITK 3.8.0 image processing library [58]. The subjects provided written
informed consent prior to scanning and the study was carried out under a general protocol
for pulse sequence development approved by the local ethics committee. All acquisitions
were performed without head restraint and the experiments included two different types
of measurement: (1) without deliberate motion and (2) subjects performing a well-defined
motion protocol. The motion protocol consisted of three well-defined components of motion:
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nodding of the head (primarily, rotation about a left–right axis), tilting of the head (primarily,
left–right translation and rotation about a posterior– anterior axis), and rotation of the head
(primarily, rotation about an inferior–superior axis). The motion protocol was specified as the
following series of discrete motion events with respect to the head: (1) nodding upward, (2)
nodding downward, (3) nodding back to the starting position, (4) tilting to the left, (5) tilting
to the right, (6) tilting back to the starting position, (7) rotation to a right-facing orientation,
(8) rotation to a left-facing orientation and (9) rotation back to the starting position. During
the measurements, an operator issued oral instructions to the subject every 10 s. At each
instruction, the subject performed the next motion event in the series, returning to the first
event at the end of the series. The time required for each motion event was approximately
3 s, leaving 7 s with a stable head position before the next motion event. The motion protocol
began 20 s after the start of the measurement to avoid any effect on the acquisition of the
reference volume at the start of the scan.

4.3.1 Prospective Motion Correction in Spin Echo Pulse Sequences

In an initial experiment, a dedicated, conventional spin echo sequence with EPI navigator
integration was developed. The sequence diagram of the prospectively motion-compensated
spin echo pulse sequence is depicted in Figure 4.4. For a better overview, sequence pause
times are ignored and marked by three dots. It shows the EPI navigator which is inserted
prior to the spin echo acquisition of a different slice (see Figure 4.1). The EPI navigator
data are acquired using a 1-2-1 binomial pulse together with its slice selection gradients
(see Figure 4.4, red) for water excitation with a 20° flip angle (see Section 2.2.2). The flip
angle is chosen to provide a compromise between reducing saturation effects and increasing
SNR in the navigator data. An FID navigator is used to correct for ~B0-field drift correction
and a single-shot, sinusoidal EPI readout with the corresponding phase-encoding gradient
blips (see Figure 4.4, green and gray) is used to collect 2D k-space data during a single
readout train (see Sections 2.2.1 and 3.3.2). Spoiler gradients on all three coordinate axes
help to dephase the residual signal prior to the next slice readout (see Figure 4.4, blue). The
spin echo component of the sequence uses a conventional spin echo sequence scheme with
slice-selective rf excitation and refocusing (see Figure 4.4, red) and in-plane spatial encoding
(see Figure 4.4, green and gray). The slice selection gradient of the rf refocusing pulse
gradient is surrounded by two spoiler gradients to achieve accurate refocusing (see Figure 4.4,
blue).

Data were acquired from a single subject (male; aged 26) using TE/TR values of
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Figure 4.4: Sequence diagram of the EPI-navigated spin echo pulse sequence with slice selection (red),
spatial encoding in ky-direction (gray) and kx-direction (green), and spoiler gradients
(blue). Due to the hardware-demanding EPI readout, an FID navigator is inserted to correct
for ~B0-field drift (yellow).

90 ms/3500 ms, 21 slices, flip angles of 90° and 180° for excitation and refocusing, re-
spectively, 3 mm slice thickness with 30 % slice gap, 230 mm by 230 mm FOV, 192 by 192
image matrix size and a scan time of 11 min 17 s. The EPI navigator scans used a matrix size
of 64 by 64, 680 µs echo spacing and had an acquisition time of 48 ms for each slice. Three
independent measurements were performed without removing the subject from the scanner:
(1) without subject motion and without prospective motion correction, (2) with subject motion
and without prospective motion correction and (3) with subject motion and with prospective
motion correction. The effect of the multislice-to-volume-based prospective motion correction
was assessed by visual comparison of the resulting spin echo images and by an analysis of
residual motion parameters. The motion parameter analysis was performed retrospectively by
registering full-volume navigator data to provide a time course of motion parameter estimates,
albeit with a lower temporal resolution than that of the real-time correction procedure.

4.3.2 Prospective Motion Correction in Multishot RARE Imaging

A second experiment was performed with three subjects (1 female, 2 male; aged between
25 and 32) to assess the performance of the proposed prospective motion correction with
multishot RARE. For this purpose, a dedicated sequence was developed, which is depicted
in Figure 4.5. The EPI navigator component stays the same as in Section 4.3.1, but the spin
echo component uses multiple rf refocusing pulses to generate spin echoes between two
consecutive rf pulses and fill multiple k-space lines with a single rf excitation (see Section
2.3.2). Phase-encoding gradients are applied for each echo (see Figure 4.5, gray) to define the
k-space line of the next readout.
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Figure 4.5: Sequence diagram of the EPI-navigated RARE pulse sequence with slice selection (red),
spatial encoding in ky-direction (gray) and kx-direction (green), and spoiler gradients
(blue). Due to the hardware-demanding EPI readout, an FID navigator is inserted to correct
for ~B0-field drift. The RARE sequence uses multiple rf refocusing pulses to generate
multiple echoes with a single rf excitation. The phase-encoding gradient strength changes
for each readout in the echo train.

An important sequence design choice is given by the order in which the k-space lines are
acquired during the measurement. This is depicted in Figure 4.6 using a RARE sequence with
an echo train length of five which acquires five consecutive echo trains. When successive
echoes of the same echo train are used to acquire adjacent lines in k-space, as seen in Figure
4.6a, intensity jumps between the five corresponding segments in k-space would arise that
yield strong, coherent ghosting in the reconstructed image, even in the absence of subject
motion. A more common approach maps each echo position to a different segment in k-space
and samples the center of k-space at the center of the spin echo train to minimize intensity
jumps and regain image quality (see Figure 4.6b). However, in the case of subject motion, this
would, again, lead to periodic inconsistencies in k-space and thus coherent ghosting in image
space, as described in Section 2.3. To inhibit coherent ghosting artifacts caused by motion,
data sampling in the suggested, motion-compensated RARE sequence was randomized within
each ky-segment, such that adjacent ky-sample points were not always sampled by consecutive
echo trains (see Figure 4.6c).

The new motion-corrected multishot RARE sequence was compared with the well-established
motion-compensated imaging technique PROPELLER, using the scanner manufacturer’s
proprietary version of the sequence (BLADE, Siemens Healthcare). The comparison was
made using closely matched imaging protocols with the following common parameters:
28 echoes, spin echo spacing of 8 ms, 24 slices, 3 mm slice thickness with 20 % slice gap,
and 240 mm FOV. Additional PROPELLER protocol parameters were: TE/TR values of
116 ms/5680-5720 ms (depending on specific absorption rate), 384 by 384 image matrix
size and 22 echo trains per slice. The multishot RARE parameters were: TE/TR values of
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Figure 4.6: Different readout schemes when using a RARE pulse sequence with an echo train length
of five which acquires five consecutive echo trains. (a): successive echoes acquire adjacent
k-space lines. b: each echo position is mapped to a different segment in k-space. c: random
sampling within each ky segment to prevent coherent ghosting.

120 ms/7000 ms, 392 by 392 image matrix size and 14 echo trains per slice. The longer TR
of the RARE protocol was primarily caused by the addition of the EPI navigators. These
navigators used the same scan parameters as in the spin echo experiment described above.
Acquisition times were 2 min 8 s for PROPELLER and 1 min 53 s for multishot RARE with
prospective motion correction. To reduce energy deposition, a flip angle of 150° is used for
refocusing purposes after the initial 90° excitation pulse. Four measurements were performed
per subject for each sequence type: (1) without subject motion and without motion correction,
(2) without subject motion and with motion correction, (3) with subject motion and without
motion correction, and (4) with subject motion and with motion correction. In the case of
multishot RARE, the motion correction was applied using the proposed prospective scheme
described above. The PROPELLER motion correction was applied retrospectively during
image reconstruction using the manufacturer’s standard algorithm.
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4.3.3 Prospective Motion Correction in Multishot RARE Imaging with Shorter Echo

Train Length

The multishot RARE measurements were repeated with the same three subjects using a shorter
spin echo train of 16 echoes. This provides an increase in temporal resolution for the motion
correction procedure and corresponds more closely to typical measurement protocols used
in routine clinical T2-weighted imaging. The protocol was designed to have a total scan
time equal to that of the PROPELLER MRI protocol described above (2 min 8 s). These
measurements used an image matrix size of 384 by 384, TE/TR values of 82 ms/4900 ms and
24 echo trains per slice. All four possible combinations of motion correction and subject
motion from the previous experiment were repeated with this modified protocol.

4.3.4 Evaluation of Spin Saturation Effects

The EPI time delay (see Section 4.2.2) can be chosen freely to mutually shift the slice iteration
order of the sequence components, but these preliminary experiments used a fixed delay of 0.7
as a compromise between accuracy of the motion detection and image quality of the primary
MRI pulse sequence. Additionally, magnetization simulations (see Section 4.2.3) were used
to simulate the mutual spin saturation effects using the generated imaging protocols. In these
simulations, the EPI time delay was iterated from zero to one to determine the influence of
the parameter on the acquisition. The simulation assumed a T1 value of 1331 ms, which was
suggested by Wansapura et al. as averaged T1 for gray matter [114]. The simulation had a
temporal resolution of 1 ms and rf pulses were assumed to be played out instantaneously.

4.4 Results

In all experiments, reported in this study, the average calculation time required to register three
EPI slices to a reference volume was approximately 76 ms. The feedback and slice adaption
then took less than a millisecond, such that the whole process from motion detection to
sequence adaptation was below 100 ms for each repetition. However, the temporal resolution
of motion correction updates was effectively lower because of the waiting time to acquire the
three images for multislice-to-volume image registration.
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4.4.1 Prospective Motion Correction in Spin Echo Pulse Sequences

During a single spin echo measurement with applied multislice-to-volume-based prospective
motion correction, 1330 three-slice objects were acquired at a repetition interval of 500 ms.
Figure 4.7 shows the residual motion parameters after retrospectively registering full EPI
volumes to the reference volume. The measurement without prospective motion correction
(red) shows the pattern of motion performed by the subject during the scan, extending to
11 mm in translation and 9° in rotation. The measurements with prospective motion correction
(blue) reduced the residual motion parameters to below ± 0.5 mm and ± 0.5°, despite the
substantial subject motion.

Figure 4.7: Rotational and translational residual motion estimates derived by retrospectively registering
full EPI image volumes to the reference volume for measurements with (blue) and without
(red) prospective motion correction using multislice-to-volume image registration. The
subject performed the same well-defined motion protocol during both measurements. The
acquisition with prospective motion correction shows a substantial decrease in residual
motion parameters compared with the standard, uncorrected case.

As shown in Figure 4.8, without prospective motion correction, the images acquired with
subject motion (see Figure 4.8d-f) show a high level of blurring, ghosting and ringing
artifacts, which is similar to that typically seen when scanning uncooperative patients. When
the proposed prospective motion correction is applied (see Figure 4.8g-i), the artifacts are
substantially reduced with only a low level of residual ghosting left. Comparing these images
visually to those from reference measurements without motion (see Figure 4.8a-c) shows that
there is a high level of similarity with the impression of a minor increase in signal-to-noise
ratio (SNR) and sharpness in the reference images (see the magnified sections of Figure 4.8).
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The images acquired without prospective motion correction show a light artifact in the lower
part of the image. This could be caused by an additional FID signal and was not included in
the visual comparison between the images.

Figure 4.8: Effect of multislice-to-volume-based prospective motion correction on spin echo mea-
surements during subject motion. a–c: No intentional subject motion without prospective
motion correction. d–f: Controlled subject motion without prospective motion correction.
g–i: Controlled subject motion with prospective motion correction.
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4.4.2 Prospective Motion Correction in Multishot RARE Imaging

Figure 4.9 compares the measurements acquired with multishot RARE and prospective motion
correction to those acquired with PROPELLER. The time required for the acquisition of each
set of three interleaved EPI navigator images in the RARE sequence was 875 ms. Without
intentional subject motion, a similar image quality was provided when multishot RARE was
used with prospective motion correction to scan subjects who did not move intentionally
during the scan (see Figure 4.9b), compared with that for images acquired without prospective
motion correction (see Figure 4.9a). With subject motion, the uncorrected multishot RARE
sequence produced images with prominent artifacts (see Figure 4.9d) which were largely
suppressed when the proposed prospective motion correction technique was used (see Figure
4.9e). However, a detailed inspection of the corrected images, given by the magnified sections,
demonstrates the presence of a residual low-level, non-coherent ghosting artifact.

A comparison with the imaging results of PROPELLER shows that the image quality of both
protocols is comparable in the no-motion case (see Figure 4.9b-c) with a slight difference in
image contrast due to the variation in TR between the protocols. As shown in the magnified
sections of figures 4.9e-f, the measurements with PROPELLER in the presence of motion
generated images with residual artifacts that resulted in an increased loss of anatomical detail,
compared to the corresponding images acquired with multishot RARE and prospective motion
correction.

4.4.3 Prospective Motion Correction in Multishot RARE Imaging with Shorter Echo

Train Length

With the reduced echo train length of 16, the temporal resolution of the motion correction
with multishot RARE was reduced to approximately 600 ms with an overall scan time equal
to that of the PROPELLER protocol. As shown in Figure 4.10, subject motion during data
acquisition with this modified multishot RARE protocol resulted in a high level of artifact
when no prospective motion correction was used, generating images with an almost complete
loss of anatomical detail (see Figure 4.10d-f). In contrast, images acquired with the proposed
prospective motion correction method showed a high level of anatomical detail (see Figure
4.10g-i) and an image quality that is comparable to that of the images acquired without motion
(see Figure 4.10a-c). On detailed visual inspection, the images acquired with prospective
motion correction showed a low-level residual ghosting artifact that is perceived as a reduction
in SNR and image sharpness.
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Figure 4.9: Comparison of image-based motion correction techniques: multishot RARE with
multislice-to-volume-based prospective motion correction and PROPELLER. a–c: Images
acquired without subject motion. d–f: Images acquired with controlled subject motion.
a, d: Multishot RARE without prospective motion correction. b, e: Multishot RARE
with prospective motion correction. c, f: PROPELLER. All measurements used matching
protocols with an echo train length of 28 and an 8 ms echo spacing.
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Figure 4.10: Effect of multislice-to-volume-based prospective motion correction on a multishot RARE
measurement during subject motion. a–c: No subject motion; data acquired without
prospective motion correction. d–f: Controlled subject motion; data acquired without
prospective motion correction. g–i: Controlled subject motion; data acquired with
prospective motion correction. All data were acquired using a multishot RARE sequence
with a typical clinical protocol using an echo train length of 16.
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4.4.4 Evaluation of Spin Saturation Effects

Figure 4.11 shows the temporal development of the longitudinal magnetization Mz(t) during
the acquisition of all three generated imaging protocols from the Sections 4.3.1 (depicted
in Figure 4.11a), 4.3.2 (depicted in Figure 4.11b) and 4.3.3 (depicted in Figure 4.11c),
measured with an EPI time delay of 0.7 and exemplified by the first two TR intervals. Only
the longitudinal magnetization of a single slice during the measurement is simulated. The
figures show the initial 90° rf excitation of the primary sequence with subsequent refocusing.
For the spin echo sequence, there is a distinct relaxation phase between rf excitation and
180° refocusing pulse. Using the RARE imaging technique, this phase becomes very short,
which is why the amplitude of the regained longitudinal magnetization is lower. The RARE
sequence continues to refocus the magnetization using consecutive 150° rf refocusing pulses
with intermediate relaxation intervals. After the echo train, the longitudinal magnetization
regrows due to T1-relaxation, before experiencing the next rf excitation. The figures show the
simulated imaging protocols with (red) and without (blue) interleaved EPI navigators. The
rf excitation of the EPI navigator acquisitions saturates the longitudinal magnetization, such
that less Mz is available for spin echo rf excitation and vice versa.

Figure 4.11: Simulations of the longitudinal magnetization Mz during the acquisition of three different
imaging sequences. a: spin echo. b: RARE sequence with an echo train length of 28. c:
RARE sequence with an echo train length of 16. The blue curves show the development
of Mz without additional EPI navigators and the red curves show the effect of the EPI
navigators on the evolution of Mz .

The mutual spin saturation effects of both components of the EPI-navigated sequences are
plotted in Figure 4.12 for EPI time delays between zero and one and for the imaging protocols
which were used in this chapter. All protocol parameters besides the EPI time delay remained
fix during the simulation. The left diagrams show the relative amount of spin saturation prior
to the EPI rf excitation when compared to a simulation without primary sequence. The right
diagrams show the relative difference in saturation of the longitudinal magnetization prior to
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the rf excitation of the primary sequence with and without EPI navigators. The dashed lines
depict the mutual spin saturation effects when using the EPI time delay of 0.7, which was
used during the experiments in this study. These values are also presented in Table 4.1.

Figure 4.12: Mutual spin saturation effects between the two constituents of the imaging sequences for
EPI time delays between zero and one. a: Spin echo. b: RARE sequence with an echo
train length of 28. c: RARE sequence with an echo train length of 16.

These results suggest that the effect of the primary sequence on the EPI navigator is much
stronger than vice versa. For the EPI time delay of 0.7, which was used in the experiments,
the spin echo sequence shows the strongest mutual saturation, which is caused by the low
TR when compared to the RARE sequences. In the RARE imaging protocols, the simulated
relative influence of the EPI navigators on the available longitudinal magnetization prior to
the rf excitation of the primary imaging sequence is below 2 % for both imaging protocols,
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whereas the EPI navigators experience up to 9 % saturation of the longitudinal magnetization
prior to the rf excitation.

Table 4.1: Mutual saturation effects in the different imaging protocols and sequences, calculated from
magnetization simulations with an EPI time delay of 0.7

sequence type red. Mz before prim. exc. red. Mz before EPI exc.

spin echo 2.48 % 16.44 %
RARE (ETL 28) 1.64 % 5.67 %
RARE (ETL 16) 1.89 % 8.19 %

4.5 Discussion

The wider objective of this study has been to identify an image-based motion correction tech-
nique for the range of 2D MRI pulse sequences that are in routine use in clinical examinations.
To validate the proposed prospective motion correction technique in this context, a controlled
motion protocol was used to represent the movement of an uncooperative patient during the
scan.

4.5.1 Motion Protocol

The motion protocol was designed to be reproducible and to include the main components of
motion that could occur during the examination. An attempt was also made to set a realistic
extent for the motion events in each case; this motion was not limited by head restraint, but
was partly restrained by the presence of earmuffs and the geometry of the head coil.

As demonstrated by the motion parameters in Figure 4.7 and the images in figures 4.8-4.10,
the motion protocol used to validate the prospective motion correction method involved a
substantial movement of the head within short time intervals and resulted in a high level of
image artifacts, similar to that seen during clinical examinations. The performed motion
consisted of a specific series of static head positions interspersed with shorter phases of
continuous motion while repositioning the head. Further work is needed to determine the
effect of other types of motion behavior. One limitation is that the extent of the motion was
not rigorously controlled, leading to variation in the level of motion between subjects and
a difficulty in comparing the results between separate measurement sessions. However, it
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is unlikely that this variation affected the comparisons between corrected and uncorrected
acquisitions within a single measurement session: first, because the variation was less in
this case and second, because the order of these acquisitions was varied and not known to
the subject. Even allowing for some variation between acquisitions, this study has shown
a clear benefit to the proposed prospective motion correction technique with a consistent
observation in all subjects of severe motion artifacts in uncorrected scans and a low level
of residual artifacts when prospective motion correction was used. No intentional motion
was performed during the acquisition of the reference volume. In routine clinical use, this
cannot be guaranteed, but it would be possible to modify the technique to acquire a separate
navigator volume with a short acquisition time.

4.5.2 Influence of EPI Navigators on Primary Sequence and Vice Versa

One challenge to the integration of separate navigator scans into an MRI pulse sequence is the
avoidance of spin saturation effects, which can reduce SNR and modify image contrast. In
some cases, this can be achieved by using a separate tissue region for the navigator acquisitions
to that scanned by the primary sequence. This approach does not offer a general solution,
because suitable tissue regions do not exist for many clinical measurement protocols with
large anatomical coverage. Furthermore, when these regions are available, their motion may
not reflect that of the primary imaging region. The proposed prospective motion correction
method addresses this issue by acquiring navigator data from the same slices as the primary
sequence whilst reducing their perturbing effect on the steady-state magnetization of the
primary sequence. This is achieved (1) by using a low-flip-angle EPI navigator and (2) by
using a dedicated slice iteration scheme (see Figure 4.3). The slice iteration scheme allows
that, in theory, their is no difference in spin history between the different acquired image
slices. However, due to the temporal delay between motion correction updates, in reality,
some navigator and primary data are necessarily acquired at incorrect anatomical locations
before motion has been detected and corrected for. The associated disruption in spin history
behavior could lead to banding artifacts. Although these effects were not observed in the
data acquired during this study, this issue should be considered in future applications of the
method.

With the proposed slice iteration scheme, it was possible to design T2-weighted measurement
protocols for which the navigator acquisitions had no visual influence on the signal from
the primary sequence. Similarly, the EPI navigator images, which were affected by the
radiofrequency pulses of the primary sequence, had sufficient SNR and image contrast for
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robust motion detection based on a three-slice-to-volume image registration to the reference
volume. In contrast, previous approaches to image-based motion correction have relied on
low-resolution, volumetric navigators which have a greater spin saturation effect, because
they are applied at all slice positions immediately before each slice excitation by the primary
sequence.

The mutual influence between EPI navigators and the primary pulse sequences is shown in
the results of magnetization simulations (see Section 4.4.4) which were performed for all
possible values of the EPI time delay in the imaging protocols which were used during the
experiments of this chapter. They show the variability which can be achieved by shifting the
two constituents of the motion-corrected MRI sequence. The results show that, with an EPI
time delay of 0.7, as used in all measurements in this chapter, the EPI navigators cause a
relative signal attenuation of < 2 % right before rf excitation of the primary sequence in the
RARE acquisitions. Vice versa, the navigators itself experience a relative signal attenuation
of < 9 % due to the primary RARE sequence. The simulations were performed for a constant
navigator flip angle of 20°. Note that the simulation did not account for rf excitations from
adjacent slices due to imperfect slice profiles. However, all protocols used a slice gap of 20 %
or 30 % which reduces these effects as well as the mentioned banding artifacts. This type of
simulation can also be used to optimize the EPI time delay or the navigator flip angle to, for
example, guarantee a specific SNR in the navigator acquisitions. However, this was not done
during the thesis and a fixed EPI time delay of 0.7 was used in all measurements. This value
for the EPI time delay was empirically determined by pre-study measurements.

4.5.3 EPI Navigator Design Choices

Pre-study testing also suggested that the use of two slices does not ensure robust multislice-
to-volume image registration and leads to occasional poor motion detection performance.
In contrast, the anatomical slice coverage provided by three EPI navigator slices with the
appropriate slice iteration scheme was found to achieve the necessary image registration
performance. In future applications of the technique, it might be appropriate to decrease or
increase the number of navigator slices to improve temporal resolution or the accuracy of mo-
tion detection, respectively. The navigator resolution was chosen primarily as a compromise
among SNR, resolution (which affects both the accuracy of the image registration and the
measurement time) and the image registration time. The goal was to stay below 100 ms in
terms of image reconstruction, image registration and feedback to the measurement system,
which was fulfilled at a resolution of 64x64. The EPI readout parameters were then chosen to
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result in good navigator image quality while maintaining a low influence on the timing of the
primary sequence.

4.5.4 Prospective Motion Correction in Spin Echo Pulse Sequences

The experiment, shown in Section 4.3.1, was designed as a basic proof of the concept
of multislice-to-volume-based prospective motion correction. The T2-weighted spin echo
protocol that was used does not have direct relevance to current practice in routine clinical
imaging, but it provided the possibility to investigate the motion detection and real-time
correction capabilities of the technique over a long time interval with a large number of
subject motion events. The motion parameters in Figure 4.7 show a strong reduction in
residual motion when using prospective motion correction. This suggests that the three-slice
image registration procedure was capable of detecting large translations and rotations to a
high level of accuracy and precision. The gold-standard reference in this case was the volume-
to-volume image registration of the same EPI navigator data from which the individual
three-slice objects were extracted, rather than an independent measurement of subject motion.
Nevertheless, the fact that the proposed prospective motion correction was able to remove
most of the movement detected by volume-to-volume registration demonstrates a similar
motion-tracking capability to that of the slower volume-to-volume approach. In addition, the
lower temporal resolution of the volume-to-volume analysis indicates that the corresponding
motion parameters can be affected by motion during each volume acquisition, thus reducing
their reliability as a true gold standard. The reduction in motion parameters provided by the
volume-to-volume analysis is confirmed by the corresponding improvements in image quality,
shown in Figure 4.8. The residual ghosting artifacts are attributed to motion during the time
interval used to acquire and process each set of three navigator images and to update the
acquisition parameters in real time. The major part of this time interval corresponds to the
three-slice navigator acquisition time of 500 ms. Note, however, that an alternative approach
based on volume-to-volume registration using all navigator slices would have required the
whole TR duration of 3500 ms to acquire sufficient data for each real-time update.

4.5.5 Prospective Motion Correction in Multishot RARE Imaging

This study has also demonstrated that the proposed prospective motion correction method
can provide a substantial improvement in image quality when there is subject motion during
multishot RARE acquisitions (see Section 4.3.2 and Section 4.3.3). The reduction in motion
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sensitivity for multishot RARE, seen in this study, is particularly relevant for routine clinical
examinations for which this sequence is an important technique and where images are often
degraded by patient motion. The application of the proposed prospective motion correction
to this sequence type presents some additional challenges when comparing to the spin echo
case. First, the longer readout increases the time required to sample the three navigator slices,
which reduces the temporal resolution of the real-time correction. Second, the segmented
k-space sampling tends to result in residual motion artifacts with coherent ghosts that can
have a more detrimental effect on image quality. These effects were mitigated by introducing
random k-space sampling into the acquisition.

4.5.6 Comparison with PROPELLER Imaging

Currently, PROPELLER is the only method that is generally available for motion correction
in high-resolution 2D MRI for routine clinical studies. The PROPELLER technique has had a
big effect on image quality in T2-weighted diagnostic imaging, but is particularly sensitive to
through-plane motion. The comparison between PROPELLER and the proposed prospective
motion correction reported in this study suggests that, in the presence of substantial subject
motion, a higher level of anatomical detail is preserved with the proposed, multislice-to-
volume-based prospective motion correction (see Figure 4.9). Further work is required to
verify this result, particularly in patient cohorts where the actual motion behavior will be
different to that tested in this study; impact on diagnostic performance also needs to be
assessed directly. Regarding scan time, despite the acquisition of additional navigator scans,
the prospective motion correction does not result in a longer scan than for an equivalent
PROPELLER acquisition, whose k-space sampling scheme requires more shots than the
cartesian equivalent.

4.6 Future Work

The multislice-to-volume-based method could be applied to other 2D sequences by adapting
the slice iteration scheme and navigator flip angle. The residual artifacts, seen in the images
when the prospective motion correction technique is used, could potentially be reduced further
by increasing the temporal resolution of the motion correction. One way to achieve this would
be to use simultaneous multislice imaging [33, 35] for both navigator and primary acquisitions
(see Section 2.2.6). In this case, all signals required for a sequence update would be provided
by a single multiband radiofrequency excitation pulse and EPI readout, providing a temporal
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resolution that could approach that of camera-based methods. The increase in minimum TR
caused by the additional navigator acquisitions could, in some cases, be avoided by using
simultaneous multicontrast imaging [115] to sample signal from the navigator and primary
sequence components at the same time. A further potential application of the technique is
self-navigated motion correction in functional MRI studies in which the sets of three images
for the correction could be extracted from the primary EPI acquisition.

4.7 Conclusion

This study has introduced a novel approach to prospective motion correction, based on the
registration of a small number of navigator slices to a reference volume. It has been shown
that this method can be used to correct for subject motion in real time with a high temporal
resolution, resulting in a substantial reduction in motion-induced image artifacts using 2D
MRI sequences. Unlike the existing PROPELLER method, the new multislice-to-volume-
based prospective motion correction technique is capable of correcting both in-plane and
through-plane motion and a preliminary comparison suggests that the method preserves a
higher level of anatomical detail in the presence of subject motion. If the benefits observed
in this study are confirmed in future work, the prospective motion correction technique
could play an important role in improving the reliability of clinically relevant MRI pulse
sequences.
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5 Multislice-to-Volume Image Registration for
Prospective Motion Correction in Multiband
Functional MRI

A part of the work which is described in this chapter was presented as oral presentation at the
Joint Annual Meeting of the International Society for Magnetic Resonance in Medicine and

the European Society of Magnetic Resonance in Medicine and Biology [116], where it was
awarded a Magna cum Laude Merit Award. The publication of the final results is already in
preparation and planned to be submitted to the journal NeuroImage. The technique is part of
a patent application which was submitted in April 2017.

5.1 Introduction and Fundamentals

This chapter transfers the idea of multislice-to-volume image registration for prospective
motion correction to multiband functional MRI (fMRI). Chapter 4 showed that registering a
subset of slices to a full image volume allows for robust prospective motion correction. The
fastest way to acquire this subset of slices is given by multiband imaging [33] in which multiple
slices are excited simultaneously and disentangled using the coil sensitivity information (see
Section 2.2.6). With that, only a single rf excitation is necessary to acquire the required image
slices for motion detection and the temporal resolution of the motion correction updates can
be further increased. Functional MRI is one type of MRI acquisitions where this technique
of prospective motion correction can be applied very efficiently. In functional MRI, a time
series of EPI image volumes is acquired to get information about the time course of neural
activation in the human brain. Accelerating the image acquisition with multiband imaging
additionally allows for more robust results in brain activation studies and is widely used in
functional MRI studies.
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The fundamentals of functional MRI, discussed in this section, are based on the book Intro-

duction to Functional Magnetic Resonance Imaging - Principles and Techniques by Richard
B. Buxton [6]. Additional sources are marked in the respective sections.

5.1.1 Functional MRI: Imaging and Data Analysis

Functional MRI (fMRI) is used to measure neural activity in the brain. This is facilitated
by the BOLD (blood oxygenation level dependent) effect, which characterizes the local
changes of the MR signal caused by alterations in the blood oxygenation in response to
neurological tasks. This relationship was first discovered by Thulhorn et al. [117], who
observed that T2 values of the blood depend on the oxygenation of hemoglobin. Further
investigations by Ogawa et al. [118] and Turner et al. [119] led to the conclusion that this
effect is actually connected to changes of T ∗2 values and not only present in the blood, but
also in its surroundings, indicating both changes of T ∗2 in the intra and extravascular space.

A simple model to quantify this signal change describes the attenuated MR signal S which is
dependent on the initial signal amplitude S0 at zero echo time, the TE of the pulse sequence
and the T ∗2 value of the tissue:

S = S0e
−TE
T∗
2 . (5.1)

Changes in the blood oxygenation alter the T ∗2 of the tissue and with that the measured
MR signal. The T ∗2 value of the blood is proportional to the blood volume V and the
deoxyhemoglobin concentration dHb in the blood:

1

T ∗2
∝ V · dHbβ, (5.2)

where the exponent β shows that this relationship cannot always be explained by a simple
proportionality.

To enable robust observations of brain activity, fast imaging sequences are a key part to
measure the dynamic contrast changes relating to brain activity, which is why the fast echo
planar imaging (EPI [16], see Section 2.2.1) became and still is the workhorse of fMRI
acquisitions. The most commonly used sequence option to measure BOLD contrast is low-
resolution (e.g. 64 by 64 in human brain scans) gradient echo EPI with short echo times of
about TE ∼ T ∗2 . An echo time similar to T ∗2 was reported to give optimal contrast-to-noise
ratio in BOLD imaging studies [120]. This sequence type was also used back when the first
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functional MRI results in human subjects were reported by Kwong et al. [121] and Bandettini
et al. [122].

However, even with fast imaging techniques, low resolution and low TE values, whole brain
coverage normally needs several seconds of acquisition time. A further acceleration is favored
and can increase the temporal resolution with which the BOLD response is observed to
improve the statistical significance of brain activation studies. Additionally, scan acceleration
can reduce the amount of motion which occurs during the acquisition of a single image
volume (see Section 2.3.2).

5.1.2 Sequence Acceleration and Multiband Functional MRI

In-plane scan acceleration in functional MRI can be achieved by various techniques. Partial
Fourier imaging, first suggested by Feinberg et al. [123], utilizes the conjugate symmetry
of the k-space in the absence of phase errors to halve the number of measured k-space lines.
Parallel imaging techniques, such as SMASH (simultaneous acquisition of spatial harmonics,
Sodickson et al. [124]) or GRAPPA (generalized autocalibrating partially parallel acquisitions,
Griswold et al. [30]), can reconstruct k-space lines which were skipped during acquisition
by utilizing the sensitivity profiles of the single coils in the receiver coil array. As already
discussed in Section 2.2.5, k-space lines are skipped in a regular pattern which generates
coherent ghost images that are disentangled in post processing. A third acceleration technique,
commonly used to speed up time-course MRI acquisitions, is sparse sampling, as proposed
by Liang et al. [125], which acquires high-resolution images at the start of the measurement
and subsamples all subsequent imaging scans to improve image acquisition times. Missing
k-space data is then recovered using a generalized series (GS) model.

An advantage of in-plane scan acceleration is the lower signal decay during the echo train
which results in less T ∗2 blurring effects. This acceleration type of functional MRI acquisitions
is, however, restricted due to changes to the effective TE of the acquisition and a decrease
in signal-to-noise ratio. To get the desired TE, pause times could be included into the
sequence which would, however, lower the gain in acquisition speed. The changes to TE
are neglected when the in-plane image acquisition stays unchanged and the acceleration
happens on the slice level. This is given by multiband or also called simultaneous multislice
imaging (SMS), which additionally results in higher SNR than given by in-plane acceleration
techniques. SMS imaging acquires multiple slices simultaneously and disentangles the spatial
information using the coil sensitivity profiles. First proposed by Larkman et al. [33], Breuer
et al. [34] improved the image separation by introducing an in-plane image shift between the
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simultaneously excited slices. Nunes et al. [126] then presented the first SMS acquisition
in EPI sequences. Since then, these techniques were improved, e.g. with the introduction
of blipped-CAIPIRINHA by Setsompop et al. [35] and led to ultra-fast imaging which can
cover the whole brain in under 300 ms when using high acceleration factors, as reported by
Feinberg and Setsompop [127].

A more technical overview about multiband excitation of imaging slices, introduction of phase
shifts between these image slices using CAIPIRINHA, and subsequent image reconstruction
using the slice-GRAPPA algorithm can be found in Section 2.2.6. Simultaneous multislice
imaging can increase noise and image artifacts in the image volumes, but also strongly
improves the temporal resolution of fMRI measurements, enabling more significant results
of brain activation studies. The use of multiband imaging in functional MRI was discussed
previously, e.g. in [128] and [129].

5.1.3 Analysis of Functional MRI BOLD Data

Typical fMRI BOLD experiments to examine the brain activation, originating from a particular
task, alternate periods of activation and rest while a time series of image volumes is acquired.
The time-course signal of each voxel is observed and tested for significant correlation to the
activation scheme of the experiment.

These experiments can last up to several minutes to get statistically robust results. Because the
signal changes are of the order of a few percent, it is difficult to separate them from temporal
image noise. An established algorithm for quantification of measured brain activation is
the t-test. It is performed independently on each voxel and separates the time-course voxel
values into populations of activation and rest. The t-value then quantifies the difference
between the means of these populations compared to its variance. However, in practice,
the analysis is extended to not simply test against a box function of activation and rest, but
correlated with the hemodynamic response function, which displays the expected BOLD
response originating from the activation task. In Figure 5.1, this function is shown for a
sequence of seven equally-spaced activation phases.

The t-value distribution in the brain can then be thresholded by a so called p-value which
describes the probability with which the t-value could have arisen by chance despite similar
population means and helps to generate more robust activation maps. A more general approach
to this analysis is given by the general linear model (GLM) in which a data vector ~y is modeled
as a linear combination of multiple model functions, described by the model matrix M , with
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Figure 5.1: Hemodynamic response function describing the expected BOLD response for a sequence
of repeated activation tasks.

the corresponding amplitude vector ~a plus a noise vector ~e. For C model functions and N
image volumes, this yields:

y(t1)

y(t2)

...

y(tN)

 =


M1(t1) M2(t1) ... MC(t1)

M1(t2) M2(t2) ... MC(t2)

... ... ... ...

M1(tN) M2(tN) ... MC(tN)

 ·

a1

a2

...

aC

+


e(t1)

e(t2)

...

e(tN)

 . (5.3)

The model functions can include the activation vs. rest box function, the hemodynamic
response function, motion parameters and other confounds. The analysis then calculates
the amplitudes of each model function which fits the data vector the best in means of a
least-squares minimization. To get robust GLM analysis results, some preprocessing of the
data is necessary. A typical workflow would involve motion correction, co-registration of the
images to a standard space and image smoothing prior to GLM analysis. There are several
software packages which include all these processing steps, such as FSL [50], AFNI [51] or
SPM12 [53].

5.1.4 Motion Effects in Functional MRI

Similar to diffusion-weighted imaging, as explained in Chapter 3, robust data analysis in
functional MRI requires, for each imaging voxel, a fixed anatomical location over the course
of the measurement, such that the BOLD response of different brain regions is not mixed
during data analysis. This becomes even more problematic when considering the long scan
times of functional MRI studies. Subject motion can elevate the detection of false activation
and reduce the significance of measured brain activation [40]. Additionally, spin history
effects from inter-shot motion yield severe banding artifacts in the images. Motion effects
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in fMRI studies originate from different sources. During the long measurements, human
subjects tend to slowly move in a specific direction, e.g. by sinking into the cushion, leading
to long-term, rigid-body motion. Additional fast motion events coming from coughing and
swallowing or when measuring uncooperative subjects require high temporal resolution of
motion correction procedures. These effects are often also noticeable when measuring with
head restraint. A third category is periodic motion as given by respiration or cardiac pulsation.
Respiratory motion effects are further increased by susceptibility changes in the head region
caused by movements of the chest and become more visible when measuring with high
temporal resolution, as in multiband functional MRI [130].

5.1.5 Motion Correction in Functional MRI

Retrospective motion correction is the most commonly used correction method when handling
functional MRI data. The fMRI data analysis software packages, mentioned in Section
5.1.3, typically include algorithms for retrospective motion correction, treating the motion
as a pure rigid-body process and correcting on a volume-to-volume level. Detected motion
parameters can optionally be used as model functions in the GLM (see Equation 5.3) to
reduce motion-induced effects in the fMRI statistics [53]. Since these algorithms mostly
work with a volume-to-volume-based image registration, intra-volume motion effects are not
considered in the correction process and correction of fast motion events is difficult. Multiband
fMRI accounts for this by reducing the repetition time between successive image volumes.
But, in most cases, this is still too slow to reconstruct the correct course of, for example,
respiratory motion. To solve this challenge, there are recent developments of post-processing
algorithms for performing slice-wise motion correction to improve the fMRI analysis, such
as SLOMOCO [131]. In [132], Teruel et al. transferred the established PROMO technique
(White, et al., 2010) to multiband fMRI for retrospective motion detection with sub-TR
resolution. A large problem of retrospective motion correction is that data which was lost
during image acquisition cannot be restored later. This can happen when the subject moves out
of the field of view during the scan. Additional effects, not covered by retrospective motion
correction, are spin history effects, which were already discussed in 2.3.4. Retrospective
motion correction also involves image interpolation which can introduce interpolation artifacts.
This is presumably less of an issue when prospective motion correction is used to reduce the
level of residual motion that has to be corrected retrospectively.

As discussed in Section 2.3.4, prospective motion correction helps to maintain a fixed rela-
tionship between subject and imaging geometry. Disadvantages associated with retrospective
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motion correction, such as spin history effects, interpolation artifacts and the incapability to re-
cover lost image data, are solved when using robust prospective motion correction algorithms,
but these can also destabilize the imaging system when the accuracy of motion correction
updates is not sufficient [40]. Most fMRI studies using prospective motion correction without
external hardware rely on volume-to-volume-based motion detection [41]. The big downside
of this approach is its low temporal resolution and missing intra-volume motion correction.
Temporal resolution can be improved by accelerating the image acquisition with SMS imaging
techniques. However, the temporal resolution might not be high enough to cover fast motion
events. Image-based prospective motion correction needs some computation time for image
reconstruction and motion detection. This requires a short inter-volume delay or, alternatively,
skipping a volume before applying motion updates with the disadvantage that the temporal
resolution of the correction procedure is reduced [40]. One way to achieve a significant
improvement in the temporal resolution of prospective motion correction is to use external
hardware for motion detection. The advantages and downsides of these methods were already
discussed earlier in this thesis (see Section 2.3.3).

5.1.6 Prospective Motion Correction Using Multislice-to-Volume Image Registration

in Multiband Functional MRI

Aiming for image-based prospective motion correction in high-temporal resolution multiband
fMRI, a combination of simultaneous multislice image acquisition and multislice-to-volume-
based prospective motion correction is proposed. The suitability of using multislice-to-volume-
based image registration for prospective motion correction was already shown in Chapter 4.
Since multiple image slices are acquired during a single excitation when acquiring multiband
fMRI images, a single image readout is enough to get sufficient data for image registration
and prospective motion correction. This can significantly speed up the temporal resolution of
motion parameter updates in comparison to volume-to-volume-based approaches and enables
the correction of fast motion events, including those happening during the acquisition of a
single image volume. The technique is evaluated using fMRI paradigms which examine the
brain activation as a result of repeated visual and motoric tasks with imaging protocols using
multiband factors of three and four.
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5.2 Method

Figure 5.2 shows an overview of the image acquisition and multislice-to-volume-based
prospective motion correction of a multiband functional MRI acquisition. It includes the
acquisition of single-band SMS auto-calibration data (1) and the generation of a multiband
reference volume for motion correction (2) at the start of the measurement. The imaging scans
are then acquired using SMS EPI measurements where simultaneously acquired slices are
separated in real time (3). The separated imaging slices are used as input for a multislice-to-
volume image registration (4) and the motion parameter updates are sent back to the imaging
system via the feedback pipeline (6) with optional Kalman filtering to smooth the motion
correction updates (5). These steps are described in more detail in the following sections.

Figure 5.2: Overview of the proposed prospective motion correction technique using multislice-to-
volume image registration in multiband fMRI for the example of a multiband factor of 3.
The technique includes the acquisition of a single-band SMS reference volume (1), the
acquisition of a multiband reference volume for the prospective motion correction (2), the
multiband imaging scans (3) which are used as input for a multislice-to-volume image
registration (4) and the real-time feedback to the sequence to adapt the imaging system
according to the detected motion (6). A real-time Kalman filter can be added for parameter
smoothing in the case of instability of the system (5).

5.2.1 Multiband Functional MRI Acquisition and Prospective Motion Correction

The first step of the imaging process involves acquiring the single-band SMS auto-calibration
data (see Figure 5.2, 1). The auto-calibration slices experience the same image shift as the
subsequent multiband scans and are used to calculate the required GRAPPA weights which
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connect the spatial information of the image volume to the coil sensitivity profiles. An adapted
slice-GRAPPA algorithm, developed by Cauley et. al [133] and called split slice-GRAPPA,
is used, which reduces interslice leakage artifacts and increases SNR (GRAPPA and slice-
GRAPPA are discussed in more detail in the Sections 2.2.5 and 2.2.6). The GRAPPA-weight
calculation usually takes a lot of time. However, by parallelizing the computations on all
scanner processor threads, this time can be highly reduced, making it suitable for real-time
applications. Subsequent multiband imaging scans are separated in real time using the
previously calculated GRAPPA weights. The first reconstructed multiband volume is used as
reference volume for the motion correction (see Figure 5.2, 2). The next multiband-acquired
slices are separated (see Figure 5.2, 3) and used as input for a multislice-to-volume image
registration to the reference volume in real time (see Figure 5.2, 4). This image registration is
based on the Mattes’ mutual information metric (see Section 4.2.1, [111, 112]) and a 3D rigid
versor transform and optimization (ITK 3.8.0 [58], open source). The cost function is chosen,
because it gives more accurate motion estimates when computed on only a subset of image
slices in comparison to, for example, a least-squares cost function. The time penalty for using
this computationally heavy cost function is compensated due to the low amount of information
used during multislice-to-volume-based image registration. Both the slice separation as well
as the image registration also need to be parallelized on the scanner processor threads to reduce
computation times. The detected motion parameters are sent back to the imaging system,
such that the next multiband imaging scan is acquired using the updated slice information
(see Figure 5.2, 6). Using this feedback cycle, continuous prospective motion correction
is performed to maintain a fixed relationship between subject and scanner geometry. It is
important to note that this motion correction procedure can be performed using any multiband
factor. With higher multiband factors, more image information is available for robust motion
detection. However, image acquisitions with high multiband factors might suffer from higher
signal-to-noise degradation and image artifacts from erroneous slice separation. With lower
multiband factors, the gain in temporal resolution of motion correction updates against
conventional volume-to-volume-based prospective motion correction is higher, since more
multiband image slices are acquired to calculate the motion in a single TR.

5.2.2 Optional Kalman Filtering to Smooth the Calculated Motion Estimates in

Prospective Motion Correction

Multislice-to-volume image registration uses much less image data to detect the motion
parameters than conventional volume-to-volume-based image registration algorithms. In

115



5 MultiSlice-to-Volume Image Registration for Prosp. MoCo in Multiband Functional MRI

the case of outliers in the motion detection estimates or instability of the system, a Kalman
filter can be added to reduce noise and registration errors coming from the motion detection
procedure (see Figure 5.2, 5). The description of the Kalman filter in this section is based on
[134]; for more information on Kalman filtering, the author refers to [135] and [136]. The
Kalman filter cycles between a prediction phase and a correction phase. In the prediction
phase, the previous state ~xi−1 of the state vector ~x is used to predict its next state ~xp,i using
the systems dynamic matrix A:

~xp,i = A~xi−1. (5.4)

The estimate error covariance matrix P is also projected ahead using A and the process noise
covariance matrix Q:

Pp,i = APi−1A
T +Q. (5.5)

These predictions are used to correct the next measured data point ~zi and adapt it to the
underlying system in the correction phase. The first step of the correction phase computes
the Kalman gain Ki using P , the output matrix H , which defines the state variables to be
updated, and the measurement noise covariance R:

Ki = Pp,iH
T (HPp,iH

T +R)−1. (5.6)

The next state ~xi is then calculated as the sum of the predicted state ~xp,i and its difference to
the measured values, weighted by the Kalman gain K:

~xi = ~xp,i +Ki(~zi −H~xp,i). (5.7)

The estimate error covariance matrix P also needs to be updated accordingly using the
calculated Kalman gain:

Pi = (I −KiH)Pp,i (5.8)

with I being the identity matrix.

In the prospective motion correction, the state vector ~x does not describe the absolute distance
between subject and imaging geometry since this would introduce overshooting of the filter,
but the time course of accumulated motion detection estimates. This makes it possible to
follow the true estimated subject motion during the measurement. It is implemented as a
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single one-dimensional Kalman filter for each degree of freedom of the rigid-body motion
detection, where each degree of freedom is calculated on a different scanner processor thread.
The use of Kalman filtering in prospective motion correction of MRI acquisitions was already
performed before, for example for improving the results of camera-based methods [137] or as
an image-based tracking method [71].

5.3 Experiments

To evaluate the suggested motion correction method, a dedicated multiband fMRI sequence
with a multi-threaded implementation of the split slice-GRAPPA image reconstruction al-
gorithm was developed and modularly combined with three different prospective motion
correction scenarios:

1. Volume-to-volume-based prospective motion correction

2. Multislice-to-volume-based prospective motion correction

3. No prospective motion correction

The pulse sequence, split slice-GRAPPA reconstruction, image registration and real-time cor-
rection algorithms were implemented using the manufacturer’s proprietary pulse sequence and
image reconstruction development frameworks together with the ITK 3.8.0 image processing
library [58] used for computing the multi-threaded multislice-to-volume image registration.
The volume-to-volume-based prospective motion correction was added using the vendor-
specific modules for prospective motion correction in functional MRI.

The diagram of the pulse sequence used is depicted in Figure 5.3 and can be described as
fat-saturated multiband gradient echo EPI sequence. The fat saturation is inserted prior to each
EPI excitation. It consists of a global, off-resonant rf excitation pulse and the corresponding
spoiler gradients (see Figure 5.3, blue) to dephase the fat signal and remaining signal from
previous excitations. Fat saturation strategies are discussed in more detail in Section 2.2.2. A
multiband rf excitation pulse together with its slice selection gradients (see Figure 5.3, red)
simultaneously excites multiple slices. Details on the modulation of multiband rf pulses are
discussed in Section 2.2.6. The flip angle of the rf excitation was adapted to the repetition
time by calculating the Ernst angle [138]:

αE = arccos
(
e
−TR
T1

)
(5.9)
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with an average T1 in gray matter of 1331 ms at 3 T, as reported by Wansapura et al. [114]. The
FID navigator for ~B0-field correction (see Figure 5.3, yellow) is only used when measuring
without prospective motion correction. As discussed in Chapter 3, prospective motion
correction is able to correct for these drifts. Conventional ~B0-field correction algorithms
only correct the system frequency with a resolution of 1 Hz, whereas a higher resolution is
possible when using prospective motion correction to correct for these image shifts. The
subsequent SMS EPI echo train consists of the CAIPIRINHA blips (see Figure 5.3, orange),
introducing the phase cycling to generate image shifts, which are played out simultaneously to
the phase-encoding blips (see Figure 5.3, gray) and in between the gradients of the sinusoidal
EPI frequency-encoding gradients (see Figure 5.3, green). A short pause was introduced
into the pulse sequence right after acquiring the SMS auto-calibration data for calculation
of the GRAPPA weights. However, this time could also be used to perform dummy scans to
establish steady-state magnetization prior to the first imaging scan. Both prospective motion
correction algorithms were implemented such that each EPI slice position was corrected using
the last calculated motion update available.

Figure 5.3: Sequence diagram of the dedicated multiband EPI pulse sequence for measuring BOLD
contrast. It shows a global fat saturation prior to the multiband excitation pulse which
consists of a global, off-resonant rf pulse and the corresponding spoiler gradients (blue)
to dephase the fat signal and signal from previous excitations. After that, a conventional
gradient echo EPI sequence is modulated to acquire multiple slices at once. This is done
using a multiband rf excitation pulse with corresponding slice selection gradients (red) and
CAIPIRINHA blips (orange) which cycle the phase to introduce an image shift between
the simultaneously excited slices. These blips are applied at the same time as the phase-
encoding gradient blips (gray) and between the receiver events, when the sinusoidal EPI
frequency-encoding gradients (green) are essentially zero. The FID navigator for ~B0-field
drift correction is only used when measuring without prospective motion correction.

Healthy subjects were scanned on a 3 T MR system (MAGNETOM Skyra, software version
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Syngo MR D13A, Siemens Healthcare, Erlangen, Germany) with a 20-channel head coil.
All of the subjects provided written informed consent prior to scanning and the study was
approved by the local ethics committee.

Functional MRI Paradigm
In all functional measurements, the same fMRI paradigm was used, which is shown in
Figure 5.4. The visual cortex was stimulated by displaying an inverting checkerboard.
Simultaneously, the volunteers performed a button-pressing task with both hands to stimulate
the motor cortex. The order of the required button presses was communicated prior to
each activation phase and changed throughout and between the scans. Activation phases of
22 s alternated with resting phases of 22 s in 5 min long measurements. After each image
volume acquisition, a trigger pulse was sent from the MRI scanner to the fMRI hardware to
synchronize pulse sequence and fMRI paradigm.

Figure 5.4: Time course of the fMRI stimulation protocol which was used in all measurements. A
visual stimulation was combined with a button-pressing task and alternated with 22 seconds
of rest. The button sequences were changed and introduced to the volunteer prior to each
stimulation phase.
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5.3.1 Single-Subject Study with Voluntary Head Motion Using a Multiband Factor of

Three

A first experiment with a single subject (male; aged 28) was performed to examine the
effect of the different prospective motion correction scenarios on scans with intentional
head movements. The subject was told to randomly move its head in the head coil. No
head restraint was used throughout the measurements, but the radius of the movements was
restricted by the earmuffs and the head coil. All three implemented variants of the multiband
functional MRI sequence were measured both with and without voluntary subject motion and
the scan order was randomized throughout the study. Data were acquired using the dedicated,
T ∗2 -weighted multiband gradient echo EPI sequence, described previously in this section. 42
slices were scanned using TE/TR values of 30 ms/1100 ms, 3 mm isotropic voxel size, no slice
gap, a matrix size of 64 by 64 and a flip angle of 64°. All measurements used a multiband
factor of three and the measurement time was 5 min. In this initial experiment, no real-time
Kalman filtering was used. Residual motion parameters of the acquired image time series
were calculated using retrospective motion correction algorithms in SPM12 and the results
compared between the different sequence variants.

5.3.2 Five-Subject Functional MRI Study without Voluntary Head Motion Using

Multiband Factors of Three and Four

A second experiment included five subjects (3 female, 2 male; aged between 22 and 33) and
was performed without intentional head movements. However, no head restraint was used,
such that the possibility of involuntary head motion was increased. Additionally, performing
the fMRI tasks of the paradigm, described in Section 5.3, might also lead to subject motion
during the fMRI study. Each subject was scanned six times with 5 min long sequence
protocols, involving all three sequence variants (no prospective motion correction, volume-
to-volume-based prospective motion correction and multislice-to-volume-based prospective
motion correction) for multiband factors of three and four. Both imaging protocols measured
36 slices with 3 mm isotropic voxel size, no slice gap, a matrix size of 64 by 64 and an echo
time of 30 ms. Based on the Ernst angle, the flip angle was chosen to be 59° at a repetition
time of 890 ms for the multiband-three protocol and 53° at a repetition time of 670 ms for the
multiband-four protocol. The real-time Kalman filter was used in the multislice-to-volume-
corrected sequences to add stability to the prospective motion correction system. Data were
analyzed by calculating the residual motion parameters using SPM12 as well as the mean
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voxel displacement, which combines the six rigid-body motion parameters by calculating the
absolute amount of single voxel motion, relative to a reference image, and averaging it over
all voxels of the current image volume. For more investigation of time-wise image quality,
the voxel-wise temporal signal-to-noise ratio (tSNR, comparing the time-course mean of a
voxel to its standard deviation) was calculated for all measurement time series. SPM12 was
also used to determine the measured brain activation maps from which the maximum brain
activity by the means of t-value statistics was exported for both the visual and motor cortex.
This analysis was performed with and without additional retrospective motion correction.

5.3.3 Multiband Functional MRI with Repeating Breathhold Events

The last experiment was performed on a single subject (male; aged 60) to evaluate the influence
of respiratory motion on multiband functional MRI and to see if the multislice-to-volume
motion detection can successfully reconstruct the underlying respiratory motion events. The
volunteer was told to alternate between phases of normal respiration and breathhold, instructed
by a visual cue. The same multiband imaging protocol as in the second experiment was used
for a multiband factor of four and the subject motion was reconstructed by accumulating the
motion correction events. Additionally, a respiratory cushion was used to monitor the true
respiration of the volunteer. The respiratory cushion was provided by the scanner vendor.

5.4 Results

Analyzing the processing times of the different tasks when acquiring images with multislice-
to-volume-based prospective motion correction showed that the average time needed to
separate the simultaneously excited multiband slices was about 40-50 ms and the calculation
time of the multislice-to-volume image registration about 70-100 ms. This enables a tempo-
ral resolution of motion correction updates for the multislice-to-volume-based prospective
motion correction of below 300 ms. The additional time comes from conventional image
reconstruction steps prior to image registration as well as the required waiting time for the
next EPI excitation. However, compared to the volume-to-volume-based prospective motion
correction, which requires a skip of one TR to compute the motion detection and update the
scanner geometry, the multislice-to-volume-based approach increased the temporal resolution
of motion correction updates by factors of ~6 and ~4.5 when scanning with multiband factors
of three and four, respectively.
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5.4.1 Single-Subject Study with Voluntary Head Motion Using a Multiband Factor of

Three

This increase in temporal resolution results in faster adaption to subject head motion, as
depicted in Figure 5.5. The figure shows the residual motion parameters over the time course
of the measurements of the first experiment (multiband factor three) with voluntary head
motion, retrospectively calculated by SPM12. The red curves show the scale of motion,
performed by the subject, without any prospective motion correction. Volume-to-volume-
based prospective motion correction (green) did not add stability to the motion parameter
estimates, but even increased the extent of residual subject motion. Additionally, an increase
in high-frequency motion components shows further destabilization of the motion estimates.
The higher temporal resolution of multislice-to-volume-based prospective motion correction
(blue), however, reduced the residual motion to a low band of ± 0.5 mm/± 0.5° in all six
degrees of freedom.

Figure 5.5: Motion parameter estimates derived by SPM12 post processing for measurements acquired
while performing an fMRI task and random, intentional head movements. The curves show
the residual motion after volume-to-volume-based prospective motion correction (green),
multislice-to-volume-based prospective motion correction (blue) and without prospective
motion correction (red).

When looking at the results of the same experiment without intentional head motion in Figure
5.6, there is still severe subject motion, as seen in the red curves of measurements without
prospective motion correction. This might be related to the extensive fMRI tasks during
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the measurement which can yield involuntary head motion. These motion events, however,
consist of less fast motion, but show typical long-term motion as already seen in Chapter 3.
The volume-to-volume-based prospective motion correction (green) shows improvements in
residual motion parameter estimates and stabilize them around y = 0. As seen in the diagrams
of translation in the y-direction and rotation in the x-direction, high-frequency motion is
still increased compared to measurements without prospective motion correction (red). The
multislice-to-volume-based prospective motion correction (blue) is not able to match the
low amount of residual motion parameters of the volume-to-volume approach. This seems
not to be caused by continuous instability in the prospective motion correction, but rather
by single outliers which distract the motion correction at different time points. In all the
following measurements described below, this effect was avoided by activating the optional
Kalman filtering of the motion correction technique to stabilize the motion estimates during
the prospective motion correction procedure.

Figure 5.6: Motion parameter estimates derived by SPM12 post processing for measurements acquired
with volume-to-volume-based prospective motion correction (green), multislice-to-volume-
based prospective motion correction (blue) and without prospective motion correction (red).
The volunteer performed a typical fMRI task during the measurement without intentional
head movements.
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5.4.2 Five-Subject Functional MRI Study without Voluntary Head Motion Using

Multiband Factors of Three and Four

Figure 5.6 shows several points of instability in the residual motion parameters of the measure-
ments acquired using multislice-to-volume-based prospective motion correction. As shown in
Figure 5.2, the motion correction framework can add an optional real-time Kalman filter to sta-
bilize the motion estimates used for prospective motion correction. Figure 5.7 shows the time
course of accumulated, translational motion parameters estimated by multislice-to-volume
motion detection and the corresponding Kalman-filtered data. The filter was parametrized to
smooth out most of the noise or outliers, but still follow fast motion events as for example
caused by respiratory motion.

Figure 5.7: Kalman filtering of multislice-to-volume motion estimates for two different test datasets.
Only a single motion component is shown for both measurements. The gray curves show
the motion parameters detected by multislice-to-volume image registration. The blue
curves are the results of the Kalman filter which managed to smooth out most of the noise
while maintaining fast responses to motion events.

With the addition of the Kalman filter to the prospective motion correction, the residual
motion parameters of multislice-to-volume-based prospective motion correction become very
stable, as seen by the retrospectively detected residual motion parameters (SPM12) in Figure
5.8. The diagrams display residual motion parameters from a single measurement of the
second experiment without intentional head motion, using a multiband factor of three. Despite
the visible subject motion when scanning without prospective motion correction (red), the
multislice-to-volume-based approach (blue) was able to considerably reduce residual motion
without visible outliers. Compared to these results, the volume-to-volume-based prospective
motion correction (green) shows more fluctuation in residual motion parameters.
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Figure 5.8: Motion parameter estimates derived by SPM12 post processing for measurements acquired
with volume-to-volume-based prospective motion correction (green), multislice-to-volume-
based prospective motion correction (blue) and without prospective motion correction (red).
The multislice-to-volume-based prospective motion correction used the optional Kalman
filtering of the motion correction updates during the scan to account for fluctuations in the
registration process.

This initial result is confirmed by looking at the absolute mean residual motion parameters
of all subjects and measurements of the second experiment, as depicted in the bar plots of
Figure 5.9. All measurements were performed without intentional head motion and without
head restraint. The residual motion parameters were estimated by calculating the mean and
standard deviation of the absolute motion values estimated by SPM12 retrospective motion
detection. The diagrams show the results, separated by the different subjects (vertical) and
multiband factors (horizontal). Each diagram displays the mean residual motion parameters
for the six degrees of freedom (three for translation, three for rotation) and for all prospective
motion correction scenarios: no prospective motion correction (red), volume-to-volume-based
prospective motion correction (green) and multislice-to-volume-based prospective motion
correction (blue). All subjects performed a different amount of involuntary motion in the
measurements, shown by the red bars. Both prospective motion correction techniques were
able to reduce the amount of residual subject motion to below 0.1 mm or 0.1° in all cases.
Comparing the prospective motion correction strategies, the bar plots show that the multislice-
to-volume-based prospective motion correction performed best by leaving the least amount
of absolute mean residual motion for retrospective motion correction. There is no obvious
difference between the results of the two different multiband factors.
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Figure 5.9: Absolute mean residual motion parameters across the five subjects and multiband factors
of three and four. The red bars show the absolute mean residual motion parameters when
measuring without prospective motion correction, the green bars depict the results with
volume-to-volume-based prospective motion correction and the blue bars, which show the
least amount of absolute mean residual motion, are the results of measurements which
were prospectively corrected using the multislice-to-volume-based technique. The motion
estimates were calculated based on the results of SPM12 retrospective motion detection.
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The results can be emphasized by taking a look at the mean voxel displacements of the same
measurements in Figure 5.10. Both prospective motion correction methods are compared for
all five subjects and both multiband factors. Again, the results of the volume-to-volume-based
prospective motion correction are displayed in green and those of the multislice-to-volume-
based prospective motion correction in blue. The diagrams show a strong reduction of mean
voxel displacements in favor of the multislice-to-volume-based approach with an improvement
in mean voxel displacements of 50.9 % and 46.6 % for the multiband factors three and four,
respectively.

Figure 5.10: Comparison of mean voxel displacements of measurements with volume-to-volume-based
(green) and multislice-to-volume-based (blue) prospective motion correction across all
five subjects and for the multiband factors three and four. The mean voxel displacements
were calculated based on the results of SPM12 retrospective motion correction.

Figure 5.11 shows the tSNR maps of a single subject and a multiband factor of three for all
three prospective motion correction scenarios. The tSNR data are shown both without (left)
and with (right) retrospective motion detection and image alignment, performed by SPM12.
The tSNR maps suggest that, without any prospective motion correction (see Figure 5.11a),
tSNR is very low when compared to the resulting images of measurements with applied
prospective motion correction (see Figure 5.11b-c). Between the two different prospective
motion correction techniques, the multislice-to-volume approach shows slightly higher tSNR
values, particularly in the upper image slices (see Figure 5.11c). With additional retrospective
motion correction (see Figure 5.11d-f), these differences are considerably reduced. However,
the top and bottom slices of measurements with volume-to-volume-based prospective motion
correction (see Figure 5.11e) or no prospective motion correction (see Figure 5.11d) are cut
off. This is an effect of image transformations that are needed to align the time-course images
retrospectively when a high amount of residual motion is present.
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Figure 5.11: Temporal SNR maps of a single subject from measurements with no prospective mo-
tion correction (a,d), volume-to-volume-based prospective motion correction (b,e) and
multislice-to-volume-based prospective motion correction (c,f). In all measurements,
a multiband factor of three was used and the diagram shows the same underlying data
without (left) and with (right) retrospective motion correction.
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The bar plots, displayed in Figure 5.12, summarize the tSNR results of all five subjects.
The temporal SNR values are calculated on foreground-masked image volumes [139] and
the mean as well as the standard deviation over the five subjects are plotted in the diagram.
Temporal SNR values are displayed both for multiband factors of three and four as well
as with (right) and without (left) image realignment using SPM12. The figure shows that
retrospective motion correction significantly improves the tSNR when measuring without
prospective motion correction (red). Results of measurements with applied prospective
motion correction, however, do not change by a lot in terms of tSNR when retrospective
motion correction is applied. Additionally, multislice-to-volume-based prospective motion
correction (blue) results in higher and more stable tSNR values than volume-to-volume-based
prospective motion correction (green) in measurements with a multiband factor of three.
These differences are reduced when scanning with a multiband factor of four, particularly
after additional retrospective motion correction.

Figure 5.12: Temporal SNR values, averaged over all five subjects. Data were acquired using no
prospective motion correction (red), volume-to-volume-based prospective motion correc-
tion (green) and the proposed multislice-to-volume-based prospective motion correction
(blue). The diagram shows both the results without (left) and with (right) additional
retrospective motion correction using SPM12. Temporal SNR was only calculated on
voxels belonging to the foreground of the image.

The following part of this section discusses the fMRI brain activation study results of the
acquired measurements. Figure 5.13 shows the brain activation map and the BOLD response in
the area of highest activation of the visual cortex for a measurement acquired with prospective
motion correction utilizing multislice-to-volume motion correction and without additional
retrospective motion correction. Across all subjects and both multiband factors, the proposed
prospective motion correction technique shows high brain activation results with maximum
t-values of 35.12 ± 10.85 in the motor cortex and 43.05 ± 16.24 in the visual cortex, describing
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a strong correlation between the fMRI paradigm and BOLD response, as shown by the figure
for a single measurement without the addition of retrospective motion correction.

Figure 5.13: BOLD response of a measurement with multislice-to-volume-based prospective motion
correction. The BOLD response, determined by SPM12, is plotted over the time course of
the measurement and the hemodynamic response function (gray) is fitted to the data. The
response curve for an individual voxel (top) is shown for the area of highest activation
in the visual cortex of the brain activation map, which displays a heatmap of t-values
resulting from the fMRI analysis (bottom).

To compare the brain activation results of all subjects and motion correction strategies, the
maximum t-values both in the motor cortex and visual cortex were determined. These results
are displayed in Figure 5.14 for both multiband factors. The bar plots show results when only
using retrospective motion correction (red), when using volume-to-volume-based prospective
motion correction without (green) and with (light green) additional retrospective motion
correction as well as using multislice-to-volume-based prospective motion correction without
(blue) and with (light blue) additional retrospective motion correction. The maximum t-values,
however, vary a lot between the measurements and subjects and on the first view there is
no clear trend which motion correction yields the most significant brain activation results,
except that in most cases, only using retrospective motion correction yields the lowest t-values.
With successful prospective motion correction, there should only be a small difference in the
results when adding retrospective motion correction. This can be observed with multislice-to-
volume-based prospective motion correction. On average, retrospective motion correction
increases the detected maximum t-value per subject by 3.45 % and 1.44 % in the motor cortex
and visual cortex, respectively. Volume-to-volume-based prospective motion correction, on
the other hand benefits more from retrospective motion correction where t-values increase
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by 9.85 % and 3.34 % per subject. When comparing results of only prospectively corrected
measurements to those of only retrospectively corrected measurements, the multislice-to-
volume approach leads to an average increase of the maximum t-value by 39.64 % in the motor
cortex and 30.96 % in the visual cortex per subject. A last comparison is made between the
two prospective motion correction techniques. Without retrospective motion correction, the
multislice-to-volume-based prospective motion correction increases the maximum measured
t-value by 5.95 % in the motor cortex and 8.38 % in the visual cortex when compared to
volume-to-volume-based prospective motion correction, again calculated as average value per
subject. When using additional retrospective motion correction, this difference is reduced to
-0.03 % and 7.74 %, respectively.

Figure 5.14: Maximum t-values in motor cortex and visual cortex as a result of brain activation studies
for measurements acquired with multiband factors of three and four. The bars show the
results for only using retrospective motion correction (red), for using volume-to-volume-
based prospective motion correction without (green) and with (light green) additional
retrospective motion correction and for using multislice-to-volume-based prospective
motion correction, again, without (blue) and with (light blue) additional retrospective
motion correction.
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5.4.3 Multiband Functional MRI with Repeating Breathhold Events

The bottom graph of Figure 5.15 depicts the data of the respiratory cushion during the
third experiment. It shows the phases of normal respiration and breathhold throughout the
measurement. The frequency of respiration during this experiment was at ~ 0.34 Hz which
would require a sampling frequency of ≥ 0.68 Hz to properly reconstruct the respiration.
With a temporal resolution of ~ 3.33 Hz of the multislice-to-volume-based prospective motion
correction, this was easily achieved. The two other graphs in the figure show the correct
reconstruction of respiratory motion based on accumulated motion estimates of the multislice-
to-volume-based prospective motion correction. The two directions of the measurement which
were influenced the most by respiratory motion events are chosen for display. The temporal
resolution of the volume-to-volume-based prospective motion correction throughout this work
was at ~ 0.45 Hz in the first experiment and at ~ 0.56 Hz (multiband three) and ~ 0.75 Hz
(multiband four) in the second experiment. Only in one of these cases, the Nyquist-Shannon
theorem would have been fulfilled to allow the detection of the true respiratory motion.
Note, however, that with volume-to-volume image registration, the respiratory motion gets
additionally smoothed over a whole image volume which might not result in detecting the
true respiratory phase.

5.5 Discussion

The objective of this study has been to identify a high-temporal resolution, image-based
prospective motion correction technique for multiband functional MRI measurements. Three
experiments were performed for evaluation and comparison with a conventional prospective
motion correction technique. The first experiment involved a series of measurements in which
the subject was told to randomly move his head in the scanner head coil.

5.5.1 Random Head Motion to Simulate Motion Effects

The amount of voluntary subject motion in the first experiment is shown in the red curves
of Figure 5.5. The subject moved the head in a small area, restricted by the earmuffs and
the head coil, leading to motion parameter estimates of up to ± 2 mm and ± 2°. These were
calculated by volume-to-volume-based retrospective motion correction, such that the true
underlying motion might be underestimated since the motion state was calculated for a whole
TR. However, the amount of motion was sufficient to generate severe banding artifacts in the
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Figure 5.15: Motion parameters of a measurement with multiple breathhold events. The two top
diagrams show the two directions of the measurement which were influenced the most by
respiratory motion events and plot the accumulated motion estimates, acquired during
prospective motion correction using multislice-to-volume image registration. The subject
performed multiple alternations of 22 s breathholds with interleaved phases of 22 s normal
respiration. The prospective motion detection had the same temporal resolution as in the
second experiment. The graph in the bottom diagram shows the data of the respiratory
cushion, synchronized to the motion correction curves. It shows that the respiratory
motion was successfully detected by the prospective motion correction when comparing
the motion estimates to the respiratory cushion data.
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data. This scenario is obviously not comparable to real measurements with uncooperative
subjects, but still adequate for a first evaluation of the multislice-to-volume-based prospective
motion correction technique under subject motion. All subsequent measurements did not
include intentional head motion of the subjects. However, measurements without intentional
head motion showed that the fMRI tasks itself leads to a low amount of subject motion.

5.5.2 Residual Motion Parameters and Kalman Filtering

The calculation of residual motion parameters for the first experiment showed the advantage
of the higher resolution of the multislice-to-volume-based approach, such that it can adapt
to the subject motion faster, resulting in less residual motion. Without additional Kalman
filter, this is only true for strong subject motion where the extent of motion is larger than the
outliers in the image detection estimates. These outliers can be seen when measuring without
intentional head motion, as seen in Figure 5.6. They might be caused by the low amount of
image information which is used for image registration. In the volume-to-volume case, if
there are single corrupted slices, the rest of the volume can cover this up in the registration
process and still generate robust motion estimates. In multislice-to-volume image registration,
single artifacts or distortions in the images have much more impact on the motion estimates,
which is even more problematic when the subset of slices includes one of the topmost slices
where the subject only covers a small part of the FOV. This is why multislice-to-volume image
registration uses a computationally more intense cost function, based on mutual information,
to get the most robust motion estimates out of the data. Since only a small subset of slices
is included in the image registration process, the processing time of the cost function still
remains low. Compared to the results of Chapter 4, these outliers might become more visible
when measuring a time series of EPI images. In the anatomical images, acquired in that
chapter, single outliers in the motion estimates are smeared out during image acquisition since
only a small part of the k-space is affected; whereas in EPI time series, whole image slices
get distorted and influence the analysis of the data.

A suggested solution to this observation was the addition of a real-time Kalman filter to
stabilize the motion estimates used for the prospective motion correction and account for
outliers and noise. Figure 5.8 shows that the residual motion parameter estimates, retrospec-
tively detected by SPM 12, were improved when measuring with the additional real-time
Kalman filter, which is why it was used in all subsequent measurements of this chapter that
were performed with multislice-to-volume-based prospective motion correction. Note that
the Kalman filter introduces a short delay in the motion correction updates since the system
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adapts to new motion states more slowly. This is necessary to successfully reduce the amount
of outliers in the motion estimates.

The Figures 5.9 and 5.10 show the results of the second experiment, involving five subjects.
The data indicate that the Kalman filter adds a lot of stability to the motion estimates, resulting
in low residual motion. The mean voxel displacements of measurements corrected with
volume-to-volume-based prospective motion correction are almost halved when measuring
with the suggested multislice-to-volume-based technique. This applies to all subjects and
multiband factors and is not related to the amount of underlying subject motion.

The low amount of residual motion leads to higher image quality, shown by the comparison of
temporal SNR values in Figure 5.11, and also prevents parts of the subject from moving out
of the field of view during acquisition or from being cut off by retrospective motion correction
as seen when using no prospective motion correction or volume-to-volume-based prospective
motion correction. The results of temporal SNR measurements in 5.12 show that image
quality degrades when using higher multiband factors. This is a typical observation when
using SMS acquisitions, because the separation of slices gets more difficult with the increase
of the multiband factor. This image quality degradation is often quantified by the so-called
g-factor. The reduction in image quality could reduce the accuracy of the image registration
process. However, on the other hand, the additional slices also add more information to the
registration process. The results, shown in this chapter, suggest a small advantage when using
a multiband factor of three.

A typical challenge when performing evaluation studies on different prospective motion
correction techniques is that the subject motion cannot be assumed to be the same for repeated
measurements. This was accepted during the study as there is little chance to control the
motion without using defined motion protocols. The goal was to evaluate the proposed
technique under normal conditions to evoke the amount of subject motion typically seen
during fMRI measurements. The amount of motion was additionally increased, because no
head fixation was used. Experimental bias was reduced by varying the order of measurements
between subjects and by repositioning the subjects between measurement blocks.

5.5.3 Temporal Resolution of Motion Correction Updates and Hardware Limits

In this study, the suggested prospective motion correction technique enables a temporal
resolution of motion correction updates of below 300 ms when measuring with the specified
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imaging protocols. This is a large improvement when compared to conventional volume-to-
volume-based prospective motion correction and, as shown in Figure 5.15, also allows for
adequate reconstruction of respiratory motion. However, the temporal resolution is, besides
the imaging protocol, mainly dependent on the scanner hardware. Theoretically, multislice-
to-volume-based prospective motion correction allows for motion correction updates after
each multiband rf excitation and EPI readout, since the amount of data is sufficient to
calculate motion estimates. However, image reconstruction, SMS image separation and image
registration require more computation time. This time was highly reduced in this study by
using all available processor threads of the scanner hardware. However, since the calculation
time of these algorithms strongly scales with the multi-threading factor, the processing time
can be further reduced with more powerful scanner hardware. This would include processors
with more cores or graphic cards. The additional processing power can also be used to
improve the image registration by using a more sophisticated and computationally intense cost
function. The robustness can also be increased by changing image registration parameters, as
for example the number of iterations or number of used image voxels.

5.5.4 Functional MRI Study Results

Analyzing the fMRI study results of the five subjects is difficult because of the variation in
brain activity between the subjects, as seen in Figure 5.14. The analysis of the maximum
t-values in the study did not directly compare the maximum t-values of multiple subjects, but
considered the percentage increase in the maximum t-value between the different measure-
ments of a single subject and averaged this value over the five subjects. This gives a trend
for the results of the different motion correction scenarios, relative to each other. Due to
the strong fluctuations of the results, this can only be seen as a vague trend and needs to be
confirmed by additional studies with a higher number of subjects. However, when looking
at these trends, the proposed prospective motion correction technique performs well when
compared to only applying retrospective motion correction or to conventional prospective
motion correction using the volume-to-volume approach by resulting in higher maximum
t-values both with and without additional retrospective motion correction.

The results also show that the brain activation estimates of the volume-to-volume-based
prospective motion correction can be further improved by using retrospective motion correc-
tion, which is an indication for residual motion in the data. In contrast to that, the proposed
prospective motion correction technique did not show large improvements when comparing
results without and with additional retrospective motion correction.
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5.5.5 Comparison with other Prospective Motion Correction Techniques

The multislice-to-volume-based prospective motion correction showed higher motion cor-
rection capabilities when compared to the conventional volume-to-volume-based approach.
There is no obvious disadvantage in using the proposed technique, but it can significantly
increase the temporal resolution of motion correction updates without losing a lot of accuracy.
Multislice-to-volume-based prospective motion correction can be used with a variety of
multiband factors to change the accuracy of image registration and the temporal resolution.
It can also be used with single-band fMRI in which the method would wait for a certain
number of slices before starting the image registration process. However, this would require a
change in slice iteration, similar to that shown in Chapter 4. Prospective motion correction
using external hardware, on the other hand, can be used with almost any pulse sequence
and imaging protocol without a change in motion correction accuracy. The comparison to
these techniques was not made in this study. They still have a higher temporal resolution,
but, as discussed in Section 5.5.3, the speed of the proposed motion correction technique
can be further increased with more powerful scanner hardware. Since the measurements
were performed on a seven-year old MRI scanner, adapting the proposed technique to today’s
scanner hardware would already help to increase the temporal resolution of motion correction
updates. This would provide a performance closer to that of camera-based prospective motion
correction without the need for external hardware. In clinical practice, acceptability and
practicality of motion correction techniques utilizing external hardware is expected to suffer
due to additional costs and necessary training for the medical staff.

5.6 Future Work

As already discussed, it is desirable to increase the significance of the fMRI study results.
Therefore, the number of subjects has to be increased to further investigate the potential
advantages of the proposed technique. Future studies should also compare the method to
prospective motion correction using external hardware and include measurement protocols
with additional multiband factors. Furthermore, the proposed technique should be imple-
mented on modern MRI scanners with powerful hardware to increase the temporal resolution
even further. Studies involving measurements in clinical practice would lead to more real-
istic motion scenarios than the random head movements which were performed in the first
experiment. Additionally, the robustness of multislice-to-volume image registration can be
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increased by finding a more suitable cost function which might reduce the amount of outliers
and neglect the need of additional Kalman filtering.

5.7 Conclusion

This study has combined prospective motion correction using multislice-to-volume image
registration with the simultaneous acquisition of multiple slices and described its application
to multiband functional MRI. Due to the simultaneous excitation of multiple slices, only
a single rf excitation is required to get sufficient image data for motion correction. This
offers a high temporal resolution and the possibility of intra-volume motion correction. The
method can be used with a variety of different multiband factors as well as for single-band
imaging. Study results show a substantial reduction of in-plane and out-of-plane motion
parameters when compared to conventional volume-to-volume-based prospective motion
correction both in measurements with and without intentional head movements. The results
of brain activation studies showed higher maximum t-values and tSNR when scanning with
the proposed prospective motion correction technique.
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6 General Discussion

In the previous chapters, three different applications for prospective motion correction in MRI
were developed and evaluated. The evaluation of prospective motion correction techniques is
difficult, because the subject motion cannot be assumed to be the same at repeated measure-
ments. This is a known problem and widely accepted for these type of studies. However, a
direct comparison between two measurements turns out to be difficult when the underlying
motion is not known. This problem can be avoided by using a defined motion protocol as
it was done during the measurements in Chapter 4. The motion protocol guaranteed that
the type and amount of motion, performed by the subject, was the same between all the
measurements. In contrast, when evaluating the prospective motion correction techniques
of Chapters 3 and 5, the goal was to run the measurements under normal conditions. This
excluded pre-defined motion events and brings the aforementioned difficulty of comparing
measurements. In these studies, a high number of subjects was chosen to reduce the bias due
to the different underlying motion. Additionally, the order of measurements was randomized
for each subject and the subjects were repositioned after each measurement block, where, for
example, a measurement block corresponds to all measurements with a specific b-value or
multiband factor (which resulted in a maximum of three successive measurements without
repositioning of the subject). This way, a dependency between the results of the measured
imaging protocols and their execution order was prevented.

Image-based prospective motion correction needs high-quality reference images for image
registration, which are usually acquired at the start of the measurement. Subject motion during
the acquisition of such a reference image volume would affect the motion correction procedure
during the whole measurement. In this work, no effort was made to restrict the motion during
the acquisition of the reference images and performed motion patterns started after the
reference image was already acquired. Since all proposed motion correction procedures use
EPI images for motion correction, the reference volume is acquired during a very short period
of time, such that little motion is to be expected. However, the techniques could be altered
to acquire a separate navigator volume with a shorter acquisition time. Another approach
would be to introduce a quality measure to asses the image quality of the reference volume
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and, in case of low image quality, acquire a new reference volume in the next time-step. This
could be extended, such that only specific slices of the reference volume, affected by motion
artifacts, are replaced during the scan.

A difficult task was to find suitable gold standards during the course of the thesis to estimate
residual motion estimates after measuring with prospective motion correction. In Chapter 3,
this was done using interleaved images on which the motion during the exam can be estimated
in post processing. This doubled the acquisition time of the measurements and lowered the
temporal resolution of the prospective motion correction. However, it also served residual
motion estimates using a well-established method. Some measurements were performed
without these interleaved images to provide results of a clinical imaging protocol. In these
measurements, the residual motion was measured using a post-processing library which is
suited to handle the type of data. This was also the chosen validation method to compute
residual motion estimates in Chapter 5. Evaluating the imaging studies in Chapter 4 was a
bit more of a challenge since no successive image volumes were available from the primary
pulse sequence for calculating residual motion estimates in post processing. However, the
proposed image acquisition scheme allowed to wait for single EPI navigator slices until a full
image volume is available and calculate the motion estimates on these volumes. However,
since one has to wait for these volumes, which takes some time, the motion gets smeared
over the image volumes and fast motion events might be overlooked by the analysis. In that
chapter, the prospective motion correction technique was mostly evaluated from the visual
image quality of resulting imaging data which showed clear benefits when measuring with
the proposed technique.

In the performed imaging studies, different motion correction methods were compared to the
proposed techniques. The choice of methods to compare the own developments with is an
important part of the experimental design. Chapter 3 covers the field of diffusion-weighted
imaging. No image-based prospective motion correction technique has been established in
this field, which is why the proposed technique was only validated against the case of no
prospective motion correction. However, in a first study including ten subjects, the motion
detection part of the technique was compared to the gold standard of using low-b-value
images for image registration as it is established in BOLD imaging. In the case of T2-
weighted, high-resolution anatomical imaging (see Chapter 4), the gold-standard method
was easy to find since the PROPELLER method is well-established and widely used in
clinical practice. In Chapter 5, the proposed method was both compared to an image-based
standard method as well as post-processing image realignment, such that the evaluation could
provide a comprehensive classification of the motion correction capabilities in todays clinical

140



practice.

The comparison to motion correction techniques which require external hardware was not
done in this work. This, however, is of high interest and topic for further research. The main
tasks of successful prospective motion correction are high accuracy of motion detection and
high temporal resolution of the motion updates. Accuracy of, for example, camera-based
prospective motion correction might be higher, considering that the desired output is the
tracking of the motion of the scalp. Most imaging applications, however, aim for imaging
of the brain, whose motion might not be exactly represented by the measured motion of the
scalp. This is a strong argument for image-based motion correction besides not requiring
uncomfortable bite bars or other tracking targets. Considering the temporal resolution of
motion updates, camera-based motion correction might be second to none. However, in suited
applications, image-based prospective motion correction can come close to that. Applications,
as for example diffusion-weighted imaging (see Chapter 3), do not deliver images which can
be registered with high temporal resolution, but the Chapters 4 and 5 also show applications
in which the temporal resolution can be highly increased and would further be improved with
modern scanner hardware. It is important to note that image-based tracking will not be able to
reach the temporal resolution which is given by camera-based tracking due to the acquisition
time of MR images that are needed to calculate the motion on. As discussed in this work,
scan acceleration is a large research field, such that the MRI acquisition time is expected to be
further reduced. However, this is not possible in all imaging sequences since the contrast of
MR images depends on the pulse sequence timing. In most applications, motion updates are
quantized anyway, because the imaging system is only adapted prior to a new rf excitation.
Temporal resolution beyond the time between two successive rf excitations, as available in
camera-based tracking, would require changes to the image orientation during the readout or
echo train.

To increase the amount of subject motion, all measurements, except the head fixation exper-
iment in Section 3.3.4, were performed without head restraint. This increases the comfort
of the subject during the measurement and is a desired scenario in clinical practice; but
only when prospective motion correction is able to handle the additional occurring motion
effects. The results in this thesis show that this scenario yields noticeable subject motion
that yields image artifacts and problems during data analysis when scanning without robust
prospective motion correction. However, as seen in Section 3.4.4, even when using head
restraint, a low amount of subject motion cannot be avoided. Some of the experiments were
performed under voluntary subject motion to simulate the scenario of measuring uncoopera-
tive patients. The proposed prospective motion correction techniques were able to increase
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the image quality of measurements in all scenarios of subject motion and with that are of
high impact for todays clinical practice. They eliminate problems (contrast variation, no
through-plane corrections, low temporal resolution) of previous methods without the need
of extensive changes to the clinical workflow. The temporal resolution was increased to a
point where voluntary and involuntary motion as well as respiratory effects can robustly be
reconstructed from the detected motion estimates. However, since the temporal resolution
is still lower than that of camera-based techniques, subject motion of very anxious subjects
or very fast motion from coughing, sneezing or cardiac pulsation still remains problematic
for image-based, prospective motion correction techniques. On the other hand, when using
image-based techniques, there is no need for additional preparation time prior to the exam,
expensive hardware or time-consuming staff teaching. This is a big advantage over techniques
that require external hardware.
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7 Summary and Conclusion

This thesis proposes different methods for prospective motion correction in magnetic reso-
nance imaging. Due to the versatility of MRI pulse sequences, there is no general solution
for prospective motion correction which can be adapted to all imaging applications. The
suggested solutions aim for image-based prospective motion correction to improve image
quality of MRI measurements in clinical practice. Throughout the thesis, MRI acquisitions
are performed without head restraint, making the imaging process much more convenient for
human subjects, but also increasing the need of accurate motion-correction methods. Three
techniques for prospective motion correction are developed, each of them aiming at different
challenges of subject motion in MRI. These techniques are introduced in the Chapters 3, 4 and
5, right after the discussion of necessary fundamentals for understanding this thesis and the
current state of the art in MR imaging and motion correction techniques in Chapter 2. In the
corresponding chapters, the methodologies of the developed prospective motion correction
techniques are described and the techniques are evaluated in comprehensive MRI studies
including human subjects. The results are presented and discussed in the respective sections
and recommendations for future work reveal open questions for further research.

Prospective motion correction in diffusion-weighted imaging using intermediate pseudo-trace-
weighted images (Chapter 3) addresses the problem of head motion in diffusion-weighted
imaging. Diffusion-weighted imaging studies require precise alignment of the time course
of diffusion-weighted image volumes to allow robust data analysis and quantification within
single voxels. Effects of subject head motion are particularly strong in these exams due to
long measurement times and table vibrations. Current state of the art is given by retrospective
motion correction using sophisticated image registration algorithms. However, prospective
motion correction could reduce the amount of subject motion that has to be corrected by these
post-processing algorithms and minimize spin history effects. It also avoids the loss of data
when the subject moves out of the field of view during the measurement. Prospective motion
correction of diffusion-weighted images using fast image registration algorithms is difficult
due to contrast variation between the time-course images, acquired with different diffusion
gradient directions. The thesis suggests exploiting the rotational invariance of the trace of
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the diffusion tensor to reduce the contrast variation between the diffusion-weighted images.
This is achieved by using a sliding window approach and calculating so-called pseudo-trace-
weighted images from three diffusion-weighted images whose underlying diffusion gradient
directions are highly mutual orthogonal. The approach leads to image detection accuracy
which is close to the used gold standard (interleaved low-b-value images), even when scanning
with high b-values. Including the image detection into a prospective motion correction cycle
leads to improvements in residual motion parameter estimates as well as mean diffusivity
histograms, resulting in high-quality diffusion parameter maps. These results are likely to
have high impact on diffusion-weighted imaging, because the method can be adapted to all
imaging protocols with only the requirement of changing the order of diffusion gradient
directions and is a great advance to the otherwise non-existent prospective motion correction
used in todays clinical practice.

Prospective motion correction in 2D multishot MRI using EPI navigators and multislice-
to-volume image registration (Chapter 4) deals with subject motion in high-resolution 2D
multishot imaging. The availability of motion correction procedures for these types of
sequences is limited in clinical practice, because of the challenge that only small parts of
the k-space are available at each time point as it is only filled once during the measurement.
The technique, proposed in this thesis, utilizes a multislice-to-volume image registration
which only uses a subset of parallel image slices and registers them to a full reference image
volume. This allows for high temporal resolution of motion correction updates, because only
a small amount of image data has to be acquired when comparing to volume-to-volume-based
methods. This is accomplished using EPI navigators, solely used for detecting the subject
motion. In contrast to other navigated motion correction techniques, the multislice-to-volume
image registration allows to adapt the slice iteration scheme of the primary sequence in
a way that minimizes the disruption of the steady-state magnetization, caused by the EPI
navigators. Compared to an established gold-standard technique with PROPELLER, it also
allows accurate through-plane motion detection due to the 3D image registration process.
For evaluation purposes, the navigated motion correction technique is implemented in a
conventional spin echo as well as a RARE pulse sequence. Study results show that the
proposed technique is able to significantly reduce residual motion parameters which results in
improved image quality, compared to measurements without prospective motion correction
and compared to the gold-standard technique. The addition of EPI navigators adds a small
amount of additional time to the pulse sequence. However, the measurement protocols, used in
the evaluation study, are still faster than the equivalents of the PROPELLER sequence which
emphasizes the benefits that this technique brings to high-resolution anatomical imaging.
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The third developed prospective motion correction technique (Chapter 5) uses the multislice-
to-volume image registration together with the simultaneous acquisition of multiple slices in
simultaneous multislice imaging (SMS). The technique is applied to multiband functional MRI
which, without the use of external hardware, still relies on head restraints and retrospective
motion correction. The only established, image-based prospective motion correction technique
suffers from low temporal resolution which makes it difficult to correct for fast motion
events. A combination of multislice-to-volume-based prospective motion correction with
simultaneous multislice imaging allows further improvements of the temporal resolution
of motion updates to a point where only a single rf excitation and EPI readout train is
required to detect a new motion state. The fast imaging scheme requires accelerated image
reconstruction and registration processes. This is achieved by parallelizing all involved
computations and allows motion correction updates in under 300 ms which is much faster than
using the conventional volume-to-volume-based prospective motion correction. However,
the temporal resolution is strongly dependent on the scanner hardware power and might be
further increased when implemented on modern MRI scanners. The technique is evaluated
using a functional MRI paradigm to stimulate the visual and motor cortex in measurements
with and without intentional head motion and shows a strong stabilization of residual motion
parameters in the case of intentional head motion. Instabilities in measurements without
intentional head motion suggest that additional low-pass filtering is necessary to stabilize
the motion estimates in the case of misregistrations that might occur due to the low amount
of image information used in the registration process. A real-time Kalman filter fits these
needs and shows significant improvements in residual motion parameters, retrospectively
detected by SPM12, also when compared to the cases of no prospective motion correction and
volume-to-volume-based prospective motion correction. Functional MRI study results suggest
an increase in brain activation results as well as temporal SNR when using the proposed
prospective motion correction technique, which can easily be used in clinical practice without
interaction of the medical staff or changes to the image acquisition itself.

This thesis showed three cases in which the current state of the art of image-based prospective
motion correction can be improved without strongly influencing the clinical workflow or
the pulse sequences itself. Image quality was improved in comparison to established gold
standards, which is shown by the comprehensive imaging studies performed to evaluate
the proposed methods. The results show that, even in the presence of prospective motion
correction solutions utilizing external hardware, there are still improvements to be made in
image-based prospective motion correction, which is needed in cases were prospective motion
correction using external hardware is either not available or appropriate.
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