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General Introduction

1.1 The carotid arteries and high field MRI

This thesis is about high field MRI and this thesis is about the carotid arteries. The carotid artery is
often the crime scene of a dangerous and unfortunately quite common occurrence of an
atherosclerotic plaque. High field MRI is the toolbox for which, in the research presented in this
thesis, the necessary developments were explored, primary to be able to look into these carotid
arteries in more detail and secondary, to use the carotid arteries to measure brain perfusion.

1.1.1 Carotid atherosclerosis

The common carotid arteries (CCA) are the two main arteries located in the left and the right side
of the neck. They are responsible for supplying the brain with oxygenated blood. Around the
height of the jaws the CCA’s split up into the internal and the external carotid arteries (see Figure
1.1).

Figure 1.1 the carotid bifurcation (right) and its location in the neck (left).

Around this bifurcation, turbulence and velocity fluctuations of the blood flow are believed to play
a role in the development of atherosclerosis (1, 2). Therefore, the formation of atherosclerotic
plagues at this location is a common and dangerous disease. Atherosclerotic plaques in the carotid
arteries can periodically release small emboli’s into the bloodstream (3). These emboli’s can end
up in the brain, or the plaque can even completely rupture causing infarctions in the brain. Based
on the estimated risk of rupture of an individual plaque, one can decide to remove the plaque
during an endarterectomy. Assessment of this risk of rupture is in general clinical practice based
on degree of stenosis, defined as the percentage of occlusion. Above a certain threshold of the
degree of stenosis the risk of rupture of the plaque is considered too high. However, it has been
shown (4-7) that even a small degree of stenosis can be very dangerous, while a fully stenosed
carotid artery can be harmless. With CT imaging high resolution lumen images can be acquired,
however plague components can hardly be distinguished. Ultrasound allows for carotid imaging
with very high temporal resolution, however cannot provide sufficient contrast for plague analysis.
Therefore, MRI is often the imaging modality of choice when vessel walls and plaques have to be
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studied. Many studies have been done on characterizing plaque characteristics using MRI (8-10).
Several components can already be identified with MRI: fibrous cap (FC) thickness, intra-plaque
hemorrhage (IPH) and the size of the lipid rich/necrotic core (LR/NC) (11). The goal of this
characterization would eventually be to predict the vulnerability of the plaque by quantifying
these plaque characteristics and correlate them retrospectively to clinical events in the brain by
means of cohort studies. An accurate prediction would result in a better decision whether or not
to conduct an endarterectomy.

1.1.2 High field MRI

This is where high field MRI comes in. Some plaque components have details on the microscopic
scale. Some of these details may be within the reach of MRI, some may be beyond, and some may
be on the edge. Some of the microscopic features, like the thickness of the fibrous cap holding the
plague together, may be very important for the assessment of the risk of rupture. For other
plague components, like neovascularization, the sensitivity to detect a voxel containing
neovascularization with sufficient contrast, can be the limiting factor. At a field strength of 7T,
there is a higher intrinsic SNR because of a larger population of protons whose magnetic moment
is in the spin-up state, according to the Boltzmann distribution. On top of that, contrasts are
changed at 7T. Tissue relaxation parameters change and susceptibility differences between
different tissues are increased, making 7T more sensitive to pick up certain properties. At this
moment, 3T is the field strengths at which the highest quality of MR images of the carotid arteries
are acquired. However, if the above mentioned gains of an ultra-high field strength can be utilized,
this may significantly improve the risk assessment of an individual atherosclerotic plaque.

1.1.3 Brain perfusion imaging

The carotid arteries are also a region of interest for brain perfusion imaging. Brain perfusion can
be measured by arterial spin labelling (ASL). By magnetic labelling of the blood in the brain feeding
arteries in the neck, the carotid and vertebral arteries, perfusion in the brain can be quantified
without the need for an injected contrast agent. However, the magnetically labelled blood is losing
its magnetization in time. This is why there is a particular interest for perfusion imaging at high
field strength, since the longer T; of blood causes the blood to stay magnetized longer, which in
turn could benefit the measurements of brain perfusion.

But first, the next section describes some historical background that leads to considerations which
can be neglected at lower field strengths, but become very important when going to a field
strength as high as 7 tesla.

12



General Introduction

1.2 Intermezzo: a brief flight through
electromagnetic history

All early history in electromagnetics culminates towards the formulation of the famous Maxwell
equations, published by James Clerk Maxwell around 1861. This set of equations are at the basis of
all electrical and magnetic phenomena, and were all formulated based on simple observations
made earlier by famous players like Michael Faraday and Hans Christian @rsted. To get to that
result, Karl Friedrich Gauss formulated earlier two relatively simple laws describing electric fields
(E) and magnetic fields (B): first, the total electric flux (¢g) through any closed surface is
proportional to the total charge (Q) inside that surface (Equation 1). And second, the total
magnetic flux (¢p5) through any closed surface equals zero (Equation 2). Michael Faraday described
magnetic induction, after observing that a moving magnet (time varying ¢g) causes an electric
field and thus a current in a nearby conductor (Equation 3). Likewise, Maxwell himself adapted
Ampere’s law!, and showed that a time varying ¢ in turn causes a magnetic field (Equation 4).

The Maxwell equations (for simplicity applied to free space, so no dielectric or magnetic material
present) as found in many physics textbooks:

Gauss’s law fE-dAzg (1)
€o
Gauss's law in magnetism fB CdA = (2)
' d
Faraday’s law fE-ds __d¢s (3)
dt
- d
Ampere-Maxwell law fB Lds = ol + eqtig i}; (4)

where dA represents an infinitesimal surface segment and ds represents an infinitesimal line

segment, €, is the permitivity in free space and equals 8.8542 x 10" 2 Nt m?, Lo is the

permeability of free space and equals 12.566 x 107 Tm A™.

This is where the astonishing part starts. These equations were formulated to describe the
observed electromagnetic phenomena. However, Maxwell found a surprising prediction following
directly from these equations, something for which no observations had been done. Maxwell
found that Equations (3) and (4) can be combined to obtain a wave equation describing both the

! Maxwell added the essential displacement current, a current caused by change in charge density, to make ampere’s
law valid in all situations, like on a capacitor or dipole antenna driven by an alternating voltage source. On a capacitor
there is obviously no net current passing the capacitor; however a changing charge density can still allow for a current
on the conductors towards the capacitor.

13
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electric and the magnetic fields. Electric and magnetic fields seemed to behave like plane
transverse waves: electromagnetic (EM) waves (Figure 1.2). And even more surprising: following
these wave equations (similar as the conventional wave equations describing other wave
phenomena), the wave speed (V) followed directly from these equations:

1 (5)

v €Eollo

Since € and pp where already empirically determined at that time, Maxwell found a wave speed of
299,800 km/s in vacuum, the speed of Iight!2 Maxwell concluded that light is a form of
electromagnetic radiation®.

v =

Magnetic
Field (B)

Electric

Propagation
direction

-

Figure 1.2. A propagating electromagnetic wave

The wavelength A of the EM-wave is inverse proportional to the frequency f.

P (6)

f

When using MRI at a field strength as high as 7T, two of the above described phenomena are
causing effects that have to be taken carefully into account. Effects that were not so important, or
could even be neglected, at lower field strengths:

1. At 7T, the speed of light, or the wave propagation speed, is no longer high enough to
neglect wavelength effects. This is clarified in Section 1.3.

2 At that time the speed of light had only be determined by looking at one of Jupiters moons (Roemer, 220,000 km/s)
or at a rotating wheel (Fizeau, 315,000 km/s) or rotating mirror (Foucault, 298,000 km/s). Trivium: nowadays the
speed of light can be quite accurately measured in the brain of a person in a 7 T MRI scanner, by examining standing
wave patterns or phase images.

® This was confirmed after Maxwells death by Heinrich Rudolf Hertz in 1887, who was the first to generate and detect
electromagnetic waves.

14



General Introduction

2. Energy absorption and heating of the tissue is caused by the induced E-fields which are
directly proportional to the frequency of the alternating B-field (see Equation 3). The
consequences of this for 7T are briefly discussed in Section 1.4.

How and why these two phenomena are starting to be more important at a field strength as high
as 7T is subject of the next two sections.

1.3 Why light is just not fast enough at 7 Tesla MRI

In this section it is clarified why light (or any other electromagnetic wave) can no longer be
considered infinitely fast when going to 7T MRI. The EM-wave takes time to travel, and at 7T this
goes too slow to ignore.

1.3.1 Wave interference

When exciting a tissue with conventional MRI, a transversal oscillating magnetic field (B:") is
generated, which excites the tissue if the frequency of this field is at the Larmor frequency f. The
Larmor frequency is given by

f=v"Bg (7)

where y is the gyromagnetic ratio and equals 42.58 Mhz/T for protons and B, is the field strength
in T. Radio frequency (RF) coils are used to create this field, and since the propagation speed (the
speed of light) is so fast, the phase of the oscillating field will be approximately equal throughout
the object. Therefore, even when more RF sources are present at a certain location in the body,
either by reflections or by an additional RF coil, the different waves will add up constructively.
This approximation is no longer valid at a field strength of 7T. The speed of light is unchanged, but
must be taken into consideration now, because the Larmor frequency increased to 298.2 MHz at
7T, resulting in @ much smaller wavelength. Multiple RF sources, either by reflections or by an
additional RF coil, will interfere like different wave sources in water, creating both constructive
and destructive interferences. At 7T, this effect can cause black spots in the image at places where
destructive interference took place.
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Figure 1.3 Interfering waves from two different wave sources A and B. The fishing float experiences the sum of
the waves originating from both sources. Depending on the timing (relative phases) and height (amplitude) of
each wave source, the waves will either add up or cancel out at the location of the fishing float.

1.3.2 RF shimming

Reflection of waves depends on the object geometry and boundaries and cannot be controlled
when there is only one wave source. However, by adding one or more wave sources some level of
control can be obtained. For example, looking at Error! Reference source not found., by adjusting
the phases and amplitudes of the two sources A and B, we can cause the fishing float either to
oscillate with maximal amplitude, or to stand completely still in the water, by cancelling waves. In
the same way the phases and amplitudes of the RF field of different RF coils can be adjusted in
order to create maximum transverse magnetic field (B;") at a certain location of interest.
Optimizing for a single point in the object is therefore easy. Optimizing for multiple regions of
interest, or a larger region of interest, is a bit more complicated. It requires trade-offs, in order to
achieve an amplitude that is close to the desired amplitude at the whole region of interest.
Determining optimal phases and amplitude for a desired B;" field is called RF shimming (12). Better
homogenization can be achieved when using more sources as long as the different sources have a
certain level of independency from one other. RF shimming is a straightforward and efficient
technique and is used in the upcoming chapters.
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1.4 Why there is no(t yet a) standard setup at 7T

As mentioned earlier, another high field challenge is exposed by Faraday’s law of induction
(Equation 3). Research has been done on safety and tissue heating in MRI (13-15). Tissue heating is
the consequence of an electric field in a dielectric medium. Induced currents are transformed into
heat within the patient’s tissue as a result of resistive losses. Equation 3 shows that the electric
field is proportional to the frequency of the induced RF field. Consequently, in order to yield the
same flip angle in an MR experiment (when using the same RF pulse length and B;" amplitude), the
increased frequency will cause a higher E-field and more tissue heating. Equivalently, the energy
absorption by the tissue is bigger, causing more damping of the RF field.

As a consequence, a body volume coil is not feasible for RF transmission at 7T, since it will cause
too much power to be absorbed by the subject in the scanner. Therefore more localized
transmission coils are needed to avoid the MR sequences to be restricted by the specific
absorption rate (SAR), a measure for tissue heating. Such coils are not commercially available for
all body parts. During the development of more local transmission coils, the patient safety is most
important. At 7 T, the SAR hotspots do no longer necessarily appear at the surface, but can appear
in the middle of an objects by constructive interference of different E-fields (16, 17). Computer
simulations need to be done and verified to predict the hotspots in a body for different transmit
setups. SAR restrictions push the need for the development of specific sequences, that can work
with restricted SAR as well as restricted reach of the local transmission coils.

Apart from the above mentioned transmit coils, needed to excite the tissue and create a flip angle,
there are also the receive coils. Receive coils are needed to receive and record the echo’s that are
eventually transformed into an image. Receive coils are not sending out RF waves and therefore
do not heat up the tissue like the transmit coils. Positioning of both transmit and receive coils
therefor have different demands. The transmit coils are aimed at minimal SAR whereas the receive
coils are aimed at maximal SNR.

1.5 Aims and layout of this research

The aim of this research was to develop methods to enable imaging of the carotid arteries at 7T, in
order to eventually allow examining patients with atherosclerotic plaques around the bifurcation.
The red line of this thesis is a setup of radiofrequent (RF) coils that were developed to reach the
neck and the carotids. As discussed in the previous section, the integrated body transmit coil is not
available at 7T. Instead, a standard commercially available head transmit coil does not reach the
bifurcation of the carotid arteries with sufficient efficiency. Therefore, a coil setup had to be
developed first. The previously discussed elements like wave interference and tissue heating had
to be taken into account. This led to the development of a new conceptual multi transmit RF coil, a
leaky waveguide transmitter, which is utilizing the challenging short wavelength phenomena’s to
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its own benefit. It was developed and tested in a phantom as well as in-vivo, and presented in
Chapter 2. Together with the transmit coil a high density receiver array was developed dedicated
to the neck region.

To assess the performance and to assess unknown magnetic parameters in the carotid artery at
7T, Chapter 3 shows the results of a series of volunteers that was scanned at 3T and 7T. B;"
behavior and intrinsic SNR were evaluated and T; and T, relaxation times in the normal vessel wall
were measured in the same group at both field strengths.

Additionally, the leaky waveguide transmitter made it possible to efficiently invert the blood in the
carotid arteries, while imaging the brain with the standard head coil. This enabled whole brain
arterial spin labelling, a technique to measure brain perfusion, which is quite well developed at
lower field strengths, but still facing substantial challenges at 7T. In Chapter 4 these challenges are
discussed and it is shown how the new developed leaky waveguide transmitter realized a big step
in brain perfusion measurements at 7T.

Chapter 5 discusses a challenge for 7T carotid MRI which is related to the absence of a body
transmit coil: standard blood suppression techniques are not possible since they rely on blood
preparation in the upstream artery, a region which cannot be covered by a local excitation coil.
Chapter 5 gives a presentation of an explorative research to alternative blood suppression
techniques that do not need the large coil coverage. Existing and new developed methods are
evaluated on a phantom flow model.

Finally, in Chapter 6, the developed technology in the current state was tested on a series of
patients with atherosclerotic plaques in the carotid arteries, including a first attempt to validate
these results with histopathology. In the final Chapter 7, the results of this research are
summarized and discussed.
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Chapter 2

Abstract

A setup for 7T MRI of the carotid arteries in the neck was designed and constructed. Separate
dedicated arrays were used for transmit and receive. For the transmit array, single-side adapted
dipole antennas were mounted on a dielectric pillow, which was shown to serve as a leaky
waveguide, efficiently distributing B; into the neck. Risk assessment was performed by
simulations. Phantom measurements were performed to establish optimal positions of the
antennas on the pillow. Using two antennas, a dual transmit setup was created. In vivo B;" maps
with different shim configurations were acquired to assess transmit performance. This effective
transmit array was used in combination with a dedicated 30 channel small element receive coil.
High resolution in vivo turbo spin echo images were acquired to demonstrate the excellent
performance of the setup
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2.1 Introduction

The carotid arteries are the main arteries feeding the brain. A changed pattern in the blood flow
distal and close to the bifurcation of the common carotid artery (CCA) into the internal and
external carotid artery (ICA and ECA) can lead to atherosclerotic plague formation. From these
plagues emboli’s can be shot towards the brain (1), which can lead to cerebrovascular stroke.
Currently the clinical decision whether or not to intervene is mostly based on a combination of
clinical symptoms and the degree of stenosis (2). However, it has been shown that no strong
correlation exists between degree of stenosis and associated risk of stroke. Previous studies have
indicated that plaque composition may provide a better assessment of the risk of stroke (3, 4).
Characterization and quantification of specific plaque composition like fibrous-cap thickness (FCT),
intraplaque hemorrhage (IH) and size of the lipid rich/necrotic core (LRNC) were shown to be
important in this risk assessment (5). To correlate these characterizations with possible future
clinical events it is important that they are imaged in as detailed a manner as possible. Although
MRI of the plagues at 1.5 and 3.0T already provides detailed information on the plaque
components (6, 7), the level of detail shown in histology (8, 9) cannot be met with MRI. Therefore,
we explore the possibilities of imaging these plaques at 7T, under the assumption that higher level
of detail may eventually result in an improved risk assessment.

Increasing the field strength in MRI implies dealing with shorter wavelengths of the radio
frequency (RF) electromagnetic (EM) waves. At a field strength as high as 7 tesla the challenges
associated with these short wavelengths become severe. First, interferences of RF waves cause
inhomogeneous amplitudes of RF transmit (B;") fields. Second, decreased RF penetration results in
lower B; efficiency. And finally, increased RF power deposition will cause higher levels of specific
absorption rates (SAR). B; inhomogeneities degrade the image quality while increased SAR levels
can significantly decrease the degrees of freedom in designing pulse sequences for clinical imaging
(10). These RF challenges also impede the use of a body coil, hence more local coils may be
required for excitation, which allow excitation within the SAR limits, but at the cost of further
decreased B;* homogeneity.

Despite these challenges, imaging of the brain at 7T gives already promising results. For example,
higher resolutions and increased sensitivity e.g. to magnetic susceptibility weighted contrast yield
in an increased sensitivity in detecting white matter lesions compared to 3T (11). Local
transmission (e.g. a birdcage head coil) combined with multi-element receive arrays results in
efficient and relatively low SAR excitation together with high SNR reception with parallel
acceleration potential. However, the birdcage volume coil that is the current standard for
transmission in brain imaging at 7 tesla, is not able to deliver a strong enough B; field in the neck
region without exposing the brain to intolerably high SAR levels. Using local transceiver coils, some
potential of 7T MRI for the carotid arteries was recently shown by Kraff et al. (12). However,
transceiver coils are subject to a trade-off between local SAR and SNR. Closely positioned coils are
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beneficial for the receive sensitivity but result in higher local SAR. More distant positioned coils
cause less local SAR, but are less sensitive in receiving. Here we introduce a new setup for carotid
artery imaging at 7T MRI that uses separate local transmit and receive arrays. For the receive
array, two high density element arrays (15 coil elements per side) were designed similar to that
presented by Petridou et al (13). A novel 2-channel transmit array was designed, making use of
radiative antennas (14). The region of interest, the carotid bifurcation, is located at the height of
the neck and jaw. Because this is a very irregular surface with a high inter person shape variability,
the antennas presented here, being rigid themselves, were mounted on a flexible neck pillow filled
with deuterium oxide as a dielectric substrate. This assures a constant filling factor of the antennas
and a good dielectric connection between pillow and neck. This good connection, in turn, enables
an efficient transmission of the electromagnetic (EM) wave from the pillow into the neck, as long
as the permittivity of the substrate and the neck are matched. Local electric field hotspots occur in
the lossless dielectric pillow, making this setup efficient in terms of B; per local SAR in the tissue.
In this paper the setup is described, both for the receive and transmit parts, the safety is
addressed by means of simulations, the B; efficiency is evaluated and the feasibility of this setup is
finally demonstrated by high resolution carotid artery imaging in vivo.

2.2 Methods

2.2.1 Receive array

For signal reception two 15 element receiver arrays were constructed, one for each side of the
neck. Each of the 30 individual receiver elements was tuned to 298.2MHz and matched to a real
impedance of 50 ohm. The receiver elements are elliptically shaped with outer dimensions of the
ellipse of 15 x 35mm? (Figure 2.1a). Figure 2.1b shows the resonant circuit of the element. A PIN
diode was used to detune the circuit during transmit, allowing for the use in combination with
high-power transmit fields at 7T. Preamplifier decoupling was applied by using proper cable-
lengths between the elements and low impedance preamplifiers, which were interfaced to the MR
system (Nova medical, Massachusetts, USA).
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Figure 2.1 One of the two 15 channel receiver coil arrays: (a) photo of a 15 channel receiver coil arrays,
consisting of 5 modules of 3 loop coils. The coils have a 4 mm overlap in the longitudinal direction (which is to
be placed in By direction) and the transversal spacing between the modules is 28mm. (b) shows the circuitry of
a single loop element.

Each of the two 15 element arrays consists of 5 modules of 3 receiver elements. Each module of
three elements shares a common cable trap. The spacing between the separate modules is 28mm
in transverse direction to achieve sufficient spatial coverage, and the three elements within a
single module have a 4mm mutual overlap in longitudinal direction to prevent signal absence.
Together with the preamplifier decoupling this was sufficient for decoupling. The modules were
mounted together on flexible fabric with total dimensions 10 x 15cm? (Figure 2.1a), allowing all
modules to be placed closely to the neck and all coil elements to be properly loaded.

2.2.2 Transmit array

Radiative antennas, similar to the antennas proposed by Raaijmakers et al (14), were used for
transmit, each driven by a 4kW amplifier. Each element consisted of a C-shaped 1/2/1 dipole

antenna (Figure 2.2a). The dipole was formed by two copper strips of dimensions 25 x 60mm?. The
total length of the C-shaped dipole was 125mm. The copper strips were attached to a
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C-shaped glass fiber mould with an extra 2mm layer of polyester resin for extra stiffness. The
antennas were tuned and matched to 50 - by a matching network consisting of a single capacitor
of 13.8pF in parallel between the two antenna strips (Figure 2.2d). The antennas were fed via a
single cable trap and mounted on a U-shaped pillow (Figure 2.2b and c) The outer dimensions of
the pillow are 30 x 22cm, with a tube radius of 5cm average. The pillow was filled with 99.9%
deuterium oxide as a dielectric medium. The flexibility of the pillow allowed necks of different
sizes and shapes to fit in. The medium deuterium oxide has a dielectric permittivity of 78 and a low
conductivity in the order of 10°S/m.

Figure 2.2 Designed transmit array: (a) The C-shaped dipole antenna. (b) Schematic overview of the transmit
setup as used in the simulations (SEMCAD X64 v14.2 Speag, Zurich, Switzerland). (c) The antennas mounted on
the U-shaped pillow together with two 15 channel receiver arrays, and (d) a schematic circuit of the antenna (L
=2 cm leads).

To ensure RF safety, temperature validated (15) FDTD (Finite Difference Time Domain) simulations
were performed (SEMCAD X64 v14.2 Speag, Zurich, Switzerland) with the adult male human model
from the virtual family (16). Intensities and positions of the maxima of local 10 gram averaged
SAR10g (W/kg) normalized to 1W power delivered at the antenna were obtained, and all
experiments were assured to remain within SAR safety guidelines of 10W/kg of local SAR104 (17).
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2.2.3 Experiments

All experiments were performed on a 7T whole body MRI scanner (Achieva 7.0T, Philips
Healthcare, Cleveland, USA). For phantom experiments a plastic bottle with a cross section of 10 x
15cm? was used, filled with a solution of 3.0 g/l NaCl dissolved in tap water to obtain a loading
similar to a human neck. For all experiments the two 15 element receiver arrays were positioned
between the pillow and the neck or phantom (Figure 2.2b). The ratio Qioaded/Qunioaded Of €ach of the
individual receiver elements was determined with a network analyzer (Agilent, USA), where Qioaded
was determined on the neck of a healthy volunteer. Noise images were acquired with each
element and correlation between the noise images of all receiver elements was determined both
with and without the presence of the transmit elements. Acceleration performance in AP and HF
direction was assessed by calculating 2D g-factor maps for acceleration factors of 2 to 8 per
direction. To acquire the acceleration performance for the target area of this setup, the carotid
arteries, the average g-factor over 4 ROI's was calculated. The ROl was located in the neck at
depths of 1.0, 2.0, 3.0 and 4.0cm respectively. The surface of the ROI's used was 5.0cm?, and
shown in Figure 2.4.

To investigate the dependence of the B;" profiles on the positioning of the antennas on the
dielectric pillow, 6 Bi" maps (Bloch-Siegert B;* map (18), 4kHz off-resonance pulse of 4ms
duration, TR = 1000ms) were acquired on the phantom for different antenna positions. Each of the
six B1" maps was acquired with a single antenna present. Based on these B;" profiles, two antenna
positions were selected for optimal excitation of the carotid artery regions on both sides of the
neck. On these two positions two antennas were mounted on the pillow for the in vivo
experiments and driven by two 4kW amplifiers. Coupling (S;2) between the two antennas was
measured with a network analyzer. In vivo B;" maps of both antennas transmitting individually as
well as simultaneously, were acquired in a healthy volunteer, for three orthogonal orientations to
demonstrate the coverage of the transmit array (B;" map: AFI method (19), Tr1/Tr2 = 25/125ms,
nominal flip angle (fa): 502, 3D gradient echo (GE), 220 x 220 x 55mm?® ). Using a dual transmit
setup, phase and amplitude could be set separately for both channels, allowing for RF phase
shimming to maximize the B;" at the carotid artery on the side of interest, or phase and amplitude
shimming to provide the same high B;" at both sides. In this study only phase shimming was
performed. Therefore, a fast GE phase map (Taq = 55) was acquired for both channels. In the
region of interest the phase difference between the two channels was measured and
compensated for in all following scans. The whole procedure takes about two minutes. Finally,
high resolution T2W turbo spin echo images were acquired, with the following scan parameters:
multi slice turbo spin echo (TSE), Tr/Te = 3000/43ms, number of slices = 12, turbofactor = 7
(excluding 3 startup echos), refocusing angles = 802, voxel size = 0.4 x 0.4 x 1.5mm?> Fat
suppression was performed by chemical shift selective excitation on the fat resonance and
crushing of these signals with gradients. In order to obtain optimal signal combination of all

receiver elements, complex coil sensitivity profiles were measured enabling amplitude weighting
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and phasing of the receive channels, or to unfold the sense encoding. This reference scan was
acquired using once reception of all receiver elements, and once only one of the two transmit
antennas as receiver, while maintaining the same transmit fields. All volunteers in the study signed
an informed consent according to the guidelines of the institution.

2.3 Results

2.3.1 Receive

The mean unloaded Q for the receive elements was found to be 330. Mean loaded Q was 22,
resulting in a mean ratio Qunioaded/ Qioaded Of 15. Figure 2.3 Noise correlation between all 30 receive
elements acquired with two transmit antennas present. shows the correlation between the
received noise of all elements in the presence of the transmit antennas. There was no effect of the
presence of the transmit elements, as the noise correlation between the elements of a single 15
channel array was virtually equal when the transmit elements were present (-13.2dB on average)
and when the transmit elements were absent (-12.8dB on average).

noise
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Figure 2.3 Noise correlation between all 30 receive elements acquired with two transmit antennas present.

In Figure 2.4 the g-factor maps are shown for acceleration in the AP direction (Figure 2.4a) and in
the HF direction (Figure 2.4b), for SENSE acceleration factors of 2, 3, 4 and 5. Figure 2.5 shows the
g-factor for different depths. Considering the carotid bifurcation to be at an average depth of

3cm, an ROI at that distance gave an average g-factor of 1.15 + 0.07 in the AP direction and 1.14
4 0.08 in the HF-direction.
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Figure 2.4 g-factor maps, (a) transverse g-maps in the neck with acceleration in AP-direction and (b) coronal g-

maps in the neck with acceleration in HF-direction.
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Figure 2.5 g-factor averaged over an area of interest at depths of 1.0, 2.0, 3.0 and 4.0 cm, for acceleration in (a)
AP- and (b) FH-direction. The four regions of interest used for this quantification are annotated in Figure 2.4.
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2.3.2 Transmit

Figure 2.6 shows the resulting B;* maps in the phantom (normalized to 1W power at the antennas)
for different positions/orientations of the antennas on the pillow. Position 3 and 6 delivered the
most Bi* in the target regions, so these positions were chosen for the in vivo experiments.
Coupling between these two elements was always less than -15 dB (S12 < -15 dB). The elements
were driven by two 4 kW RF amplifiers, the output of which had a loss of 50% in the cables and
the connectors between amplifier and transmit elements. For further SAR calculations it was
assumed that none of the remaining power was absorbed by the antenna itself.

0.48

0.36

0.24

0.12

0.00

Figure 2.6 B;" amplitude maps in a neck-shaped phantom. In each of the 6 B1+ maps the antenna is placed at a
different position. Every position results in a different B1+ pattern. In the first image, the two white crosses
point out an approximate average position of the carotids.

Figure 2.7 shows the SAR distribution averaged over 10g (SAR1gg) of tissue for each of the two
channels separately. A maximum normalized SAR1og of 1.99W- kg-W™ for one channel was found,
with the hotspot located at the left side of the neck. The antenna at the back of the neck results in
a lower SARjpg hotspot of 1.75W-kg™~W™. Simulations of the two antennas transmitting
simultaneously, resulted in hotspots that did not exceed the single element values by more than
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50% (ranging from 0 to 50% using different settings for the RF phase between the two transmit

channels).

SAR W kgt W
channel 1: channel 2: 10g (W kg )

Figure 2.7 Simulations of the antennas on the dielectric medium with SEMCAD X64 v14.2 Speag, Zurich,
Switzerland (a) SAR hotspots from the antenna at position 3, (b) SAR hotspots from the antenna at position 6

(positioning see Figure 2.6).

1.5
1.0

Figure 2.8b and ¢ shows the in vivo B;* maps acquired with each separate antenna in three
orthogonal orientations. Figure 2.8 shows also two different shim configurations, one focused on
the left carotid artery (Figure 2.8d) and one focused on the spine (Figure 2.8e).
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The potential of the setup for in vivo imaging is demonstrated in Figure 2.9. The high in-plane
resolution together with the high SNR lead to a sharp and clear depiction of the carotid vessel wall
and the bifurcation.

Figure 2.9 Transveral TSE images of the neck showing the bifurcation indicated by the yellow arrow. From (a)
to (d) slices are ascending in FH direction. Resolution: 0.4 x 0.4 mm2, slice thickness: 1.5 mm, TR/TE:
3000/120ms, Turbo factor: 7, echo spacing / shot length: 30.1/210ms, refocusing angle: 800.

2.4 Discussion and conclusion

A setup for MR imaging in the neck region was designed and created. To avoid a compromise
between SAR and SNR, separate arrays for transmission and reception were constructed, which to
the best of our knowledge has not been reported before for this application at 7T. The
performance of this setup was demonstrated by showing good B1 performance and the excellent
reception performance and acceleration potential. This resulted in clinically relevant sequences
that could be applied within SAR constraints, which yielded in high-resolution in vivo images of the
carotid vessel wall.

The relatively large number of small elements in the receive arrays could potentially cause
additional noise as compared to a single optimized RF coil. However, the measured Q-ratio
(unloaded/loaded) of 15 shows that this additional noise is negligible compared to the noise
introduced by the sample itself (20), reflecting good coupling to the tissue. An important factor in
favour of such a multi element coil is the positioning. Closely positioned receiver coils ensure
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maximal receive sensitivity. However, positioning becomes quite critical when a single optimal
sized (21) coil is used for this, particularly for imaging the carotid artery. Using this multi element
array, a proper reference scan that obtains the sensitivity profiles for the coils ensures that each
pixel in space is obtained with optimal SNR. This provides an optimal combination in a range of
locations, hence resulting in a more robust positioning compared to a single optimal sized receive
coil, as was also demonstrated in (22). On top of this, the large amount of elements allows for very
high acceleration factors for parallel imaging. It was shown that up to an acceleration factor of 4,

the g-factor easily remains within acceptable values (<1.3) in the carotid artery region, for
acceleration in AP as well as in FH direction (Figure 2.4 and Figure 2.5). The high possible
acceleration factors can also be beneficial when motion artefacts (e.g. by swallowing) must be
avoided. The anatomical images shown in Figure 2.9 Transveral TSE images of the neck showing
the bifurcation indicated by the yellow arrow. From (a) to (d) slices are ascending in FH direction.
Resolution: 0.4 x 0.4 mm?2, slice thickness: 1.5 mm, TR/TE: 3000/120ms, Turbo factor: 7, echo
spacing / shot length: 30.1/210ms, refocusing angle: 800., show that the high receive sensitivity in
combination with the gain in intrinsic SNR due to the high field strength can be utilized to acquire
MRI with voxel sizes of 0.4 x 0.4 x 1.5mm?> = 0.24mm?>. For the multi slice sequence used, this was
found to be the smallest voxel volume that still yielded sufficient SNR. Minimal voxel volumes that
can be used at 3T are around 0.58 mm?> (23) or 0.50mm?> (24), currently. The TSE images are
acquired without triggering. Consequently, in Figure 2.9 Transveral TSE images of the neck
showing the bifurcation indicated by the yellow arrow. From (a) to (d) slices are ascending in FH
direction. Resolution: 0.4 x 0.4 mm2, slice thickness: 1.5 mm, TR/TE: 3000/120ms, Turbo factor: 7,
echo spacing / shot length: 30.1/210ms, refocusing angle: 800.c pulsation artefacts can be seen. In
the future, a combination of 3D acquisition schemes together with sophisticated motion
compensation and the current coil setup, could allow for even smaller voxel volumes with
sufficient SNR.

The transmit elements are attached to a tube that contained a medium with a permittivity (¢ = 78)
higher than that of air (¢,4;, = 1 ). The high permittivity of the medium allows for feasible antenna
sizes that fit the geometric boundaries of a neck pillow. In addition, the permittivity in the pillow
being closer to tissue (¢ = 50) than to air, causes signal leakage into air to be much lower than
signal transmission into the tissue. The conductivity of the used D,0 is close to zero, providing
minimal dielectric losses. As a consequence, a comfortable liquid filled pillow can be used with
antennas that can generate a strong B1 field efficiently. In addition, the geometry of the transmit
array allowed for receiver arrays that did not require any compromise on their geometrical design.
Because of the pillow, the capacitors in the antennas are always at more than 5cm distance from
the nearest tissue, therefore the high E-fields around the capacitors do not directly cause local SAR
hotspots in the tissue. Since the locations of highest power deposition are substantially different
for the two antennas (Figure 2.7), the antennas can be driven with a total of twice as much RF
power, while SAR increases with only 0 to 50%, depending on the phase setting. As the maximum
local SAR remains outside the human head, the safety guidelines are less conservative and allow
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for a local SAR of 10W/kg. The images in Figure 2.9 were acquired far within the SAR limitations
following from these values.

Looking at the B;" maps at different locations shown in Figure 2.6, a clear asymmetry is shown
between the symmetrically aligned antennas (position 1 versus 6, 2 versus 5, and 3 versus 4)..
While two opposing antennas with symmetrical geometries, have symmetrical B1 patterns, the
measured and simulated B;" patterns are far from symmetrical (i.e. B;* and By maps of the
transmit antennas are not equal). Although spatial B;" asymmetries have been observed at high
fields before (21), the origin of the asymmetric behavior may be different with the transmit setup
presented here. A circular or elliptical polarized local B; is a superposition of linear B; fields with
different angular orientation and phases, e.g. by originating from different located sources, as is
commonly facilitated in quadrature setups. The presence of these highly pronounced asymmetric
patterns implies the EM wave is propagating through the pillow, and enters the neck from
different locations and with different phases. Dependent on the position in the neck and the
dominant direction of the traveling wave in the pillow, these waves of different phase and
orientation create mixed polarization patterns, and therefore add to the asymmetry of the B;*
(and the By) field. This effect can be appreciated in the B;" fields observed with the antenna
positioned at the top of the pillow (Figure 2.6, antenna position 1). Hardly any B;" is obtained close
to the antenna, while counter clockwise with the pillow, high B;* fields are observed, indeed
suggesting a propagating wave inside the pillow, where the pillow acts as a dielectric waveguide.
To allow for a propagation of a wave the RF frequency must be above the cut-off frequency (25).
At our frequency (300 MHz) this corresponds to a certain minimal cross-sectional dimension for
which wave propagation of the mode with the lowest cut-off frequency (TEps mode) is possible.
Equation (1) shows the governing equation that defines the lower limit of the dimension of an
open cylindrical waveguide that allows wave propagation:

Unm* A (1)
27-[« ’ navater - néir

With refractive index n = /&, * iy and wavelength in water deuterium A. The possible values u, ;,

a >

are the m™ roots of the n'" order Bessel functions describing the wave propagation modes (25).
For the first possible mode uy, ,, = 2.4048 , with & qrer = 78, & = 1 and po = 4m- 1077, it
follows from Equation (1) that indeed a wave (TEop; mode) will propagate in the dielectric pillow if
the radius a exceeds 4.4 cm. This condition is fulfilled with the dimensions of the pillow. So, the
pillow indeed allows for propagation of waves at 300 MHz in water. The dielectric pillow therefore
seems to function as a leaky waveguide, distributing the B; into the neck from all sides with a
phase delay. This is a difference to the radiative antennas presented in (14), where the wave
enters the body only from one direction, resulting in a more linearly polarized B; field. The fact
that the B;" varies with the position of the antenna, will facilitate homogenizing the B;" field by
phase and amplitude shimming, as well as the use of techniques like transmit Sense (26) once
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more antennas are used simultaneously. In this research only two channels were used
simultaneously and their B;" fields were focused on the region of interest by phase shimming. The
two shim configurations shown in Figure 2.8 show the versatility of the setup, that can be used to
focus the B1* on the spine (Figure 2.8e) or on the carotids (Figure 2.8d).

No significant difference between noise correlation with and without transmit antennas was

observed. This means no additional decoupling circuit is required to detune the transmit antenna’s
during reception. On top of this, tuning and matching of the antennas is independent of neck
shapes, since the waveguide averages out the variability of the load between different necks
experienced by an antenna. To conclude: a 2-channel radiative transmit array was designed and
constructed. Antennas were used in combination with a dielectric neck pillow filled with D,0 to
distribute the B; in the neck. The neck pillow was shown to act as a leaky waveguide. Even though
the design of the pillow for this transmit setup can still be optimized by using more transmit
antennas and exploring different geometries, the resulting B;* patterns were already sufficient to
be used for imaging the carotid arteries. Combined with a dedicated 30-channel small element
receive coil a TSE sequence could be implemented to show that 7T can be used for clinical high
spatial resolution imaging to asses carotid vessel wall integrity.
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Chapter 3

Abstract

Purpose

To evaluate the 7T MRI of the carotid arteries, as quantitatively compared with 3T.

Material and methods

7T MRI of the carotid arteries was performed in six healthy subjects and in two patients with
carotid stenosis. The healthy group was scanned at 3T and at 7T, using current coil setups at both
field strengths. T; and T, values of the normal carotid vessel wall were assessed at both field
strengths. B;* maps and SNR maps were obtained, as well as T; weighted images with a resolution
as high as 0.4 x 0.4 x 1.5 mm?.

Results

The T, of the normal carotid vessel wall was found to be 1227 + 47ms at 3T and 1628 + 130ms at

7T, while a T, of 55 + 11ms at 3T and 46 4+ 4ms at 7T was found. A two-fold average gain in SNR at
the carotid arteries was found with 7T. T; weighted images showed an increased SNR at 7T for all
subjects.

Conclusion

Evaluation between 3T and 7T carotid MRI with optimized setups at both field strengths showed
improved SNR at 7T, an increase in vessel wall T; and a decrease in vessel wall T,.
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3.1 Introduction

Imaging the carotid vessel wall is important for risk assessment and intervention decisions (1, 2).
In general, the resolution of current MRI is insufficient to reflect plaque detail (3 - 5). Current 1.5T
and 3.0T MR scanners are operating at their limits in terms of maximizing image resolution for a
given scan time. Increasing the field strength to 7T can increase the signal to noise ratio (SNR) (6),
which can be utilized to increase resolution. Due to the field strength dependence of T; and T,
image contrast may change at 7T. Hence, T; and T, measurements in the carotid vessel wall might
need to be performed, and coils optimized. The goal of this study was two-fold. Firstly, to validate
the receive and transmit performance of a current setup of 7T MRI, and secondly, to measure the
change in T1 and T, in the normal carotid vessel wall, relative to 3T MRI, as relaxation parameters
depend on field strength.

3.2 Material and methods

The performance and potential of 7T carotid MRI was evaluated using a series of quantitative and

qualitative experiments in six healthy subjects (two male, four female, age 27 + 3) that were
scanned at both 3T and 7T. Additionally, the feasibility of 7T MRI was demonstrated in two
patients with carotid stenosis (both male, age 60 and 76). Institutional Review Board (IRB)
approval was obtained for this study. All participants signed an informed consent according to the
regulations of the IRB.

3.2.1 3T MRI

The 3T scans were performed on a whole body MRI scanner (Achieva 3.0T, Phillips Healthcare,
Best, The Netherlands). The body coil was used for transmission, and an additional dedicated
bilateral eight-channel phased array receive array (Shanghai Chenguang Medical Technologies Co.,
Shanghai, China) was used for reception. Outer dimensions of the receiver array were 12.8 x
10.3cm?. The automatic power optimization provided by the MRI vendor was used for flip angle
calibration.

3.2.2 7T MRI

The 7T scans were performed on a whole body MRI scanner (Achieva 7.0T, Philips Healthcare,
Cleveland, USA). A two element leaky waveguide transmitter (7) was used in combination with a
30 element bilateral receiver array (15 elements per side) with total outer dimensions of 15 x 10
cm per side (MR coils BV, Drunen, the Netherlands). For all subjects, flip angle calibration was
performed locally on the carotid arteries, as follows: transversal complex B;" maps were acquired
for each of the two transmit elements (Actual Flip angle Imaging (AFI) (8), Tr1/Tr2 = 25/125 ms,
flip angle: 502, gradient echo (GE), 220 x 220 x 55mm?3). To avoid slice profile effects, a 3D
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acquisition was performed, acquiring 5 slices of which the middle slice was used. Since both
elements contribute significantly to both regions of interest (left and right carotid arteries), in-
house built software was used to perform B;* shimming. Complex weighting factors were
calculated iteratively, based on manually selected regions of interest (ROI’s). Both left and right

carotid arteries were selected as target ROI's for the shimming procedure. The calculated
weighting factors were used for all the subsequent exams of the same subject. After shimming, a
B:* shimmed transversal B;* map was acquired. The BO field was shimmed for the neck using 3™
order image based shimming (9). A SAR model developed for this transmit array (7) was used to
assure that all scans remained within the SAR guidelines (10).

3.2.3 SNR maps

SNR maps of a transverse slice of the neck were acquired at both field strengths. Identical
protocols were designed to acquire a proton density weighted gradient echo image with minimal
T:1 and T, weighting, with the following parameters: Tg/Te = 200/2.1ms, flip angle = 6° (calibrated
as described above), BWreadout = 858Hz, FOV = 200 x 200mm?, acquired voxel size = 1.0 x 1.0mm?,
slice thickness = 3mm. An additional noise image was acquired by repeating the scan with the
same receive gain settings, phases and weightings in coil combination, but without the application
of any RF or gradients. The standard deviation of the noise in the local ROl in the real-part image
of the noise scan was taken as the noise metric to calculate the SNR of the corresponding image.
SNR maps were corrected for differences caused by flip angle inhomogeneity. This was done using
the measured actual flip angle from the B;* shimmed B;" map, according to Equation (1),

sin(a) (1)

SNR orrected = SNRmeasured * m

where o is the nominal flip angle, and c is the ratio of the actual and the nominal flip angle,
following directly from the B;" map. From the corrected SNR maps of all subjects, profiles were
measured from the edge of the neck inwards to evaluate SNR as a function of penetration depth.
The mean and standard deviation (over the subjects) of the SNR was calculated at each depth.

3.2.4 T; and T, maps

T, and T, measurements in the vessel wall of the healthy subjects were acquired via T; and T,
maps. T; was acquired by three subsequent high resolution inversion recovery turbo spin echo (IR-
TSE) images with three different inversion times (50, 700 and 2000ms) and the following
parameters: Tz = 8000ms, echo train length = 10 (including 2 startup echoes), refocusing angle =
80°, FOV 150 x 150mm? , slice thickness = 2mm, acquired voxel size = 0.5 x 0.5mm2, SENSE
acceleration factor = 3 (7T) and 2 (3T), total scan time = 6m48 (7T) and 9m36 (3T). T, relaxation
time in the vessel wall was acquired using a high resolution multi echo spin echo sequence with
the following parameters: 15 echos, echo spacing = 9ms, Tgr = 1600ms, slice thickness = 2mm,
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acquired voxel size = 0.5 x 0.5mm?, FOV 150 x 150mm?®. No ECG gating was applied in either Ty or
T, measurements. Only even echo numbers were used for T2 determination. For both T; and T,
maps, slices were positioned 2 cm below the bifurcation to facilitate a perpendicular planning of
the slice through the vessel. Since the asymmetric transmit pattern of the 7T setup could not
always guarantee sufficient B;* on the left side of the neck at this low position for all volunteers,
only the right side carotid arteries were taken into account for T; and T, analysis.

3.2.5 Anatomical scans

Multi-slice T; weighted turbo spin echo (TSE) sequences were acquired at both field strengths for
each subject. Scan parameters: 15 slices, Tz = 1000ms, TSE factor 11 (including 3 startup echoes),
reduced refocusing angles: min angle = 80° Tek-0 = 28ms, Teeq = 18ms calculated for a given
reference tissue with a T; and T, of 2000 and 50 ms, respectively (Tgeq is the equivalent echo time
of a plain spin echo, yielding similar T, weighting (11)), acquired voxel size = 0.4 x 0.4mm?, slice
thickness = 1.5 mm, FOV = 180 x 180mm?, SENSE acceleration factor = 2, acquisition time = 3m52s.
In the two patients, an additional multi slice dual echo TSE scan was performed, providing proton
density weighted (PDW) and T, weighted (T, W) images. Scan parameters: 15 slices, Tg = 3000 ms,
TSE factor 16, Tg, eq = 27 and 70ms for first and second echo, respectively, acquired voxel size = 0.5
x 0.5mm?, slice thickness = 2.0mm, FOV = 150 x 179mm?, acquisition time = 4m36s.

3.2.6 Image analysis

T, maps were calculated by fitting the two parameter model shown in Equation 2 to the individual
Te images,

S(T)=al@™'™ (2)

where Sl is the signal intensity and o is the amplitude of the curve. The mean and standard
deviation T, over the vessel wall was calculated for each subject. The T; was calculated from three
subsequently acquired images with different inversion times. In order to avoid errors from small
deformation and displacement between the acquisitions, a circumferential center line was drawn
in the vessel wall in each of the three IR images. Signal intensities were taken at this center line.
The lengths of the three lines of the different acquisitions were normalized, and the data was
interpolated to equal dimensions. A two parameter (amplitude and T;) fit resulted in a
circumferential Ty line, of which the mean T, of each subject was taken for comparison between
3T and 7T. Equation 3 shows the two parameter inversion recovery model, where Sl is the signal

intensity as a function of inversion time Tl, and o is the amplitude of the curve.

S(@t)=alfl-2¢""") 3)

43



Chapter 3

To evaluate the performance of 7T compared to 3T imaging, the combined effect of gain in SNR,
and changed T; and T, relaxation time constants was computed for a plain spin echo sequence.
This was done by combining the effects of SNR and the changes in Ty and T, as described in
Equation 4, derived from equations 2 and 3,

NR,, (Tx, Te) = Ry, (1-e7/ " )e e/ (4)

where SNR, is the actual SNR for a given Tgr and Te and SNRpp is the proton density weighted SNR
corrected for B;". A map with the actual ratio of 7T over 3T SNR.« as function of Te and Tg was
computed following Equation 4, accounting for the measured gain in SNRpp, and the observed T;
and T, values of the carotid vessel wall at both field strengths.

3.2.7 Coupling loss

An additional experiment was performed at 7T to quantify the potential loss of SNR due to
coupling effects of the high density receiver array. Coupling effects were measured on a spherical
phantom with a diameter of 12cm containing a solution of 120mg/ml CuSO, in water. Two images
were acquired as follows: 1) “coupled”: the image was acquired with all elements connected

simultaneously and combined with sum of squares 2) “uncoupled”: the image was acquired for
each element separately, while detuning all other elements, and combining the separate element
images with sum of squares, creating an ideally uncoupled and perfect noise decorrelated image.
The ratio of the coupled image to the uncoupled image was calculated providing a spatial
indication of losses due to combined coupling effects.

3.3 Results

Figure 3.1 shows a representative example of a coronal and transversal actual flip angle maps at
3T and 7T. The flip angle distribution at 7T was always much less homogeneous, reflecting an

inhomogeneous B;".

150 9

100

50

0
Figure 3.1 Actual flip angle maps of the neck at 3T (a, b) and 7T (c, d). Coronal (a, c) and transverse (b, d) slices of the
neck. The actual flip angle map is shown as a percentage of the nominal flip angle.
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Figure 3.2 shows examples of the bilateral B;* shimming procedure for a 24 y.o. female and a 25

y.0. male. The measured actual flip angle in the ROI’s after B;* shimming, did not deviate more
than 20% from 100% flip angle, in all subjects. The SNR maps that were corrected with the flip
angle maps are shown in Figure 3.3, illustrating an improved SNR at 7T, particularly at the

periphery.

channel 1 +2 channel 1+ 2
channel 1 channel 2  simulated flip angles actual flip angles

50%

24 y.o. female

25 y.0. male

Figure 3.2 Examples of the bilateral B1+ shimming procedure in two volunteers (24 y.o. female and a 25 y.o. male).
Actual flip angle maps are shown as a percentage of the nominal flip angle. In b, ¢, g and h, the actual flip angle maps
of the single channels are shown. In d and i the simulated combined flip angle field after B1+ shimming is shown, with

the red and green regions of interest indicating the locations for which the B1+ was optimized. In e and j the

corresponding actually measured flip angle maps are shown.

3 Tesla YAESE

Figure 3.3 SNR maps in a transverse slice of the neck at 3T and 7T.

SNR profile lines averaged over subjects are shown in Figure 3.4a. As can be observed from the
larger standard deviation, the SNR at 7T is more variable between subjects than at 3T, but remains
stronger. Figure 3.4b shows the SNR ratio between 7T and 3T. Up to 2cm penetration depth there

is a high average gain (>>7/3) in SNR at the 7T setup. At a depth of 3cm, the average SNR gain was

found to be a factor 2.0.
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B1+ corrected SNR
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Figure 3.4 a) Mean SNR in the neck of all healthy subjects as a function of depth at 3T and 7T, and b) the ratio

between these two curves. The centered lines show the inter subject average, and the filled area show the

inter subject standard deviation.

T, weighted TSE scans for all subjects are shown in Figure 3.5. 7T subjective SNR was better than
that of 3T in all cases.

’

Figure 3.5 T1 weighted TSE images at 3T (upper row) and 7T (lower row) of all 6 healthy subjects.

Figure 3.6 shows T;W, PDW and T,W images, and B;" maps after B;* shimming, of two patient
cases with carotid stenosis.
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Figure 3.6 Two cases of patients (both male, age 60 and 76) with atherosclerotic plaques in the carotid artery. a)
Actual flip angle maps after B1+ shimming, b) overview PDW image, and zoomed image showing c) T1W, d) PDW and
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Figure 3.7 shows the T; and T, maps of the carotid artery of a 26 y.o. female, together with the T;
and T, recovery curves and the individual Ti and Tg images of the same subject. The mean and
standard deviation T; and T, over the vessel wall of each subject is given in Table 1, together with

the mean and standard deviation T; and T, over all subjects.
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Figure 3.7 T; and T, relaxation time measurements in a normal carotid vessel wall at 3T and 7T. The left column shows
the calculated T; and T, maps at both field strengths. Correspondingly, the middle column shows the relative
intensities over the vessel wall, together with a fitted curve. The individual images for each inversion time (T;

measurements) and echo time (T, measurements) are shown in the right column.
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T, 3T T, 7T T, 3T T, 7T

Subject 1 (meanzSD of vessel wall) 1266 +91 1498 + 149 77 £19 48+ 6
Subject 2 1187 +£100 1759 +332 47 +6 46 +7
Subject 3 1298 + 54 1622 + 146 56+7 42 +4
Subject 4 1210+120 1448 +152 46+ 9 39+8
Subject 5 1177 + 69 1748 + 250 53+8 50+7
Subject 6 1229 + 80 1691 + 226 50+10 45+7
all subjects (meanSD of subjects) 1227 +47 1628 + 130 55111 46 4

Table 1: T; and T, relaxation times in the normal carotid vessel wall at 3T and 7T. Average and standard deviation over
all subjects.

The combined effect on the SNR ratio 7T/3T of the changed T; and T, values, together with the
gain in SNR, is shown in Figure 3.8. It shows that signal loss due to increased T; and reduced T,
result in a reduction of SNR gain at 7T, depending on the chosen Tg and Tg.

SNR 7T/3T
100 ~ mul8
80
16
m
£ 60
=
40

1.2

1000 2000 3000

TR (ms)
Figure 3.8 Theoretical signal gain 7T/3T for a spin echo sequence as a function of T¢ and Ty (Equation 4) for the T, and
T, values as given in table 1 calculated for an SNR gain of 2.0, following the SNR measurements. It shows the
theoretical gain from 3T to 7T in SNR including the extra signal loss due to increased T, and decreased T;. For
Tr = 1000ms and T¢ = 18ms, equivalent to the T; weighted sequence shown in Figure 3.5 and Figure 3.6, an SNR gain of
1.58 in the vessel wall is expected.

Additional signal loss due to coupling is shown in Figure 3.9. Figure 3.9a and b show the coupled
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and the uncoupled image, respectively. The ratio of these is given in Figure 3.9¢c. In the center of
the phantom an SNR ratio of 0.6 is measured, implying a SNR loss of 40% through noise coupling
and noise correlation.

\ gﬁ

c: “coupled” u: ”uncou%Ted”

Figure 3.9 Phantom experiment giving a localized indication of the loss through coupling and noise correlation. The
yellow circles indicate the high density receiver array at 7T. a) a “coupled” image (gradient echo), acquired with all
elements simultaneously, b) an ideal “uncoupled” image and c) the ratio between the coupled and the uncoupled
image. In the middle of the phantom up to 40 % loss is observed compared to the ideal perfectly uncoupled and

noise decorrelated image.

3.4 Discussion

7T carotid MRI was evaluated by means of a quantitative comparison with 3T MRI. At both field
strengths a current RF coil was used. An overall improved quality of 7T carotid MRI as compared to
3T was shown. The SNR improvement in the anatomical images was the result of different effects,
such as contributions by increased sensitivity of the receive arrays, changed T; and T, relaxation
parameters and increased B;" field inhomogeneities. Even after B;* shimming, there were still
large differences in B;* patterns between different subjects. This can be explained by the relatively
small ROI’s that were used for the B;* shimming optimization. Targets in B;" in the ROI's are met as

far as possible with the available degrees of freedom of two transmit elements. Outside the ROI’s,
however, the B;" is left unconstrained and can therefor show random patterns. The variability in
B," patterns shows the capability of the multi transmit setup, to potentially optimize the B;* for
other locations such as the spine. The effect of the gradient in B;" was not visible over a distance
as small as the diameter of the carotid artery.

We report T; and T, relaxation times in the normal carotid vessel wall at 7T. The combination of in
plane resolution of 0.5 x 0.5mm?, and a suppressed blood signal was chosen to avoid partial
voluming effects. Even a small volume of blood in a voxel containing vessel wall, can have a large
effect on the quantified T; or T,. This strong partial voluming effect is caused by the high signal of
the freshly inflowed blood. This is why we chose a single slice TSE sequence, having inherent blood
suppression, as a basis for both the T; and the T, measurement. T, values in the normal carotid
vessel wall at 3T were in the expected range of previously published values (12 - 14). However, the
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carotid vessel wall T; at 3T found in the current study (1227 + 47ms) was considerable longer than

the values found in earlier studies (685.9 &= 166ms (13), and 869 =+ 224ms (15)) where faster
methods were used to gain speed or cover a big volume. In the present study only one slice was
acquired with a very long Tg of 8000ms to assure a straightforward T, assessment. Three inversion
times resulted in a feasible scan time and a well determined fit using the two parameter model. It
is a limitation of this study that only the relaxation parameters of the right carotid artery were

acquired. The ROI’s for the imaging and for the T; and T, measurements were too far apart to
assure sufficient B;* in both imaging ROl (above bifurcation) and the ROl of the Ty and T,
measurements (below the bifurcation).

Another possible limitation of this study is the fact that the receive arrays used at both field
strengths were not the same. A greater number of smaller elements were used at 7T. However,
the sizes of these elements were smaller than optimal for the depth of interest (16, 17). The ideal

radius a of a loop coil for imaging an object at depth d is approximated by a = d / V5 (17).
Therefore, it was assumed that the additional SNR benefit of the small element receive array at 7T
was only present in the peripheral regions (at a depth of 2cm and less).At greater depths,
however, the individual elements of the 3T setup were closer to optimal dimensions. From there,
the parallel imaging reconstruction cancels out the bias of different individual element sizes (18),
and SNR can be compared fairly. At the depths of the carotid artery, the only additional benefit of
the density array at 7T compared to the 3T array, is not an increased SNR, but an increased
acceleration possibility. In this research, this property was used for the time-costly T; maps, that
were scanned with an acceleration factor of 2 at 3T, whereas at 7T an acceleration factor of 3 was

applied. Overall, except for at the periphery (<3cm depth), the SNR gain 7T/3T was lower than the
expected 7/3. The possible effect of T; and T, were already excluded by the proton density
weighted SNR scan. We showed in the phantom experiment that the combined effect of noise
coupling and noise correlation of the dense receiver contributed to 40% of the total noise at
deeper tissues. Although the preamps are not mounted on the individual coil elements, the
coupling numbers were reasonably low (7). Therefore it is expected that most of this noise
contribution is caused by intrinsic similarities in field patterns of these coils, hence causing the
noise correlations.

A higher variance in SNR was observed at 7T. A possible explanation could be that the small
elements at 7T are more sensitive to tissue loading. Therefore, less tight positioning onto the neck
could have a greater effect on 7T than it has on 3T where the individual elements were bigger.
Further, the signal decreases faster with distance from the surface than for a receive array with
larger elements. Hence, variation in depth of the carotid artery resulted in a larger variation in the
respective SNR at 7T than it is the case at 3T. An earlier study compared carotid MRI at 7T and 3T
qualitatively (19) and showed good lumen area and vessel wall area reproducibility at both fields.
However, these experiments were performed with one large single loop coil per side for reception
at both field strengths, while other studies apply more dedicated receiver arrays with eight (20) or
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sixteen (21) elements. Another study focusing on a comparison of 3T and 7T intracranial
angiography, reports an increase of CNR between lumen and surrounding of the carotid arteries of
30-40% (22). In that study, no tissue properties of the vessel wall itself were assessed, and the
used head coil prohibited imaging the carotid arteries at a level as low as the bifurcation. Even
when a dedicated neck coil is used, the transmit field is localized to the neck. Due to the absence
of a body coil (23), conventional blood suppression strategies (Double inversion recovery (DIR) (24)
and quadruple inversion recovery (QIR) (25)) could not be applied with this limited transmit field
at 7T. Instead, a turbo spin echo (TSE), which has inherent black blood contrast, was used as an
alternative. At 7T there is an increased specific absorption rate (SAR), which can reduce the
efficiency of the SAR demanding sequences like TSE, by requiring increased TR. Alternatively,
depending on the tissue T; and T, relaxation times, reducing the refocusing angles of an echo train
in a TSE, can also effectively reduce SAR while controlling contrast and SNR (26). Moreover, as T;
and T, relaxation times will be different between the field strengths, sequences have to be
optimized specifically for 7T for optimal CNR and SNR. While the observed SNR at 7T increased
with a factor of 2.0 as compared to 3T, the altered relaxation times also contributed to changes in
SNR and tissue contrast.

In conclusion, an evaluation between 3T and 7T carotid MRI with optimized setups at both field
strengths was performed. An increase in SNR of even greater than 7/3 was observed at the
periphery of the neck. At an average depth of the carotids, still a considerable gain in SNR of a
factor 2.0 was measured in a series of healthy subjects, though somewhat less than the theoretical
factor of 2.33. Phantom experiments indicate that the high density receive array used at 7T suffers
some loss in SNR due to coupling, but at the same time benefits from higher acceleration factors
using parallel imaging techniques. In all subjects, the 7T subjective SNR was better than the 3T
SNR. For the first time, T; and T, in the healthy carotid vessel wall was documented for both 3T
and 7T, which are needed to perform tailored sequence optimization in the future.
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Chapter 4

Abstract

Purpose

Arterial spin labeling (ASL) at ultra-high field can offer an increased signal to noise ratio (SNR), due
to increase of intrinsic SNR and blood T1. However, using a standard head transmission coil, RF
power deposition can jeopardize feasibility of whole brain 7T ASL. The purpose of this study was to
demonstrate that extension of the head coil makes 7T ASL feasible for the whole brain.

Material and methods

A 7T standard head coil was used in combination with a with a leaky waveguide transmitter
around the neck, and used for pulsed labeling. In total eight subjects were scanned. Dynamic B;"
shimming was utilized to control B;". The effect of respiration on the stability of the perfusion
maps was evaluated.

Results

Whole brain ASL was acquired in all subjects. B1" in the left and right carotid and vertebral arteries
was 11.04£3.3, 11.943.9, 9.54£3.6 and 9.0£2.4uT, respectively. Perfusion maps were acquired with
label delays up to 4000ms. Variability between individual label-control subtraction pairs could not
be related to respiration-induced By fluctuations.

Conclusion

It was shown that whole brain ASL at 7T is feasible, when extending the standard head coil with
additional coils towards the neck.

56



Whole brain ASL at 7 tesla MRI

4.1 Introduction

The concept of arterial spin labeling (ASL) MRI was first introduced in 1992 by Detre et al (1, 2).
Since then, this concept became an important, and the only truly non-invasive, tool for measuring
cerebral perfusion, often referred to as cerebral blood flow (CBF). Imaging of cerebral perfusion
can be used as an early marker for cerebrovascular pathologies and as a quantitative way to
monitor hemodynamic changes (3, 4) or the effect of an occlusion in the brain feeding arteries
such as the carotid arteries (5). However, there are limitations. Firstly, the perfusion maps that are
examined during ASL experiments are of very low signal to noise ratio (SNR). Therefore, averaging
over multiple acquisitions is required to yield enough SNR. This is constraining the resolution of
the perfusion weighted image that can be achieved during acceptable scan times. In addition, the
ASL contrast is imposed with physiologic noise that can be caused by field fluctuations originating
from breathing (6). Secondly, the tracer used in ASL is magnetically inverted blood which is
decaying by T; relaxation. As a result, the perfusion signal in tissues with longer blood transit times
will have lower SNR. This complicates perfusion measurements in for example white matter (WM),
which has lower perfusion and longer blood transit times than grey matter (GM). The ability of ASL
to detect WM perfusion at 3 Tesla has been debated. While identification of WM regions with
altered hemodynamics is feasible (7), the quantification of this ASL signal into CBF values in WM is
challenging, if possible at all at 3 Tesla (8). Thus, despite the great advances in ASL, there are still
limitations and potentials for improvement.

4.1.1 Why ASL at 7T?

The current limitations of ASL (low SNR and decaying perfusion label) are mitigated by going to
higher field strength. The expected benefit of a higher field strength comes from the increased
intrinsic SNR as well as the increased T, of arterial blood, yet the effects of field fluctuations may
increase. The gain in SNR of ASL at 4T compared to 1.5T was already shown by Wang et al (9).
Going from 3T to 7T, there is an overall gain in SNR of the perfusion signal that was estimated to
be of a factor of 2.0 — 2.5 (10), despite the shorter T,(*) relaxation times at high field (11). In
addition, the increase of the blood T; (T1 ~ w®3 (12)) increases the lifetime of the tagged blood
signal, which allow for a longer post labeling delay (PLD). A longer PLD enables measuring
perfusion signal in areas with longer blood transit times and may facilitate for example the CBF
measurement in the WM parts of the brain (8).

4.1.2 The necessity of an additional labeling coil at 7T

The feasibility of 7T ASL has already been shown for both pulsed ASL (PASL) (13) as well as for
pseudo continuous ASL (pCASL) (14 - 16). However, all these studies report the challenge to
perform whole brain ASL at 7T. This challenge is related to reduced electromagnetic wavelength,
because of which a body transmit coil (standard at 3T) is not available at 7T. Instead, a smaller
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local head coil is commonly used for transmission in the head. The B;" efficiency of such a head
coil is significantly lower in the brain-feeding arteries towards the neck, than it is in the center of
the brain (13 - 15). This will jeopardize the application of both PASL and (p)CASL in ways described
next. One of the main determinants of a successful ASL experiment is a sufficiently large tagged
blood volume, which is limited in a different way for PASL and (p)CASL:

Concerning PASL: the label slab will be truncated on the proximal side due to the reduced B;"
efficiency. As a result, the effective label thickness will be limited, resulting in a small tagged blood
volume and thereby short bolus duration, insufficient to harvest the gains of the higher field
strength. On top of that, the poorly defined label slab will cause errors in quantification (17). In the
standard setup, the label slab (or the “reach” of the head coil) can be increased in two ways: 1) by
increasing the power during labeling. However, the low efficiency can result in a power demand
higher than the amplifiers can deliver. Alternatively 2), the slab can be placed further inside the
coil by placing the slab higher in the brain, which compromises whole brain ASL, and restricts
perfusion maps to the higher slices in the brain (13, 14). A better solution would be to extend the
effective B;" area in the neck region, either by adding an additional coil for labeling in the neck or,
preferably, by designing a transmit coil with a larger coverage in the neck region. This in turn will
enable larger label slabs with a lower specific absorption rate (SAR), as the B;" field will be
extended and the RF power can be distributed more efficiently.

Concerning (p)CASL: continuous arterial spin labeling CASL (18) has an advantage of a well defined
and typically significantly longer bolus duration which makes quantification robust, but with the
penalty that it is very SAR intensive, even at 3T. Pseudo continuous ASL, pCASL (19, 20), was
introduced as an adaptation of CASL with increased efficiency (21). For pCASL to acquire whole
brain perfusion maps, the label slice should be below the circle of Willis to avoid interference of
the label slice with the imaging slices. Using a volume transmit coil at 7T, it has been shown that
the B;" efficiency at this location is severely compromised. Therefore, a relative high peak power is
required to meet the B;" criterea for the inversion. The resulting SAR constraints allow only very
short labeling times (<500ms) (14, 15), or require a very long Tg. Therefore, the optimal
parameters for maximal perfusion SNR following from the General Kinetic Model (22), cannot be
met. Choosing a higher location for the label slice will increase the B, efficiency, which will allow
for longer labeling times, but it will also sacrifice the lower brain slices. Similar to PASL, a better
solution would be to extend the transmit coil or to add an additional coil for labeling in the neck
region, which would increase the B;" efficiency significantly and thereby enable longer label
durations due to the significantly reduced SAR.

In summary, all previous 7T ASL studies show the challenges of performing ASL at 7T with only a
head coil, and all studies mention the expected benefit of an additional neck coil. At 3T the benefit
of an additional label coil (23) has been addressed as twofold: beneficial for SAR, and reduction of
Magnetization Transfer (MT) effects due to off-resonance excitation in the brain. The goal of this
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research was primary to prove the feasibility of whole brain ASL at 7T with an additional labeling
coil. In this paper, we propose to extend the standard 7T head coil setup with a so-called leaky
waveguide transmitter (24). This new type of transmit array consists of a neck pillow filled with
deuterium oxide (see Figure 4.1). Traditional surface coils only distribute B:i" locally. The
waveguide transmitter, however, utilizes the shortened wavelength at 7T and facilitates the
distribution of B;" around the neck, driven by dipole antennas. The dipole antennas can be
mounted on the pillow on arbitrary positions, and their cumulative B;" field can be controlled
using B1" shimming. With this setup we demonstrate the feasibility of whole brain ASL with
extended labeling at 7T and we evaluate the stability of the individual perfusion maps related to

respiration.

C=13.8pF

Figure 4.1 The 7T RF setup, a) schematic of the individual transmit elements (inductance L = 2cm leads), and b) a
picture of the same elements showing a cable trap around the cable (in black tape).c) Antenna’s on the waveguide
transmitter can be placed in a flexible amount and on a flexible location. The positions of the elements as used in the
experiments are annotated in yellow on the picture, based on (24). d) U-shaped leaky waveguide transmitter used in
addition to standard 7T head imaging setup.

4.2 Methods

All experiments were performed on a whole-body 7T MRI scanner (Achieva 7.0T, Philips
Healthcare, Cleveland, USA). In-vivo scans were performed on in total eight healthy subjects (5
male, 3 female, age 31 + 5 year, referred to as subject #1-8) with approval of the ethics committee
of the institute and in accordance with their regulations. A series of whole brain ASL experiments
was performed in subject #1-6, B1* shimmed territorial was demonstrated in subject #7 and B;"
efficiency measurements were performed in subject #8. All subjects gave written informed
consent prior to the study.

4.2.1 Hardware

A birdcage transmit/receive head coil was used in combination with a 32 channel receive head coil
(Nova Medical, Wilmington, MA, USA). The transmit part was combined with a 2 channel U-shaped
leaky waveguide neck transmitter (MR coils BV, Drunen, The Netherlands) (24) as is shown in
Figure 4.1c. The volume head coil was driven by 4 kW peak power, whereas each channel of the
waveguide transmitter was also driven by 4 kW peak power. The transmit elements were directly
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connected to the output of the amplifiers and could therefore not be used to receive the MR
signals. RF power coupling between the head coil and the waveguide transmitter were measured
as S12. Figure 4.1b shows how both antennas were positioned on the waveguide transmitter. The
asymmetric positioning of the two elements on the U-shaped tube is the result of maximizing the
asymmetric B;" field in the carotid arteries (24). A respiration pressure unit (RPU) was positioned
on the chest of the subjects to record the respiration phase during the experiments.

4.2.2 SAR

A simulation model of the neck coil (24) was used to keep the tissue heating for all applied
sequences in accordance with the SAR regulations. SAR values were computed for using the head
coil exclusively and for using the head coil combined with the waveguide neck transmitter. For
these calculations the B;" efficiency was needed, which was determined by measurements in a
single subject (#8) as follows: for both the standard head coil setup as well as the setup combined
with the waveguide neck transmitter, the B;* power efficiencies (B;"/Vpower) at the label plane
was measured from B;" maps (AFl (25), nominal flip angle = 502, Tg1/ Try = 50/250ms). A
measured loss of 50% through cabling and connectors was taken into account. For the head coil
only setup, the B;" efficiency was evaluated at the height of vertebrae C2, taken as the highest
label location without affecting the lower brain regions. For the setup with the neck coil, the B;*
efficiency was measured in the middle of the neck coil, slightly below the jaws. SAR values were
calculated for (the SAR intensive) pseudo continuous labeling. The resulting maximal label
duration was calculated based on a maximum allowed SAR1og of 10 W-kg™, a B;" amplitude for the
label pulse of 1.7 uT (20), and a Tr of 6000ms.

4.2.3 B;"- and By shimming

Every ASL sequence was performed in combination with a trigger to an external device, that was
used to dynamically control the phase and amplitude of each individual transmit element during
the scanning, also known as dynamic B;* shimming (26). This enabled the application of different
B," fields for control and label experiment as well as for different territorial selections. The B;*
shimming procedure went as follows: in order to calculate the appropriate B;" phases and
amplitudes, complex B;* maps where acquired for both transmit elements of the waveguide
transmitter, using a double Tg approach (AFI (25), nominal flip angle = 502, Tr1/ Tr, = 50 / 200m:s,
total scan duration 1m12s). Regions of interest (ROI’s) were drawn in a shim tool written in Matlab
® and available on the scanner console. In this tool the optimal complex weighting factors for each
transmit element were calculated by an iterative minimization routine. The B;" target in the
selected ROI's was set to 12uT. This B;" shim procedure was done for each subject specifically and
took approximately 3 minutes in total. The resulting single slice B;" maps for the neck shim,
applied during labeling, were acquired in each subject. During this B;* map acquisition the head
coil was transmitting as well, in order to give a combined overview of the B;" fields of the head coil
and the waveguide neck transmitter, as used dynamically during the ASL experiments. B;"
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variation in the four main feeding arteries (left and right carotid and vertebral arteries) was
measured as well as a 10 cm through plane B;" profile, close to the feeding arteries at both left
and right side. During labeling, the head coil was always assured to be switched off, by putting the
corresponding B;* shim amplitudes to zero. During readout, the waveguide neck transmitter was
switched off in a similar manner.

A 3™ order By shim was applied, optimized for the entire brain region, using image based
shimming (27). For each ASL scan, an additional Fp was determined at the location of the labeling,
to compensate for frequency offsets induced by the higher order By shim fields. B maps were
acquired after Bo shimming using a double T¢ field map with Tg/Te1/Te2 = 5.3/2.5/3.5 ms, and a
scan duration of 18s. During the acquisition of both By and B;* maps, the 32 channel head receive
array was used for reception in the whole field of view.

4.2.4 In-vivo ASL experiments

All ASL experiments were performed using a multi slice single shot EPI readout, SENSE acceleration
factor 2, field of view (FOV) 240 * 240 mm? , matrix 64 * 64, 15 slices with thickness 5 mm, inter
slice gap 2mm and applying SPIR fat suppression. Transversal and coronal B;" maps were acquired
and Mg maps (Tg = 10s, 4 signal averages) with identical readout as the ASL experiments were
acquired in every volunteer for CBF quantification. The following experiments were performed:

1) Whole brain pulsed ASL was performed on subject #1-6 using the PULSAR ASL sequence (28)
with a PLD of 2000ms, Tr = 6000ms and a label slab thickness of 100mm. To minimize artifacts, T;-
and B; insensitive in-plane pre-saturation WET (28, 29) was applied right before the label pulse,
and a 90 degree post saturation pulse was applied right after the label pulse. While the original
PULSAR sequence uses an EPISTAR (30) based label scheme for MT compensation, a PICORE
scheme (31) was used in this work, applying the control pulse with the same resonance offset as
the label pulse, but without a slice selection gradient. A broadband FOCI pulse (32) was applied for
inverting the arterial blood in a 100mm label slab. To exclude potential instability in the ASL signal
due to respiration (6, 33), “Respiratory pacing” was applied: the volunteer was instructed to inhale
right after hearing the readout train, assuring that the readout train was always applied in an
exhaled state. The Tg of 6000 ms enabled a normal respiration frequency. A total of 30 subtraction
pairs were acquired and averaged, resulting in a total scan time of 6 minutes and 6 seconds.

2) Paced versus free respiration. To determine the influence of respiration on possible instability
between the different repetitions, the PASL protocols of 1) were repeated in subject #1-6 with free
instead of paced respiration. This allowed the Tz to be decreased to 3200ms. The number of
acquired subtraction pairs was increased to 56 to keep the total scan time equal to the other
protocols. The respiration phase during the experiments was recorded in every experiment. For
every subtraction pair the respiration phase difference Adpr was calculated by scaling the
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respiration cycle between 0 and 1 and taking the absolute difference Adg = | dr control - Pr, 1abei | - The
free respiration PASL was reconstructed per voxel in three different ways:

by averaging over all 56 repetitions,
by averaging over the 28 repetitions corresponding to the lowest Adr between control and
label,

3. by averaging over the remaining 28 repetitions corresponding to the highest Adr between
control and label.

For all these three reconstructions of the free breathing PASL, as well as for the paced respiration
PASL, the mean perfusion and the mean variance of the segmented grey matter pixels were
calculated over the middle slice. The mean variance was used as a metric for instability.

3) Additional explorations for 7T ASL applications. As a demonstration of potential applications
two additional experiments were performed on single subjects. First, in subject #4 the PLD was
increased to 3000 and 4000ms, respectively. Second, B;* shimming was utilized to perform
territorial ASL on subject #7. Two different shim modes were applied for left and right labeling,
respectively, by focusing the B;* on the arteries at one side, while cancelling it on the other side.
The same PASL protocol as described in the previous points was applied to acquire the territorial
ASL maps.

Cerebral blood flow (CBF) was quantified for all pulsed ASL experiments by using the following
model (34):

) PLD
CBF = LleTl,blood (1)

where AS is the signal difference between label and control, A is the local water partition
coefficient, a is the inversion efficiency, T the bolus length assuming a perfect squared bolus. The
following constants were used for the quantification: A =0.98, a =0.95,1=0.5s, T1, blood = 2100 ms
(10). The CBF maps of the individual subtraction pairs were averaged to yield the eventual CBF
map.

4.3 Results

Figure 4.2 shows the B;" maps in different orientations for the head coil only (Figure 4.2a) and for
the head coil combined with the waveguide neck transmitter (Figure 4.2b), together with the By
maps (Figure 4.2c). The B;" efficiency of the waveguide neck transmitter, normalized to 1 W
deployed power, in the carotids at the height of the jaws was found to be approximately 0.40 uT /
VW. For the head coil only, the efficiency at the height of the C2 vertebrae was estimated at 0.12
uT / VW. With the given SAR model (24), and a fixed Tz of 6000ms, this results in a maximal
allowed label duration of 561ms for the head coil. With the added waveguide neck transmitter the
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maximal allowed label duration will increase to 1725ms (Table 2), or 3450ms in case no RF is
deployed during control. The RF power coupling (S1,) between head coil and the waveguide neck
transmitter was measured to be less than -12 dB.

sagittal transversal coronal
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Figure 4.2 Demonstration of the necessity of an external labeling coil for full brain ASL at 7T, B1+ maps without
(a) and in combination with (b) the use of an external labeling coil. a) The transversal AFl map with head coil is
shown at the height of vertebrae C2 which is taken as the highest possible label location without affecting the
lower brain regions. b) The transversal AFl map with both head and neck coil is shown at the label height when
using an external labeling coil. c) Sagittal and coronal BO maps: the red circle indicates the region for which the
BO was optimized by the third order BO shimming procedure.

Neck Array Head coil
B, /power (UT/VW) 0.40%* 0.12**
max local SARyg (W-kg W™ 1.95 0.56
max local SARygz — 1.7 uT continuous (W-kg™) 35 107
max duty cycle within SAR limit 29 % 9%
max allowed label duration (for Tz = 6 sec) 1725 ms 561 ms
if no RF during control 3450 ms

* B, efficiency at the height of the neck coil
** B." efficiency at the height of vertebrae C2
Table 2 Maximal allowed label duration for pseudo continuous labeling with 1.7 uT amplitude.
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Figure 4.3 gives an overview of the full brain pulsed ASL results in all subjects, together with the
corresponding transversal B;* maps at the label slab position. The average and standard deviation
over the six subjects of the B;" in the left and right carotid and vertebral arteries was found to be
11.0 £3.3,11.9 £3.9,9.5 + 3.6 and 9.0 * 2.4uT, respectively. The average B;" in a 10 cm through
plane line was 10.3 + 3.0 and 13.4 + 3.3uT (left and right), with an average minimum of 5.5 and
2.9uT (left and right) and an average maximum of 13.9 and 17uT (left and right). An outlier was
subject #5, which showed relative poor CBF maps, which is likely to be the consequence of a
poorly shimmed B1* field, which is shown in the bottom row of Figure 4.3.

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6
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Figure 4.3 Three slices of cerebral blood flow maps of all six volunteers, post label delay = 2000 ms, 30 averages. The
bottom row shows the AFI maps of the middle slice of the label slab of the corresponding subjects. The red crosses
show the location of the left and right carotid and vertebral arteries. These locations were used as target in the B1+
shim procedure. Subject 5 shows poor CBF maps as well a low B1+ at the label areas.

Since the average CBF values found in the subjects were relatively low, the stability of the
individual subtraction pairs was examined, which are shown for subject #2 in Figure 4.4. It shows
the great variability between the individual subtraction maps during the multiple repetitions, as
pointed out by the green and the red square, which indicate two extremes.
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Figure 4.4 All 30 individual subtraction pairs of one slice of a pulsed ASL experiment with label delay of 2000ms
in a 30 y.o. male (subject #2), showing considerable variation between maps with higher (green box) and lower

(red box) perfusion weighted signal.

In Figure 4.5 the paced CBF maps (Figure 4.5a) are shown together with the three reconstructions
of the free respiration CBF maps: the average of all repetitions (Figure 4.5b), the average of the
repetitions with a low Adr between control and label (Figure 4.5c) and the average of the
repetitions with a high Adr between control and label (Figure 4.5d). A sample of the
corresponding respiration logging is shown in Figure 4.5e and f. Figure 4.5g shows a CBF map
acquired with PASL with paced respiration, corresponding to the respiration logging shown in
Figure 4.5e. Figure 4.5b-d show the three reconstructions of the free breathing PASL scans,
corresponding to the respiration logging shown in Figure 4.5f. As a measure for instability, Figure
4.5g shows the mean variance and mean perfusion averaged over subjects #1-6. No significant
difference was observed between the CBF maps obtained with respiratory pacing, and those
obtained from the free breathing scans with different reconstructions.

In Figure 4.6 and Figure 4.7 the results of the explorative experiments (#3 in Methods) are shown
to illustrate the potential of 7T ASL with an additional labeling coil. Figure 4.6 shows that it is
possible to obtain signal at long PLD’s. In Figure 4.1 three slices of the CBF maps of subject #4,
acquired with the PLD of 2000, 3000 and 4000ms respectively, are shown. Even at a PLD of
4000ms, still perfusion is measured, although the quantified CBF value was lower.
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Figure 4.5 Respiration dependency of pulsed ASL perfusion maps. Two identical ASL experiments are shown in this
figure, one performed with paced respiration a) and one with free respiration b) — d). e)-f): respiration logging with
annotated time points of labeling and the 15 slices EPI readouts for label (red) and control (blue). In case of paced
respiration all dynamics were averaged and the resulting CBF maps is shown in a). In case of free respiration, the total
perfusion maps are reconstructed in three different ways: b) all dynamics averaged, c) the 50% of dynamics with the
lowest AR between control and label are averaged, and d) the 50% of dynamics with the highest AR between
control and label are averaged. g) A measure for instability: the mean variance and mean perfusion over the middle

slice for the four perfusion maps as in a)-d), averaged over subject #1-6.
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Figure 4.6 CBF maps of subject #4 (29 y.o female) acquired with pulsed ASL, using a post label delay of 2000,
3000 and 4000 ms. At all three inversion delays CBF is of a measurable value. However, note the different axes
scale for each label delay, indicating that lower perfusion values were obtained at longer post labeling delays.

Figure 4.7 shows that multiple transmit elements could be used to obtain territorial ASL by B;*
shimming. Two shim configurations are demonstrated of which the transversal B;* maps are
shown in Figure 4.7d and e. In both shim configurations, both antennas are transmitting. Phases
and amplitudes are set in such way to achieve maximal B;* on one side, while phase cancelation
nulls the B;" on the opposite side. The combined result of the two scans is shown in Figure 4.7h.

Figure 4.7 B," shimmed territorial labeling. a) shows the anatomical image used for the subject specific B," shim
procedure, (b) predicted and (c) actually measured B," map for bilateral labeling, (d) and (e) show measured B;" maps
for selective labeling of left (d) and right (e) arteries, resulting in maps shown in (f) and (g), respectively. The combined

territorial map from (f) and (g) is shown in (h).
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4.4 Discussion and conclusion

Using a multi transmit approach for ASL at 7T with elements extended towards the neck, the SAR
in the brain can be reduced by an order of magnitude, enabling ASL at 7T within SAR limits, and
without the restriction to place the label slab too close to the brain. Feasibility of pulsed ASL was
shown in healthy subjects using a waveguide neck transmitter. The waveguide transmitter allowed
for combined scanning with the 7T head coils without significant coupling. The highly distributed
and controllable B;" in the neck assured flexible placement of the waveguide transmitter. B;*
Shimming was performed to control the B;" field in the neck. Resulting shim settings (phases and
amplitudes) showed large variations due to the high sensitivity on neck size and artery positions.
Therefore subject specific shimming was necessary. The B;" field was optimized only for the
locations of the four main feeding arteries. There can be multiple shim configurations that lead to
a good B;" profile at those four locations. The neck shape and artery locations determine which
solution is the best, explaining the difference of the resulting B;* profile between subjects.PASL
was performed with label slabs of 100 mm thickness, positioned low enough to avoid interference
with the lower parts of the brain. Positioning the label slab (PASL) or slice (pCASL) low enough to
enable whole brain ASL cannot be achieved using a head coil only without running into peak
power limitations (PASL) or increasing the SAR dramatically (pCASL).

Using a standard head coil for pCASL at 7T would allow for a labeling duration of only 561 ms at
the height of the C2 vertebrae at a Tg of 6 sec. With the additional waveguide neck transmitter,
SAR limitations still would allow pCASL with a labeling duration up to 1725ms at a Tg of 6s. If the
low coupling between head and neck coil, in combination with separated B;" fields of the head and
the neck coil, indeed results in the absence of MT effects (not assessed in this study), then the
allowed label time would be approximately doubled. The low B;" efficiency using a head coil only,
hinders 7T ASL to benefit from the expected gain in SNR, due to reduced time efficiency (long Tg)
or a severely reduced tagged blood volume, either by too narrow label slab (PASL) or by too short
label times (pCASL). Using a head coil extended with additional transmitters in the neck, 7T ASL is
ready to explore the expected benefits associated with the increased field strength, such as a
potentially increased resolution, and longer post label delays.

4.4.1 Instability and respiration

Arterial spin labeling is a technique that relies on the subtraction of image pairs and is therefore
sensitive to signal instabilities. This makes it a challenging technique, particularly at 7T, where
substantial variations in Bg can be observed. Indeed, instabilities of the subtracted images have
been observed in this research. This may be caused by respiration induced By changes in the brain
due to respiration (35, 36). Susceptibility effects are increased at 7T, and therefore different chest
volumes may cause Bg variations in the brain. These variations in turn may influence the EPI
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readout that has a very small bandwidth in phase encoding direction, causing differences between
the control and label images. However, from the results shown in this paper, we could not
significantly correlate these instabilities to respiration, and therefore this remains an issue to be
solved. Background suppression or alternative readout schemes can be the next step to tackle
these challenges.

4.4.2 Potential applications of 7T ASL

The increased Ty at 7T should allow for increased post label delays. A post label delay increased
from 2000ms to 3000 and 4000ms, although yielding lower CBF values, still clearly yielded
perfusion weighted signal in a single subject. However, it requires further investigation to
determine the maximal post label delay for which useful perfusion maps can be obtained.

Another opportunity of a 7T multi transmit design with an extension to the neck is RF shimmed
territorial mapping. Methods for territorial mapping have previously been published (37, 38), and
a theoretical framework for multi transmit territorial labeling has been described earlier (39). As
proof of concept, we demonstrated territorial B;* shimmed ASL. The positioning of the two
channels in the neck array was optimized for a total B;* coverage of the brain feeding arteries in
the neck, and not for alternative shim configurations required to do RF shimmed selective
excitation of separate arteries. An increased number of elements increases the degrees of
freedom for controlling the B;" field, and may result in a higher level of selectivity. Particularly
when combining RF shimmed selection with one of the existing gradient based methods at 7T,
territorial mapping may even be more selective and time efficient. The versatility in using RF
shimming for either high resolution MRI of the neck or low SAR ASL may be an advantage when

using the waveguide transmitter.

4.4.3 By and B; inhomogeneities

There are reported challenges for labeling concerning the (static) By offsets in the neck. At 7T
these offsets can be substantial due to the use of 3™ order shim gradients to shim the By in the
brain, as is shown in Figure 2c. In PASL this caused a problem when the offset was higher than the
bandwidth of the inversion pulse. The additional FO determination in the neck was sufficient to
tackle this problem. For pCASL, however, this is more challenging. For pCASL it is known that apart
from a Bg offset, alsothe blood flow in combination with the longitudinal gradient in By in the
feeding arteries, may cause problems in synchronizing subsequent sub pulses of the pseudo
continuous label pulse. A low resolution prescan (16) to measure optimal phase offset between
pulses, or a correction gradient to compensate the Bg inhomogeneity (40), have been proposed to
tackle this challenge. This should be subject of further research to also perform pCASL with
external labeling at 7T. CASL could be a first step, since it is less sensitive to By variations, though
less efficient than pCASL (19, 20). The relatively large Bi* non-uniformity along the feet head
direction (see Figure 4.2b) does not allow for background suppression by means of spin inversion.

69



Chapter 4

While background suppression has shown to be beneficial for ASL (41), it will also attenuate the
perfusion signal if the labeled blood is still in low B;* region when background suppression is
applied (42). A homogeneous RF transmit field between head and neck would enable efficient
background suppression. Standard available multi-element RF transmit coils covering head and
neck would therefore greatly benefit 7T ASL, but also other fields like angiographic neuro imaging.

4.4.4 Conclusion

It has been shown that using an additional external labeling coil next to the head coil allows for
whole brain ASL at 7T and removes the limitations caused by the low B;" efficiency when using a
volume head coil only, which was restricting 7T ASL from benefiting from the potential gains of the
high field strength. It has already been shown in this proof of concept that a post label delay up to
4000ms is feasible at 7T, and that a localized multi transmit approach allows for territorial
mapping, but most importantly: a better power distribution. Using multi-element RF transmit
coils, RF power can be directed to the label region separately, keeping SAR at a minimum. Head
coil improvements with extensions towards the neck will enable to get the true benefit out of ASL
at 7T.
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