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Chapter 1

Introduction

1.1 Ultra-high field MRI

A
n increase in the static magnetic field offers various advantages
for in vivo applications: increase in signal-to-noise (SNR) ratio
(Hoult and Richards, 1976; Vaughan et al., 2001), higher spatial

resolution (Yacoub et al., 2001), increased chemical shift (Gruetter et al.,
1998), increased sensitivity of the BOLD signals in the visualization of
the brain activation an enhancement in T∗2 contrast (Gati et al., 1997)
and higher parallel imaging performance (Sodickson and Manning, 1997;
Pruessmann et al., 1999).

On the other hand, an increase in the static magnetic fields brings
new physical challenges: decreased RF penetration in a subject (Hoult
and Lauterbur, 1979; Roschmann, 1987), higher RF power requirements
(Bottomley and Edelstein, 1981; Chen et al., 1986; Hoult et al., 1986),
and increase in susceptibility artifacts (Robitaille P-M, 2006). Even
more importantly, the RF wavelength in the body becomes comparable
or smaller in size than the anatomical dimensions, which leads to the
signal voids. While destructive interference leads to darkening of the
image, constructive interference may lead to local brightening of the
image (Figure 1.1). Therefore, at ultra-high field MR imaging a strong
contribution of the induced conductive and dielectric currents to RF
induced signal variations across the subject is highly visible. Compared
to more conventional 3T MR systems, achievable B+1 fields are also lim-
ited by less powerful RF power amplifiers (2 × 15 kW at 3T, compared
to 2 × 4 kW at 7T) and inherently higher cable losses. This results in in
a situation that RF power demanding sequences such as spin echo se-
quences in the body, face challenges with respect to sufficiently available
B+1 and imaging speed due to increased RF heating concerns (van den
Bergen et al., 2011).

1.2 RF coils at ultra-high field MRI

An RF coil basically consists of an inductor, a capacitor connected in
parallel for tuning to a single frequency and a capacitor connected in
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signal at the prostate.

series for matching to 50 Ohm (Mispelter et al., 2006). It performs two
main tasks: transmit and receive the RF signal at a single frequency.
Typically, the transmit coil generates the B+1 field from a high-power RF
pulse (typically in kW range) with a certain amplitude and phase. In
contrast to the transmit signal, the receive signal is at much lower power.
Therefore, before digitizing the signal with an A/D converter, the sig-
nal is first amplified by the low noise preamplifiers. Moreover, a good
isolation of the signal transmission from the signal reception is impor-
tant to protect the MR system electronics. A transmit/receive switch
and active receiver blanking are used to ensure that the transmission-
reception signal leakage is minimized. Therefore, the transmit/receive
switch must be capable of high power capacity (4 to 16 kW for 7 T),
fast switching (<10 us), and high isolation between the two channels
(>30 dB)(Doherty Jr. and Joss, 1998).

RF coils are mainly categorized as volume and surface coils (Figure
1.2). As volume coils permit imaging of a larger FOV with a homoge-
neous excitation, surface coils provide high efficiency and sensitivity in
the vicinity of the coil. Surface coils are mainly used as a receiver array,
as they are characterized in addition to their high receive sensitivity in
the vicinity of the coil, by a low noise pick up as they couple to a limited
tissue volume (Vaughan and Griffiths, 2012).

The quadrature birdcage coil is the "working horse" transmit coil on
lower field strengths. Various versions of volume quadrature coils have
been adapted for use in ultra-high field head and abdomen imaging. For
head imaging, in spite of the fact that a 7 T birdcage coil can still result
in reasonable B+1 levels, signal homogeneity is an issue due to image
brightening in the center of the field of view. Moreover, for abdomen
imaging the 7T quadrature volume coil shows limited RF penetration
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Figure 1.2: (a) TEM volume coil and (b) endocoil as a surface coil.

and more complex SAR distribution at ultra-high field (Vaughan et al.,
2009). The main difficulty with a single surface coil, on the other hand,
is that it brings high efficiency close to the coil, but the signal intensity
drops rapidly with the increasing depth into the sample (Collins et al.,
2002; Klomp et al., 2009). Therefore, the trend is to use RF surface coils
that are arranged in a transmit array to mitigate this inhomogeneity
(Metzger et al., 2008). Especially for body imaging, achieving sufficient
transmit field penetration is a challenge given the strong RF attenuation
and constraints in RF power usage due to high SAR exposure and also
the limited available RF power at 7T.

To achieve a homogeneous excitation in a large FOV at ultra-high field
imaging, the classical approach to the coil design should be changed.
Traditionally, in MRI a coil is designed as a resonant antenna, where
the magnetic field energy is stored in the near field and the electric
energy in the coil capacitors. This concept is only favorable when the
sample is placed in the near field of the coil. This near field zone becomes
smaller with an increase of the field strength. For 7 T body imaging of
deeper situated body parts, we are outside this near field. Therefore,
for efficient signal penetration we should design a radiative antenna in
which the energy flux (defined by the Poynting vector) (Figure 1.3 a) is
directed to the target location (Figure 1.3 b) (Raaijmakers et al., 2011).
In this thesis, the radiative antenna is extensively studied in terms of
transmit efficiency, receive sensitivity and power deposition.

1.3 Specific Absorption Rate

Time-varying magnetic field induces electric fields in a subject according
to the Maxwell′s equations. The electric field induces the currents in
a subject, which leads to tissue heating in case of conductive tissue.
SAR is a measure of the rate at which energy is absorbed by the human
body when exposed to an electromagnetic field. It is defined as the
power absorbed per mass of tissue and has units of watts per kilogram
(W/kg). SAR limits are determined by International Electrotechnical
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with electric (E), magnetic (H) and Poynting vector. (b) Schematic of
radiative antenna with the E, H and Poynting vector representation.

Commision (IEC) standards, and for MRI, the limits are described in
IEC 60601-2-33 (IEC, 2010) guidelines. The SAR limits concern global
and local SAR. While global SAR is usually averaged over the body, the
local SAR is averaged over a small tissue volume (typically 10 g tissue).
Only the maximum SAR value is relevant for SAR limits. The value will
depend heavily on the part of the body that is exposed to the RF energy
and on the exact location and geometry of the RF source. Especially,
the local SAR limit aims to control the spatially peaked nature of in-
vivo SAR distributions. The guideline differentiates between volume
and local RF transmit coils. For volume RF transmit coils, the IEC
specifies limits for the global SAR, averaged over the trunk, head and
extremities. For local RF transmit coils like the radiative antenna array,
additional limits are defined for the local SAR, averaged over 10 g of
tissue. The global SAR can be directly measured by monitoring of
the forward and reflected RF power (Zhu et al., 2012). Unlike the
global SAR, the local SAR cannot be directly measured (Collins and
Wang, 2011). Local SAR is estimated based on electromagnetic field
simulations using discretized human body models.

When using multiple transmit channels, the global and local SAR can
change significantly, depending on the wave interference of the concomi-
tant electric fields of all channels (van den Berg et al., 2007). Worst-case
combination of RF excitation for individual array elements may lead to
the worst-case SAR, which limits the allowed measurement parameters
significantly (Homann et al., 2011). The further implications are dis-
cussed in Chapter 4.
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1.4 Electromagnetic Simulations

By solving the Maxwell′s equations, the electromagnetic interactions in
the computation domain can be calculated. The EM simulation starts
by defining the model. By using a CAD modeling environment, a three-
dimensional model of the magnet bore, subject (a human body or a
phantom) and RF coil can be created. First, a subject loading the
RF coil with its dielectric properties is chosen. Second, an RF coil is
designed including an excitation port (voltage, current or S-parameter
source) and lumped elements (capacitors and inductors). The conduc-
tors of an RF coil are generally simulated as a perfect electric con-
ductor (PEC). Afterwards, the whole model is discretized using mesh
cells. The EM field across the each mesh cell is then calculated. The
FDTD (Finite-difference Time-domain) technique gives a direct solution
of Maxwell time-dependent curl equations (Kane, 1966). The FDTD
method is essentially based on replacing the spatial and time-domain
derivatives of Maxwell′s equations with finite-difference approximations
(Taflove A, 2000). Electric and magnetic field vector components are
calculated on each Cartesian Yee cell.

To create an FDTD model for MRI, we will need an anatomically
detailed human model (for the coil load) as well as a coil grid (Ibrahim
et al., 2000). The number of human body models available representing
a realistic patient population is quite limited. In case of largely deviat-
ing patient anatomy, this may lead to a discrepancy between the SAR
distribution in an actual patient and simulated SAR results based on a
generic human model. Furthermore, the validation of the simulation re-
sults is crucial. Especially in the simulation of RF coil arrays, coupling
is a difficult aspect to include reliably and the simulated EM fields may
differ from the experimental results.

1.5 B+1 map (RF field mapping)

To determine the excitation field pattern, B+1 field mapping techniques
are employed. This technique measures the effective flip angle in the
region of interest. To measure the RF field map accurately, the image
should be independent of B0 inhomogeneity, T1, slice (or slab) profiles,
and covering a large dynamic range of flip angles in the image without
exceeding the SAR limits and having long scan time (Dowell and Tofts,
2007). Especially, due to the existence of strong B+1 inhomogeneities at
ultra-high field MR, a B+1 mapping sequence with high dynamic range
is an absolute requirement. Unfortunately, taking the ratio of signal
intensities with incremented flip angles (Yarnykh, 2007) or sequence
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timing (Cunningham et al., 2006) exhibits limited dynamic range in the
region of interest, especially in deep tissue regions.

To map the RF field distribution covering the depth region of a sub-
ject with acceptable dynamic range capability, two B+1 mapping tech-
niques are working successfully so far. An acquisition of magnitude
gradient echo images with various numbers of different flip angles and
then determination of the flip angles by fitting the signal intensity is
the first method (Barker et al., 1998). This method is time consuming,
SAR intensive and information of T1 is necessary. Hence, this method
may only be ideal for homogeneous phantom. Another feasible method
is Bloch-Siegert B+1 mapping (Sacolick et al., 2010). In this method, the
Bloch-Siegert frequency shift is acquired as phase image in the presence
of the off-resonance pulses. This phase shift is proportional to the square
of the B+1 value. This method may allow the correct determination of
the B+1 . This method may allow the correct determination of the B+1
value with a large dynamic range in a short acquisition time and SAR
insensitive method.

1.6 Thesis outline

The major challenges in RF coil designs for ultra-high field MR are to
produce an efficient and homogeneous transmit field within the SAR
limits. This thesis presents a novel antenna design for ultra-high field
body imaging that can address some of these aforementioned drawbacks.
A radiative antenna promises better signal penetration, which is a major
advantage for ultra-high field body imaging. Different aspects related
to an optimized RF coil design and its application in ultra-high field
MRI have been investigated extensively in the following chapters.

Chapter 2 describes the radiative antenna in terms of transmit effi-
ciency, receive sensitivity and power deposition and compares the radia-
tive antenna with the classic surface microstrip element of by conducting
MR experiments and electromagnetic simulations.

In Chapter 3, optimization of the design of the radiative antenna
is presented. Different substrate permittivities and dimensions are ex-
tensively studied by means of electromagnetic simulations to yield the
optimal excitation pattern with low SAR/(B+1)

2 ratio. To understand
the RF field characteristics of the radiative antenna, the theory of the
rectangular dielectric resonator antenna is studied.
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Chapter 4 is based on the question how to perform SAR monitoring
with 8-channel radiative antenna array. Relying on electromagnetic sim-
ulations, inter-subject local SAR variations on four different segmented
human abdomen models were investigated.

Chapter 5 investigates how RF penetration occurs in an inhomoge-
neous subject with various RF excitation sources. For this reason, elec-
tromagnetic coupling into stratified media at RF frequencies is investi-
gated by means of MR experiments and EM simulations for magnetic
and electric dipoles. Various orientations of the magnetic dipole (i.e.
loop coil) and the electric dipole (like radiative antenna) are studied
in terms of electric and magnetic fields, and signal distributions at 300
MHz. By using principles derived from optics, the feasibility of forward
signal penetration and the larger FOV excitation is analyzed.

Chapter 6 summarizes the most important results that are presented
in this thesis and provides a general discussion.

7
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Chapter 2

Characterization of transceive
surface element designs for 7T MRI
of the prostate: radiative antenna

and microstrip

Abstract. Ultra high field MR (≥7 tesla (T)) imaging faces
challenges with respect to efficient spin excitation and signal re-
ception from deeply situated organs. Traditional RF surface coil
designs relying on near field coupling are suboptimal at high field
strengths. Better signal penetration can be obtained by design-
ing a radiative antenna in which the energy flux is directed to
the target location. In this paper, two different radiative an-
tenna designs are investigated to be used as transceive elements,
which employ different dielectric permittivities for the antenna
substrate. Their transmit and receive performances in terms
of B+1 , local SAR (Specific Absorption Rate) and SNR (Signal-
to-Noise Ratio) were compared using extensive electromagnetic
simulations and MRI measurements with traditional surface mi-
crostrip coils. Both simulations and measurements demonstrated
that the radiative element shows two fold gain in B+1 and SNR
at 10 cm depth, and additionally a comparable SAR peak value.
In terms of transmit performance, the radiative antenna with a
dielectric permittivity of 37 showed a 24 % more favourable local
SAR10g avg/(B+1)2 ratio than the radiative antenna with a dielec-
tric permittivity of 90. In receive, the radiative element with a
dielectric permittivity of 90 resulted in a 20 % higher SNR for
shallow depths, but for larger depths this difference diminished
compared to the radiative element with a dielectric permittivity
of 37. Therefore, to image deep anatomical regions effectively,
the radiative antenna with a dielectric permittivity of 37 is fa-
vorable.1

1This chapter has been published as Ipek O., Raaijmakers A. J., Klomp D. W.,
Lagendijk J. J., Luijten P. R., van den Berg C. A. (2012) Physics in Medicine and
Biology, 57: 343-355.
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2.1 Introduction

U
ltra-high field MR (≥7 tesla (T)) gains advantages for high res-
olution anatomic and functional imaging of a human body. The
advantage of an increase in main magnetic field is a higher signal-

to-noise ratio (SNR) (Hoult and Richards, 1976; Vaughan et al., 2001)
and augmented contrast mechanisms such as spectroscopy (Gruetter
et al., 1998), blood oxygenation level-dependent (BOLD) (Gati et al.,
1997) and susceptibility weighted imaging (SWI) (Haacke et al., 2004).
On the other hand, ultra high field strength raises problems of high spe-
cific absorption rate (SAR) in tissue (Collins et al., 1998; Ibrahim et al.,
2009) and reduced radio frequency (RF) field homogeneity (Roschmann,
1987; Ibrahim et al., 2001), which leads to RF safety problems and sig-
nal voids. The latter issue finds its origin in the fact that the RF
wavelength becomes smaller than the subject dimensions such as the
pelvis. Although this is a generic problem in high field systems, this
phenomenon is especially pronounced for ultra high field body imaging
of deeply situated organs like the prostate (Metzger et al., 2008). Here
the transverse dimensions are several times the RF wavelength which
causes the transmit (B+1) phase and amplitude to be highly complex
and spatially non uniform as well as hindered by the limited RF sig-
nal penetration. In addition, due to the increased chemical shift and
susceptibility effects at higher field strengths, a higher RF bandwidth
is required, which leads to a need for a higher RF peak power. Thus,
the main challenge of high field body imaging lies in finding solutions
to deal with the inhomogeneous B+1 field, reduced B+1 penetration and
the elevated RF heating levels (Vaughan et al., 2009; Hoult and Phil,
2000).

The B+1 penetration issue can be tackled by bringing the transmit coil
in close proximity to the target region. In particular, an endorectal coil
is able to deliver a high B+1 field in the prostate (Klomp et al., 2009).
However, the excitation (B+1) and receive (B−1) fields are very inhomoge-
nous making high quality imaging of the prostate very challenging (Met-
zger et al., 2010; van den Bergen et al., 2011). Better image uniformity
can be obtained with surface coil arrays which are placed around the
body contours of the patient.

The problems of B+1 inhomogeneity and high power deposition can
be addressed by using multi-channel coil arrays combined with proper
RF shimming strategies (van den Bergen et al., 2011; Metzger et al.,
2008). Whole-bore travelling wave excitation in combination with RF
shimming can also be used for body imaging to mitigate RF inhomo-

10
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geneity (Brunner et al., 2011). However, its B+1 efficiency is generally
much lower than the external surface body arrays. Such a body array
consists of individual coil elements whose phases can be adjusted to ob-
tain constructive interference of the individual B+1 fields, e.g. in a small
organ such as the prostate (Metzger et al., 2008). In this way, the B+1
efficiency can be optimized. Most often, multi-channel body arrays are
transceive arrays, which means that the coil array should also have a
good receive performance in addition to good transmit efficiency.

An important factor to obtain good transmit and receive performance
is the design of the array elements. A very common coil element for
a body array is a microstrip element (Zhang et al., 2001). Such an
element is a near-field antenna designed to deliver a high magnetic field
in the near field by maximizing the currents on the coil by tuning it
to resonance (high quality factor, Q). This concept can be favourable
as long as the body areas under investigation are in the near field. A
disadvantage of the microstrip concept is its high local SAR deposition
under the coil elements. To reduce the SAR hot spots in the skin, a
long repetition time is necessary, which leads to a long acquisition time.

At 7 T the prostate is located at more than one wavelength from the
external coil, i.e. outside the near field. In this region, the electromag-
netic field will depend mostly upon the radiative concept of the antenna.
Thus, to obtain good B+1 efficiency in the prostate, one should abandon
the resonant, near-field based coil concept and design a radiative an-
tenna as was recently proposed by Raaijmakers et al. (2011). In such
an antenna, the Poynting vector is maximized in the direction of the
target location. This results in a higher transmit (B+1) at depth, which
increases the transmit performance.

This study demonstrates that in addition to an improved transmit
performance, a radiative antenna also results in a superior receive per-
formance at depth. Two designs of the introduced radiative antenna
are presented employing two substrate materials: one with a dielectric
permittivity of 37 and a second with a dielectric permittivity of 90.
Their performance was compared to two traditional microstrip designs
employing different spacer thicknesses. For this purpose extensive finite
difference time domain simulations and 7 T MR measurements were
performed.

11
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2.2 Methods and Materials

Antenna Design

A radiative antenna consists of two copper strips mounted upon a high
dielectric permittivity substrate (Figure 1). The strips constituting a
dipole antenna are centrally fed by a coaxial cable. The dipole is ori-
ented parallel to B0. This element is directly placed on a phantom (or
on the abdomen of a human). An electric potential difference in the
strips creates an electric and magnetic field so that the main Poynting
vector is directed towards the depth of the phantom (or the prostate).

In this study, two different substrate materials were chosen that have
the dielectric permittivities of 37 and 90 (referred to as D36 and K90,
respectively). These materials are the ceramic microwave dielectric Zr-
TiSn for D36 and the ceramic RF power capacitor dielectric TiO2 for
K90 (Morgan Electro Ceramics, Wrexham, UK). The thickness of the
substrate was 4.2 cm for D36 and 3 cm for K90. This was chosen to
avoid a large electric field at the element-phantom interface. On top
of these substrates, copper tapes were used to form a dipole antenna.
Each element was tuned to 298.2 MHz (7 T) and matched to a 50 Ohm
coaxial cable by adapting the length of the dipole legs and a simple
matching circuitry which consisted of a parallel capacitor. For the ra-
diative antenna of D36, extra copper patches were added at the end of
the dipole antennas to match it with one capacitor (Figure 2.1 a -2.2
a). To ensure differential feeding, a λ/4 -3λ/4 Balun was used.

For comparison purposes, two microstrip coils with different spacer
thicknesses were added to this study. Conventional microstrip elements
built on Teflon substrates (εr = 2.08) with a 5 mm and a 15 mm Teflon
spacer were included (van den Bergen et al., 2011) (Figure 2.1). The
Teflon substrate was wrapped by copper strips and copper ground plane
(Figure 2.1-2.2). Each element was tuned to 298.2 MHz (7 T) using
capacitors, and matched to a 50 Ohm coaxial cable. Both the radiative
and microstrip elements were placed on a pelvis-shape saline (4 g/l NaCl
and 0.02 g/l MnCl) water phantom (36 × 24 × 37 cm3

) (Figure 2.3). The
relative permittivity (78) and conductivity (0.74 S/m) of the phantom
filling were measured at 298.2 MHz with an impedance probe (Agilent,
Santa Clara, CA, USA, 85070E).

The radiative element is not designed as a reactive element that stores
energy in its vicinity (characterized by a Q-value), but as an antenna
that radiates energy away from the element. A good radiative antenna
has a low Q-factor. This ensures that no energy is stored around the

12
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antenna and all the energy is emitted into its surrounding medium. For
more efficient radiation into the body, the antenna is mounted on a
substrate of which the dielectric constant approximately matches the
effective dielectric constant of the body. Without the medium, the gen-
erated waves reflect on the substrate-air interface causing completely
different electric behavior of the antenna. Therefore, the unloaded Q-
value of radiative antennas cannot be determined. For the radiative and
microstrip elements the S11 (scattering value) was below -20 dB in this
study after a regular matching procedure. The loaded Q values of the
microstrip elements with a spacer of 5 mm and 15 mm are 12 and 21,
respectively. The loaded Q value of the radiative antenna with a dielec-
tric constant of 37 is 4 while the loaded Q value of the radiative antenna
with a dielectric constant of 90 could not be determined because it does
not show any clear resonance peak. This element permittivity (90) is
better matching with the phantom permittivity (78) compared to the
radiative element with a dielectric constant of 37. The more efficient
matching of the substrate permittivity of 90 enables radiation with less
energy stored inside the substrate. This results in a lower Q-factor and,
apparently, it is lower than we can determine.

FDTD Simulations

All measurement setups were simulated with the finite difference time
domain (FDTD) package SEMCAD X (SPEAG, Schmid & Partner En-
gineering, Zurich, Switzerland) to investigate the Poynting vector, B+1
field, SAR and SNR distributions of all elements. The simulated SNR
was calculated with the SEMCAD X plug-in, MUSAIK. The grid res-
olution was non-uniform. In other words, the element and its close
proximity were meshed denser (with the minimum voxeling steps of
5.3 × 0.5 × 3.0 mm3

) than the rest of the overall field. A harmonic ex-
citation at 298.2 MHz was simulated and steady-state conditions were
achieved within 10 periods of simulation time. Perfectly Matched Lay-
ers (PML) in medium strength at the edges of the FDTD domain was
used. For the simulations of the radiative antenna and microstrip, the
elements were tuned at 298.2 MHz by iterative simulations to determine
the correct capacitor/inductor values. Matching was done by choosing
the source impedance equal to the (real) input impedance of the tuned
element. The copper strips of the radiative and microstrip elements
were modelled as perfect electric conductors. The loss tangents of the
D36 and K90 substrate materials are 1×10−4 whereas the loss tangent
of Teflon used for the microstrip elements is 2×10−4.

13
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Figure 2.1: Simulation and measurement setup for radiative antenna
(D36 (a), K90 (b)) and microstrip element with a 5 mm spacer (c), a
15 mm spacer (d).

Figure 2.2: Photos of a radiative antenna (D36 (a) and K90 (b)) and
microstrip with a 5 mm Teflon spacer (c) and a 15 mm Teflon spacer
(d).

Figure 2.3: Schematic image of an element (radiative antenna D36) on
a pelvis-shaped phantom.
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Experiments

All experiments of the radiative and microstrip elements were performed
with a Philips 7 T Achieva MR scanner (Philips Healthcare, Cleveland,
OH) equipped with a 4 kW RF amplifier (CPC, New York, USA). All
data were obtained in a transverse slice crossing the center of the an-
tenna and phantom. The center of the antenna was positioned close to
the isocenter of the gradient coils.

B+1 and B−1 mapping were performed using the variable flip angle
method (Barker et al., 1998). For this purpose, 3D transverse gradi-
ent echo images were acquired with 20 different nominal flip angles
in a range of zero to 600 degrees (TR/TE=170/1.2 ms, resolution
4.69 × 4.69 × 5.0 mm3

) on the phantom with a constant RF peak power.
Before acquiring the B1 maps, B0 map based shimming (Schar et al.,
2004) was applied to minimize B0 inhomogeneity (±50 Hz). The under-
lying B+1 field was determined by fitting the signal intensity as a function
of the nominal flip angles (2.1). The signal equation for a spoiled gra-
dient echo sequence is given by:

Signal(r) ∼ ρeffective ⋅B
−

1 (r) ⋅
sin(λtransmit(r) ⋅ θnominal)

1 − e
−TR
T1 ⋅ cos(λtransmit(r) ⋅ θnominal)

(2.1)

where ρeffective is the effective local spin density including T1 and
T∗2 effects, B−1(r) is the local receive coil sensitivity, λtransmit is propor-
tional to the B+1 field, θnominal is the nominal flip angle, T1 is the local
spin-lattice relaxation time taken from the measured T1 map, and TR is
the repetition time. To deal with the high dynamic range of the B+1 field,
12 different nominal flip angle series were defined for the fitting. The
first series comprised the 9 lowest nominal flip angles, and subsequently
higher nominal flip angles were added in the following series. The B+1
value per voxel was derived from the series with the lowest objective
value of the fit. Typically, this resulted in behavior that the first series
with the lowest nominal flip angles was used for the high B+1 values close
to the the element, and for deeper regions with the lower B+1 values, the
series with more and higher nominal flip angles were employed. The
SNR maps were obtained from the B−1(r) (Eq.2.1) maps divided by the
standard deviation of the noise. The noise data were acquired from a
seperate noise scan with a zero flip angle. Both measured and simulated
SNR maps were normalized to the value obtained from the measured
and simulated SNR of the radiative element with the dielectric permit-
tivity of 90. This value was then the SNR averaged over a 1 cm2 area
located at 5 cm depth in the phantom.
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To obtain B+1 maps without T1 bias, the T1 was included in the fit
(van den Berg et al., 2004). For this purpose, a ping pong ball was filled
with the phantom solution and the T1 of the phantom was measured
using inversion recovery sequence (TR=1400 ms, TI=50-1200 ms) using
a 7 T high pass resonant birdcage head coil (7 T volume T/R, Nova
Medical, Wilmington, MA). The fitted T1 of the phantom was found to
be 800 ms.

The power losses were determined with an oscilloscope (Tektronix
MS04034, Beaverton, OR). The power loss between amplifier and trans-
mit/receive switch was measured as 50 % while the loss in the circuitry
and the cable was detected as 50 % of the remaining power (van den
Bergen et al., 2011). The measured B+1 maps were normalized to 1 W
delivered power to compare them with the simulations.

2.3 Results

The Poynting vector

The sagittal slices of the Poynting vector normalized to 1 W delivered
power of the radiative and microstrip elements are shown in Figure 2.4.
While the direction of the Poynting vector of the radiative antennas
(Figure 2.4 a-b) is into the phantom, the microstrip elements (Figure 2.4
c-d) show the Poynting vector along the longitudinal direction parallel
to the phantom interface. The higher Poynting vector in depth for
radiative elements compared to the microstrip elements (Figure 2.5) is
reflected by the higher B+1 value at depth for the radiative antennas
compared to the microstrips (Figure 2.6). The radiative element with
a dielectric permittivity of 90 shows 25 % higher Poynting vector at 2
cm depth than the radiative element with a dielectric permittivity of 37
(Figure 2.5). Note that at 10 cm depth of the phantom, the Poynting
vector is the same for the radiative elements.

The B+1 maps

The measured and simulated B+1 maps (Figure 2.6) and profiles (Fig-
ure 2.7) of the radiative and microstrip elements are shown. Both in
simulations and measurements, the radiative elements (Figure 2.6 a, b)
show higher B+1 values at 10 cm depth in the phantom and a more ho-
mogeneous B+1 distribution than the microstrip elements (Figure 2.6 c,
d, Table 2.1). The B+1 profiles of the simulations are in good agreement
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Figure 2.4: Real modulus (shown in color scale) and direction (shown
by arrows) of Poynting vector normalized to 1 W delivered power of
radiative antenna (D36 (a) and K90 (b)) and microstrip with a 5 mm
Teflon spacer (c) and with a 15 mm spacer (d) (small dotted box refers
to antenna contours, thick lines refer to conductor) on the phantom (big
dotted box) shown in longitudinal axis of the elements in sagittal plane.

Figure 2.5: The profile of real modulus of Poynting vector (Figure 2.4)
along the sagittal slice normalized to 1 W delivered power of radiative
antenna (D36 (∎) and K90 (◆)) and microstrip with a 5 mm Teflon
spacer (▲) and with a 15 mm spacer (▼) on the phantom.The inset
shows the same figure zoomed to 10 cm depth of the phantom.
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Figure 2.6: Measured (above) and simulated (below) B+1 maps normal-
ized to 1 W delivered power of radiative antenna (D36 (a) and K90 (b))
and microstrip with a 5 mm (c) and a 15 mm (d) spacer in transverse
slices of the phantom. Dashed line depicts the profile along the slice as
presented in Figure 2.7.

with the measurements, particularly at depth (Figure 2.7). Although
the microstrip elements achieve a higher B+1 value in the near field, the
radiative antenna can reach a higher B+1 field at the depth of 10 cm
(Figure 2.7). In spite of the same transmit performances of the radia-
tive elements at 10 cm depth in the phantom, at the depth of 3.4 cm in
the phantom the radiative element of K90 is 10 % more efficient in B+1
compared to the radiative of D36, and 30 % more efficient compared to
the microstrip elements (Figure 2.7). This is demonstrated by both B+1
simulations and measurements with a good agreement (Figure 2.6).

SAR

The local SAR (IEEE 2002) averaged over 10 g normalized to 1 W
delivered power is shown for the radiative and the microstrip elements
in Figure 2.8. Note that the global SAR has not been studied because
local SAR rather than global SAR is the limiting factor for high-field
imaging (Metzger etal 2010). The radiative antenna of D36 (Figure 2.8
a) and the microstrip with a 15 mm Teflon spacer (Figure 2.8 d) show
lower SAR deposition compared to the radiative element of K90 (Figure
2.8 b) and the microstrip element with a 5 mm spacer (Figure 2.8 c). The
maximum local 10 g SAR of radiative (D36) and microstrip element with
15 mm Teflon spacer is 2.3 W/kg and 2.2 W/kg, respectively. However,
the maximum averaged SAR of the microstrip with 5 mm spacer is at
least 15 % higher than the other elements (Table 2.1, Figure 2.9 ).
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Figure 2.7: Measured (◆) and simulated (∎) B+1 map (Figure 2.6) profiles
along transverse slices (above), percentage difference between measured
and simulated B+1 map profiles (below) of radiative antenna of D36 (a),
K90 (b) and of microstrip coil with a 5 mm spacer (c) and a with a 15
mm spacer (d) along the transverse slices. The rms values between the
measured and simulated data are given in µT.

SNR

The simulated and measured SNR maps are shown in Figure 2.10. The
simulated SNR distributions are in good agreement with the measure-
ments. The SNR of the radiative elements (D36 and K90) exceeds the
SNR of the microstrip elements over a factor of 2 at the depth of 10 cm
in the phantom in the simulations and measurements (Figure 2.11).

2.4 Discussion and Conclusion

We have compared various radiative and microstrip elements used as a
transceive surface coil array element for 7 T prostate imaging in terms
of B+1 penetration, signal-to-noise and SAR. A radiative antenna is de-
signed for imaging of relatively deeply situated organs like the prostate
by optimizing the direction of the Poynting vector towards the target
location. On the other hand, the microstrip element is designed as a
resonant coil, which induces high magnetic and electric fields in its near
field. Its signal penetration is not efficient beyond the near field (ap-
proximately from 2-cm depth) as a result of a main Poynting vector
being oriented along the longitudinal axis of the microstrip and not to
the target.
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Figure 2.8: Simulated local SAR distributions averaged over 10 g of
phantom normalized to 1 W delivered power of radiative antenna D36
(a) and K90 (b) and microstrip with a 5 mm (c) and a 15 mm (d) spacer
in transverse slices with drawings of elements on top of the phantom.
Note that the red box indicates the 10 g of phantom material with the
largest averaged SAR.

Figure 2.9: The profile of local SAR distributions averaged over 10 g of
phantom normalized to 1 W delivered power of radiative antenna (D36
(∎) and K90 (◆)) and microstrip with a 5 mm (▲) and a 15 mm spacer
(▼) along the transverse slice.
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Table 2.1: Measured and simulated B+1 normalized to 1 W delivered
power and simulated maximum SAR values normalized to 1 W delivered
power of radiative antenna (D36 and K90) and microstrip with a 5 mm
and a 15 mm spacer.

The result of an improved orientation of the Poynting vector for the
radiative antenna can clearly be seen in the simulated and measured B+1
maps. The results have shown that the radiative antenna is more B+1
efficient than the microstrip coil from 2 cm onwards. As can be observed
in the B+1 profiles from Figure 2.7, the B+1 fitting fails in close proximity
(<1 cm) to the microstrip elements. This is because the B+1 map fitting
requires the flip angles to remain in the low flip angle regime. Close to
the microstrip elements, this approximation is not valid. Moreover, the
steep signal gradients may cause the failure in the fittings.

The radiative elements yield 100 % more B+1 field at 10 cm depth than
the microstrip elements. Note that Raaijmakers et al. (2011) found only
40 % more B+1 at 10 cm depth compared to a microstrip design. This
can be explained by the following: At larger depths, the B+1 value of
the radiative antenna is better in comparison to the microstrip element,
because the B+1 value of the microstrip element decreases faster with
depth. In this study, the phantom permittivity (78) is much higher
than the phantom permittivity (36) used at Raaijmakers et al. (2011)
and therefore the wavelength is shorter. Although the measurement
depth was the same (10 cm deep), the effective electromagnetic depth
(in wavelength) is larger in this study.

The presented simulations and measurements of the B+1 maps show
a good agreement. That may bring us a reliable safety comparison of
these antennas: the simulations demonstrated that the radiative an-
tenna induces lower SAR than the microstrip with a spacer of 5 mm.
Thus, the radiative antenna causes less tissue heating as well as less
safety problems and it is advantageous in terms of MR sequences with
high RF duty cycles. The high SAR peak of the microstrip element is
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Figure 2.10: Normalized measured (above) and simulated (below) SNR
maps of radiative antenna (D36 (a) and K90 (b)) and microstrip with
a 5 mm (c) and a 15 mm (d) spacer in transverse slices of the phantom.
The dashed line depicts the profile along the slice (Figure 2.11).

Figure 2.11: Measured (a) and simulated (b) normalized SNR profiles
of radiative antenna (D36 (∎) and K90 (◆)) and microstrip with a 5
mm (▲) and a 15 mm (▼) spacer along the depth from 6 to 10 cm in
the centre of the transverse slice of the phantom.
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related to the resonant operation (high Q-factor), which boosts the cur-
rent and voltage in the element. These high coil currents and voltages
lead to high concomitant electric fields in the nearby skin resulting in
high local SAR values. As can be seen in Table 2.1, by increasing the
thickness of the spacer of the microstrip, the power deposition can be
diminished. However, when combined in an array, a thicker spacer of
a microstrip element is known to create higher inter-element coupling
(Wu et al., 2010).

Compared with the microstrip elements, the radiative element yields
higher B+1 field at depth and comparable power deposition to the tissue.
The best element is the radiative antenna with a dielectric permittivity
of 37 in terms of high RF penetration in depth and minimal SAR depo-
sition in the subject. This element shows a 24 % more favourable local
SAR10g avg/(B+1)

2 ratio than the radiative element with a dielectric per-
mittivity of 90. As can be seen in Table 2.1, almost the same RF field
penetration is achieved but the power deposition in the tissue is con-
siderably less for the radiative element with a dielectric permittivity of
37. This may be explained by the smaller surface area of the substrate
with a dielectric permittivity of 90, which results in the same energy
distributed over a smaller area and consequently higher SAR levels.

In terms of receive properties, both simulations and measurements
have shown that the radiative antenna has approximately a factor of 2
higher SNR than the microstrip element at 10 cm depth in the phantom.
In particular, the substrate with a dielectric permittivity of 90 results in
a 20 % higher SNR for shallow depths, but at larger depths this differ-
ence diminishes compared to the substrate with a dielectric permittivity
of 37. Moreover, the patterns of simulated and measured SNR maps of
the radiative and microstrip elements are in good agreement. As the
B−1 and B+1 fields of a single element are mirror pairs, the SNR maps of
the radiative and microstrip elements are the mirrored patterns of their
B+1 maps. SNR of a coil is proportional to the B−1 field normalized to 1
W delivered power (Wright and Wald 1997). Note that good transmit
elements with a high transmit efficiency are also good receive elements.

In conclusion, the radiative antenna is a good nominee for being a new
7 T surface element. The radiative antenna with a dielectric permittiv-
ity of 37 is the best candidate for a transmit/receive element because
of its favourable local SAR10g avg/(B+1)

2 ratio and good receive per-
formance at depth. On the other hand, the radiative antenna with a
dielectric permittivity of 90 is more beneficial for patient comfort be-
cause of its smaller dimensions and lighter design. Although multi coil
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arrangements of these elements have not been examined in this study,
these antennas may be efficient transceive elements for a surface array
to be used in 7 T human body imaging.
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Chapter 3

Optimization of the radiative
antenna for 7T magnetic resonance

body imaging

Abstract. Magnetic resonance prostate imaging at 300 MHz is
complicated by the effects arising from the short RF wavelength
in biological tissue. A radiative antenna leads to a better RF
signal penetration for sites located at one or more wavelengths
depth, i.e. beyond the near zone. It consists of a dipole antenna
placed on a high-dielectric substrate. The effects of changes in
substrate dimensions and relative permittivity upon the electro-
magnetic fields, the B+1 efficiency and the Poynting vector at 10
cm depth are investigated for a realistic body phantom by using
electromagnetic simulations. A high relative permittivity sub-
strate is favorable in terms of B+1 efficiency, practical dimensions
and weight but it leads to a higher SAR exposure. For optimal
B+1 efficiency a relative permittivity in the range of 90 to 110
should be preferred and a minimum thickness of 40 to 50 mm
and a width of 50 mm. For optimal local SAR/(B+1)2 ratio, an
optimal thickness would be around 50 mm and the width would
be as large as possible. This may lead to an impractical element
size in terms of weight.1,

3.1 Introduction

U
ltra-high field whole-body magnetic resonance imaging (UHF-
MRI) is complicated by the reduced radiofrequency (RF) field
homogeneity and penetration (Roschmann, 1987; Ibrahim et al.,

2001; Wald et al., 2005; Vaughan et al., 2009). To address these RF
challenges transmit coils are operated often in an array mode. Sur-
face loop or microstrip coil arrays are often the preferred choices due to
their relative high transmit efficiency and their flexibility to steer the

1This chapter has been published as Ipek O., Raaijmakers A, Lagendijk J., Luijten
P., van den Berg C. (2013) Concepts in Magnetic Resonance Part B: Magnetic
Resonance Engineering,43B:1-10.
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RF transmit field (Metzger et al., 2008; Pinkerton et al., 2007). Unfor-
tunately, the attainable B+1 field in deeply situated organs such as the
prostate is low and is limiting standard techniques requiring high peak
B+1 fields such as Turbo Spin Echo (TSE) sequences or spectroscopy. In
the case that coil arrays are operated in a transceiver mode, the recep-
tion performance is another important RF aspect. Here, the poor RF
penetration will lead to sub optimal signal-to-noise ratios at depth.

RF penetration at depth can be improved by designing the RF coil in a
different manner. Classical coils such as microstrip or loop elements are
designed as resonant structures to maximize the magnetic field strength
in the near field. However, in UHF-MR body imaging target locations
are often situated outside the near field. In this case, tuning a RF
coil to resonance is no longer the optimal way to obtain maximal RF
penetration at depth as the resonant, reactive energy will be confined
to the near field. For efficient RF signal penetration a radiative design
such as the single-side adapted dipole antenna is favored as has been
recently demonstrated by Raaijmakers et al. (2011).

In this design, an electric dipole antenna is positioned on top of a
substrate with high relative permittivity. With this design, which we
designate in this manuscript as the radiative antenna, the energy flux
density characterized by the Poynting vector, is directed towards the
target location. This results in a higher B+1 field penetration and SNR
(signal to noise ratio) value at the target with a relatively lower peak
SAR (specific absorption rate) value compared to a conventional exter-
nal surface coil like microstrip element (Ipek et al., 2012). Although two
different substrates with relative permittivity of 37 and 90 were previ-
ously studied by Ipek et al. (2012), the role of the substrate relative
permittivity and dimensions has not been fully understood yet in terms
of transmit efficiency of the radiative antenna.

Previously, the dielectric match between the substrate and the load
was considered an important aspect for the efficiency of the radiative
antenna. However, Ipek et al. (2012) showed that the substrates hav-
ing low and high dielectric contrast to a load did yield identical B+1
and SNR values at depth and only their average peak SAR values were
differing substantially. This suggests that the performance of the radia-
tive antenna is affected by more parameters than the dielectric match
to the load only. In this study, we want to elucidate on the interplay
between substrate dimensions, substrate relative permittivity and RF
performance of a single radiative element.
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3.2 Methods

Dielectric Resonator Antenna

The radiative antenna bears a strong similarity in terms of geometry
to a rectangular dielectric resonator antenna (DRA). In this study we
want to demonstrate that the radiative antenna can be regarded as
a special case of a rectangular DRA and that DRA theory explains
RF field characteristics of the radiative antenna. A rectangular DRA
consists of a rectangular substrate with a relative permittivity in which
various modes can be excited by an excitation probe. The effect of the
change in the DRA substrate dimensions and relative permittivity on
resonant frequency, Q-factor (quality factor) and radiation field patterns
has been extensively studied (Okaya and Barash, 1962; Mongia and
Bhartia, 1994; Mongia, 1997). In these analyses, the DRA is modeled
as an isolated and truncated rectangular dielectric waveguide where
the surfaces parallel to the propagation direction are assumed to be
magnetic walls (Sethares and Naumann, 1966; van Bladel, 1975). At
the surfaces perpendicular to the propagation direction the tangential
electric and magnetic field components are assumed to be continuous
(Petosa, 2007; Luk et al., 2003). To allow establishment of a certain
mode, the substrate dimensions should exceed certain cut off values and
the excitation probes should have field components that match with the
field components of the mode (Petosa, 2007). For a rectangular DRA
with the shortest substrate dimension along the x direction, which is
excited by an electric dipole, the TEx

δ11 mode has the lowest resonance
frequency where the x denote the propagation direction and δ is defined
as the fraction of a field half cycle along the x direction (Harrington,
1961; Luk et al., 2003; Webb, 2012). Other higher order modes will
have higher resonant frequencies. Their frequencies can be calculated
by solving transcendental equations (van Bladel, 1975; Petosa, 2007).

Setup of simulations

All simulations were performed with a finite difference time domain
(FDTD) package (SEMCAD X, SPEAG, Schmid & Partner Engineer-
ing, Zurich, Switzerland). A radiative antenna consists of two cop-
per strips mounted upon a substrate and was placed on a phantom
(Figure3.1). The phantom (30 × 30 × 30 cm3, εr = 34, σ = 0.47) was
chosen to be the average relative permittivity and electrical conduc-
tivity of the abdomen of a human body (van den Bergen et al., 2009)
(Figure 3.1). From the center of the substrate-phantom interface, 10
cm depth of the phantom was chosen as a target, which represents the
average depth of the prostate in a human body. The prostate is a good
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Figure 3.1: Schematic picture of the radiative antenna on a phantom.

reference target as it is situated deeply in the body and there is much
interest in 7T prostate imaging. Substrates with the relative permittiv-
ities ranging from 20 to 200 with a fixed electrical conductivity of 0.001
S/m were used. The copper strips constituting a dipole antenna were
centrally fed by a voltage source, and were modeled as perfect electric
conductors. The dipole was oriented parallel to B0 along the z direction.
The dimensions of the strips were 6.2 cm long and 0.6 cm wide.

The grid resolution was non-uniform. In other words, the radiative
antenna and its close proximity were meshed denser (with the minimum
voxelisation steps of 0.9 × 7.0 × 1.0 mm3

) than the rest of the overall
field. Harmonic excitation at 300 MHz was simulated and steady-state
conditions were achieved within ten periods of simulation time for all
setups. The elements were tuned to 300 MHz by iterative simulations
to determine the correct capacitor/inductor values. While no lumped
element was used for tuning to 300 MHz for the substrate with a relative
permittivity of 37, the substrates with a relative permittivity different
than the relative permittivity of the phantom had an inductor (varies
from 10 to 20 nH) in series to the voltage source. Matching close to
50 Ohm was possible for the substrates with a relative permittivity
ranging from 37 to 90 whereas for the permittivities of 20, 110 and
higher, matching was achieved by choosing the source impedance equal
to the (real) load impedance, which was in those cases always lower than
50 Ohm. Perfectly matched layers (Berenger, 1994) in medium strength
at the edges of the computational domain were used.
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Table 3.1. Calculated resonant frequencies for lowest resonant modes
TEx

δ11 and TEx
δ12 for the substrate length of 153 mm and width of 50

mm for different substrate thicknesses and relative permittivities .

Change in substrate thickness

The impact of a change in the substrate thickness and relative permit-
tivity upon the field patterns was investigated. The Poynting vector
and B+1 value at 10 cm depth of the phantom normalized to 1 W deliv-
ered power was studied for the substrates with relative permittivities of
20, 36, 50, 70, 90, 110 and 200 and an electrical conductivity of 0.001
S/m. The substrate thickness was varied from 1 to 12 cm-thick with 1
cm steps. The substrate width (5 cm) and the length (15.3 cm) were
kept constant during this part of the study. Note that some of the
large/thick substrate dimensions would be impractical for real usage.
However, we believe that these large dimensions are useful to illustrate
and understand the interplay between substrate dimensions and field
patterns.

Change in substrate length and width

The B+1 value at 10 cm depth of the phantom normalized to 1 W deliv-
ered power was studied for various substrate widths and relative per-
mittivities of 36, 50 and 90. The substrate thickness (5 cm) and length
(15.3 cm) were kept constant while the substrate width was varied from
2 to 30 cm with 1 cm steps. In addition, the impact of a change in the
substrate length on the B+1 value at 10 cm depth of the phantom was
studied for substrates with relative permittivities of 36 and 90. Here,
the substrate thickness and width was 5 cm and the length was varied
from 13 to 30 cm with 1 cm steps.
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Figure 3.2: The y component of the (real-modulus) Poynting vector
(Sy) normalized to 1 W delivered power at 10 cm depth of the phantom
in the centre point (a), the magnitude of the B+1 value at 10 cm depth
of the phantom in the centre point normalized to 1 W delivered power
(b), and maximum SAR averaged over 10 g tissue (c) as a function of
the substrate thicknesses for the relative permittivities of 20, 36, 50, 70,
90, and 110.

3.3 Results

Table 3.1 shows the calculated resonance frequencies for the two lowest
resonant modes (TEx

δ11, TEx
δ12) for each dielectric block by using the

transcendental equations in Petosa (2007). Note that in this model an
isolated DRA is assumed, i.e. a block completely surrounded by air
while the radiative antenna is loaded on one side by the body. However,
we expect only a moderate shift in resonant frequency of the different
modes due to this effect.

Change in substrate thicknesses

Figure 3.2 a-b demonstrates the Poynting vector and B+1 value at 10 cm
depth of the phantom normalized to 1 W delivered power versus sub-
strate thicknesses. Note that the Poynting vector and B+1 value at 10 cm
depth of the phantom follow a similar pattern with an increase of the
substrate thickness. For the substrate relative permittivities of 20 and
36, increasing substrate thickness is disadvantageous for B+1 penetration
at depth. Starting from a relative permittivity of 50, B+1 efficiency rises
with increasing substrate thickness (Figure 3.2 b) until the curve flat-
tens at a maximum value for higher thicknesses. The substrate thickness
where maximum B+1 penetration is obtained, scales inversely with the
relative permittivity values. A similar picture appears from looking at
Figure 3.3. As can be seen in the first column of Figure 3.3, for a relative
permittivity value of 20, the energy flux in the substrate is dampened
and a higher coupling to air occurs compared to the higher relative
permittivity values. For relative permittivities of 50, 70, 90 110, a well-
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Figure 3.3: Transverse slices of the y component of the (real) Poynting
vector (Sy) normalized to 1 W delivered power (shown in color scale)
as function of the substrate thicknesses from 30 mm (a-f) to 150 mm
(s-x) for substrate relative permittivities of 20 (a,g,m,s), 50 (b,h,n,t),
70 (c,i,o,u), 90 (d, j,p,v), 110 (e,k,q,w), and 200 (f,l,r,x). The arrows
present the vector field of the (real) total Poynting vector.

collimated energy flux is efficiently transmitted by the substrate and is
directed downwards towards the target. Figure 3.3 also indicated that
higher substrate relative permittivity values lead to a stronger lateral
confinement of the Poynting vector and thus less radiation loss to air
(Figure 3.3). For the substrate with very high permittivity (200), more
complex Poynting vector patterns are observed. Moreover, the field is
strongly confined to the substrate with poor incoupling into the phan-
tom. Figure 3.3 k, p, u shows characteristics similar to TEx

δ11 mode. As
can be seen from Table 3.1, the corresponding substrate dimensions re-
sult in a resonance frequency of TEx

δ11 mode that is close to the Larmor
frequency at 7T, 298 MHz. A higher order mode (TEx

δ12) can be clearly
seen in Figure 3.3 x with an extra node along the substrate height for
a substrate with a relative permittivity of 200.
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Table 3.2. Maximum local SAR10g avg/(B+1)
2 at 10 cm depth of the

phantom for substrate thicknesses of 20, 50 and 80 mm for the substrates
with a relative permittivity of 20, 50, 70, 90 and 110.

Figure 3.2 c shows the maximum local SAR averaged over 10 g tis-
sue as a function of substrate thickness. As the substrate thickness is
expanded from 10 to 20 mm, an abrupt decrease in local SAR value oc-
curs. For these small thicknesses the SAR reduction is mainly due the
spacer effect of the substrate, screening the high electric fields in the
direct proximity of the dipole from the phantom As the substrate thick-
ness increases from 20 mm to higher, local SAR values diminish for the
substrate with a relative permittivity of 20 and 36, and increase for the
substrate with a relative permittivity of 50, 70, 90 and 110. In general,
the maximum local SAR value increases with the relative permittivity.

Table 3.2 shows the maximum local SAR10g avg/(B+1)
2 value at 10 cm

depth of the phantom for different relative permittivities for substrate
thicknesses of 20, 50 and 80 mm. Optimal local SAR10g avg/(B+1)

2 val-
ues are obtained around 50 mm substrate thickness. For this thickness,
the lowest local SAR10g avg/(B+1)

2 value is at a relative permittivitty of
70, but the local SAR10g avg/(B+1)

2 changes only 8% for relative per-
mittivity values ranging from 20 to 90.

Change in substrate width and length

Figure 3.4 presents a transverse cross section of the Poynting vector
distribution for varying substrate thickness (columns) and widths (row)
for a relative permittivity of 90. A noticeable effect is that for large
substrate widths and thicknesses, a complex pattern of nodes and anti-
nodes appear. This can lead even to side lobes in the radiation pattern
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Figure 3.4: Transverse slice of the y component of the (real) Poynting
vector (Sy) normalized to 1 W delivered power (shown in color scale) for
the substrate with a relative permittivity of 90 with the fixed height and
varying substrate width from 30 mm (a-d) to 150 mm (m-p) (rows), and
with the fixed width and varying substrate height from 30 mm (a,e,i,m)
to 150 mm (d,h,l,p) (columns). The arrows present the vector field of
the (real) total Poynting vector.

as can be seen in Figure 3.4 h. An anti-node in the Poynting vector
distribution appears centrally for the 110 mm substrate width (Figure
3.4 c, g, k, o). For the 150 mm substrate width two anti-nodes can be
seen at the sides with a node in the centre (Figure 3.4 d, h, l, p).

In Figure 3.5 a, the B+1 value at 10 cm depth of the phantom as a
function of increasing substrate width is shown for various substrate rel-
ative permittivities. When the substrate width is increased, a damped
periodic dependence is seen for the B+1 field amplitude at 10 cm depth
of the phantom (Figure 3.5 a). A higher substrate relative permittivity
leads to an increased periodicity and a higher peak B+1 value. On the
other hand, when the substrate length is increased, no strong B+1 field
modulation is observed (Figure 3.5 b). The maximum local SAR values
averaged over 10 g tissue as a function of substrate width (Figure 3.5 c)
and substrate length (Figure 3.5 d) are also shown. In general, as the
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Figure 3.5: The magnitude of the B+1 value normalized to 1 W delivered
power at 10 cm depth of the phantom in the centre point as a function
of change in the substrate width (a) and length (b), maximum SAR
averaged over 10 g tissue as a function of substrate width (c) and sub-
strate length (d) for relative permittivities of 36, 50, 90 (a,c), and 36,
90 (b,d) for the substrate thickness of 5 cm.

substrate width and length enlarges, the maximum local SAR value de-
creases with the exceptions around a substrate width of 200 mm (Figure
3.5 c) where a local maximum occurs for a relative permittivity of 90.
The decrease with length is, however, less dramatic. A similar trend
is also seen for the SAR10g avg/(B+1)

2 values (Table 3.3 and 3.4). Note
that a width of 150 mm for a relative permittivity of 90, results in an
unfavorable SAR10g avg/(B+1)

2 value.

To study in more detail of the B+1 periodic dependence as a function
of substrate width, various field distributions of the 90 and 150 mm
substrate width are shown in Figure 3.6 b-g. These widths correspond
respectively to the maximum and minimum B+1 peak values of the sub-
strate with a relative permittivity of 90 in Figure 3.5 a. The 90 mm
substrate width sets up a highly directive Poynting vector towards the
centre of the phantom (Figure 3.6 f), while the Poynting vector has two
lobes at the lateral edges for the 150 mm substrate width (Figure 3.6
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Table 3.3. Maximum local SAR10g avg/(B+1)
2 at 10 cm depth of the

phantom for substrate widths of 50, 90 and 150 mm for the substrates
with a relative permittivity of 36, 50 and 90.

Table 3.4. Maximum local SAR10g avg/(B+1)
2 at 10 cm depth of the

phantom for substrate widths of 130, 180 and 230 mm for the substrates
with a relative permittivity of 36 and 90.

g). Moreover, a strong Hx (x component of the magnetic field) field
at the centre of the substrate (Figure 3.6 d) is observed with aligned
Ez (z components of the electric field) field (Figure 3.6 b) for the 90
mm substrate width. Complex Hx and Ez distributions occur for the
substrate with a 150 mm width.

3.4 Discussions

The radiative antenna is used for imaging targets located outside the
near field. Efficient signal penetration is created with a highly col-
limated energy flux towards the target. Here, we study the radiation
patterns as a function of substrate dimensions and relative permittivity.
An extensive parameter study is performed using numerical simulations
for a body realistic phantom demonstrating the dependences of peak
SAR values and RF penetration at depth on substrate dimensions and
substrate permittivity.
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Figure 3.6: Transverse slices of the z component of the (real) electric
field (Ez) (b,c), x component of the magnetic field (Hx) (d,e) and y
component of the Poynting vector (Sy) (f,g) normalized to 1 W delivered
power (shown in color scale) for the substrates (dashed box) with 90 mm
(b,d,e) and 150 mm (c,e,g) substrate width, 50 mm substrate thickness
and 150 mm substrate length. The arrows present the vector field of
the total E, H, and S fields. The figure above (a) is a schematic picture
of a setup with the representation of the transverse slice.
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The findings from Figure 3.2 and 3.3 indicate that a relative permiv-
itity value of the substrate in the range of 90 to 110 should be preferred
in terms of B+1 effiency. Such a choice would also lead to a minimum
substrate thickness, which is advantageous as building light surface el-
ements for increasing patient comfort. The high permittivity ceramics
which has been used as substrate material for the radiative antenna,
have generally a high mass density. Although high substrate permit-
tivity might be favorable in terms of B+1 efficiency, the maximum local
SAR values generally also increase for higher relative permittivity val-
ues (Figure 3.2 c). The steep, initial drop for low thicknesses, which is
visible for all permittivity values, is caused by a spacer effect. High con-
servative electric fields in the direct proximity of the dipole are screened
from the phantom. The overall determinator for RF efficiency is of
course the maximum SAR10g avg/(B+1)

2 ratio. It appears that an ideal
substrate thickness is in the range of 50 mm (Table 3.2). Note that this
ratio differs very marginally for different relative permittivity values.

As can be observed in Figure 3.4, increasing the substrate width has
a more pronounced effect upon the Poynting vector distribution in the
substrate than the substrate thickness. Interestingly, for a width of 150
mm and thickness of 30 mm, side lobes in the radiation pattern appear
for the substrate with a relative permittivity of 90. This goes at the
expense of B+1 efficiency as can be seen from Figure 3.5 a. Possibly, this
might an attractive feature for multi-ring transmit arrays. The optimal
width in terms of B+1 efficiency is around 50 to 100 mm for all three
investigated relative permittivity values. Here again, a width 50 mm
would be preferred in practice due to weight considerations. For widths
of 110 mm and larger particular modal patterns with nodes and anti-
node start to appear in the substrate. Strikingly, length variation has
very minimal effect upon B+1 efficiency.

The local SAR decreases with increasing widths which is due to the
effect that for larger widths the power density is distributed over a
large surface. Length variation has again marginal effect. Optimal
SAR10g avg/(B+1)

2 ratio is obtained for a large widths (150 mm). For
the 50 and 90 mm widths, the dependence of the SAR10g avg/(B+1)

2 ra-
tio upon the relative permittivity is marginal. An exception occurs
for a width of 150 mm for a relative permittivity of 90 where the
SAR10g avg/(B+1)

2 ratio rises sharply. In Figure 3.6 the electric and
magnetic field and the Poynting vector distribution belonging, to the
widths with maximal (90 mm) and minimal (150 mm), respectively, B+1
efficiency is studied in more detail. This demonstrates that for a width
of 90 mm, a highly collimated energy flux is achieved, while for a width
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of 150 mm two side lobes appear directing the energy flux away from
the target.

For a rectangular DRA the TEx
δ11 mode has the lowest cut off fre-

quency. It will propagate along the smallest dimensions being in this
case the substrate width. The field pattern of this mode matches well
with field pattern of the electric dipole and is thus efficiently excited.
The fact that the propagation is along the width of the substrate could
possibly explain why width variation has much more impact than length
variation (Figure 3.7). For a substrate thickness of 100 mm, one can
observe that the electric field components (Ey and Ez) in the substrate
are in a plane transverse to propagation direction circulating along the
main component of the magnetic field which point along x. The 20 mm
substrate thickness, on the other hand, does not show a DRA mode as
its dimensions are below cut off (Table 3.1 ). For these low relative per-
mittivity values, the resonant frequencies of the two lowest order DRA
modes are much higher than 298 MHz. From this DRA perspective we
also can explain the attenuation of the energy flux for increasing sub-
strate thickness for a relative permittivity value of 20 (Figure 3.3). A
rather low dielectric constant of 20, requires large substrate dimensions
to exceed cut off. Below these cut off value, the field propagation will
have an evanescent nature. The modal patterns with several nodes and
anti-nodes for large widths, as shown Figure 3.4 and 3.6, are associ-
ated with higher order DRA modes which can have complex radiation
patterns.

The radiative antenna distinguishes itself from a DRA in one im-
portant aspect. Contrary to a conventional DRA which is completely
surrounded by air, the radiative antenna is in direct contact with the
subject (i.e. human body). Conventional DRA which are fabricated
from high permittivity material, will have high dielectric contrast with
the air surroundings. As a result, most of electromagnetic energy is
trapped in the substrate by total internal reflection and only little can
escape to air when it impinges at the interface at angles smaller than
the critical angle. For the radiative antenna, on the other hand, the
trapping of the electromagnetic energy is much smaller as the dielectric
contrast at the substrate-subject interface is much larger. This leads to
a larger critical angle and the power predominantly leaks from the sub-
strate at this interface. This results in a desired situation that a highly
collimated Poynting flux in the direction of the target is created with
minimized radiation spilling into air. For very high relative permittivity
(e.g. 200), the dielectric contrast will be again large leading to strong
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Figure 3.7: Sagittal (a,c,e,g) and transverse (b,d,f,h) slices of the z com-
ponent of the (RMS modulus) electric field (Ez) (a-d) and x component
of the (RMS modulus) magnetic field (Hx) (e-h) fields normalized to 1
W delivered power (shown in color scale) for the substrates with 20 mm
(c,d,g,h) and 100 mm (a,b,e,f) thickness with a relative permittivity of
90 for 50 mm width and 153 mm length. The arrows present the (real)
E vector field (a-d) at 30 degrees and H vector field (e-h) at 120 de-
grees. The subfigure above represents the directions of the transverse
and sagittal slices in the setup.
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field confinement. In this high permittivity regime the substrate action
will be close to a DRA functioning more as a resonator than a radiator.

3.5 Conclusions

For optimal substrate dimensions and relative permittivity, we should
distinguish two scenarios 1) optimal B+1 efficiency and 2) optimal
SAR10g avg/(B+1)

2 ratio. For optimal B+1 efficiency a relative permit-
tivity in the range of 90 to 110 should be preferred and a minimum
thickness of 40 to 50 mm and a width of 50 mm.

For optimal max SAR10g avg/(B+1)
2 ratio, the design considerations

are a bit different. Here, the effect of permittivity is minimal although
a regime should be avoided that higher order DRA modes are created.
An optimal thickness would be around 50 mm and the width as large
as possible although practical consideration such as weight, would pose
here more stringent constraints on the allowed width.

For high relative permittivity values and large substrate dimensions,
the established mode pattern can be understood from DRA theory. Gen-
erally, radiative elements will not be operated in this DRA regime as
the elements become impractical in terms of weight. Dimensions would
shrink for high relative permittivity value, however, this would degrade
the transmission into the subject.
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Chapter 4

Inter-subject local SAR variation for
7 T prostate MR imaging with an 8
channel single-side adapted dipole

antenna array

Abstract. Purpose: Surface transmit arrays used in ultra-high
field body MRI require local SAR (Specific Absorption Rate) as-
sessment. As local SAR cannot be measured directly, local SAR
is determined by simulations using dielectric patient models. In
this study, the inter-patient local SAR variation is investigated
for 7 T prostate imaging with the single-side adapted dipole an-
tenna array.
Method: Four dedicated dielectric models were created by seg-
menting Dixon water-fat separated images that were obtained
from four subjects with a 1.5 T scanner and the surface array
in place. Electromagnetic simulations were performed to calcu-
late the SAR distribution for each model. Radio frequency (RF)
exposure variations were determined by analyzing the SAR10g

distributions (1) with one element active, (2) using a Q-matrix
eigenvalue/eigenvector approach, (3) with the maximum poten-
tial SAR in each voxel, and (4) for a phase shimmed prostate
measurement.
Results: Maximum potential local SAR levels for 1 W time-
averaged accepted power per transmit channel range from 4.1
to 7.1 W/kg.
Conclusion: These variations show that one model is not suffi-
cient to determine safe scan settings. For the operation of the
surface array conservative power settings were derived based on
a worst-case SAR evaluation and the most SAR-sensitive body
model. 1

1This chapter has been published as Ipek Ö, Raaijmakers A.J., Lagendijk J.J.,
Luijten P.R., van den Berg C.A.T. (2013) Magnetic Resonance in Medicine.
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4.1 Introduction

U
ltra-high field MR imaging has demonstrated impressive advan-
tages for high-resolution anatomic and functional imaging of the
human body. However, due to the higher Larmor frequency, ultra-

high field MR imaging is hampered by increased levels of energy depo-
sition within the tissue (Collins and Smith, 2001; Vaughan et al., 2001;
Ibrahim et al., 2009). Moreover, the energy deposition distribution is
spatially inhomogeneous (van den Bergen et al., 2009). Therefore, not
only global SAR (Specific Absorption Rate) but also local SAR regula-
tions need to be taken into account when establishing safe sequence
parameters (Metzger et al., 2010; IEC, 2010). A good estimate on
global SAR deposition can be monitored by forward/reflected power
(Zhu et al., 2012), but local SAR cannot be measured directly. There-
fore, electromagnetic simulations with human body models are required,
to arrive at safe scan settings for newly developed coils.

However, most often a model that was used in electromagnetic simu-
lations does not represent the imaging subject at hand. Consequently,
the calculated local SAR distribution using this model will deviate from
the actual SAR distribution that the subject is exposed to. The error
that is made in the maximum local SAR estimation depends on the vari-
ability of the SAR distribution between subjects. A recent study has
determined the variability in SAR distribution between five subjects for
a head coil at 7 Tesla (de Greef et al., 2012). It was found that for this
application, local SAR behaves in a generic fashion between the subjects
allowing local SAR assesment based on a single generic model instead
of a patient specific model, provided a modest safety factor is included
to account for expected differences between subjects. However, these
conclusions for imaging with a head coil are not directly applicable to
other coils. In particular surface arrays will show a different SAR be-
havior, because the spatial peak SAR values are always located directly
underneath the surface elements. In this study, the SAR10g variability
between subjects is investigated for prostate imaging with our array of
single-side adapted dipole antennas.

The single-side adapted dipole antenna (in short: radiative antenna)
array has demonstrated superior performance in both transmit and re-
ceive (Raaijmakers et al., 2011; Ipek et al., 2012) for 7 T prostate imag-
ing. However, to achieve good signal penetration into the tissue, the
elements have to be placed on to the subject. This poses a challenge for
the SAR simulation, because the body′s outline will be deformed. If the
radiative antenna is placed on a non-deformed human subject such as
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Duke from the Virtual Family (Christ et al., 2010), the air gap between
the model and substrate leads to a huge electric field peak value. This
leads to an increase in local SAR value (Ipek et al., 2010). In practice, at
the dorsal side tissue of the subject is deformed by the subject′s weight
pressing on the elements while at the ventral side, the tissue is deformed
by the relatively heavy elements pressing slightly into the subject. To
correctly simulate these deformations, we created four dedicated mod-
els by segmenting water and fat separated MR images (Homann et al.,
2011) of four volunteer subjects scanned at 1.5 T with the 7 T radia-
tive elements in place. FDTD (Finite-Difference Time-Domain) sim-
ulations were performed on these four realistic subject-specific models
to calculate and to compare the resulting SAR distributions. This will
demonstrate whether or not one generic model is sufficient for local SAR
assessment for the radiative antenna array.

To achieve constructive interference of the B+1 fields from the individ-
ual elements, the radiative antenna array is used with designated RF
shim settings (Metzger et al., 2008; van den Bergen et al., 2011). How-
ever, the use of adjustable amplitude and phase settings of individual
transmit channels makes the estimation of local SAR values challeng-
ing (Collins and Wang, 2011; Homann et al., 2011). This is because the
phase steering that is used to achieve constructive interference of the B+1
field within the target region, also affects the interference of the electric
fields everywhere within the subject. Therefore, the SAR distribution
and the safety limits depend directly on the phase and amplitude set-
tings of all channels. On the other hand, because the radiative elements
are so close to the skin, the spatial peak SAR values will be located close
to the elements. One might expect that the SAR level underneath each
element is predominantly determined by the closest element, and contri-
butions from other elements (and their mutual phase settings) will not
matter anymore. This would make the SAR calculations conveniently
easy.

In this study, we use four methods to characterize the SAR distri-
butions for the four subject models: a single element SAR distribution
(SARCh1

10g ), a Q-matrix largest eigenvalue analysis (SAReigenvalue
10g ) (Bar-

dati et al., 1995), numerical calculation of the maximum potential SAR
level for each voxel referring to the worst case scenario (SARworst−case

10g )
and applying an RF phase shim set that gives maximum constructive
interference of the B+1 fields within the prostate (SARphase−shim

10g ) .
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Figure 4.1: The radiative antenna array with relative permittivity of 90
and 37 without electronics (a) placed on a volunteer (b) with a Torso
XL receive coil used for 1.5T MRI (c).

4.2 Methods

Radiative antenna array

A single-side adapted dipole antenna (radiative antenna) consists of
two copper strips (6 × 1 cm2) mounted upon a high dielectric permit-
tivity substrate (Raaijmakers et al., 2011). The strips constituting a
dipole antenna are centrally fed by a voltage source. The radiative
antenna array consists of 4 dorsal and 4 ventral elements (Figure 4.1
a). Based on the availability of ceramic blocks at our department, the
prostate array consists of two types of elements. The ceramic substrates
of the lateral ventral elements have a relative permittivity of 90. Their
dimensions are 11.7 × 5.8 × 3.0 cm3 (length ×width × height). The two
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medial ventral elements and all dorsal elements have substrates with
a relative permittivity of 37 and a dimension of 14.9 × 7.2 × 4.0 cm3

(length ×width × height). All dorsal elements together are placed in-
side one ABS (acrylonitrile butadiene styrene) framework (Figure 4.1
a). The ventral elements have individual housings made of ABS. The
framework is 3D printed from a CAD design and the CAD design
was loaded into SEMCAD X (SPEAG, Schmid & Partner Engineer-
ing, Zürich, Switzerland) to represent the exact geometry. The volun-
teer is positioned with his hips on the dorsal framework (Figure 4.1 b).
The ventral elements are distributed around the upper side of the sub-
ject’s pelvis. The element housings are interconnected by a canvas belt
to allow some freedom to accommodate to the patient’s body contour
(Figure 4.1 b).

Model generation

To achieve the optimal signal penetration into the tissue, the elements
have to be placed onto the subject. This poses a challenge for the SAR
simulation, as peripheral body tissue will be deformed by mechanical
pressure from the elements. Existing human EM models do not possess
these kinds of tissue deformations and their body contour does not fit
the shapes of the elements. Therefore, simulating an array of radiative
antennas on existing human EM models requires the local addition of
extra tissue between the elements and the skin to guarantee a realistic
skin-element abutment. However, this procedure is relatively arbitrary
and the SAR results may well be influenced by the manipulations of the
models to accommodate the elements onto the subject′s body contour.
To avoid these kinds of model manipulations, we created four new mod-
els based on MR scans of four volunteers having a range of BMI (Body
Mass Index) from 21.2 to 31.7 with the elements in place. In this way,
we obtain realistic models with body contours that allow realistic abut-
ment of the elements in the simulations. Four volunteers were scanned
on a 1.5 T MR system (Philips Achieva, Best, the Netherlands) with the
7 T radiative antenna array in place (Figure 4.1). To avoid potential
hazard, all cables and electronics of the radiative antenna array were
removed (Figure 4.1 a). Dixon water/fat images (multi-slice, spoiled
GRE multi-acquisition, pulse repetition time/echo time = 840/2.7 ms,
difference in echo time = 1 ms, flip angle = 80○, spatial resolution
2.4 × 2.4 × 3.5 mm3) (Figure 4.2 a-h) were acquired using a 16-channel
body receive coil (Figure 4.1 c). The field of view in cranial-caudal di-
rection was 40 cm covering the bottom abdomen and half upper-legs
which was sufficient to reach the same SAR value compared to the full-
length model because the SAR10g,max is always observed just under the
substrate for the radiative antenna array. Moreover, the SAR10g,max
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Figure 4.2: Transverse Dixon fat (a-d) and water separated (e-h) images
of four volunteers with the corresponding BMIs, and their segmented
versions (yellow:fat, red:muscle, brown:skin) with eight element radia-
tive array (i-l).

value does not differ for Duke with full-length and only abdominal area
simulated. The location of the elements was revealed by the placement
of vitamine capsules at the corners of the elements. These capsules are
visible in the MR images. In this way, realistic models were obtained
including the tissue deformations that originate from the placement of
the radiative antenna array around the pelvis.

Model segmentation

The four 3D data sets with water and fat images of the abdomen were
segmented using iSeg (SPEAG, Schmid & Partner Engineering, Zürich,
Switzerland) (Figure 4.2 i-l). By thresholding the fat and water images
the fat and muscle tissue was segmented. In terms of dielectric prop-
erties, the internal air and bone voxels are assumed to correspond to
fat and the abdominal organs to muscle (Homann et al., 2011). A 4
mm skin layer following the body contour was added. Each tissue type
was exported as a set of contours and then imported by SEMCAD X.
The dielectric properties of the tissue types were taken from Gabriel et
al. (Gabriel et al., 1996) for a frequency of 298 MHz: muscle (εr = 58,
σ = 0.77 S/m), fat (εr = 11.7, σ = 0.07 S/m) and skin (εr = 49, σ = 0.64
S/m) with the density of all tissues set at 1000 kg/m3.
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Figure 4.3: The scattering parameters of the radiative antenna array (el-
ements 1-4 are the ventral elements and elements 5-8 are placed dorsal)
for four body models.

Simulation configuration

The electric (E) fields of all individual array elements were simulated
with the FDTD package SEMCAD X. The radiative antenna array was
placed on the segmented model with a perfect skin-element abutment,
as expected because the subjects were scanned with the elements in
place. The minimum and maximum of the discretization steps are
given in terms of voxel volume, respectively : 0.05 × 0.17 × 0.06 mm3

and 49 × 46 × 48 mm3 for the four different human body models. To
ensure a correct representation of the element dimensions, these ele-
ments were voxelised with so-called Bounding Box settings. This means
that the voxelisation grid lines are forced to correspond to the outer di-
mensions of objects like ceramic bricks, copper conductors etc. If some
of these elements are tilted over small angles, very small voxel steps
are enforced by this procedure. Computations were carried out on a
GPU card within on average 2 hours per element (16 hours per model).
A harmonic excitation at 298.2 MHz was simulated and steady-state
conditions were achieved within ten periods of simulation time. Power
matching was achieved by adding lumped elements at either side of the
voltage source and adjusting the real part of the internal impedance
of the voltage source. The resulting power matched source impedances
ranged from 20 to 50 Ohm. The reflection is less than -12 dB and cou-
pling is less than -10 dB for all channels (Figure 4.3). All resulting data
are normalized to 1 W accepted power by dividing the field distributions
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through the real power delivered by the active source (losses by coupling
to other sources were negligible). A capacitor of 30 pF in series to the
voltage source was used for the elements 2, 3, 6 and 7 for four models.
No lumped elements were necessary for the rest of the elements. The
copper strips of the radiative antennas were modeled as perfect elec-
tric conductors. The source or source/capacitor elements were placed
in a 2 mm gap between the copper strips. The elements were driven
individually in separate simulations with only one element active. At
the locations of the inactive sources the source impedances were taken
into account. Then, the E-field distributions of the individual chan-
nels, normalized to 1 W accepted power, were exported to Matlab (the
Mathworks Inc., Natick, MA).

Data evaluation

The E-field distributions of the individual channels were interpolated
into the center of the Yee-cell voxels. The Q-matrix for every voxel
was calculated as described by Bardati et al. (1995), Zhu (2004) or
Graesslin et al. (2012). The 10g-averaged Q-matrix for each voxel was
calculated by averaging each of the 8×8 Q-matrix entries over a cube
that contains exactly 10 g tissue. The averaging cube dimensions were
iteratively determined for each voxel individually. Voxels at the edge
of this averaging cube were included partially. From the resulting 10g-
averaged Q-matrix distribution, the eigenvalue and eigenvectors were
calculated for each voxel (Neufeld et al., 2011; Eichfelder and Gebhardt,
2011; Sbrizzi et al., 2012).

The largest eigenvalue for each spatial location indicates the largest
SAR that this particular location can be exposed to with 1 W total
accepted power. It is tempting to assume that the maximum potential
SAR in an MR experiment can be calculated from this value. However,
this is not the case. The largest eigenvalue gives the largest SAR if
the total accepted power can be distributed freely among the transmit
channels. In a true MR experiment, not the total input power is limited,
but the input power per channel. This is a slightly different boundary
condition, but it prohibits the use of an elegant analysis method such as
the eigenvalue/eigenvector approach to determine the worst-case SAR
exposure. To demonstrate this, the eigenvalue distribution for each
model will be indicated in the results section, next to the following
method that provides the true maximum SAR that can be reached.

A potential method to determine the maximum SAR is by combining
the eight E-fields sum-of-magnitudes. However, this approach overes-
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Figure 4.4: The model Duke with a radiative antenna array (a), trans-
verse slice of the original model with 77 tissues (b), and of the simplified
model with three tissues (c). The dark blue part in (b) is the prostate.

timates the maximum SAR because constructive interference of the E-
fields cannot be obtained over the entire 10 g averaging cube. Therefore,
the worst potential phase shim-set per voxel was determined numeri-
cally; using the averaged Q-matrix and a pattern search optimization
(standard Matlab function) to find per voxel the phase shim set that
results in the maximum SAR10g. To save time, the procedure was only
carried out for voxels with an eigenvalue larger than 60% of the max-
imum eigenvalue in the model. This numerical method results in the
distribution of the true maximum SAR that can be obtained in each
voxel.

However, in an MR experiment the shim settings are not chosen such
that the SAR is maximized, but they are chosen such that the B+1 in
the prostate is maximized. This setting likely provides a lower SAR
exposure and therefore, this SAR distribution is also presented for com-
parison. Along with the SAR information, the B+1 value in the prostate
and the SAR10g,max/(B

+

1 )
2 value will be evaluated.

Required number of tissue types

To facilitate the generation of these models within an acceptable time
effort, the number of tissues has been limited to the three most dielec-
trically relevant: skin, fat and muscle. Prior studies have shown for a
volume coil at 3 Tesla, that segmentation of the model into this set of
tissue types is sufficient to correctly determine the B+1 and SAR distri-
bution (Homann et al., 2011). However, for verification, we will check
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Figure 4.5: Local SAR results with maximum contributing element ac-
tive only (normalized to 1 W accepted power)(a-d), distribution of max-
imum local SAR values per voxel with 1 W accepted power distributed
over eight elements (largest eigenvalue of Q-matrix) (e-h), distribution
of maximum local SAR values per voxel normalized to 1 W per chan-
nel (i-l), and local SAR distribution with 8 × 1 W accepted power and
phase settings determined by B1 shimming at the prostate (m-p).

this finding in the following way: The radiative antenna array located
on the virtual family model Duke (Figure 4.4 a) was simulated with 77
dielectric tissue parameters (Gabriel et al., 1996) (Figure 4.4 b) and 3
tissues of muscle, fat and skin (Figure 4.4 c). For the model with 3 tis-
sues, the dielectric properties of the tissues at 298 MHz were selected as
following: the bone is assumed to correspond to fat and the abdominal
organs to muscle, as suggested in Homann et al. (2011). Because this
model was not created with the elements in place, local additions of
skin and fat layers were used to ensure perfect element-skin abutment.
Finally, the resulting B+1 values in the prostate and maximum local SAR
levels are compared to verify the negligible impact that the number of
tissue types has on these endpoints.
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4.3 Results

The overall results for the comparison study among the four-segmented
models are presented in Figure 4.5. All images show the SAR10g dis-
tribution in the plane where the spatial maximum is located. The
SAR10g,max value for all distributions is presented in Table 4.1. The
first row (Figure 4.5 a-d) depicts the SARCh1

10g distribution if only the
one most SAR10g-sensitive element is active with 1 W accepted power.
The SARCh1

10g,max value is always observed under element 1 for the four
models. The second row (Figure 4.5 e-h) shows the distributions of
primary eigenvalues, i.e. the SAR10g,max value normalized to 1 W to-
tal accepted power (SAReigenvalue

10g,max ). Independent of the model, the
SAReigenvalue

10g,max hotspot is located at the same location (in the muscle
tissue under element 1 with a relative permittivity of 90). Note that
although the SAReigenvalue

10g hotspots are under each element, for all
models the SAReigenvalue

10g,max under element 1 is similar to the SARCh1
10g

distribution (Figure 4.5 a-d). The third row (Figure 4.5 i-l) shows
the SARworst−case

10g in each voxel for 1 W accepted power per chan-
nel. In these maps, the SARworst−case

10g hotspots are mainly observed
under element 1 and 4. These are the elements with substrates with
a relative permittivity of 90 and smaller dimensions. Compared to the
SAReigenvalue

10g,max values, the SARworst−case
10g,max value is 28-51% higher (Table

4.1). The bottom row (Figure 4.5 m-p) presents the SARphase−shim
10g dis-

tribution with a phase and amplitude setting typically used in an MR
experiment, i.e. shimmed for maximum B+1 in the prostate. Also, the
SARphase−shim

10g,max /(B+1)
2 and the B+1 values in the prostate are presented

in Table 4.1. The SARphase−shim
10g,max value ranges from 68 to 88% of the

SARworst−case
10g,max value (Table 4.1). The SAReigenvalue

10g map of model 1 and
the eigenvector composition of the maximum SAR10g value is shown in
Figure 4.6. The eigenvector illustrates that the maximum SAR10g is
achieved when almost all power is emitted from element 1 (rather than
distributing the same power between the elements). This explains why
the SAR10g distributions under element 1 in the first two rows in Figure
4.5 are similar.

The SARphase−shim
10g distributions for the original model Duke with

77 tissue types and the simplified model with 3 tissue types are
shown in Figure 4.7. Both the SARphase−shim

10g distributions and the
SARphase−shim

10g,max values show only minor differences between the original
and the simplified model. The SARphase−shim

10g,max hotspot is located un-
der element four for both models (Figure 4.7 a-b). Combined with the
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Table 4.1. Maximum local SAR for 1 element normalized to 1 W ac-
cepted power, maximum local SAR calculated from eigenvalue decom-
position normalized to 1 W accepted power, numerical worst-case and
phase shimmed maximum local SAR value normalized to 8 x 1 W ac-
cepted power for four body models and Duke with 77 tissues and 3
tissues. RF phase-shimmed SAR10g,max/(B+1)

2 and B+1 value at the
prostate normalized to 8 x 1 W accepted power.

Figure 4.6: Maximum local SAR eigenvalue map of model 1 (a), and its
eigenvector that belongs to the maximum eigenvalue (b). Indices in (a)
correspond to number of array elements.
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Figure 4.7: RF shimmed maximum local SAR for 8 x 1 W accepted
power for Duke with 77 tissues (a) and three tissues (b).

previous findings of Homann et al. (Homann et al., 2011), we conclude
that segmentation into three tissue types is sufficiently accurate.

4.4 Discussions

Methodology

We have presented a novel approach to determine safe power limits for
ultra-high field imaging with a surface array. This approach was used
to investigate prostate imaging with our array of single-side adapted
dipole antennas, but the method is suitable for any surface array and
any imaging area. Dixon water-fat separated images have been obtained
from four subjects with a 1.5 T scanner with the surface array in place.
From these images, dielectric body models have been created by seg-
menting the models into fat, muscle and skin. In a separate analysis
we have demonstrated that segmentation into these three tissue types
is sufficient to calculate the SAR10g distribution with adequate accu-
racy. This presented method ensures that the geometrical distortions
that the array may cause to the tissue are taken into account. The
array itself consists of ceramic blocks with the dipole antennas and 3D
printed ABS casings. The array was implemented into the simulation
package SEMCAD X with optimal accuracy by importing directly the
same CAD schematics that were used to print the casings.

Inter-patient variations

Using the FDTD package SEMCAD X, the SAR10g distribution in each
model has been calculated. The main issue that this study addresses is
the question whether one generic model is sufficient to arrive at safe scan
settings. It is not. Even within this limited set of models, considerable
differences appear. For example, if an MR sequence on subject 1 is
carried out with safe sequence settings based on model 4, the SAR10g
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level may potentially reach 173% of your intended SAR10g limitation.
Similarly, using model 2 as a generic model may lead to a SAR10g value
of 125% in your MR experiment. After investigating four models, we
have chosen the most SAR sensitive model for safety calculations.

The choice of the most SAR10g sensitive model results in too con-
servative settings for many of the imaging subjects. Although our set
of models is too small to draw definite conclusions, it seems that sub-
jects with a large BMI are experiencing lower SAR10g levels. This may
be explained by the thicker fat layer around the pelvis, which effec-
tively shields the underlying high-conductivity muscle tissue from large
E-fields that exist more close to the elements. Note that -next to low
SAR levels- the largest BMI model also shows low levels of B+1 in the
prostate. This is explained by the fact that the prostate is positioned
at further distance from the elements. It would be convenient if the
ratio between the two would turn out to be constant, but it does not
as is indicated by the range in SARphase−shim

10g,max /(B+1)
2 ratios between the

models in Table 4.1.

SAR10g analysis methods

One drawback of the use of on-body surface arrays for transmit purposes
is the elevated SAR10g level directly under the element. On the other
hand, one might assume that the concurrent advantage to this drawback
is that the peak SAR10g value under each element is only determined
by the power emitted by that element. In other words, the neighboring
elements cannot contribute much to the SAR10g,max values under each
element because the elements are so close to the skin. This would make
SAR10g estimation for surface coils conveniently easy. However, this
investigation shows that this assumption is not true. For all investigated
models, the SAR10g value under the most SAR sensitive element can be
increased by 28% if the remaining elements are switched on and realistic
phase and amplitude settings are applied. If the worst-case scenario
setting is applied, the SAR10g,max can even increase by 54%. Note that
the other elements can also achieve destructive interference of the E-
field and, in this way, reduce the SAR10g,max level. This explains why
the SAR10g,max for model 4 becomes lower if all elements are switched
on with realistic phase settings, in comparison to the setting where only
one element is active.

The eigenvalue/eigenvector method has recently been presented as a
method to determine the SAReigenvalue

10g,max value for each voxel (Neufeld
et al., 2011; Eichfelder and Gebhardt, 2011; Sbrizzi et al., 2012). This
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would be the case if MR imaging were performed with a certain limited
amount of input power (e.g. a single RF amplifier) where the power can
be distributed freely among the elements. However, in a common 7 T RF
multi-transmit system, this is not the case. Each channel is connected to
a separate RF amplifier resulting in a limited output power per channel.
Our eigenvalue/eigenvector analysis on the surface array of radiative
antennas prescribes that the SAReigenvalue

10g,max value will occur with an
eigenvector that has one dominant component on one channel (Figure
7). As a result, the remaining channels are left almost unused and the
resulting SAR10g levels are definitely not as high as they could be. Only
if all channels are operating at equal power of 1 W (time-averaged), the
SAR10g,max levels are expected, as indicated by this study.

The SARworst−case
10g,max value only occurs if the phase settings are chosen

very unfortunately, with maximum constructive interference of the E-
fields in exactly that region that is most sensitive to SAR exposure (high
E-fields and high conductivity). So the SARworst−case

10g,max level will typically
overestimate the exact SAR10g level in your actual MR experiment.
But to calculate the exact SAR10g level in your B+1 -shimmed setup, the
relative phases of the currents on the elements need to be known. Due to
potential coupling between channels, these may not necessarily be equal
to the phase settings that you use to drive your system. Therefore, this
requires elaborate QA (Quality Assessment) strategies such as pick-
up probes, directional couplers or other methods that all have their
limitations. This extra effort can be omitted if safe sequence parameters
are based on the SARworst−case

10g,max value. This study shows that the penalty
for doing so with our array of radiative antennas is, depending on your
B+1 shim settings, 14-46% extra scan time.

Conclusion

At this point, the authors consider such a penalty acceptable and pre-
fer to use the SARworst−case

10g,max level, rather than the SARphase−shim
10g,max level.

However, the combined effect of using a conservative factor to account
for inter-subject SAR10g,max variation and the use of worst-case scenario
local SAR predictions (while in reality shim settings will be more forgiv-
ing) may result in a severe overestimation of the SAR levels. If model 3
is selected as a generic model, and an MR sequence is performed with
model 4 as a subject (using the same prostate-shimmed phase settings
as in our investigation for model 4) the experiment takes a factor of 2.5
more time. So although the individual safety margin to cover the uncer-
tainty about the exact shim settings gives an acceptable time penalty
(14-46%) and the individual safety margin to account for inter-subject,
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peak SAR10g variation gives an acceptable time penalty (71%) the com-
bination may give a time penalty of 150%. Note that acquiring a more
reliable estimate on the inter-subject peak SAR10g variation provides
a larger gain than acquiring more certainty on the exact shim settings
that are played out. However, in terms of practical implementation the
latter aspect can be easier achieved but requires some hard- and soft-
ware design changes. Assessing and accounting for intersubject SAR
variation is a more formidable task. This would require a similar study
with many more models. A possible outcome of such a study is that
a set of subject categories can be used to avoid overestimation of SAR
levels. For example, one category for obese subjects, one for average
subjects and one for skinny subjects can be considered.

Another potential solution would be to use patient specific models
by creating a model of the subject in the scanner with a Dixon water-
fat imaging that should be performed with safe SAR settings before
all other scans. This could avoid a potential time penalty of 71% at
maximum (based on the limited set of models that we investigated) but
the model should be segmented online, probably automatically, verified
manually and fully simulated before the SAR settings are known. At
present, we consider it not likely that the time gain in the MR measure-
ments by using more tight safety settings can make up for this extra
time effort to obtain a subject specific model. Note that nonidentical
repositioning may lead to SAR errors, but that their quantification is
beyond the scope of this paper.

This study has focused on one specific array design. However, for
other surface arrays with elements close to the body, the same general
conclusions hold.

Summary

In this study, we investigated the SAR10g distribution for prostate imag-
ing with our single-side adapted dipole antenna array and four body
models. These models were created for this study based on 1.5 T Dixon
water/fat images with the 7 T array elements in place. The potential
SAR exposure was investigated in several ways.

The SAR10g value underneath one array element should be calcu-
lated by a full calculation of the E-fields of all elements with their
mutual phase settings; the SAR cannot be calculated from the power
to that element alone. It was shown that the SARworst−case

10g,max with all
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elements combined is 28-54% higher than with only one element ac-
tive. The eigenvalue/eigenvector analysis is unsuitable to calculate the
SAR10g,max values, but the method is useful to identify the voxels that
are most SAR-sensitive (voxels with the largest eigenvalues) for multi-
transmit systems. The SARworst−case

10g,max values for the investigated models
range from 4.1 to 7.1 W/kg for 8×1 W accepted power of the array. If
the most SAR sensitive model is used to calculate safe sequence param-
eters, the SAR10g value may be overestimated by 71%. It seems that
large BMI subjects are exposed to lower SAR10g values because fatty
tissue has a lower conductivity. Therefore, one generic model is not
sufficient to predict the SAR value for prostate imaging with our array
of radiative antennas or any other surface or volume array.

The SARworst−case
10g,max value is 14-46% higher than the SARphase−shim

10g,max

values. Therefore, the SAR could possibly be further reduced by
SAR constraints when using a phase-calibrated system. Subjects with
large BMI typically have a lower B+1 efficiency in the prostate. If the
model with the highest spatial peak local SAR values is used and the
SARworst−case

10g,max is used rather than the actual SARphase−shim
10g for the ap-

plied shim settings, the combined overestimation of the SAR leads to
an increase in scan time of up to 150%. At present, we recommend the
use of the SARworst−case

10g,max and the most SAR sensitive model as a safety
limit. In time, the best way to alleviate the resulting overestimation of
the SAR level is if the subjects can be divided into categories, for ex-
ample obese, normal and skinny. This requires a more elaborate study
with more models.
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Chapter 5

Surface wave excitation with loop
coil and dipole antenna at 7 T MRI

Abstract. Imaging a large FOV with enhanced RF homo-
geneity is problematic due to the large RF signal drop in the
proximity of the surface elements of the array. To overcome this
problem, the coupling of RF probes with dielectric media at RF
operating frequencies of UHF MR systems should be understood
further. A layered tissue structures with large dielectric contrast
such as fat-muscle layers occur frequently in the human body and
is therefore investigated here as the dipole emission near a multi-
layer, planar, dielectric structure. By measuring with vertical
and horizontal loop coils (magnetic dipole), and the dipole an-
tenna (electric dipole) on a dual-layer dielectric medium, various
physical aspects such as the probe field orientation, critical an-
gle, the role of radiating and evanescent waves in signal coupling
to dielectric media are linked to RF field pattern characteristics
for for 7 T MRI. We have observed that depending on the type
of RF probe and the optical thickness of the substrate, surface
waves can exist. These surface waves can influence greatly the
EM field distribution in the sample. Their existence will carry
power laterally and comes at the expense of the forward directed
signal. This phenomenon can lead to a larger lateral FOV of an
RF probe than expected. 1

5.1 Introduction

U
ltra-high field (UHF) MRI offers numerous advantages: increase
in signal to noise ratio (Hoult and Richards, 1976; Vaughan et al.,
2001) and contrast mechanisms (Gati et al., 1997; Gruetter et al.,

1998; Haacke et al., 2004). The existing RF coil designs [microstrip
(Zhang et al., 2001), loop (Collins et al., 2002), endocoil (Klomp et al.,
2009) are limited in generating an homogeneous, well-penetrated RF
field over a large anatomical region. The integration of these elements
into surface transmit coil arrays (Vaughan et al., 2004; Adriany et al.,

1This chapter has been submitted as Ipek et al. (2014)
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2005; Metzger et al., 2008; Kraff et al., 2009) enhances RF efficiency,
but attainable B+1 values in deeply situated body part are still disapp-
pointing. Partly this is the result of the fact that these coil designs
are based upon resonant, near field coupling. The short RF wavelength
at ultra high field (UHF) strengths leads to a more confined near field
around an RF coil. Therefore, for more efficient RF signal penetration
at depth a radiative design is more favorable (Raaijmakers et al., 2011).
Another challenging issue is that imaging a large FOV with enhanced
RF homogeneity is problematic due to the large RF signal drop in the
proximity of the surface elements of the array. Alternatively, it was
shown that by placing a loop coil (i.e. magnetic dipole) oriented along
the static magnetic field at a distant location near the human leg allows
large FOV whole leg imaging with fairly good homogeneity by exciting
a longitidutional travelling wave along the leg (Webb et al., 2010). To
further improve upon these new RF probe designs it is essential to un-
derstand better the coupling of RF probes with dielectric media at RF
operating frequencies of UHF MR systems. While RF field transmis-
sion into a homogeneous medium has been studied for different subject
geometries (Webb, 2012; Aussenhofer and Webb, 2012; Andreychenko
et al., 2012; Ipek et al., 2013), the EM field interaction with layered
media has not been investigated. A layered tissue structures with large
dielectric contrast such as fat-muscle layers occur frequently in the hu-
man body and is therefore a relevant geometry. As the RF wavelength
decreases with increasing field strength, the thicknesses of these struc-
tures become in the order of a wavelength. For example a subcutaneous
fat layer of 10-12 cm for an obese patient on top of a muscle layer of 4
cm, would represent two quarter wavelength layers at 7T.

In this context, the dipole emission near a multi-layer, planar, di-
electric structure is investigated here. We chose planar media as they
represent a fundamental category of interface geometries and can serve
as an approximate model of significantly dielectric interfaces in human
trunk and pelvis (e.g. muscle/fat, skin/air interfaces). Dipole emission
near stratified media is a classical topic in radiofrequency communica-
tion and Sommerfeld was one of the first to come up with a rigorous
analysis of this problem. More recently, this topic has also become rele-
vant in optics and various studies have been studied (Lukosz and Kunz,
1977a; Novotny and Hecht, 2006).

Here, we have applied the theory of electric and magnetic dipole cou-
pling to stratified media, originally developed for radiocommunications
and applied in optics, to radiofrequency field coupling in MRI. We aim
to demonstrate that this theory is relevant for RF incoupling at high
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field strengths as the tissue layers are in the order of the RF wave-
length. By measuring with vertical and horizontal loop coils (magnetic
dipole), and the dipole antenna (electric dipole) on a dual-layer dielec-
tric medium, various physical aspects such as the probe field orientation,
critical angle, the role of radiating and evanescent waves in signal cou-
pling to dielectric media are linked to RF field pattern characteristics
for for 7 T MRI.

5.2 Methods and Materials

Dipole coupling to two-layered and triple-layer, planar, stratified me-
dia was studied numerically and experimentally at 300 MHz using a 7T
MR scanner. In theory, the electromagnetic behavior of an elementary
dipole on a planar, stratified media with linear, and isotropics properties
is determined by Green′s function based on Hertz potential represen-
tation (Sommerfeld, 1909; Novotny and Hecht, 2006). The dipole can
be electric or magnetic and either vertically or horizontally oriented.
In this section we describe refraction of dipole fields for two relevant
geometries: the semi-infinitive halfspace and semi-infinite triple-layered
geometry.

Semi-infinite half space problem

Consider an infinite half-space problem with the top medium being air,
while the bottom medium is characterized by relative dielectric permit-
tivity εr2 being larger than 1 (Sommerfeld, 1909) (Figure 5.1 a). A
magnetic or an electric dipole is located at a distance d above the half-
space less than a wavelength away from the interface. The dipole fields
can be expanded in plane waves with real and imaginary wavenumber
corresponding to travelling and evanescent waves respectively (Born and
Wolf, 1999).

The field created by the dipole is either transmitted through the in-
terface or reflected back. The transmitted wave that propagates at
angles larger than the critical angle θc=arcsin(sqrt(εr2)/sqrt(εr1)), i.e.
supercritical angles, is sometime denoted as forbidden light in optical lit-
erature (Novotny and Hecht, 2006). Using the reverse principle of light
propagating, it can be seen that these plane waves propagating at su-
percritical angles are originating from incident, evanescent plane waves
in the air medium emitted by the dipole. Thus by means of refraction,
the incoming evanescent plane waves are transformed into travelling
plane waves in the lower half space that travel at angles greater than
the critical angle of total internal reflection (TIR) . However, reversity
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Figure 5.1: Schematics of (a) double-layer planar media (half space
problem) and (b) triple-layer planner media with thickness of d with
the dielectric constants of εr1 (air) and εr2 excited by the dipole. The
lowest order TE and TM even modes have a cut off thickness given by
the equation above.

also indicates that all incident, travelling plane waves will emerge in
lower half space at angles less than the critical angles. Therefore, the
interface acts are a sort of angular filter, separating the travelling and
evanescent plane waves composing of the total dipole field in the air
medium, into travelling waves emerging at two different angular sec-
tions in the lower half space. As the dipole is signifcantly closer to the
half-space interface than an RF wavelength in air, evanescent waves are
the dominant incident field sources (Novotny and Hecht, 2006). Fur-
thermore, since critical angles are rather small for typical air/biological
tissue interfaces, the RF field pattern in the lower halfspace will mainly
consist of waves propagating at supercritical angles. The magnitude of
the evanescent waves refracting at the interface depends exponentially
upon the distance of the dipole from the interface (Lukosz and Kunz,
1977b). The penetration depth d from the interface at which the magni-
tude of the amplitude of an evanescent waves drops to 1/e, is a function
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of the incidence angle θ:

d =
λ

2π ⋅
√

ϵr1 ⋅ sin2θ − 1
(5.1)

where λ is the wavelength of the incident field for the halfspace with a
relative permittivity of εr1 (Figure 5.1 a). The penetration depth de-
creases as the angle of incidence increases. This means that evanescent
wave at greater incident angles, are more attenuated when they refract
at the interface.

Semi-infinite triple-layered media

A magnetic (or electric) dipole is now located in a medium with rela-
tive permittivity εr1, at a close distance (d<λ) above an semi-infinite,
dielectric half-space with a relative permittivity of εr3, covered by a
dielectric substrate with a relative permittivity of εr2 (Figure 5.1 b). If
the εr3 and εr1 are identical, the geometry forms a symmetric, planar
waveguide, otherwise it is an asymmetric planar waveguide. Here the
middle layer acts as a medium that guides the wave. A plane wave ex-
cited by a dipole will be partially transmitted and reflected at the two
interfaces. The evanescent field components of the dipole refracting at
the air/substrate interface play a key role. Their energy can either be
(1) transformed into travelling plane waves propagating at supercritcal
angles or (2) coupled to surface modes of the planar waveguide formed
by the middle layer in the substrate. (Figure 5.1 b) (Novotny and Hecht,
2006). The surface modes in the middle layer will be guided TE and
TM modes. These modes appear, if 1) they are excited, i.e. their field
orientations match with incident dipole field components 2) the optical
thickness of the substrate is greater than the various cut off thicknesses
of all modes. For the basic TM00-surface wave mode there is no cutoff
frequency for a planar waveguide. When εr1<εr2<εr3, no TE-surface
wave guided modes are possible. Only when εr1<εr3<εr2, a surface
mode can be guided along the substrate layer that may leak into the
lower half-space at further planar distances due to refraction (Yeh and
Shimabukuro, 2008; Tamir, 1975).

The magnetic and electric dipole

The previous theories were presented for elementary magnetic and elec-
tric dipoles which have infinitely small dimensions. In practise, this is
not possible and to create magnetic and electric dipole fields, we con-
structed respectively a circular loop coil representing a magnetic dipole
and a dipole antenna representing an electric dipole with finite dimen-
sions being around one tenth of the wavelength in air (Figure 5.2). Thus,
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Figure 5.2: The experiment setup (a) of the EG gel phantom with (b)
loop coil and (c) dipole antenna.

in very close proximity, the fields of our constructed dipoles and elemen-
tary dipoles will differ due to presence of finite metalic conductors. To
test the theory experimentally, a loop coil (diameter of 7 cm) was built.
The coil was tuned to 300 MHz and matched to 50 Ohm with distributed
and balanced capacitors (Figure 5.2 b), and had a S11 of -15 to -20 dB in
the experiments. The loop coil was made from 1.3 mm thick tin-plated,
copper wire, A 12 cm long electric dipole was made from copper tape
patched on 2 mm-thick polyethylene plastic layer. The dipole antenna
(12 cm-long conductor) was tuned and matched to 50 Ohm with an
inductor while loaded with distilled water (Figure 5.2 c).

Experimental semi infinite half-space

Two different setup was used: an ethylene glycol (EG) gel phantom
(Figure 5.2 a) and an oil phantom. First, the EG phantom (εr = 58,
σ = 0.47, 10 cm high, 24 cm wide and 39 cm long) was prepared by
adding 3 % Agarose to the EG fluid (9 litres) and 20 gram NaCl. These
large lateral dimensions were chosen to approximate an semi-infinite
halfspace as good as was practically feasible. For the second phantom
, sunflower oil (εr = 5, σ = 0, 10 cm high, 25 cm wide and 35 cm long)
was used. Both phantoms were placed in a water bath filled with a
saline solution (NaCl 10 g/litre, 8 cm high, 32 cm wide, 53 cm long)
to diminish reflections along in the bottom and lateral interfaces of the
phantom. In one case the plane of the loop was oriented perpendicularly
to the B0 field, referred to as the vertical loop coil, in the second case
the plane was parallel to B0 and is referred as the horizonal loop. In
both case the distance of the centre of the coil to the the air/half-space
(EG, oil) interface was varied by 5 to 14 cm with 5 consecutive steps
during the MR measurement.
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Experimental triple-layer media

Here the EG phantom served as the the lower halfspacer. On top of
the EG gel phantom an additional layer was created by either distilled
water (εr= 78) or sunflower oil (εr = 5) in the dimensions of 5 cm high,
24 cm wide and 39 cm long. Similar to the experimental, semi-halfspace
setup, the EG/substrate phantom was placed in the saline water bath
to avoid reflections. During this study, the vertical loop coil as well as
horizontal loop coil and the electric dipole oriented parallel to the B0
(horizontal electric dipole), were placed with varying heigths above the
phantom on the substrate. Note that in vertical situation, the loop will
have a strong longinitudial magnetic field (Bz) that does not couple to
the spins. For the vertical and horizontal loop coil experiments, the
same loop coil was used. The vertical and horizontal loop coils were
mounted at a height of 3 cm above from the substrate/air interface.
The horizontal electric dipole was placed directly on a water substrate
with its principal axis parallel to B0.

MR measurements

The measurements were performed on a 7 T Philips Achieva MR scan-
ner (Philips Healthcare, Cleveland, OH). The loop coil and the electric
dipole were used in transmit/receive mode. Multi-slice, low flip spoiled
GRE images (TR/TE=250/1.5 ms, flip angle 5 degrees, acquired reso-
lution (1.95 × 1.95 × 3.00 cm3) were acquired and complex images were
recorded. The distance of the coil from the substrate/air interface was
increased during a dynamic acquisition with 5 manual starts to ensure
the same receiver gain in the reconstructed images. Finally, the maxi-
mum signal over the water/EG or oil/EG layers in the magnitude images
was normalized to 1 for the comparison with the simulated data.

Electromagnetic simulations

FDTD simulations were performed using SEMCAD X (SPEAG, Schmid
& Partner Engineering, Zurich, Switzerland). The loop coil and the
electric dipole were modelled according to their physical dimensions in
the experiments and the conductors were simulated as perfect electric
conductor (PEC). The whole setup (water/EG and oil/EG layers in the
water bath) was simulated in the same relative position to the RF shield
shield as in the experiments. The RF shield was modelled as a PEC
structure (59 cm diameter, 2.2 m length).

The simulation domain was bounded with perfectly matched ab-
sorptive boundaries. The voxel size varied from 0.2 × 0.5 × 0.2 cm3 to
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the vertical loop.

5.0 × 5.0 × 5.0 cm3. A harmonic voltage edge source was set at 300 MHz.
Within the 10 periods of simulation cycle, both voltage and current am-
plitude of the source reached steady state conditions. The product of
the of the B+1 transmit and the B−1 receive fields, representing the MR
signal patterns for short echo times and low flip angle conditions, was
calculated by exporting the individual field to to Matlab (Mathworks,
Natick). The data were interpolated onto the MR image grid with a
resolution of 1.95 × 1.95 × 3.00 cm3. The maximum value in the middle
sagittal slice of the simulated data was normalized to 1 and compared
with the corresponding measured slice.
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5.3 Results

Critical angle

The vertical loop coil was placed above the dual-layer media consisting
of air/EG (Figure 5.3 a) and air/oil (Figure 5.3 b). The transmitt-
ted fields in the angular section between the normal and the critical
angle will arise from incident travelling wave components. As the coil
is in less than a wavelength proximity of the air /substrate interface,
significant fields are observed at supercritical angles that arise from in-
cident evanescent fields. The vertical loop excites the z-component of
the magnetic field as a travelling field while the evanescent field consists
of the all components of the magnetic field. Traveling field is by nature
has only one component of the magnetic field excited according to the
orientation of the coil, which enables the propagation of the magnetic
field even in the far field. In MR, z-component of the magnetic field is
not observed. Therefore, this region is dark and has no signal for the
vertical loop coil. Therefore, the critical angle of the vertical loop coil
depicts the clear seperation between the travelling and evanescent field
regions (Figure 5.3). The critical angle of the total internal reflection
in the substrate is observed differently due to the different dielectric
properties of the lower halfspace. The critical angles of 7 ○ for EG/air
media (Figure 5.3 a) and 26 ○ for oil/air (Figure 5.3b) were calculated
with a simple critical equation and observed in an MR experiment. In
Figure 5.3, the dark spots correspond to the radiating part while the
bright spots area in the evenescent field zone. As the evanescent field
has vector components of Bx and By along the excited field, it has an
intenser signal. The travelling wave field within the critical angle has
magnetic field components only directed along Bz. While the critical
angle is clearly visible for the vertical loop coil as a darker region, the
critical angle is within the brighter region of the image for the horizontal
loop coil and electrical dipole not clearly observed (Figure 5.6 a,c and
Figure 5.7). Figure 5.4 shows the z component of the total magnetic
field created by an infiniesimal magnetic dipole. This figure was sim-
ulated by solving the optics equations in far-field regime and zoomed
into the finite dimensions used in the MR experiments. As it is seen in
Figure 5.4, the distintion of the critical angle is possible as wel in the
optics simulations.

The effect of the dipole height

The incoupling of signal versus height of the vertical loop coil above the
half-space (medium 2) is investigated for two different dielectric per-
mittivity of the halfspace. In Figure 5.5 , the MR signal vs. height of
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Figure 5.4: The simulated absolute value of the z component of the
magnetic field in (a) oil and (b) EG layer, which shows simulated critical
angles.

Figure 5.5: Measured RF signal (black line with dots) vs. change in
height of the vertical loop from (a) EG/air and (b) oil/air interface.
The red line depicts the exponential fit.
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the vertical loop coil to the EG/air and oil/air interface is shown. A
vertical loop coil located in the rarer medium in close proximity to the
interface (« λ) within a wavelength from the interface transfer nearly all
of the total power into the denser medium 2. The evanescent waves give
the dominant contribution to this effect by theory (Novotny and Hecht,
2006). With increasing distance of the vertical loop coil from the in-
terface, the contribution of the evanescent waves to the radiated power
decays exponentially. However, there is a difference in the exponential
decays of the fields in water and oil due to their different relative per-
mittivities. While the penetration depth is calculated as 0.02 m within
the water, the penetration depth in oil is calculated as 0.08 m for the
incidence angle of 90 degrees. Therefore, Figure 5.5 b shows the expo-
nential decay of the MR signal within the oil layer perturbed at 0.08 m
and for the height greater than 0.08 m, the clear exponential decay is
observed.

Measured and simulated MR signal patterns of vertically and
horizontally oriented loop coils

The measured and simulated MR signal patterns and profiles of vertical
and horizontal loop coils are shown in Figure 5.6. Both measurements
and simulations show similar patterns in images and the profiles are in
good agreement. The vertical loop coil on a water/EG layer shows a
strong lateral field propagation in the top layer (Figure 5.6 c-d), which
indicates that surface waves propagate. When oil is used as a substrate
for vertical loop coil, the lateral field propagation is missing (Figure 5.6
g-h). This demonstrates clearly the impact of exciting surface modes
in the water layer alternating the incoupling in EG. Similarly, the hori-
zontal loop coil does not excite surface modes in the oil layer in Figure
5.6 e-f. Therefore, for the oil layer no surface mode propagates (Figure
5.6 e-h). A lateral field propagation for the horizontal loop coil located
on a water/EG layer is also observed (Figure 5.6 a-b), but for the hori-
zontal loop coil, increased signal intensity at the depth of the EG layer
is not strongly observed (Figure 5.6 b) as it was observed in Figure 5.6
d. A water/EG layer in combination with a horizontal electric dipole is
also studied in Figure 5.7. Similar to the loop coils, the measured and
simulated MR signal pattern and profiles are in good agreement. For
this experiment, no clear lateral wave propagation is observed.

5.4 Discussions and Conclusion

The electromagnetic mode excitation in stratified planar media is stud-
ied here for various type of dipole excitations. The excitation pattern
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Figure 5.6: Sagittal slice of (a,c,e,h) magnitude measured MR signal
and (b,d,f,h) simulated absolute B+1 x B−1 field of (c,d,g,h) vertical and
(a,b,e,f) horizontal loop in the (a-d) water/EG and (e-h) oil/EG layered
media. While the vertical loop is shown as a circle, the horizontal loop
is depicted as a line. White dash line on a-h depicts the interface of
water/oil and EG, and black dashed line depicts the profile in the water
or oil layer. Profiles of the images are shown in i-p.

depends on the dielectric properties of the multi-layered media, type
and orientation of the dipole. We try to understand the incoupling of
the electromagnetic waves with the dielectric layers and their relevance
for MRI.

In optics the traveling and evanescent regions are observed in the
far field and here critical angle concept is clear. We observe in MRI
in near field of interface and diffraction effects obscure the geometrical
borden between forbidden and allowed zone tremendously. While the
observation of the critical angle is clear in the areas of the radiating and
evanescent wave region in the far-field, this difference is subtle in the
near-field. Therefore, evanescent waves emerge at the critical angles. In
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Figure 5.7: Coronal slice of (a) magnitude measured MR signal and
(b) simulated absolute B+1 x B−1 field value of the horizontally oriented
dipole antenna in the water/EG layered media. White dash line on a-b
depicts the profile in the water. Profiles of the images are shown in c-d.

spite this subtle difference in the near field, the change in critical angle
for the dielectric layers of oil and EG is observed with MR measurement
(Figure 5.3) as well as with optics simulations (Figure 5.4). With these
double-layer MR experiments and optics simulations, we have showed
that we can also observe critical angle and evanescent wave at 300 MHz
with an MR scanner.

The role of the evanescent waves is studied here. When the rela-
tive permittivity difference is large enough for the double-layer media
(air/water compared to the air/oil), the MR signal penetrates into the
lower media at the lower thickness (0.02 m for water compared to 0.08 m
for oil) (Figure 5.5). Therefore, the high penetration of the signal at the
depth of the EG layer is observed. (Figure 5.3 c). Similarly, for three-
layered media, the excitation of surface wave coupled with evanescent
wave is observed for the water/EG layers with vertical loop coil (Figure
5.6 d), which enhances the lateral FOV in both water and EG layer.
On the other hand, the the higher-order surface wave modes may be
excited for the horizontal loop coil placed on the water/EG layer (Fig-
ure 5.6 b). This may be originated from the reflection of the surface
wave at the lateral edges of the water layer. For this case, in spite of
the strong lateral signal enhancement in the water layer, the signal doe
not propagate into the depth of the EG layer (Figure 5.6 b). This limits
the broadening of the excitation in the EG layer.
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Limited lateral FOV in MR imaging is a challenge especially at ultra-
high field. Because of the inefficient RF signal generation of the volume
coils, they are not preferred. The surface coils, on the other hand,
excites mainly the vicinity of the coil, which leads to a limited lateral
FOV. By enhancing the surface wave excitation, the lateral FOV of the
image can be enlarged. Moreover, the existence of surface wave leads
to broading of the excitation (see Figure 5.6 d vs Figure 5.6 h), which
influences the electromagnetic field directivity.

In conclusion, surface waves are in nature leaky waves and may leak
into the bottom layer and leads to an increase in MR signal as well
as the increase in lateral FOV. Depending on the type of RF probe
(magnetic/electric dipole, orientation) and the optical thickness of the
substrate, surface waves can exist. These surface waves can influence
greatly the EM field distribution in the sample. Their existence will
carry power laterally and comes at the expense of the forward directed
signal. This phenomenon can lead to a larger lateral FOV of an RF
probe than expected.
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Chapter 6

Summary and General Discussion

6.1 Summary

A
lthough an obvious SNR gain due to higher field is observed in
7T MR images, the concomitant higher RF frequency of these
systems results in strong RF attenuation, B+1 field inhomogeneity

and increased SAR levels. These challenges originate from increased
electromagnetic interferences and dampening of the RF fields in the
subject caused by shortened RF wavelengths. The design of the RF coil
can be altered to mitigate these issues to a certain extent. Conventional
design for RF transmit coils used for body imaging in ultra-high field
systems are based upon adapted "low field" designs. These coils are
operated as near field antennas which are designed to deliver a high
magnetic field in the near field by maximizing the currents on the coil
by tuning it to resonance. However, for 7 T body imaging, the target is
no longer in reactive near field. This results in a sub-optimal penetration
of the fields in deeply situated target regions. This thesis considers an
alternative antenna design to the classic, reactive coil. The radiative
antenna achieves an efficient signal penetration outside the near field
by directing the Poynting vector towards the target location. The aim
of this thesis is to investigate various RF aspects regarding this new
antenna design for 7 T body imaging.

Chapter 2 compares the radiative antenna with a microstrip coil in
terms of B+1 penetration, SNR and SAR. The microstrip is a classic res-
onant coil, which induces high magnetic and electric fields in its near
field. The radiative antenna design brings a new insight in coil design.
With this design, the directivity of the electromagnetic power flux is
optimized by directing the Poynting vector towards the target region in
the subject. In this way, a higher penetration at depth is achieved. In
this chapter, two different radiative antenna designs with relative per-
mittivities of 37 and 90 are investigated. It was demonstrated that the
radiative antenna is superior to the microstrip in terms of transmit and
receive performance at the deep tissue regions while having at the same
time more favorable, lower local SAR levels. In this study, the simu-
lations were validated by measurements of transmit and receive fields.
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In terms of transmit performance, the radiative antenna with a relative
permittivity of 37 showed a 24 % more favorable local SAR10g/(B

+

1 )
2

ratio than the radiative antenna with a relative permittivity of 90. In
terms of receive properties, the radiative antenna designs with relative
permitivities of 37 and 90 show similar SNR values at the deep re-
gions of the phantom. In conclusion, to image deep anatomical regions
efficiently, the radiative antenna with a relative permittivity of 37 is
favored.

In chapter 3 the effect of substrate′s relative permittivity on the re-
sulting B+1 field penetration and its interplay with the substrate dimen-
sion is studied in a more depth. Without the presence of a dielectric
substrate or load a dipole antenna in uniform media would generate
omni-directional fields. To optimize the directivity towards the imaging
subject, a high relative permittivity substrate is used in the radiative
antenna design. The optimum permittivity value of the substrate maxi-
mizes the incoupling efficiency and therefore the B+1 field at depth of the
subject. For this purpose, an extensive parameter study was performed
investigating the impact of substrate permittivity and dimensions on B+1
efficiency and local SAR10g/(B

+

1 )
2 ratios. The study demonstrated that

for certain substrate dimensions and permittivity combinations distinct
field patterns in the substrate and subject occur. To interpret and un-
derstand these results (rectangular) dielectric resonator antenna theory
is used due to its geometrical similarity to the radiative antenna. A
radiative antenna with a high relative permittivity (>110) has certain
advantages and disadvantages: it yields high B+1 values at depth and
has small substrate size, but leads to high SAR exposure in proximity
of the element. The radiative antenna with a relative permittivity of
90, and with a size of 50 mm width and length is the ideal one to reach
the optimal SAR10g/(B

+

1 )
2 ratio.

Chapter 4 addresses the RF safety aspect of the radiative antenna
array. In current practice RF power constraints for transmit arrays are
derived from 1) electromagnetic simulations using one dielectric patient
model and 2) an array drive that leads to worst case local SAR. The level
of uncertainty that is introduced by means of these approaches is topic
of investigation. Given the large anatomic variations among patients,
especially significant for 7T body imaging, the one model approach will
generally lead to a deviation between the calculated SAR and the ac-
tual SAR exposure occuring for the patient to be scanned. This error
should be estimated and included as conservative factor to arrive safe
scan parameters. To investigate the necessary conservative factor the
inter-subject local SAR variation should be known. A second research
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question is related to the required sophistication of phase/amplitude
monitoring of the elements to determine reliably the maximum local
SAR. The fact that the peak local SAR values are located directly un-
derneath the surface elements, suggests that simple power monitoring
of the element with the maximum local SAR underneath, will be suf-
ficient to estimate the maximum local SAR. However, in this scenario
one ignores potential complex electric field contributions of neighboring
elements requiring full amplitude/phase monitoring of the full array.

To investigate these aspects the local SAR distribution for 7 T MR
prostate imaging was simulated for the radiative antenna array with
four body models. The models were created via the segmentation of
1.5 T Dixon water/fat MR images of four male volunteers into muscle,
fat and skin tissues. In these 1.5 T MR experiments the radiative an-
tenna elements were in place to include the anatomy deformation due
to weight of the elements. The electric field distribution of all the in-
dividual coil elements is calculated for each model and the worst-case
and the realistically, phase-shimmed local SAR values were determined.
Almost a factor of two difference is observed for the worst-case and
phase-shimmed local SAR values for three models. Therefore, the em-
ployed RF power could possibly be further increased by using an am-
plitude/phase monitoring systems (Graesslin et al., 2007). The results
indicated that subjects with a large BMI are experiencing lower local
SAR levels, explained by the larger electrical spacing effect of the thicker
subcutaneous fat layer. But, still SAR10g/(B

+

1 )
2 ratio is higher for more

obese model compared to slim models. These findings indicate that for
a worst-case local SAR, SAR setting derived from a slim patient model
should be employed.

In chapter 5 the electromagnetic coupling to stratified planar media
is studied for various type of dipole excitations. The excitation pat-
tern depends on the dielectric properties of the multi-layered media,
type and orientation of the dipole. An attempt is being made to under-
stand the different phenomena that occur when electromagnetic waves
interact with a stratified planar media and their relevance for MRI.
For this purpose, the applicability of concepts known from optics and
radio-communications, such as the critical angle and surface, evanescent
and travelling waves, are studied in an 7T MRI context and applied to
understand magnetic and electric field incoupling into stratified media.
For this purpose, different orientations of magnetic dipole (loop coil)
and horizontal electric dipoles with respect to the stratified layers were
employed using electromagnetic simulations as well as the MR mea-
surements. First, we have placed a vertical loop coil, on top of a double
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layer dielectric structure. The top layer has a lower permittivity than
the lower layer when air/ethylene glycol (EG) and air/oil layers are be-
ing used. By employing a plane wave expansion of the dipole field, one
can demonstrate that incident travelling plane waves emitted by the
dipole emerge in the lower layer in a small cone around the normal to
the boundary. The solid angle of this cone is equal to the critical angle.
The entire field outside the cone is arising from incident evanescent plane
waves. Thus, to optimize the forward penetration, the traveling wave
component should be optimized. However, to enlarge the lateral FOV,
the evanescent wave component is important. These incident evanes-
cent plane waves can also excite surface waves for triple layer under the
condition that the middle layer has a relative permittivity higher than
the top and bottom layers and the optical thickness of the middle layer
is larger than the cut off thickness. This also demonstrates why the
radiative antenna has a better forward signal penetration and the mi-
crostrips, being a near-field antenna (characterized by strong evanescent
waves) have more lateral distribution.

6.2 General discussion

RF coil design for 7 T body MR imaging

The radiative antenna offers certain advantages compared to other sur-
face coils used at 7 T body MR imaging. It yields higher B+1 fields
at depth as well as higher SNR values and has generally low local
SARmax/(B

+

1 )
2 ratios. Moreover, the coupling of the neighboring el-

ements in the array is limited to -15 dB. For that reason, it is a good
candidate for a transmit array element for ultra-high field body imag-
ing. But, this design has some drawbacks. The substrate material must
be well in-contact with the imaging subject to establish its radiative
nature. Otherwise, it is impossible to tune and match to the resonant
frequency. For that reason, the unloaded Q value cannot be measured
and the loaded Q value is quite low as it was not designed as a reso-
nant, near field antenna. A practical downside of the radiative antenna
in their current form is that the dielectric blocks used as substrate are
heavy and therefore not very comfortable for on-body usage. Rather
than using the solid blocks, powder dielectrics with higher relative per-
mittivities can be used that have a reduced weight and adapt better to
the shape of the subject.

Coupling between the neighboring elements is limited for the radia-
tive antenna. This feature of this design can be exploited by building
a radiative antenna array with 8 elements. The linear superposition
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of electromagnetic fields generated by individual elements allows con-
structive interference of the B+1 field at the region of interest. This may
boost the B+1 field homogeneity and efficiency at this targeted region,
which enables better imaging quality as well as spectroscopy because of
the increased yielded B+1 value. A smaller FOV excitation facilitating
an increased spatial resolution may also be possible by using spatial ex-
citation by tailored RF waveforms. Zoomed-imaging enables a reduced
FOV without aliasing artifacts to save phase-encoding steps and thus
imaging time.

Safety assesment of the RF coils

Local SAR levels cannot be measured directly and are constrained by
guidelines. Local SAR assesment relies on electromagnetic numerical
simulations. There are many parameters that determine the fidelity of
the simulated local SAR levels. First, it is necessary to calculate the
SAR distribution on a heterogeneous human body model. Maximum
local SAR levels tend to be higher in heterogeneous human models than
in homogeneous models for a given magnetic field strength (factor of 2 or
3) (Collins and Wang, 2011). Second, SAR distributions depend largely
on sample geometry, heterogeneity and complexity. In detail, for the
volume coils, the local SAR depends on the large anatomical features
like height, weight, shoulder length and forming of current loops, a
subject′s position relative to the coil and a subject′s posture (supine,
prone, lateral). For the local surface coils, on the other hand, subject
geometry and posture can be discarded. With the study described in
chapter 4, it is also proved that simplified body models with three tissue
types leads to a similar local SAR levels as the fully segmented body
model with many tissue varieties.

Local SAR monitoring based on generic models is common in practice.
In spite of the limited range in anatomy of the voxelized human models
used in electromagnetic calculations, this method is fast and practical
in clinic. Inter-subject SAR variation needs to be included by means
of extra conservative factors. More accurate models would facilitate
subject-specific monitoring allowing elimination of these conservative
factors. Reliable modeling of the patient body is generally challenging,
as patients not only vary in size but also in tissue composition (e.g. body
fat content). To account for these variations, multiple body models
are required to cover the complete range of different patients. In this
study, reasonably accurate body models based on water-fat separation
are used (Homann et al., 2011). In a clinical setting, it is currently not
practical to generate individualized body models for every patient. Even
if real-time segmentation of subjects is enabled, the bottleneck of long
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simulation times is a challenge. It might be overcome by advanced EM
simulation techniques using GPU cards, allowing even more accurate
safety assessment by true-patient specific online modeling within 5 to 10
minutes. Furthermore, local SAR monitoring on patient-specific models
should include the effect on anatomical variations due to existence of
pathological tissue. This kind of variations needs to be addressed in
further research.

Virtual observation points allow a compression of the domain select-
ing only points that have potential the highest SAR (Eichfelder and
Gebhardt, 2011). VOP models include many voxelized models with dif-
ferent positioning for a specific coil. In a single VOP set, various body
sizes and positions with respect to the RF coil are combined and local
SAR matrices are determined in this data set by applying a lossy com-
pression algorithm with a specific SAR overestimation. This method
allows online SAR monitoring with the radiative antenna array using a
VOP set defined over a library of presimulated models. The number of
VOPs increase by reducing the maximum allowed overestimation and
consequently, the calculation time during real-time monitoring on the
scanner. The number of VOPs depends also on the efficiency of the
implemented compression algorithm. The algorithm always finds a safe
set of VOPs, but these do not necessarily represent the ideal solution
for every configuration (Bitz et al., 2013). However, it should be noted
that in case of the radiative antenna array with the local SAR peaks
being exclusively present directly underneath the elements, the num-
ber of required VOPs should be relatively low. With trustworthy SAR
calculation in place, an imaging sequence is possible with minimal con-
servative nature allowing an optimal clinical setup which e.g. can be
used to increase the maximum number of slices within a fixed TR.

In addition to limits on local SAR, the IEC has issued limits on tem-
perature increase. Since it is absolute tissue temperature that is asso-
ciated with tissue damage, a better understanding of the relationship
between temperature and SAR is desired. The relationship between
SAR and temperature increase is complicated (Wang et al., 2007; Mur-
bach et al., 2013). Temperature increase is greatly affected by tissue-
dependent perfusion values. In body areas with high perfusion, a min-
imal temperature increase can be expected in spite of its high SAR
level, while in areas of lower perfusion, temperature may increase even
with relatively low SAR levels. Thermal conduction and heat loss to
the environment also bring dissimilarity between SAR and temperature
distributions.
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Temperature can be directly monitored. Core body temperature can
be monitored with thermometers or other probes while local tempera-
ture can be monitored with MR-based methods. Proton Resonance Fre-
quency Shift (PRFS) MR thermometry allows measurement of the tem-
perature rise in tissue. To accurately monitor the temperature change
within 1 ○C, the precision of MR thermometry must be 0.2-0.3 ○C or
higher. Furthermore, the spatial resolution should be sufficient to find
local temperature hotspots and a time resolution which enables real time
tracking is needed (Rieke and Pauly, 2008). Finally, for good safety as-
sessment, the absolute temperature has to be measured which means a
temperature insensitive reference is needed to compensate for magnetic
field drift and temporal and thermally induced susceptibility changes.
Therefore, MR thermometry for temperature monitoring and prediction
is generally not performed in MRI routinely due to challenges related
to patient comfort, imaging time and complexity.

Local temperature can be predicted with thermal simulations consid-
ering bioheat equations. Pennes′ bioheat transfer model is an empiri-
cal formula and it has certain assumptions (Shrivastava and Vaughan,
2009). First, the blood thermal equilibration constant has been assumed
to be zero. Second, the blood temperature is constant. It makes the
blood act as a heat sink. The assumptions result in an overestimating
of the cooling and heating effects of the blood. Recently, a generic bio-
heat transfer is proposed (Shrivastava et al., 2013). It is based on the
Pennes′ model but it also takes into account the heat transfer between
the tissue and the blood, which allows more accurate determination of
RF heating.
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Samenvatting

H
oewel een verbetering in de SNR is waargenomen als gevolg van een
hoger veld in 7T MR-beelden, leiden de daarmee gepaard gaande
hogere RF-frequentie van deze systemen tot een afname in RF sig-

naal, B+1 veldinhomogeniteit en verhoogde SAR-niveaus. Deze gevolgen
vinden hun oorsprong in een verhoogde elektromagnetische interferentie
en afname in de RF-velden in het lichaam als gevolg van de afname in
RF golflengte. Het ontwerp van de RF coil kan worden aangepast om
deze problemen tot op zekere hoogte te verlichten. Een conventioneel
ontwerp voor RF transmit coil in ultrahoog veld systemen is gebaseerd
op een aangepast "laag veld". Deze spoelen worden gebruikt als near
field antennes die zijn ontworpen om een hoge magnetische veld te le-
veren door ze af te stemmen op de resonantie frequentie. Echter, voor
7 T lichaam beeldverwerking, is de focus niet langer in het reactieve
nabije veld. Dit resulteert in een suboptimale penetratie van de velden
voor dieper gelegen gebieden. Dit proefschrift beschouwt een alterna-
tief antenne ontwerp voor deze klassieke functie. Een stralende antenne
haalt een efficiënte signaal penetratie voorbij het nabije veld door de
Poynting vector te leiden naar de gewenste locatie. Het doel van dit
proefschrift is om de verschillende RF-aspecten in combinatie met dit
nieuwe antenne-ontwerp voor 7 T beeldverwerking te onderzoeken.

Hoofdstuk 2 vergelijkt de stralende antenne met een microstrip coil
in termen van B+1 penetratie, SNR en SAR. De microstrip is een klas-
siek resonerende coil, die hoge electromagnetische velden in het nabije
veld induceert. Het stralende antenne ontwerp leidt tot nieuw inzich-
ten in het coil ontwerp. Door het richten van de Poynting vector naar
het focus gebied in het lichaam wordt met dit ontwerp de richting van
de elektromagnetische flux geoptimaliseerd. Hierdoor wordt een hogere
penetratie diepte gehaald. In dit hoofdstuk worden twee verschillende
stralende antenne ontwerpen met relatieve diëlektrische permittiviteiten
van 37 en 90 onderzocht. Er word aangetoond dat de radiatieve antenne
superieur is aan de microstrip qua zend-en ontvangsteigenschappen in
diepe weefselgebieden met tegelijkertijd lagere en dus gunstigere lokale
SAR-niveaus. In deze studie worden de simulaties gevalideerd door me-
tingen van zend-en ontvangstvelden. In termen van vrijheidsgraden,
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toont de radiative antenne met een diëlektrische permittiviteit van 37
een 24 % gunstiger lokale SAR10g/(B

+

1 )
2 verhouding dan de radiative

antenne met een diëlektrische permittiviteit van 90. In termen van
signaal analyse, vertonen de radiative antenne ontwerpen met diëlektri-
sche permitivities van 37 en 90 gelijkaardige SNR waarde op de diepe
gebieden van het fantoom. Tot slot, vanwege de stralingsgewijze diepe
anatomische gebieden, heeft de radiative antenne met een diëlektrische
permittiviteit van 37 de voorkeur.

In hoofdstuk 3 wordt het effect van de diëlektrische permittiviteit van
het substraat op de resulterende B+1 veld penetratie in dieper gelegen
gebieden en diens interactie met de substraat afmetingen bestudeerd.
Zonder de aanwezigheid van een diëlektrisch substraat genereert een di-
pole antenne omnidirectionele velden in een uniform medium. Om de
richtingsgevoeligheid voor beeldverwerking te optimaliseren wordt een
hoge relatieve diëlektrische substraat in de radiatieve antenne gebruikt.
De optimale waarde voor de permittiviteit van het substraat maxima-
liseert de inkoppelingsefficiëntie en daarmee het B+1 veld in de dieper
gelegen gebieden in het lichaam. Hiertoe is een uitgebreide studie uit-
gevoerd van de invloed van substraat permittiviteit en afmetingen op de
B+1 efficiëntie en typisch SAR10g/(B

+

1 )
2 verhoudingen. De studie toonde

aan dat voor sommige substraat afmetingen en diëlektrische combina-
ties eigen veld patronen in het substraat en lichaam optreden. Om
deze resultaten te interpreteren en te begrijpen wordt vanwege de ge-
ometrische gelijkenis met de radiative antenne, gebruik gemaakt van
(rechthoekig) diëlektrische resonator antenne theorie. Een radiative an-
tenne met een hoge relatieve permittiviteit (>110) heeft bepaalde voor
en nadelen: het levert hoge B+1 waarden in dieper gelegen gebieden en
heeft een kleine substraat afmeting, maar leidt tot hoge SAR blootstel-
ling in de nabijheid van het element. De radiatieve antenne met een
relatieve permittiviteit van 90, met een maat van 50 mm breedte en
lengte is ideaal om de optimale SAR10g/(B

+

1 )
2 verhouding te bereiken.

Hoofdstuk 4 behandelt de veiligheidsaspecten van de radiative an-
tenne array. In de huidige praktijk wordt aan het RF vermogen voor
transmissieve arrays grenzen gesteld die zijn afgeleid van 1) elektromag-
netische simulaties met behulp van een diëlektrische patiënt model en 2)
een array scan die die de hoogste lokale SAR bepaald. De mate van on-
zekerheid die wordt geïntroduceerd door middel van deze benaderingen
is onderwerp van onderzoek. Gezien de grote anatomische verschillen
tussen patiënten, welke relevant zijn voor 7 T lichaam beeldverwerking,
zal dergelijke model aanpak over het algemeen leiden tot een signifi-
cant verschil tussen berekende en werkelijke SAR-blootstelling tijdens
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het scannen. Deze fout moet worden geraamd en meegenomen als con-
servatieve factor om de scan parameters veilig te bepalen. Om deze
conservatieve factor te bepalen moet de inter-subject lokale SAR va-
riatie bekend zijn. De tweede vraag houdt verband met de controle
op de fase / amplitude van de elementen om op betrouwbare wijze de
maximale lokale SAR te bepalen. Het feit dat de lokale piek waarden
zich meteen onder de oppervlakte-elementen bevinden, suggereert dat
controle op de stroomvoorziening van de elementen, voldoende zal zijn
om een goede schatting van de maximale lokale SAR te geven. Echter,
in dit scenario worden de potentiële complex elektrisch veld bijdragen
van naburige elementen genegeerd, waardoor een amplitude / fase scan
van de volledige reeks is vereist.

Om deze aspecten in lokale SAR-distributie voor 7 T MR prostaat
beeldverwerking te onderzoeken is de radiative antenne-array met vier
lichaam modellen gesimuleerd. De modellen zijn gemaakt via beeld
segmentatie van 1.5 T Dixon water / vet MR van vier mannelijke vrij-
willigers naar spier, vet en huid weefsels. In deze 1.5 T MR experi-
menten waren de radiative antenne-elementen zodanig gepositioneerd
dat de anatomische vervorming als gevolg van hun massa correct werd
meegenomen. De elektrische veldverdeling van alle individuele spoel-
elementen is voor elk model berekend en de lokale SAR-waarden zijn
bepaald in het meest negatieve en in het realistische fase opgevulde ge-
val. In drie modellen is bijna een factor twee verschil waargenomen voor
beide gevallen. Daarom kan het gehanteerde RF-vermogen eventueel
verder worden verhoogd door gebruik van een amplitude/fase monito-
ring systemen (Graesslin et al., 2007). De resultaten gaven aan dat
proefpersonen met een grote BMI lagere lokale SAR-niveaus ervaren,
wat is te verklaren door de toegenomen electromagnetische spacer ef-
fect als gevolg van de dikkere onderhuidse vetlaag. Maar, nog steeds lis
de lokaal SAR10g/(B

+

1 )
2 verhouding hoger voor zwaarlijvige modellen

in vergelijking met slanke modellen. Deze bevindingen geven aan dat
voor een worst-case lokale SAR, de SAR instelling afgeleid moet worden
voor het geval van een slanke patiënt model.

In hoofdstuk 5 wordt de elektromagnetische koppeling in gelaagde
structuren bestudeerd voor verschillende type aangeslagen dipool toe-
standen. De veldpatronen zijn afhankelijk van de diëlektrische eigen-
schappen van de gelaagde structuur en de dipool soort en richting. We
doen een poging om de verschillende fenomenen die optreden wanneer
elektromagnetische golven interageren met de gelaagde structuur en hun
relevantie voor MRI te begrijpen. Daartoe wordt de toepasbaarheid van
concepten bekend van optica en radiocommunicatie, zoals de kritische
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hoek en eindige oppervlaktegolven, bestudeerd in een 7T MRI context
en toegepast om begrip te verkrijgen over electromagnetische velden
ingekoppeld in gelaagde media. Door middel van elektromagnetische
simulaties en de MR metingen zijn verschillende oriëntaties van de mag-
netische dipole (loop coil) en een horizontale elektrische dipole in relatie
tot de gelaagde structuren gehanteerd. Allereerst hebben we een verti-
cale ring geplaatst op een dubbel gelaagde diëlektrische structuur. In het
geval lucht / ethyleenglycol (EG ) en lucht / olie lagen worden gebruikt
heeft de toplaag een lagere permitiviteit dan de onderlaag. Door het
dipoolveld te beschrijven in een vlakkegolf reeksontwikkeling, kan men
aantonen dat door de aangslagen dipool lopende vlakke golven worden
gecreeerd in de onderlaag in een conus rond de normaal op het grens-
gebied. De ruimtehoek van deze kegel is gelijk aan de kritische hoek.
Het hele veld buiten de kegel is het gevolg van deze inkomende eindige
vlakke golven. Dus, om de voorwaartse penetratie te optimaliseren, de
lopende golf component moet worden geoptimaliseerd. Echter, voor een
vergroting van de laterale FOV, is de eindige golf component belangrijk.
Deze inkomende vlakke golven kunnen ook oppervlaktegolven opwekken
in een driedubbele laag met als voorwaarde dat de relatieve permitti-
viteit in de middelste laag hoger is dan zowel de bovenste als onderste
laag en dat de optische laagdikte van de middelste laag groter us dan
de cut-off laag dikte. Dit toont aan waarom de signaal penetratie voor
radiative antenne beter is en waarom nabije veld microstrip antennes,
welke worden gekenmerkt door een sterke eindige golven, over een meer
laterale veldverdeling beschikken.
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