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ABSTRACT

Magnetic resonance imaging (MRI) has developed to one of the backbones of
modern medical diagnostics since its first use in the 1970s. The large number
of different image contrasts and the possibility to assess clinically relevant
physiological parameters, especially for soft tissues, combined with the non-
invasiveness and safety of the technique have been the basis for its great
success.

Nevertheless, is a relatively insensitive method, since it can only detect
signal from a small fraction of the spins available in the investigated tissues.
The higher the spatial resolution of the experiment, the lower the number of
spins that effectively contribute to the signal that is acquired. This is especially
critical for MR micro-imaging with voxel volumes that are about 1000-fold
smaller than for standard imaging techniques.

This intrinsic loss in signal can be partially recovered by operating at
higher field strength, using more sensitive radio frequency detectors and
optimized hardware and acquisition strategies.

In this work, a combination of all these aspects has been achieved, in order
to depict the network of small blood vessels in the human skin of living
subjects. The demonstrated techniques allow for acquisition of a volume
covering all skin layers in an area of » 2 cm? with isotropic voxel sizes of 80-
100 pm in about 10 minutes.

Dedicated post-processing algorithms have been developed for higher
specificity of vessel detection and visualization and for the extraction of
descriptive quantitative parameters of the vessel tree.

The images and vessel parameters could serve as a basis for early
diagnostics and classification of systemic inflammatory vascular diseases like
vasculitis. Due to the non-invasiveness of the method, longitudinal studies in

the course of treatment could be performed to monitor its success.
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ZUSAMMENFASSUNG

Die Magnetresonanztomografie (MRT) hat sich seit ihren ersten Einsdtzen in
den 1970er Jahren zu einer der Sdulen der medizinischen Diagnostik mit
bildgebenden Verfahren entwickelt. Die grofse Anzahl von Bildkontrasten und
die Moglichkeit, klinisch relevante physiologische Parameter, insbesondere in
Weichteilen, zu erfassen, in Kombination mit der Nicht-Invasivitat und
Sicherheit der Methode, sind die Basis dieses grofden Erfolgs.

Nichtsdestotrotz ist die MRT eine relative insensitive Technik, da nur ein
kleiner Bruchteil der Spins, die im untersuchten Gewebe zur Verfiigung
stehen, tatsachlich zum gemessenen Signal beitragen. Dies ist insbesondere in
der MR Mikroskopie mit Bildpunktvolumina, die um das 1000-fache kleiner
sind als in der Standardbildgebung, ein kritischer Faktor.

Dieser intrinsische Verlust an Signalintensitit kann zum Teil durch den
Einsatz stirkerer Magnetfelder, durch die Konstruktion von empfindlicheren
Hochfrequenz-Empfangerspulen und optimierter Hardware und Aufnahme-
strategien kompensiert werden.

In dieser Arbeit wird eine Kombination all dieser Punkte erreicht, mit dem
Ziel, das Netzwerk kleiner Blutgefiafde in der Haut am lebenden Menschen
darzustellen. Die gezeigten Techniken erlauben es, ein Volumen, das alle
Hautschichten auf einer Fliche von ca. 2 cm? abdeckt, mit einer isotropen
raumlichen Auflésung von 80-100 um in etwa 10 Minuten abzudecken.

Speziell ~entwickelte Nachverarbeitungsalgorithmen erhéhen die
Spezifizitit der Detektion von Blutgefdafien und berechnen beschreibende
quantitative Parameter des Gefafdbaums.

Diese Bilder und Gefafdparameter konnten als Basis fiir die Frithdiagnostik
und Klassifizierung von entziindlichen systemischen Erkrankungen der
Blutgefafde, wie der Vaskulitis, dienen. Aufgrund der Nicht-Invasivitit der
Methode konnten longitudinale Studien wahrend der Therapie durchgefiihrt

werden, um den Behandlungserfolg zu beobachten.
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MR MICRO-IMAGING OF THE HUMAN SKIN IN vVIvo USING MINIATURE RF COILS

1.1 INTRODUCTION

Magnetic resonance imaging (MRI) is one of the most rapidly advancing
techniques in the domain of medical imaging. Medical imaging techniques like
MRI, computed tomography, X-ray imaging, ultrasound, and optical imaging
methods have become a major backbone of modern medical diagnostics in
clinical routine.

Among all these imaging modalities, certain characteristics render MRI a
unique tool for in vivo examinations of various properties of human (and
animal) organs and tissues:

e MRI is safe - no ionizing radiation is involved in the procedure
e MRI is a non-invasive method enabling longitudinal studies of the same
anatomical region, e.g. for treatment follow-up
e alarge variety of physiologically relevant parameters can be assessed
e anatomical structures and chemical properties, especially in soft tissues,
can be identified
e whole-body imaging, at least in segments is possible
Since the first clinical use of MRI in the 1970s, image quality has been
constantly improved. Despite these developments, MRI still has the drawbacks
of long measurement times, relative insensitivity and high costs.

Nowadays, routine clinical applications of MRI typically use image
resolution on the order of mm?®. Improving the spatial resolution from (1 mm)?
to (100 pm?) would correspond to a reduction of signal by a factor of 1.000
because the signal obtained from MRI is directly proportional to the number of
contributing spins, i.e. the size of the elementary voxel. In order to obtain the
same signal-to-noise ratio, the measurement time would have to be 1.000.000
times longer, which is obviously not a practical option.

Nevertheless, there is a way out of this dilemma. It is characterized by
technological advances that have drastically improved the sensitivity of MR

measurements. These developments can be summarized as follows:
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e higher magnetic field strengths of modern MR scanners produce higher
magnetization of the tissues and, therefore, generate stronger signal
e more efficient radio frequency coil design reduces noise in the signal
detection process
e stronger gradients and low-noise pre-amplifiers have been developed
e pulse sequences for data acquisition have become more efficient based
on growing expertise
High overall detection sensitivity boosts the signal-to-noise ratio, allowing for
higher spatial and/or temporal resolution of the acquired images, which
renders clinical applications requiring such very high resolution possible.

Employing smaller RF detectors improves sensitivity at the cost of a
smaller field of view and penetration depth and, therefore, the most obvious
applications for microscopic MR imaging in vivo are found in superficial areas
of the human body, i.e. the skin.

A variety of dermatological diseases could greatly benefit from imaging
techniques that allow investigation of dermal structures non-invasively. In
systemic inflammatory vascular diseases like wvasculitis, the pathology
manifests first in the vessels of the skin before affecting other organs.
Depiction and characterization of the cutaneous vessels could improve early
diagnosis and, thus, have an impact on treatment and outcome. Also, due to the
non-invasiveness of MRI, effects of therapeutic measures can be evaluated on
the same anatomical location in longitudinal studies.

In this thesis, a combination of the different strategies to improve
measurement sensitivity is applied in order to show images with the highest
spatial resolution obtained in the skin of the living human so far.

Specificity of the measurements with respect to the detection of the
cutaneous vascular system is achieved by using isotropic spatial resolution
enabling segmentation of the vessel tree in three dimensions and by dedicated
post-processing algorithms specifically designed to improve the visibility and

contrast of vessels in the skin.
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1.2 THESIS OUTLINE

The present chapter 1 puts the thesis into the context of biomedical research
and explains the structure of this document.

Chapter 2 elucidates the underlying theoretical principles of the thesis,
including a description of the magnetic resonance phenomenon, signal and
noise in MR experiments, an overview of RF surface coil technology for MR
microimaging, and the state of the art in skin imaging with MRI and other
imaging modalities.

Chapter 3 describes the experimental studies performed at 1.5, 3,and 7 T,
all of them targeting at ultra-high resolution imaging of the human skin in vivo
with miniaturized RF coils. Each study is characterized by an explanation of
the specific purpose, the materials and methods used, and the results
obtained.

Chapter 4 deals with the image post-processing methods developed
specifically for the purpose of better visualization and understanding of
cutaneous vasculature.

Chapter 5 wraps up the findings of this thesis and discusses benefits and
shortcomings of the methods used. Conclusions are drawn and perspectives
and recommendations for related future studies are given.

Chapter 6 consists of annexes giving details about the calculation of the
resonance frequency for multi-turn transmission line resonators and the
MATLAB toolbox developed in the thesis for that purpose.

Chapters 7, 8, and 9 contain the list of references cited in this document, as
well as lists of figures and tables.

Chapter 10 is a collection of publications and presentation abstracts for

scientific conferences, based on work from this thesis.
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2.1 MAGNETIC RESONANCE

Nuclear magnetic resonance is based on the fact that every nucleus with a
nuclear spin I’ possesses a nuclear momentum fi, as in the classical model

every spinning electric charge produces a magnetic field.
9Hg r
h

d

[Eq. 1] i -

oD |Q

Il
=

The gyromagnetic ratio ) has a value of 2.68-10° T"'s™ for the most important

nucleus in biological applications, the proton (1H).
A magnetic dipole i in an external magnetic field B is subject to a torque

~odl -
Eq. 2 N=—=[xB
[Eq. 2] dt X B,

Together with [Eq. 1] and summation over an ensemble of spins
[Eq. 3] M=>H,
j

one obtains the equation of motion

—

dMm

~—— =MxyB
at 7By

[Eq. 4]

This describes a precessive motion of M around - B,at the Larmor frequency

@y
[Eq. 5] @y =78,

Without an external magnetic field, spins in a sample are randomly oriented

resulting in a zero net magnetization of the ensemble. If an external magnetic
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field |§0 is applied, the z-component and magnitude of the spins are quantized

into 2I+1 distinct states. This phenomenon is called the Nuclear Zeeman Effect.

For a spin of %, as is the case for 1H, spins are forced into two different energy
levels, either parallel or anti-parallel to BO . Their energy difference is

[Eq. 6] AE = ynB,

In thermal equilibrium, the population of these two energy states follows
Boltzmann statistics resulting in a small excess of spins in the lower energy
state, i.e. with spin +1/2, aligned with the external magnetic field. This net
magnetization represents the signal accessible in MR experiments and

depends on temperature and the static magnetic field strength B, :‘éo‘. The

population ratio between the two states is given by the Boltzmann equation

_Eap

n e kT E vo—Eiup AE 7hBy

[Eq. 7] 2 =e ksT = ekBT =e keT
n _ Efyz
-1/2 kgT

As can be seen from Figure 1, the deviation of this expression from 1 is in the
ppm range, explaining the relative insensitivity of magnetic resonance, since

only 1 - 51in 100.000 spins are actually contributing to the measured signal.

\

\
\

N,1/2/N.172 -1 [PPM]
o

o 1 2 3 4 5 6 7 8 9 10
magnetic field strength B, [T]

—

Figure 1: Spin excess in direction of B,
The curve is shown for protons at room temperature (293K).
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The reason why we still detect a signal is by the sheer number of spins
available in the human body.

The macroscopic magnetization M, as given by Boltzmann equilibrium law, is

2
ZHA+Dh

Eqg. 8 M=N
[Eq. 8] 3k,T 0

with N the number of nuclei present in the sample and T the spin temperature
which is the sample temperature at thermal equilibrium between spins and
the lattice.

Transition between Zeeman levels can be obtained by irradiation of the

sample with an additional rotating magnetic field él if its photon energy

equals the respective energy difference

[Eq. 9] hv, =AE, v, =%
2
Together with [Eqg. 6] it follows that the sample has to be exposed to a radio-
frequency (RF) field oscillating at the Larmor frequency for excitation of the
spins from their equilibrium state, giving rise to the term “nuclear magnetic
resonance” (NMR).
The magnetization vector can be tilted from the original direction parallel
to the main magnetic field by a flip angle a in the rotating frame, i.e. the

coordinate system rotating with the precessing spins at the Larmor frequency.
t
[Eq. 10] a(t)= —yj B,(r)dr
0

where Bj is the magnitude of the RF-field applied for excitation of the spins.

After excitation, the magnetization will precess around the |§0 axis and the

spin system will return to the equilibrium state with characteristic relaxation

times T (spin-lattice relaxation) and T2 (spin-spin relaxation), with T; > T>.
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The behavior of magnetization is described by the phenomenological Bloch

equation [1] and illustrated in Figure 2

Eq. 11 —=MxyB, - Y ¥ ¢ u
[q ] dt 7/0 T2 -I-l z

transverse relaxation  longitudinal relaxation

precession

The first term describes precessive motion of the magnetization around Bjand

the two latter terms describe longitudinal and transversal relaxation

processes. In matrix form the Bloch equation becomes

- -1T, ¥ B, 0 0
dM ~
[Eq 12] W: —}/BO —1/T2 0 -M + 0
0 0 -1/T, -M, /T,
M === —mmmmmmm e
=2 longitudinal relaxation
=
0 T 2T, 3T,
time
M
3, transversal relaxation
s
0

T, 2T, 3T,

time

Figure 2: Relaxation mechanisms
Left: The magnetization component in direction of the main magnetic field returns
to its equilibrium value with time constant T; due to spin-lattice interactions
Right: The transversal magnetization component decays with time constant T, due
to spin-spin relaxation.
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2.2 SIGNAL AND NOISE IN MR EXPERIMENTS

2.2.1 Signal

2.2.1.1 Demonstration of the reciprocity principle

The reciprocity principle is one of the fundamental theorems in the theory of
electromagnetics [2-6]. In antenna theory, it states that the receive sensitivity
of an antenna is identical to its transmit field [7]. In other words, the magnetic
field produced at a point in space by an RF coil run by a unit current is
proportional to the electromagnetic force induced in the coil windings by a
magnetic dipole at the same point [8-10]. This has been shown for the near,
intermediate and far field zone of a magnetic dipole [11] and for arbitrary
probe geometry [12]. The sensitivity of reception can, therefore, be calibrated
by measuring the local B-field distribution of the receive coil used as a
transmitter, a widely used technique for reconstruction in parallel imaging
[13] or quantification of MR spectra [14].

In the following, we will derive an expression for the electromotive force
generated by change of magnetic flux through a coil by the magnetization of
the spins in a sample and show the relationship to the magnetic field created

by the coil [15, 16].

2.2.1.1.1 Magnetic field produced by moving charges in a coil

Let us first calculate the magnetic field produced by the coil. The vector

potential A is defined, so that

[Eq. 13] BE=-VxA

From Ampeére’s law and the material equation for magnetic flux density B and

the magnetizing field H

[Eq. 14] VxH=J and E:uol:l

10
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we get to the Poisson equation for the vector potential A

o

A=VA=7 (V-A) +V'A=-Tx(VxA)-
[Eq. 15] AA=V A==V (V- A] +V'A=-Vx(VxA ~VxB=- pOJ

=0
(Coulomb gauge)

axbxc=(ac)o—(ab)c = Vx(VxA)=V(V-A)-V?A
Its solution using Green’s function is

Ho

[Eq. 16] AR =2 [ 4%

- -
=0 (curl operates
onx, notX')

[Eq. 17] = —%jvdv'j(x')x@[ 1 ]:

spesl)

Note that integration over the current density in the whole volume has been

X)-dV'= I-dl

replaced by integration over the current I in the coil windings.

2.2.1.1.2 Electromotive force induced in the coil by the spins

In the second step we calculate the electromotive force induced in the coil
by the spins in the sample. The magnetic flux can be expressed as a function of

the vector potential A

Stoke's theorem

[Eq. 18] P(t) = L éspins -dS = <J.>C (6 X B.spins ) dl

11
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The contribution of the magnetization to the current density J is given by

[Eq. 19] J=VxM

We use [Eq. 16] to calculate the vector potential at position X in the coil wire

from the sample’s magnetization M

A =2 M nxv.| 1 |av’
[Eq 20] A%pins(x’t) - 472_ .[V M (X ’t)xvi' (|)—(»_)—(-!|Jdv

According to Faraday’s law of induction, the electromotive force emf is given

by

[Eq. 21] emf (t) = —%(t)

If we now combine [Eq. 18], [Eq. 20], and [Eq. 21] the electromotive force

created by the sample in the coil becomes

G o B N Ay PR VRl i
[Eq.22] emf(t)= athC( 4ﬂjVM(x,t) vx{ JdV]dl

Using

e (e (|
[Eq. 23] (MxV)-dl =-M -(dl XV(R_T'D

and by reversal of integration order we obtain

_ 0 A (! Ho I« 1 !
[Eq. 24] emf(t)_—a_[v M(x,t)-EqSCdleX{R_X,J -dv

=By (X') with 1=1
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The expression marked with the curly bracket corresponds to the magnetic

field of a coil with unit current I = I [Eq. 17]. We therefore conclude
Eq. 25 mf ) = =2 [ Mi(%,1)- By, (%)-dV"
[Eq. 25] emf (1) == ], M(X,0)- By (X)

This shows that the voltage induced in the receive coil by the spins is
proportional to the magnetic field that would be produced by the coil per unit
current when used as a transmitter, which demonstrates the reciprocity

principle [17].

2.2.1.2 The signal equation

If we consider a time-varying gradient G(xy,zt) with its components G¢
(¢ = x,y, z) as used in MR imaging sequences for signal localization, the

transverse component of the magnetization
[Eq. 26] M, =M, +I-M,

can be calculated from the solution of the Bloch equation [Eq. 11]:

_t _ —iyjdr > Gir)¢
[Eq 27] Mxy(X, Y, Z,t) = MO(X’ Y, Z) .e T,(x,y,z) .eflwot e 0 vz

Using the above reciprocity theorem [Eq. 25], the signal measured in an MR
experiment can be described as the electromotive force of the transversal

component of the magnetization M precessing around the static magnetic field

—

B, induced in the windings of an RF coil [18]. The signal that is received in the

RF coil is the sum of signals of all spins within the sensitive area of that coil.

After demodulation by wo we can, therefore, write the signal as

I S —i;/jdz' Z Gy (7)¢
[Eq. 28] S(t) ochO(x, y,z)-e 208 g o ey dxdydz
\%

13



MR MICRO-IMAGING OF THE HUMAN SKIN IN vVIvo USING MINIATURE RF COILS

With the spatial frequencies ks defined as
[Eq. 29] K (t)=LIGE(r)-dr, E=XY,2
¢ 2 5

and, ignoring, T> relaxation we obtain

—i2z Y ke(t)£
[Eq. 30]  S(t) =_[M0(x, y,z)-e = dxdydz =FT[Mg(x,Y,2)]
\

This is called the signal equation. FT is the Fourier transform taken at the
spatial frequencies ke This formula states that during acquisition, data is read
in Fourier domain, usually called k-space in MR. The image can then be

reconstructed by taking the Fourier transform of the acquired k-space data.

2.2.2 Noise

In MR experiments, data quality is mainly restricted by different types of noise
superimposed on the MR signal. In the following sections the main influences
on the signal to noise ratio (SNR) are outlined, noise sources are identified and
their respective importance is evaluated.

The SNR available at the coil output is limited by dissipation in the coil
media, the sample and all other involved media such as receiver electronics.

Following the fluctuation dissipation theorem [19], noise sources are
powered by thermal agitation in dissipating media resulting in a fluctuating
electromotive force in series with the equivalent resistance [20]. The noise

standard deviation is

[Eq. 31] v = [4k;R, T..BW

with kp being Boltzmann’s constant, ReqTeq the temperature-weighted sum of

equivalent resistances of all noise sources, and BW the receiver bandwidth.

14
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The main factors contributing to noise in MR experiments are detailed in the

following section.

2.2.2.1 Noise sources

The different origins of noise contributing to the total noise superimposed on

the MR signal are discussed below.

2.2.2.1.1 Sample noise

The most constraining, but inevitable, source of noise in an MR experiment is
the sample itself. Sample conductivity and temperature govern its contribution
to noise induced in the RF coil circuit. There are three different mechanisms
that make up the total sample noise: magnetically coupled noise, capacitively

coupled noise, and spin noise.

2.2.2.1.1.1 Magnetic coupling

Magnetically coupled noise originates from thermally agitated electric charges
within conductive samples, such as biological tissues. Circular components of
the Brownian motion of these charges induce a voltage in the RF receiver
circuit and are, therefore, detected in the same way as the nuclear
magnetization and result in random fluctuation of the measured signal.

Sample losses also occur due to eddy currents induced by él in conductive
samples. Part of the RF power is absorbed in the tissue resulting in tissue
heating. It depends on electric charge mobility and tissue conductivity o,
which has an average value of about 0.7 S/m for biological tissues at 300 MHz
and is frequency dependent. In the case of a homogeneous spherical sample of

radius a, the equivalent resistance of the sample Rs becomes [21]

27 ,(B,Y .
Eq. 32 R =—=cw’|—L| a
[Eq ] s 15 (Ij
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2.2.2.1.1.2 Capacitive coupling

RF currents applied to the coil windings create electric potential differences
which evoke alternating electric field lines that reach the sample surface and
induce dielectric losses there. Inversely, thermally fluctuating dipoles on the
sample’s surface induce noise in the RF coil. This coupling does not use the
magnetic induction pathway and can therefore be separated from the MR
signal by means of coil design. The most efficient coils use distributed series
capacitors (see section 2.3.2.2.2) reducing coil impedance, as well as inductive
coupling transformers (see section 2.3.3.2) that equilibrate the electric

potential with respect to the sample [22].

2.2.2.1.1.3 Spin noise

Spin noise is produced by the nuclear spin system itself and is caused by
fluctuating transverse magnetic moments. The equivalent loss resistance by
reciprocity Rspin [10, 23] is only considerable within close on-resonance

conditions.

B\ ( @
[Eq 33] Rspin :7(le (%jMLVS

with y being the gyromagnetic ratio, do the effective NMR linewidth and ML
the longitudinal magnetization component. In MRI, spin noise has no great
influence on the experiment because readout gradients spread the resonance
over several kHz, while high-resolution spectroscopy with linewidths of about

1 Hz suffers heavily from spin noise mechanisms.
2.2.2.1.2 Coil noise

2.2.2.1.2.1 Normal conductors

In normal conductors, internal losses result from power dissipation by
scattering of free electrons. Inversely temperature evokes random motion of

the charge carriers, inducing voltage fluctuations at the coil ends. The losses
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due to these effects can be described by the equivalent internal coil resistance

Rc, described by [24] as follows:

[Eq. 34] R, = ,/”C—;‘O“’nzg%

where pc is the material resitivity, u the vacuum permeability, n the number
of coil windings, a the average coil radius and r the wire radius. The factor &
expresses the influence of the proximity effect. Please note that R¢c depends on
@'/2, as opposed to the »® dependance of the magnetically coupled sample

noise.

2.2.2.1.2.2 Superconductors

Due to the very low surface resistance of superconductors, their respective
coil noise will be far below the value of normal conductors. Type-I
superconductors, which show ideal superconducting properties throughout
the sample below the critical temperature T¢, will show no dissipation and no
thermal noise when conducting. Unfortunately, this type of superconductor is
only available with very low T¢ which is technically incompatible with a
clinical environment.

A breakthrough for superconductivity applications was achieved when
Bednorz and Mueller found type-II high temperature superconductors in 1986
[25]. At higher transition temperatures high temperature superconductors
(HTS), allow quantum flux vortices containing “normal” free electrons to
penetrate the material resulting in non-zero dissipation. Phenomenological
superconductor theory based on London’s equations yields a RF surface

resistance dependence on @? [26, 27].

2.2.2.1.2.3 Electrical quality factor Q

Classically, power losses in the RF-coil can be described by the electrical

quality factor of the coil, defined by
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[Eq. 35] Q=—

where Leq represents the equivalent self-inductance, i.e. the magnetic energy
stored by unit current in the coil windings, Req is the equivalent resistance

brought in by the loss mechanisms in the coil.

2.2.2.2 Noise regimes

For the amelioration of MR sensitivity it is of great importance to know which
noise source is dominant and thus limits the achievable sensitivity.

Since sample noise is intrinsic to the examined object or tissue, it is
desirable to carry out measurements under such circumstances where the SNR
is only limited by the sample and not by coil noise mechanisms. Therefore, a
semi-empiric log-log plot of the borders of sample-noise-dominated and coil-
noise-dominated regimes [28] is given in Figure 3, comparing different coil

materials with varying coil diameters for a vast range of RF frequencies.

sample noise dominated

coil diameter in cm

coil noise dominated i

0,01

0.1 1 10 F in MHz 100 1000 10000

Figure 3: Noise regimes
Noise regime limits for copper coils at room temperature, liquid nitrogen
temperature (77 K) and liquid helium temperature (4.2 K) are drawn in black and
gray. The noise regime limit for superconducting coils is given in red. Both axes
are on a logarithmic scale. (Modified from [28])
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The boundaries are defined by r_T.=R.T, with R being equivalent

resistance and T being temperature, for the coil and the sample, respectively.
For a given frequency and a given coil diameter, the dominant noise
mechanism is, therefore, determined by the characteristics of the coil material
and temperature used.

As can be seen from Figure 3, smaller coil diameters resulting in higher
sensitivity (on a smaller field of view) can be achieved by cooling.

The area above the border between the two noise regimes is where the
induced noise in the sample is dominant. It is desirable to conduct
measurements in this regime. For a given frequency, the size of the coil has to
be greater than a certain value in order to stay in the domain of sample
dominated noise, restricting miniaturization of the coil.

Contrary to the sample noise predominance regime, in the coil noise
dominated regime the losses due to internal coil noise are the limiting factors
for the sensibility of the imaging process. It is, therefore, recommended to use
a cooled coil or increase the size of the coil in order to shift back to the sample-

noise dominated regime.

2]

S

Sample noise dominates

Coil diameter [cm]
N W

—_—

Seil noise dominates

2 6 8 10

4
Field strength [T]

Figure 4: Alternative respresentation of noise regimes
Another representation of the noise regime limit for a copper loop at room
temperature. Axes are on a linear scale (from [29]).
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2.2.2.2.1 Copper coils

For high main magnetic field strengths the limitation for copper coils is not so
stringent, because normal conductor resistance depends on ®!/2 and sample

noise on ®?, explaining the decline of the curves for copper coils in Figure 3.

2.2.2.2.2 HTS coils

Because magnetically coupled sample noise and internal superconducting coil
noise both depend on ®?, the boundary between coil- and sample-dominated
noise regimes becomes frequency independent [30-32]. In Figure 3, for a HTS
superconductor made of YBaCuO, this would yield a horizontal line at a coil
diameter of about 1 mm. When exposed to an external magnetic field,
however, type-II materials show degradation in electrical properties due to an
increasing number of flux vortices penetrating the coil, an effect that is highly
anisotropic and non-linear.

The anisotropy results from the crystalline structure of HTS, where
superconductivity occurs along the Cu-O planes. In Figure 3 this is expressed
by a frequency dependence of the YBaCuO line. This degradation effect is
minimized when the external magnetic field is aligned parallel to the
orientation of these planes.

Assuming a maximal misalignment of the coil in respect to the main
magnetic field Bo of 5° the shape of the YBaCuO boundary has been
extrapolated from surface resistance data for different field strengths and

orientations [33].

2.2.2.2.3 Comparison: HTS vs. copper coil

Superconducting coils show considerable advantages as compared to copper
coils especially at low and moderate field strengths. As an example, for proton
MR at 1.5 T, i.e. at a resonance frequency of 63.87 MHz, using a standard
copper coil at room temperature limits the minimum coil diameter to about
1.2 cm, in order to rest in the sample-noise dominated regime. Under the same

circumstances, when using a YBaCuO HTS coil, the diameter could be reduced
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to approximately 0.2 cm theoretically, without introducing a sensitivity
limitation by internal coil noise mechanisms.

At 7 T the minimum size for a copper coil at room temperature is about 5
mm; a YBaCuO coil could be of 1 mm in diameter. For practical and
technological reasons, the smallest HTS coils developed so far are of 6 mm in

diameter. More about the actual coil design can be found in chapter 2.3.

2.2.3 Signal to noise ratio and sensitivity

SNR is defined as

signal intensity
standard deviation of gaussian noise

[Eq. 36] SNR =

An expression for SNR can, therefore, be derived from the quotient of [Eq. 25]
and [Eq. 31]

[Eq. 37] sNR~F % 2(B/) AVENN

JAKR T, va

where F is a noise factor introduced by the acquisition electronics, ® is
Larmor’s frequency, B; the magnetic field created by the coil, I the current in
the coil, Vy is the volume of the encoded voxel, carrying a transversal
magnetization Mr, BW is the read-out bandwidth and tu the total acquisition
time [34].

The sensitivity factor Srr of the RF coil is included in this formula and
represents the SNR contribution of the coil in time-domain at given imaging

parameters:

[Eq. 38] s - @(B/1)

RE ,/4kBReqTeq
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where Req Teq represents again the temperature-weighted sum of equivalent
resistances of all noise sources. The factor
dt

[Eq. 39] M; [—
tR

can be interpreted as the transverse magnetization effectively collected over
the scan duration. If this factor and Srr are considered constant for a given
experiment, the trade-off between SNR, acquisition time t.,; and voxel volume

Vo is expressed via
[Eq. 40] SNR o<V, -\ [t

Decreasing V) by a factor of 1000, i.e. the spatial resolution by a factor of 10 in
all 3 dimensions, the acquisition time has to be increased 10°-fold in order to
maintain the same SNR. This shows that enhancing sensitivity is of utmost

importance to improve image resolution significantly.

2.2.3.1 Scaling rules

A summary of scaling rules for Q, SRF and SNR in the extreme cases of a
perfect, non-conducting sample and a perfect, lossless coil is displayed in
Table 1. This means that in the first case, all noise comes from the coil, i.e.
ReqTeq = RcTc and in the latter all noise comes from the sample, i.e. ReqTeq =
RsTs.

2.2.3.2 Increasing measurement sensitivity

This chapter describes three complementary methods to further increase MR
sensitivity. Each of these methods has its benefits and drawbacks and it has to
be examined carefully which method is applicable in any specific case.
Important factors for these decisions are the size of the sample to be
examined, the desired spatial resolution, the field strength available, costs and

applicability in clinical environments, e.g. measurement time or patient access.
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Only coil losses Only sample losses
Non-conducting sample lossless coil
1
Quality factor Q d \/% d2w
3/4
e O . -5/2
RF sensitivity Srr q d

SNR dza)7/4 * ok \/a.a) *x

Table 1: Scaling rules for Q, coil sensitivity and SNR
The table shows how the electric quality factor Q, the RF sensitivity Sgr and the
signal-to-noise ratio SNR scale with field strength and coil size in two different
regimes. (from [29, 34])
"...with constant filling factor n (see section 2.2.2.1)
" ...with linear increase of effective M with ® and V,/Vs=const.

2.2.3.2.1 Magnetization enhancement

2.2.3.2.1.1 Higher static magnetic fields

Increasing the main static field Bo increases the Larmor frequency o and the
transversal magnetization M7, and thus improves SNR when leaving the other
parameters unchanged in [Eq. 37]. There are, however, intrinsic changes to
relaxation mechanisms, chemical shifts and local field gradients caused by
susceptibility differences of different tissues and air within the sample when
higher field strengths are used [35].

According to [Eq. 38], the sensitivity Skr of an MR experiment increases
linearly with the Larmor frequency @, and, thus with By. In addition, Figure 3
reveals that at higher frequencies, smaller coils can be used, reducing the
effective size of the sample covered by the coil, again enhancing the SNR by
increasing the quality factor Q.

When using superconducting coils, higher static fields can be restricting
because of the orientation dependent deterioration of electrical properties of

the coil when exposed to high field strengths (see section 2.2.2.1.2.3).
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2.2.3.2.1.2 Contrast agents

Magnetization can also be dynamically increased by injection of paramagnetic
substances such as Gadolinium-DTPA. These paramagnetic complexes
influence relaxation times and produce larger image contrasts [36]. However,
dynamical magnetization enhancement is not part of the investigated field in

this report, and will therefore not be dealt with in more detail.

2.2.3.2.2 RF coil miniaturization

According to Table 1, under the condition of sample-noise predominance, the
RF coil sensitivity Sgrr scales with d-/2. Thus, using smaller coils provides
considerable improvement, because the limitation of the field-of-view results
in an effective sample-size reduction. For MR microscopy, surface coils are
used because of their limited field of view, reducing the volume that has to be
encoded.

From [Eq. 38] we see that coil sensitivity is linearly dependent on the
amplitude of the magnetic field produced by the coil per unit current B/I. This
can be easily demonstrated using Biot-Savart’s Law. Let us consider a current /
running on a circular lossless loop with radius r. The magnetic field created in

the center of the loop is given by Biot-Savart’s Law

[Eq. 41] g bl
2r
A coil that is smaller by a factor F and driven by the same current [ will,
therefore, produce a magnetic field that is F times higher than that of the
larger coil. This is illustrated in Figure 5.
The question of optimal positioning of RF coils with respect to the target
area of the subject can be roughly approximated by simplified analytical

models.
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B,

Figure 5: Influence of coil size on sensitivity
Two coils with identical current | only differing in size by a factor of F. According to
Biot-Savart’s Law, the B;-field created by the smaller coil is F times higher.

In the case of a circular lossless loop of radius a at the surface of a semi-
infinite sample (distance d=0), the highest SNR can be achieved at the depth p

from the coil inside the sample, when the following condition is met [37]:

[Eq. 42] a- P

With \/§z2 this could roughly be interpreted as: “Optimal SNR for a given
depth p is achieved with a coil diameter of p”.

For coil positions further away from the sample, i.e. at a distance d from
the sample surface, the right hand side of Figure 6 shows the degradation of
the SNR in percent of the optimal value at d=0 and a=p/51/2 [38]. This is
important, because superconducting coils, which have to be thermally
insulated from the sample, cannot be placed closer to the sample surface than
the thickness of the thermal insulation used, which is currently around 1-2

mm (see section 2.3.1.3).
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Semi-infinite
conductive sample
¢ aap,=p/\/§
-A-p
depth
12)
spacing lossless coil
@) <= , ' 0 005 01 015 02 025 03
-« f dp
radius (a) dy=p/5

Figure 6: Optimization of size and position for a lossless circular coil
The SNR in the desired depth p in the sample depends on the radius a of the coil
and its distance d from the sample. (Reproduced from [34])

2.2.3.2.2.1 Coil arrays

The price to be paid when using smaller surface coils is that only very local
exploration of the sample can be performed at high spatial resolution. If
greater areas are to be examined this problem can be overcome by using
multiple coils in parallel, i.e. a coil array. The “NMR phased array” was first
described in [39]. Arrays offer the possibility to detect the NMR signal (and the
respective noise) under optimal SNR conditions for different areas of the field

of view simultaneously.

2.2.3.2.3 Cooling of RF coils

Another possibility to decrease coil losses is to cool the RF coil. Cooling the coil
material has actually two positive consequences: on the one hand the
temperature in Rc¢T¢ is reduced directly and on the other hand, the coil’s
conductivity increases at lower temperatures (e.g. copper), decreasing the coil

resistance R..
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For superconducting coils it is a prerequisite that the coil is cooled,
because otherwise it would not be superconducting. When this state is
reached, the equivalent resistance of the coil is some orders of magnitude
lower than with normal conducting coils.

The main disadvantage of the cooling approach is its technical difficulty,
because conventional cryo-systems are not suitable for an MR environment
due to metallic and ferromagnetic parts involved. An effort has been made to

develop dedicated cooling systems, which will be described in chapter 2.3.1.3.
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2.3 RF SURFACE CoIL TECHNOLOGY FOR MR
MICROIMAGING

This chapter deals with the theoretical and technical aspects of RF coils, and
particularly RF coils dedicated to high resolution imaging [40, 41]. These
aspects include coil design (material, geometry, connection to the receiver)
and several examples of cooling techniques for RF coils in MR environments.
Different types of surface coils for MR microscopy and their connection to the

receiver unit will be discussed.
2.3.1 RF coil materials

2.3.1.1 Copper

The most commonly used material for normal conducting RF coils is copper
because of its high conductivity of 58.0 MS/m at room temperature (293.15
K=20°C), its malleability and ductility. Silver has an even higher conductivity
of 61.4 MS/m at room temperature with the disadvantage of a slightly lower
ductility and higher costs.

Since a higher conductivity represents reduced resistivity to the
movement of the charge carriers, the electrical quality factor of a coil Q will be
higher for materials with high conductivity.

Normal conductors show a typical behavior with temperature expressed

by the empirical formula
[Eq. 43] p=p,+al

where p is the specific resistivity at a given temperature T in Qm, po the
specific resistivity at 0 K and o the linear temperature coefficient denoting the
assumed linear change of resistivity per Kelvin. po is due to impurities in the

conductor material, expressing that the resistivity of a normal conductor will
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not approach 0 when the temperature is lowered to OK. Nevertheless,

conductivity increases when the material is cooled (with positive values for a).

2.3.1.2 Superconductors

Unlike normal conductors, superconductors show a spontaneous drop in
resistivity to a negligible level below a material-dependent critical

temperature Tc.

2.3.1.2.1 Low temperature superconductors

Low temperature superconductors are usually type I superconductors, this
means they have only two states - entirely superconducting (Meifdner phase)
or not. Such materials are commonly used as the coil material for large coils
manufactured to provide the main magnetic field By of an NMR scanner. Most
commonly used materials are Niobium-3-Tin or Niobium-Titane. Their critical
temperatures are far below the boiling point of nitrogen, which renders them

not suitable for RF coils.

2.3.1.2.2 High temperature superconductors

High temperature superconductors (HTS) have only been discovered about 25
years ago [25]. They usually consist of ceramics with Copper-oxygen layers
that are responsible for superconductivity. The most commonly used and also
best investigated material is YBazCu307.5, also called YBCO. Its critical
temperature is around 90 K, easily achievable with liquid nitrogen.

HTS typically are type Il superconductors, which means that at field
strengths above the lower critical field H¢; flux vortices containing normal
conducting electrons penetrate the superconductor until, at the upper critical
field Hcz, the probe is entirely in normal conduction state. Both, Hc; and Hez, are
depending on temperature and current running through the coil. Movement of

the flux vortices due to electromotive forces causes dissipation.
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2.3.1.3 Cooling techniques

There are different methods to cool RF coils, all of them aim at providing a
cryogenic device which fits into a medical environment and at minimizing the
distance between coil and sample. This requires devices that can sustain a high
temperature difference of about 200° within a few millimeters. Furthermore,
the whole cryogenic system must be made of NMR-compatible, i.e. non-

magnetic materials.

2.3.1.3.1 Direct immersion in liquid cryogenic bathes

Liquid bathes offer a rather simple method to cool the coil. In this case the coil
is immersed directly inside a cryogenic liquid, such as liquid nitrogen (LN2).
The LN2 can be contained in polystyrene foam vessels, non-conductive Dewars
made of e.g. PVC or fiberglass composites. The autonomy of these cooling
devices is restricted by the amount of cryogenic liquid contained and the
quality of the thermal insulation of the system. The autonomy time could be
extended by supplying a LN2 stream through flexible pipes connected to a
remote Dewar.

Unfortunately, problems with mechanical vibrations, thermal instabilities
and RF fluctuations, caused by boil-off and bubbling may arise. Also
mechanical stress caused by very fast cooling may deteriorate the properties

of the coil material.

2.3.1.3.2 Cold ends

In order to overcome some of the difficulties encountered with direct
immersion in liquid bathes, the coil could either be encapsulated in an inner
vessel inside the liquid bath [42, 43] or at the end of a so-called cold finger [31,
44-46]. Cold fingers are made of solids with high thermal conductivity and low
dielectric losses, such as sapphire or alumina. One end of the finger is
immersed in a cryogenic bath, while the coil is attached to the other end, in an

evacuated vessel ensuring high temperature gradients from the coil to the
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sample. The coil is therefore no longer in direct contact with the bath,
resolving most of the problems mentioned in section 2.3.1.3.1.

Problems are the time of autonomy of the system and ensuring sufficient
thermal contact between the cold finger and the coil. Ideally the coil itself is
integrated onto a dielectric substrate also serving as a cold finger [47, 48] (as
it is the case for the coils described in 2.3.2.2.2).

Gaseous cold ends, i.e. a liquid bath in thermal contact with a gaseous
vessel containing the coil, have also been tested, achieving temperatures down
to 150K with a LN2 bath [49] and 15K with liquid He bathes [50]. With the
lower-cost LN2 this technique does not seem to be a feasible way to cool

superconducting coils below their critical temperature, however.

2.3.1.3.3 Closed-cycle cooling

Reservoirs with enclosed cryogenic fluids as described in the sections above
are not suited for use in routine medical applications. Such closed-cycle cryo-
coolers are needed to solve the problem of autonomy and provide simple
push-button operation. No more handling with cryogenic fluids is required.

Closed-cycle coolers rely on compression and expansion principles, thus,
requiring a compressor and a heat exchanger. Different types of machines
could be used, i.e. Stirling, Gifford-McMahon or pulsed tubes. Stirling machines
are based on isochoric cycles and have a major disadvantage in this context:
they only achieve high performances if the compressor is close to the cold end.
Gifford-McMahon machines use a rotating valve and work on isobaric cycles
and have already been used to cool commercially available RF coils for high-
resolution MR-spectroscopy [48]. The drawback of both of these techniques is
that mechanical vibrations and electromagnetic interferences with the NMR
system are produced.

A promising alternative are pulsed tube techniques [30, 51], which do not
have any moving parts near the cold end. Their working principle is very
similar to that of Stirling or Gifford-McMahon machines, but the displacer is

replaced by laminar pressure waves. This reduces mechanical and
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electromagnetic perturbations by several orders of magnitude, i.e. to a
negligible level.

Other closed-cycle coolers are based on the isenthalpic expansion of high-
pressure gases in the Joule-Thomson process, as used in conventional

refrigerators. They have already been employed in MR microscopy [52].

2.3.2 Geometry

Surface coils are dedicated to localized imaging or spectroscopy of the sample.
They produce an inhomogeneous RF field, diminishing with distance to the
coil. Close to the coil, they achieve higher SNR than volume coils because of the
higher filling factor n and also have the advantage of lower intrinsic losses.
Surface coils are usually made of one or more planar circular loops and
must have a resonance frequency equal to the Larmor frequency of the
investigated nuclei. Different types of surface coils have been developed in

order to achieve this goal and will be detailed in the following sections.

2.3.2.1 “Classical” surface coils

The easiest and most commonly used way to adapt a coil’s frequency wis to fix
its inductance L by choice of the coil geometry and then add an appropriate

capacitor C by soldering it to the line, according to the formula

[Eq. 44] w=—2

The shape of the surface coil can be almost arbitrary; the geometry should be
adapted to the desired anatomical region to be measured. The inductance of
the coil depends strongly on the coil shape.

For small coils, the inductance will be much lower as compared to larger
ones. Therefore, the capacitance in the resonant circuit has to be increased in
order to maintain the desired resonance frequency. The inductance can be
increased by adding more turns to the spiral, which will lead to technological,

i.e. geometrical, restrictions sooner or later.
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Additionally, as the size of the coil is drastically reduced, susceptibility
differences introduced by the capacitor element(s) become a limitation to the
homogeneity of signal received with the coil. Soldering joints create additional
losses in the coil and are, therefore, not suitable for superconducting coils in

particular.
2.3.2.2 Auto-resonant structures

2.3.2.2.1 Localized elements

An improvement for surface coils with discrete elements consists in
manufacturing monolithic auto-resonant (see section 2.3.3.2) coils, i.e. from
one material without soldering and discrete electronic elements such as
capacitors. The appropriate resonance frequency is achieved by careful choice
of the coil geometry.

Coils with localized elements do not contain discrete electric elements, but
areas dedicated to inductance and capacity can still be identified.

Two different approaches will be described here, the first being a “spiral”
geometry published by [42]. It consists of two spirals attached to both sides of
a thin dielectric plate, using the outermost and innermost windings of each
spiral to produce a capacity (see Figure 7). This configuration makes analytical
estimation of the resonance frequency extremely difficult and its adjustment
cannot be done other than empirically - a fact that explains why this

configuration has not been used frequently.
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Figure 7: Coil with localized elements (spiral)
Left: view from top
Right: View from the side. (reproduced from [34])

The second approach uses so-called “interdigitated capacities” and has been
studied, among others, by [53]. This geometry features two concentric circles
with interleaved fingers (capacitive digits) as shown in Figure 8.

The inductance is mainly produced by the circular components and the
capacity is achieved through the capacitive digits perpendicular to the circles.
A major drawback of this design is that the number of turns cannot be
increased. Also the estimation of the resonance frequency is generally not
possible because of the very complex capacitive and inductive coupling
phenomena.

Usually the matching of this coil is done by cutting off capacitive fingers,
which lowers the resonance frequency by about 100/N %, with N being the
number of fingers. Hence, for very exact matching, a large number of fingers

has to be used, soon limited by technological restraints.
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Figure 8: Coil with localized elements (interdigitated capacities)
Left: view of the entire coil from top.
Right: zoomed coil detail. (reproduced from [34])

2.3.2.2.2 Distributed elements

Coils with distributed elements show the same local values of capacity and
inductance along the windings. Resonators of this type are based on the
principle of split-conductor transmission lines [54] (see Figure 9). Such coils
are made of two concentric windings separated by a dielectric plate, with their
openings diametrically opposed in order to produce a non-zero magnetic field
outside the spiral. These two windings constitute an equivalent inductance

and the substrate in between the coils plays the role of a distributed capacity.

\/

Figure 9: Split-Conductor Transmission-Line (STR)
This design has been proposed in [55].
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In order to increase the inductance of these coils, so-called multi-turn split-
conductor transmission-line resonators (MTLR) were described in [54]. A
number of quasi-circular concentrical windings, connected to each other by
small steps (the effect of which is considered negligible for the calculation of
the resonance frequency) constitute each coil. For this type of resonator,
analytical expressions for the inductance and the impedance can be
determined. The inductance is calculated as the sum of inductances of the
circular loops plus the mutual inductances between parallel-plate and

coplanar loops. By numerically solving the resonance condition given by

A L
[Eq. 45] O_tan[ PL |21
4Nz, \4N

for o, the resonance frequency can be predicted for a given configuration. In
this equation A denotes the total inductance, N is the number of turns, Z¢ the
characteristic impedance of the circuit, § is the propagation constant of the
conductor line and L is the total length of the windings. A and Z¢ are functions
of the geometric and electric properties of the coil assembly, detailed

equations can be found in annex 6.1.

N

Figure 10: Multi-turn Split-Conductor Transmission-Line Resonator (MTLR)
The design was suggested by [54], here an example with 6 turns.
Left: One side of the resonator seen from the top.
Right: Both coils mounted on the (transparent) dielectric plate.
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2.3.3 Connection to the receiver

The signal acquired in the RF coil has to be transmitted to the preamplifier and
then to the rest of the signal detection and treatment units. There exist two

different ways to achieve this, i.e. capacitive and inductive coupling.

2.3.3.1 Capacitive coupling

The conventional method to connect a coil to the receiving unit is done via a
capacitive matching network. Additional capacitors have to be inserted in
order to match the impedance of the resonant circuit that the coil represents
to the impedance of the receiver (usually 50 ().

The quality factor of the coil is lowered by a factor 2 when connected and
matched compared to the coil alone; this also means a doubled bandwidth. In
order to keep dielectric losses small, the capacitively coupled coil has to be
electrically equilibrated or “balanced”. This is achieved by symmetrical design
of the matching network, such that the mass-point is situated in the middle of
the coil.

Matching and tuning of the coil are usually not independent, so the final

settings can only be found after several iterations of adjustment.

2.3.3.2 Inductive coupling

Another way to connect the coil to the receiver is by adding an inductively
coupled coil, tuned at the same resonance frequency as the actual RF coil with
a variable capacitor in series and wired directly to the receiver.

The advantage of this method is that it is intrinsically electrically
equilibrated and matching and tuning of the coil can be adjusted
independently. It is also possible to change the resonance frequency of the RF
coil with the coupling coil, which is advantageous if the coil is e.g. implanted
inside the tissue under investigation. Moreover, as the coupling coil can be
placed under the patient table, and the wiring can be hidden, the use of the RF
coil is much less limited because wireless. The MTLRs described in chapter

2.3.2.2.2 are connected in this configuration.
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2.4 SKIN IMAGING

2.4.1 Anatomy and function of the skin

The skin surface sets the boundary between the body and the environment
and serves three main functions. It protects against outside damage through
physical, chemical and/or infection-related stress and regulates body
temperature and fluid balance. To fulfill these diverse functions, the skin has
three anatomic layers: the epidermis, the dermis and the subcutis, which serve
independent and joint functions. Figure 12 shows a cross-section of the skin

with its main layers indicated.

2.4.1.1 Epidermis

The epidermis, the outmost coating of the skin, is formed by a multilayer of
keratinocytes. The epidermis is non-vascularized and separated by a basement

membrane from the dermis.

2.4.1.2 Dermis

The next underlying zone, the dermis, is a highly vascularized connective
tissue. The dermo-epithelial zone is not linear, but rather represents an inter-
digitated interface. Keratinocytes from the epidermis form the rete ridges,
which protrude into the dermis. Concurrently, between these rete ridges, the
dermis extends upwards and forms the papillae. Morphologically and
functionally distinct from this so-called papillary dermis is the deeper portion

of the dermis, the reticular dermis, which harbors eccrine and apocrine glands.

2.4.1.3 Hypodermis/Subcutis

The subcutaneous fat layer further below resides on the muscle fascia.
Terminal hairs root in the fat layer; the sebaceous glands pertinent to the hair

follicle reside within the dermis.
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2.4.1.4 Skin vasculature

The vasculature of the skin (see Figures 11 and 12) itself has many different
functions as for example thermoregulation, inflammatory responses and
nutrition. Therefore, the skin vasculature is organized in a complex manner.

The largest vessels of the skin (arteries and veins) lie within the subcutis
and at the dermal/subcutaneous border. They can vary in size from 0.2 mm up
to several millimeters. Smaller vessels arising from the deep vascular plexus
are called arterioles. The largest arterioles in the skin have an outer diameter
of 50 um and lie within the deep dermis. The thickness of their wall is between
10-16 pum. Arterioles of the superficial dermal plexus, also called terminal
arterioles, have an outer diameter of 17-22 pm.

Capillaries, which can be divided into arterial and venous capillaries, have
a diameter of 10-12 pm with no surrounding smooth muscle cells, their vessel
wall is about 2-3 pm thick. Post-capillary venules range between 18-23 pm
with a wall thickness of 3-5 pm. Venules and veins descend to the large sub-
cutaneous veins and continuously increase in diameter and vessel size [56].

One has to bear in mind that the assessment of vessel diameters has been
performed mainly by histology and that the measured vessel sizes reflect a
postmortem picture of the skin vasculature, which is influenced by shrinking
artifacts due to fixation and dehydration. Therefore, vessel diameters may be

significantly larger if assessed by in vivo methods as, e.g.,, MRI microscopy.
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2.4.2 MR skin imaging

Magnetic resonance offers the possibility to non-invasively produce
volumetric images of the human body without using ionizing radiation. It is,
therefore, an interesting choice for imaging of many anatomical regions. The
skin is only a few millimeters thick and, hence, extremely high spatial
resolution is required to sufficiently resolve its pertinent structures. Since
such high spatial resolution is dependent on high measurement sensitivity,
only small RF coils can be used for micro-imaging. For most applications, these
have the disadvantage of a small field of view and penetration depth. For skin
imaging this is not a restriction, however, as the skin is superficially located.
Imaging of the skin, being the body’s largest organ, is consequently one of the
most evident applications of in vivo MR microscopy. MRI offers a variety of
soft tissue contrasts and can be used to study physiological parameters of the
tissues such as water content, perfusion and flow. MR imaging of the skin
started to develop in the 1990s and was since then pursued by small research
community, but has not yet been widely used in dermatology.

MR resolution of 1-5 pm has been reported at extremely high fields (>10
T) with microscopic samples, micro-coils (<500 pm) and long acquisition
times (approximately one day) [57-61]. For in vivo imaging, the highest
reported spatial resolutions so far were obtained using cryogenic probes [62]
at 1.5 T and range from 60 pm isotropic in small animals [63] to 80 pm
isotropic in humans [64].

Using normal conducting copper coils, several skin imaging investigations
have been reported in the literature. The layered structure of the skin and
anatomical features such as pilosebaceous units have been shown [65-67].
Recently a comparison of skin imaging at 1.5 T and 3 T using fat/water
separation techniques was published [68]. Other studies investigated
relaxation times of the different skin layers [69], hydration and ageing of the
skin [70-72], and the role of MRI in melanin-containing skin tumors [73]. In

addition, spectroscopic imaging of the skin [74] and a comparison of MRI to
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Figure 11: Schematic of skin vasculature
Venous vessels (blue) and arterial vessels (red). The superficial vascular plexus is
located underneath the epidermis/dermis border, the deep vascular plexus is
situated at the border of dermis and hypodermis. Larger vessels are found in the
hypodermis. (from [75])
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Figure 12: Organization of skin layers

Skin layers and the position of different cutaneous vessels are shown.
(Figure modified from [76])
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high frequency ultrasound [77] have been reported. Previous studies from our
own group investigated the blood flow distribution in small arterial vessels in
the human finger using a dedicated micro-imaging gradient insert at 3 T [78]
as well as micro-structures in the human toe [79].

All of these studies used high in-plane resolution with much larger slice
thickness (>500 pm, typically 1-2 mm), highest spatial resolution was usually

applied perpendicular to the skin surface.
2.4.3 Other imaging modalities

2.4.3.1 Biopsy with subsequent histology

Cutting samples from the skin and preparation for histological assessment is
the gold standard for obtaining images of the skin. Typically, samples of a few
millimeters to centimeters are cut out of the patient’s skin, either using a
scalpel or a punch. Specimen are fixed in paraformaldehyde and paraffin-
embedded. These samples are serial sectioned with slices of several pum
thickness and usually stained with hematoxylin and eosin. The sections can be
histologically examined under a microscope, however, no full 3 D coverage is

feasible.

2.4.3.2 Photography

The simplest form of producing images of the skin is photography. This

technique is widely used for monitoring of nevi.

2.4.3.3 Surface microscopy

Surface microscopy is employed to get more detailed images of the skin
surface. It can be performed without or with application of oil onto the skin,
which improves the image quality. This technique is also widely used for

monitoring of nevi and better differentiation of malignant lesions [80].
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2.4.3.4 Ultrasound

Ultrasound at a frequency of 20 MHz is used to measure skin thickness or
assess skin disorders with a penetration depth of about 20 mm [81].
Resolution in axial direction is typically around 100 pm and a few hundred um
in lateral direction [82]. Ultrasound with higher frequency can achieve even
higher resolution, at the cost of a reduced penetration depth, e.g. 100 MHz

ultrasound has been shown down to 3.2 mm [83].

2.4.3.5 Optical coherence tomography

OCT provides axial resolution of 2-15 pm and can assess structures down to a
depth of 1-2 mm. The morphology of the tissues can be imaged [84], the
technique has been used for imaging of both healthy and pathologic skin [85-
87].

2.4.3.6 Confocal reflectance microscopy

The resolution obtained with confocal reflectance microscopy in vivo is
comparable to histology. The field of view and the penetration depth are

however very limited (a few hundred pm) [88, 89].

2.4.3.7 Laser Doppler perfusion

Blood flow measurements in skin lesions have been performed [82] with this

technique, providing a penetration depth of about 200 pm.

In conclusion, the higher the spatial resolution, the lower the volume coverage.
Also, sensitivity and contrast is rather different among these techniques, due
to different underlying physical principles. The method to be chosen for a
particular application strongly depends on availability, location, target

structure and function.
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2.5 CUTANEOUS VASCULITIS

2.5.1 Introduction

There are only few diseases in clinical medicine that cause as much diagnostic
and also therapeutic difficulties as vasculitis. Vasculitis means, per definition,
inflammation and necrosis of blood vessels. Inflammation of the vessel wall
may lead to the obstruction of the vascular lumen and finally to destruction of
preexistent vascular structures. This cascade of events may cause ischemia
and infarction.

Vasculitis is either a primary process (without any known cause or trigger)
or a secondary phenomenon. As a symptom, vasculitis can be associated with
infections, systemic diseases, drug uptake or can be caused by local factors.
Reflecting these various causative mechanisms, also the clinical appearance of
cutaneous vasculitis may be manifold. Clinical signs include purpura, palpable
purpuric papules, erythema, ulcer, infarction and so-called livedo reticularis
(Figure 13).

Histological confirmation is required for all of the vasculitic diseases,
because clinical, laboratory or other diagnostic features are usually not
sufficient to put a diagnosis reliably. On the other hand, the diagnosis made by
histology must always be correlated with other diagnostic findings (clinical,
laboratory, angiographic, etc.) since the same histological features may be

present in different disorders [56].

2.5.2 Classification schemes

Many efforts have been undertaken to find a satisfactory classification for
vasculitis but every classification harbors diagnostic difficulties and pitfalls.
There are many different criteria for classifying vasculitis, regardless of the

organs involved, according to
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e pathogenesis (although the cause often remains unknown)

e anatomy, i.e. the localization of the symptoms; whether the disease is
restricted to the skin or whether it is a systemic disease; vessel size and
whether arterial or venous vessels are involved

e histological pattern (leucocytoclastic necrotizing, lymphocytic,
granulomatous)

e clinical appearance (necrotizing, urticarial, purpuric,...).

The commonly used classification systems for vasculitides, the Chapel Hill
Consensus Conference Criteria and the American College of Rheumatology
Criteria (ACR), both use a mixture of these criteria, but both classification
systems show major drawbacks. For example, disorders can be classified into
different categories, depending on the classification used. More importantly,
due to the criteria applied, both classifications may fail to identify patients
with potentially life threatening vasculitic diseases.

These classification models fail even more in classifying cutaneous
vasculitis (either vasculitis restricted to the skin or skin involvement as part of
systemic vasculitis. One general criterion for classification of vasculitis is the
size of the affected vessels; both classification models divide vasculitis into
small and large vessel vasculitis. Although, in principal, both types of vasculitis
may be found in the skin, the situation in cutaneous vessels is even more
complicated since skin vessels involved can be

e the post-capillary venules of the superficial dermis

e the medium sized arterioles vessels of the deep dermis/subcutis

o the large sized arteries of the deep dermis/subcutis

e the medium sized venules vessels of the deep dermis/subcutis

o the large sized veins vessels of the deep dermis/subcutis

Additionally, the composition and distribution of the inflammatory infiltrate is
also very important in the classification of cutaneous involvement in vasculitic

diseases.
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2.5.3 Description of different vasculitides

While small vessel vasculitis usually affects post-capillary venules in the
papillary dermis, large vessel vasculitis affects the larger parts of the
vasculature [90]. Since the very small venules and arterioles involved in small
vessel vasculitis seem too small for MR microscopy, we will focus on large
vessel vasculitis in the following. Members of this group are polyarteriitis
nodosa (PAN), Wegener’s granulomatosis (WG), Churg-Strauss syndrome (C-
SS) and Kawasaki disease (KD). Figure 13 shows some images of characteristic
clinical appearance of cutaneous vasculitis.

Although almost all of these disorders represent systemic diseases, skin
involvement is a hallmark of these diseases. Therefore, the diagnosis can
usually be made from a skin biopsy, if this biopsy accomplishes the diagnostic
criteria. Interestingly, within these disorders, the distribution of the affected
vessels varies among anatomical sites (papillary and/or reticular dermis,
subcutis) and especially the affection of arteries and veins varies significantly.

The classical form of PAN represents a multisystem disease and manifests
usually with uncharacteristic symptoms. It has a bad prognosis with high
mortality due to involvement of the kidneys, gastro-intestinal tract, heart as
well as central and peripheral nervous tissue (5 years survival < 50%). WG, C-
SS and KD are less frequent. They are all characterized by leucocytoclastic or
granulomatous vasculitis affecting vessels in different organs [91].

These conditions usually have to be treated very aggressively to reduce or
prevent permanent damage to internal organs such as the coronary arteries,
the lungs or the kidneys. Therefore, reliable early diagnosis is mandatory.

Histologically, large-vessel vasculitis takes the form of either phlebitis or
arteriitis. Phlebitis shows the same histo-pathological pattern, regardless of its
cause, while arteriitis may manifest in at least two different ways: in one, the
infiltrate of inflammatory cells is confined to large vessels only (PAN); in the
other, the cellular infiltrate is not restricted to the region of large vessels but is

also distributed in patchy fashion throughout fat lobules (nodular vasculitis).
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Granulomatous vasculitis is seen in vessels positioned deep in the reticular
dermis and the subcutaneous fat of WG or C-SS [76]. By now, there is the
observation that the involvement of arteries or veins depends on the
particular disorder. Also, the involvement of vessels with different sizes varies
according to the underlying disorder. Therefore, it is tempting to speculate
that the affection of arteries or veins and the involvement of vessels with
different sizes do not occur by chance.

Identifying the correct diagnosis for cutaneous vasculitic diseases may
even more complicated by the existence of another group of vascular
disorders, the so called micro-vascular occlusion syndromes, that often mimic
real vasculitic disease. Among this group, especially the so called livedo-
syndromes (antiphospholipid syndrome, Sneddon’s syndrome, livedo-
vasculitis, thrombangiitis obliterans), characterized by a specific perfusion
pattern of the skin surface, are common simulators of cutaneous vasculitis.

Antiphospholipid syndrome is a systemic disease caused by the presence
of circulating antiphospholipid antibodies. It is characterized by thrombosis in
arteries and veins throughout the whole body, therefore potentially life
threatening. Also, diagnosis of Sneddon’s syndrome, a rare condition of an
association of cutaneous thrombotic lesions, circulating antiphospholipid,
hypertension and cerebrovascular disease is very difficult, even by histology.
The sensitivity of an average 1-2 cm single biopsy is 27%, 53% with two and
only 80% with three consecutive biopsies [92, 93]. Also, septic vasculitis
(usually bacterial or fungal), a life threatening disease, and characterized by
infectious thrombi within lumina of post-capillary venules and larger venules
belongs into the group of micro-vascular occlusion syndromes. Septic
vasculitis clearly shows how important it is to find a diagnosis as soon as

possible.
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2.5.4 Need for new diagnostic modalities

As mentioned above, diagnosis of cutaneous vasculitis (regardless of the
underlying cause) may be difficult and often requires different, often time
consuming diagnostic procedures. By now, the gold standard for diagnosis is
histology. Histology for the diagnosis of vasculitis consists of a deep biopsy
with subsequent serial-sectioning and histological examination. The reasons
why it is often difficult to quickly find a diagnosis are multiple. An inadequate
biopsy technique (too small, not deep enough) is a frequent but not the most
common reason. Often, multiple skin biopsies are required because

e the histo-pathological findings in the biopsy specimens do not match the
criteria required for exact diagnosis,
e diagnostic criteria are hard to find in a given biopsy specimen because of
a discontinuous involvement of vessels,
¢ lesions may look distinctly different depending on their age [76].
It is especially important in vascular conditions where danger to life and limb
makes timely decisions critical, to find a reliable diagnosis within appropriate
time. Patients may suffer from serious systemic complications involving brain,
heart, bowel, or kidneys, if it takes too long to find the correct diagnosis which
is needed for starting a specific therapy. Therefore, establishment of a novel
examination method that accelerates diagnostic procedures and improves the
reliability of a given diagnosis by adding additional information is urgently

needed and is one of the main goals of this work.
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Figure 13: Clinical appearance of cutaneous vasculitis
A) livedo reticularis
B) panarteriitis nodosa (PAN)
C) necrotizing vasculitis
D) Wegener’'s granulomatosis (WG)
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3 EXPERIMENTAL STUDIES
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3.1 StTuDYI: 12 MM HTS SURFACE COIL AT
1.5 TESLA

3.1.1 Purpose

The aim of this study was to exploit the high sensitivity of a miniaturized 12
mm surface coil even at the clinincal standard field strength of 1.5 T for
imaging of the skin and its vasculature in vivo. For such small coils, if made of
copper, intrinsic coil noise would severely degrade image SNR. Therefore the
limits of in vivo resolution in a whole-body 1.5 T scanner were explored by

employing a superconducting surface coil providing ultra-low intrinsic noise.
3.1.2 Materials and Methods

3.1.2.1 MR scanner

Measurements were performed on a Philips Achieva whole-body scanner
(Philips, Best, The Netherlands) with a main magnetic field strength of 1.5 T,
located at the CIERM (Centre Inter-Etablissements de Résonance Magnétique)
at the Hospital of Le Kremlin-Bicétre, Paris, France.

It is equipped with a gradient hardware upgrade providing a maximum
gradient strength of 66 mT/m. A home-made interface connector was used to
connect custom coils via a BNC plug to the manufacturer’s standard coil plug

next to the magnet bore.

3.1.2.2 Network analyzers
An HP 4195A network analyzer (Hewlett-Packard Company, Palo Alto, CA,

U.S.A.) at the CIERM in Le Kremlin-Bicétre, France was used for verification of
tuning and matching of the superconducting surface coil immediately before

measurements in the 1.5 T Philips scanner.
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Figure 14: Philips Achieva 1.5 T Scanner
The scanner at CIERM is equipped with a gradient system
with maximum gradient strength of 66 mT/m.

An Agilent E5061A network analyzer (Agilent Technologies, Palo Alto, CA,
U.S.A.) at U2ZR2ZM in Orsay, France was mainly used for pre-tuning and testing
of the superconducting surface coils on table before transferring the coil to the
measurement site at Le Kremlin-Bicétre. Also it served for tuning and
matching of the 6 mm surface coil for the first 7 T imaging tests (see chapter
3.3).
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3.1.2.3 RF coils

3.1.2.3.1 Coil design

The geometry of the superconducting coil is based on the MTLR principle
(multi-turn transmission line resonator, cf. section 2.3.2.2.2). The actual coil
dimensions were calculated using a semi-empirical analytical model, which
takes into account the following parameters (illustrated in Figure 15):

e Number of turns of the spiral N

e QOuter diameter of the coil dex

¢ Opening angle «a of the gap

e Width of the conductor line w

e Spacing between to neighboring turns sp

e Dielectric constant of the support material ¢

e Thickness of the support material h
Since the mathematical model only predicts the resonance frequency for a
given choice of geometrical parameters (see annex 6.1), a set of calculations
for various parameter configurations has been performed in MATLAB. A
dedicated toolbox has been developed, the software documentation is given in
annex 6.2.

For each parameter, a wide range of values was calculated and the
corresponding resonance frequency result was stored in a database. Once the
values were computed, geometries for a given resonance frequency of interest
could be filtered from the database. The parameter sets best suiting the
desired coil size and resonance frequency were then chosen from result files.
Results from previously manufactured coils of this design were used to correct
for systematic bias of the measured resonance frequency to the calculated

value in order to achieve the correct frequency after fabrication.
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3.1.2.3.2 Mask creation

The simulation results were used to automatically draw a mask of the desired
coil using CorelDraw 7.373 (Corel Corporation, Ottawa, Canada) using Corel

SCRIPT. The mask was used for the fabrication process.

3.1.2.3.3 Coil production

The superconducting MTLRs were manufactured by THEVA Diinnschicht-

Technik GmbH, Ismaning, Germany.

N turns

A
v

ext

&

Figure 15: Parameters in the semi-empirical analytical calculation
The parameters indicated are required for the
calculation of the coil’s resonance frequency.
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3.1.2.3.4 Coil characterization

An RF analyzer, a directional coupler and a probe are used for on-table
measurements. Figure 16 shows a schematic of the measurement setup
following the method suggested in [94] using an inductively coupled probe to
pick up the signal from the RF coil. The equivalent circuits as seen from the

probe coil and the RF coil are represented in the center and bottom images.

| ]
E Co y Co
network - directional L L |
: p c c
andlyzer S coupler - b
a e oy probe RF coil
W input plane
RF source
CD
network * directional - R=
analyzer - coupler I =
E incident] [ ietected [ Zin |
. power power
W input plane
RF source
Ce

Z'in

Figure 16: Measurement setup using a directional coupler
Top: The RF coil is related to the rest of the setup
via a mutual inductance M with the probe.
Center: Equivalent circuit as seen from the probe. Z;, represents
the induced impedance of the RF coil in probe.
Bottom: Equivalent circuit as seen from the RF coil. Z’;, represents
the induced impedance of the remaining circuit in the RF coil.
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3.1.2.3.4.1 Electrical quality factor Q

From the ratio of the square roots of the reflected and incident power the

reflection coefficient p can be defined as follows

Ea. 46 p= Prefl:(zp+zin)_zg
[Eq. 46] P, (Zo+Z,)+Z,

Inc

where Z, and Z; represent the impedance of the probe and the output of RF
source, respectively, Zi, is the induced impedance of the RF coil in the probe
(see Figure 16). Zi» can be deduced from a measurement of p without the RF
coil present, i.e. the mutual inductance M between probe and RF coil and
consequently Zi; equal zero, which gives the reference reflection coefficient po.
The compensated reflection coefficient peomp is calculated by complex

subtraction
[Eq. 47] pcomp =P~ P

In the measurement peomp(@0) = Peompo is given by

T/ Reomp (@9)+2A

[Eq 48] pcomp (a)O) = pcompo = 10 2

where A is the attenuation in dB between the input plane of the measurement
and the probe and T/Rcomp is the ratio of the transmitted to reflected signal
measured by the network analyzer.

Typical curves for the real and imaginary parts of T/Rcomp in dB over a
frequency range around the resonance frequency are shown in Figure 17. For
copper coils in general, and superconducting coils at low incident power
levels, the quality factor is measured with the so-called bandwidth method. At
first a frequency sweep without the RF coil is performed to obtain py. Another
measurement with the RF coil positioned next to the probe is done for a

measurement of p. The electrical quality factor Q. is then obtained by
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measuring the frequency interval Aw for which T/Rcomp = T/Rcompmax — 3dB

holds. The measured quality factor Qmeass is then derived from equation
[Eq 49] Qmeas = &

The intrinsic quality factor Q. of the RF coil without the influence of the probe

is extracted with

[Eq. 50] Q, = e
1- pcomp

This method is only applicable if a linear relationship between RF power and
coil response exists. This is achieved for copper coils, while superconducting
coils show strong non-linearity effects in the domain of high RF powers.
Therefore, a slightly modified technique has to be applied [95, 96].

The first step of the modified measurement for superconducting RF coils at
high power level is the same as for copper coils. The measurement of Q. at low
power level according to equations [Eq. 49] and [Eq. 50] is performed and Rino
is derived from eq. [Eq. 47] as follows: for a matched coil (R; = Ry = R) at
resonance (Z, 2 Rp, Zin = Rino), the induced resistance of the RF coil in the

probe Rin(av) = Rino becomes

[Eq. 51] R, = 2R —2eom
1- pcomp

The pair of parameters Q¢ and Rino will be used as reference values Qcrer and
Rinorer in the second step of the measurement. The set-up of the measurement
stays the same, only that this time a power sweep at the resonance frequency
is performed instead of a frequency sweep. Again, the values of pcompo and Rino
are calculated from the same equations as previously. As the distance of the RF

coil to the probe has not been changed, the mutual inductance M and hence the
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coupling coefficient k do not change, and so the quality factor of the coil at a

given power level can be written as

R
[Eq. 52] Q. = Qurer - R o
inOREF
O 1 I | I I
— real part
— phase
"‘\\ -
— NN
m o)
T Y N =
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Figure 17: Typical curves for compensated T/R over frequency
The real part of the curve exhibits a maximum at the position of the resonance
frequency. At that frequency, the phase is zero. The full width at half maximum,
i.e. T/R at 3dB below maximum is used for the calculation of the quality factor Q.

3.1.2.3.4.2 Resonance frequency o

The resonance frequency is directly obtained from the measurement of the
quality factor during the frequency sweep from the position of the maximum
of T/Rcomp-

If the measured resonance frequency is higher than the desired value (the
theoretical value of the resonance frequency of the nuclei at the given field
strength), additional small pieces of dielectric material will be placed on the
coil, thus, decreasing the frequency. As in the numerical calculation of the coil
dimensions prior to the fabrication, a slightly higher value of v is yielded;

corrections will only have to be done in the sense of lowering the frequency. If
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the frequency is too low however, positioning of a small copper ring near the
RF coil increases it by weak inductive coupling between the two structures.
This is not desirable because if the frequency has to be increased a lot, the
tuning coil has to be placed very near to the RF coil, decreasing its quality

factor essentially.

3.1.2.4 Experimental setup

Before MR measurements can be performed, the HTS coil has to be positioned
in the cryostat and the correct resonance frequency has to be adjusted. When
using a new HTS coil in the cryostat, this is a time-consuming iterative process.
Figure 18 shows how the HTS coil is positioned in the cryostat.

To place an HTS coil in the cryostat, the vacuum chamber, i.e. the head
compartment of the cryostat containing the coil end of the cold finger has to be
demounted. Then the HTS coil is placed on the circular end of the cold finger.
This cold finger made of sapphire thermally connects the HTS coil to the liquid
nitrogen reservoir.

Dielectric pads made of Teflon® are placed in the center on top of the coil.
Then a strip of Kapton® is wrapped vertically around the coil and the cold
finger. The dielectric pads in the coil’'s center increase the pressure of the
Kapton® stripes onto the coil and ensure sufficient thermal contact between
the coil substrate and the cold finger. The pressure is further increased by
tightly wrapping more Kapton® strips horizontally around the vertically

aligned stripes.
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sample

sapphire substrate  dielectric pads

HTS coil
liquid vacuum
nitrogen chamber
reservoir

Kapton fixation

Figure 18: HTS coil mounting in the cryostat
The drawing illustrates the positioning of the HTS coil on the cold finger within the
vacuum chamber of the cryostat. For detailed explanation see the text.

R S Y [

Figure 19: The cryostat for the HTS coil
The cryostat is the cylinder mounted on a PVC rack. It is cooled by filling liquid
nitrogen through a paper cone in the opening on top after the chamber containing
the HTS coil has been evacuated using a vacuum pump.

61



MR MICRO-IMAGING OF THE HUMAN SKIN IN vVIvo USING MINIATURE RF COILS

The vacuum chamber is subsequently closed and tightened with plastic
screws. The position of the rubber fitting has to be checked to ensure
tightness. The cryostat is now connected to a vacuum pump until the pressure
within the vacuum chamber reaches a stable value, this step usually takes
about 1-2 hours. A paper cone is formed to fit into the opening of the liquid
nitrogen reservoir and liquid nitrogen is slowly poured (see Figure 19), which
takes about 45 min. By using the network analyzer, the moment of the
transition to the superconducting state of the coil can be seen, as the
resonance only develops when the HTS coil is superconducting.

Now the resonance frequency of the coil is determined. If it is higher than
the desired Larmor frequency, the reservoir is emptied, and the assembly is
set aside to warm up back to room temperature. The vacuum is broken and the
vacuum chamber is demounted again. Additional dielectric Teflon® pads can
be place on the coil windings under the Kapton® strips. This has the effect of
lowering the resonance frequency by increasing the capacitance of the coil.
The whole procedure is repeated, until the resonance frequency is only a few
kHz away from (below) the Larmor frequency.

The remaining frequency mismatch can be taken care of by approaching a
ring of copper, which increases the resonance frequency by weak inductive
coupling. It contributes noise to the circuit, therefore careful pre-tuning with
dielectric pads should performed to minimize the need for tuning with the
copper ring.

The photograph in Figure 20 shows the arrangement used for imaging at
1.5 T. The white cylindrical tube is the cryostat filled with liquid nitrogen. The
HTS coil (dark circle) is visible in its evacuated housing behind a sapphire
window. The dielectric plates for pre-tuning of the coil are visible on top of the
coil (white patches). They are attached to the coil and the cold finger using
Kapton® film (orange stripe).
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The HTS coil is inductively coupled to a pick-up coil (probe coil); matching
to 50 Q is achieved by varying the relative distance of the pick-up coil to the
HTS coil. The copper ring on the left is used for fine tuning of the resonance
frequency by adjustment of the distance to the HTS coil.

The pick-up coil is connected to the Philips scanner by a hand-made

adapter to the manufacturer’s coil plug.

Copper ring \
for fine tuning > pick-up cail
For matching and
signal transmission

Figure 20: Experimental setup with superconducting surface coilat 1.5 T
The HTS coil is visible through a sapphire window and can be placed at less than
2 mm distance from the sample. A copper ring for fine tuning of the resonance
frequency and a pick-up coil for matching and signal transmission to the receiver
are mounted on the cryostat. Their respective positions to the HTS coil can be
adjusted manually by rotation.

63



MR MICRO-IMAGING OF THE HUMAN SKIN IN vVIvo USING MINIATURE RF COILS

3.1.2.5 Evaluation of loss contributions

The quality factor Q of the superconducting coil was measured in different
situations, i.e. unloaded and loaded by the sample, outside and inside of the
magnetic field, in order to quantify the individual contributions of the
following entities to total losses:

e imperfections in the superconducting material itself,

e additional losses introduced by normal-conducting flux vortices in the

superconductor when exposed to a magnetic field,

¢ and the copper ring used for fine-tuning of the HTS coil.
With known inductivity L from the semi-analytical expressions used for
calculation of the coil geometry (see annex 6.1), the losses can be calculated
from [Eq. 35] by measuring the quality factor.

For the contributions of the fine-tuning copper ring, the Q values of the
HTS coil for a range of detuning values from 0 to 76 kHz achieved by varying
the distance of the ring to the HTS coil have been assessed. The impact of these
losses on SNR can be estimated using [Eq. 37] by taking the reciprocal value of

the square root of temperature-weighted losses.

3.1.2.6 MR sequences

Three different types of imaging experiments were performed within the
study. The first experiment aimed at very high in-plane resolution
perpendicular to the skin surface to clearly depict the layered structure of the
skin. In the second and third experiment, isotropic resolution was chosen in
order to obtain three-dimensional information about the architecture of the
vascular tree in the skin.

All experiments have in common, that a 3D gradient echo sequence was
used. Figure 21 shows the orientation of the read-out and phase encoding

directions for the second and third experiment.
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coil

phase

read-out

Figure 21: Positioning of the coil and read/phase directions
The coil was placed adjacent to the calf in vertical position. See the text for a
detailed reasoning for this configuration.

In the anisotropic case of experiment 1, read-out direction was perpendicular
to the skin surface, because the highest spatial resolution was also chosen in
that direction. The field of view was chosen such that the sensitive area of the
coil was fully covered to avoid fold-over artifacts. For the isotropic
acquisitions, the direction “entering” the skin perpendicularly was chosen as
one of the two phase encoding directions, because due to the rapid decrease in
signal intensity with distance to the coil, the field of view could be reduced in
that direction, reducing the number of phase encoding steps and, thus,
measurement time.

The coil was vertically positioned in the cryostat and the plane of its
windings was parallel to the static main magnetic field, since only the

component perpendicular to BO of the RF field created by the coil contributes

to excitation of the spins.
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The choice of sequence parameters, summarized in Table 2, was a compromise
to best achieve the following goals:

¢ highest possible spatial resolution

e measurement time =~ 10 min

e shortest possible echo time
Experiment 3 has voxel volumes half as big as those of the other two
experiments, therefore the scan was repeated three times in order to regain

SNR by averaging after realignment (see section 4.1.2).

Experiment 1 Experiment 2 Experiment 3
TR [ms] 146 32 38
TE [ms] 16 8.4 9.9
FOV [mm?] 20.5x20.5x10.5 25.6x12.8x 15 10x10x10
Matrix 1024 x 326 x 14 256 x128x 150 124 x 124 x 125
Res [um?] 20x 60x 750 100x 100 x 100 80 x 80 x 80
Vol [nL] 0.9 1 0.51
BW [Hz/Px] 35 35 72
WEF-shift [Px] 6 6 3
Time [min] 11:06 13:07 9:52

Table 2: Sequence parameters for the 1.5 T experiments
TR = repetition time, TE = echo time, FOV = field of view, Res = spatial resolution,
Vol = voxel volume, BW = read-out bandwidth per pixel,
WEF-shift = shift between water and fat.

For imaging, the Ernst angle was used, which was estimated by measuring a
series of images with different flip angles and searching the image with
maximum SNR, with all other imaging parameters kept constant.

The excitation pulse is transmitted by inductive coupling of the HTS coil
with the body coil, concentrating the B;-field near the HTS coil in consequence.

This has to be accounted for in the choice of the flip angle on the console. A
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software patch was created in order to emit excitation pulses with flip angles
below 1°.

For reception, because of the weak coupling to the body coil which would
lead to an unfavorable noise factor [97], the HTS coil is inductively coupled to
the previously described pick-up coil.

Because of the coil's high sensitivity, even small noise contributions of the
reception chain affect image SNR, so the standard preamplifier was replaced

by a special low-noise preamplifier with a noise figure of 0.6 dB.
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3.1.3 Results

Results from experiments 1 and 2 were presented in [98], experiment 3 was
presented in [64]. In a related study of our group, the same superconducting
coil has been used to demonstrate even higher isotropic resolution in a

phantom [99].
3.1.3.1 RF coils

3.1.3.1.1 Design

Using the MATLAB Toolbox described in annex 6.2, the following geometry for
an MTLR resonating at the Larmor frequency for protons at 1.5 T was
obtained: The substrate used was sapphire with a thickness h of 330 pm and a
dielectric constant € of 10.0556. The outer diameter of the coil dext was 14.6
mm. The coil had N = 6 turns, with a width of the conductor line w of 240 um
and a spacing between to neighboring turns sp of 180 um. The mean diameter

of the coil was therefore ~ 12 mm.

3.1.3.1.2 Quality factor

The coil quality factor was evaluated in unloaded and loaded condition,

outside and inside the magnetic field. Table 3 summarizes the results.

Condition Q (mean * SD)
Unloaded, outside magnetic field 100.000 +12.000
Unloaded, in magnetic field 8.600 =900

Loaded by calf, in magnetic field 1.500 - 2.500, depending on subject
Table 3: Quality factor of the HTS coil under different conditions

Loaded quality factors are given for a typical load in the imaging experiment,
i.e. a human calf positioned at the sapphire window next to the HTS coil.
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3.1.3.2 Images

All three experiments showed very satisfactory results in terms of good image
SNR and contrast between the different cutaneous layers.

Figure 22 shows the result of experiment 1, the part of the image
containing no signal was cropped for display reasons. A clear distinction can
be made between the skin layers. The epidermis appears as a hyper-intense
thin horizontal line on top. The dermis underneath is slightly hypo-intense,
mainly due to the short T2* of the connective tissue and shows a
heterogeneous pattern. In the hypodermis, the fat lobules can be identified.
Apart from the septae, the appearance of the subcutaneous fat is more

homogeneous and shows higher signal than the dermis.

Figure 22: Skin image with HTS coil, 20 x 60 um in-plane resolution
Result of experiment 1 with anisotropic resolution. The highest spatial resolution is
perpendicular to the skin’s surface (here: vertical). The slice thickness is 750 pm.

The three skin layers epidermis (top, hyper-intense), dermis (middle, hypo-
intense), and hypodermis (bottom) are very well distinguished, fat lobules in the
hypodermis can be seen. Due to the chemical shift between water and fat in read-
out direction, the hypodermis is shifted away from the dermis.
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Figure 23 shows exemplary images from experiment 2 using 100 pm isotropic
resolution. The top image displaying an axial slice perpendicular to the skin
surface features an axial cut through a larger vessel embedded in the adipose
tissue of the hypodermis. Its diameter is approximately 2 mm.

Interestingly, the vessel wall of this large vessel can be differentiated from
its lumen. A smaller vessel of about 400 pm in diameter connecting the large
vessel to the deep vascular plexus is also seen in the image. Because of the
horizontal read-out direction and the low read-out bandwidth, the vasculature
(containing mostly water) is shifted with respect to the surrounding fatty
tissue. This fact must be known to the observer, because the 3D-like
appearance or shadow might be easily misinterpreted by the radiologist.

The bottom image of Figure 23 shows a sagittal slice containing some of
the vessels within the deep vascular plexus at the border of dermis and
hypodermis. To the right side of the image, an oblique cut through dermis and
epidermis is observed; this is due to the curved surface of the calf, as seen in
the top image.

Figure 25 shows four slices with exquisite detail in different depths of the
skin as measured with the protocol of experiment 3 at an isotropic spatial
resolution of 80 um.

The first slice on the top left of the figure is located at the surface of the
skin. It displays the well-known rhombic structure of the areolae cutaneae of
hairy skin (as opposed to hair-less skin on hand palms, foot soles etc.). Some
hypo-intense spots corresponding to the positions where hair penetrates
through the skin surface can also be seen.

The top right slice shows pilosebaceous units, i.e. hair follicles appearing
as hyper-intense round shapes at a depth of # 700 um below the skin surface.
The hypo-intense linear structures inside the hair follicles are hairs.
Comparing this slice to the first one, it can be seen that the position of the
holes where hairs penetrate the skin surface correspond very well to the

positions of the hair follicles underneath.
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Figure 23: Skin images with HTS coil, 100 pm isotropic resolution
Top: Axial slice of the skin of the calf. A large (= 2 mm diameter) vessel is seen,
connected to the deep vascular plexus by a smaller vessel (= 400 um diameter).

The blue line indicates the position of the bottom image.
Bottom: Sagittal slice; vessels of the deep vascular plexus are clearly seen.
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The bottom left image is located in the deep dermal plexus at
approximately 1.1 mm from the surface, where a large number of thin vessels
can be seen. The chemical shift artifact is present in vertical direction, as this
was the read-out direction in the acquisition.

The bottom right slice is located at a depth of = 3.4 mm, a larger vessel in
the hypodermis is displayed. Interestingly, the lumen and the vessel wall can
be distinctly observed. The lumen has a diameter of 1 mm, the vessel walls are

about 250 pum thick.

3.1.3.3 Vessels

3.1.3.3.1.1 Chemical shift filtered maximum intensity projections

Chemical shift filtering as described in section 4.1.3 was performed on the data
to improve contrast and, thus, visibility of the vascular system. Figure 24

shows the result for experiment 3.

Figure 24: MIPs before and after chemical shift filtering
Left: Maximum intensity projection of the 80 um isotropic
data set from experiment 3 before filtering.
Right: MIP of the same data set after chemical shift filtering. The enhanced
contrast of water-containing structures, i.e. mainly vessels, is obvious.
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Figure 25: Skin images with HTS coil, 80 um isotropic resolution
Top left: Cut through the epidermis. As the calf is covered by hairy skin, areolae
cutaneae, rhombic fields of skin delimited by thin grooves, are observed. The
circular spots are hairs passing through the epidermis.

Top right: Pilosebaceous units, i.e. hair follicles (round hyper-intense structures)
and hair (dark stripes in the follicles) at a depth of = 700 um from the skin surface.
Bottom left: Vessels of the deep vascular plexus at the border of dermis and
hypodermis at a depth of = 1.1 mm.

Bottom right: Larger vessel in the hypodermis at a depth of = 3.4 mm. The vessel
wall can be distinguished from its lumen. The lumen diameter is 1 mm, vessel wall
thickness = 250 um.
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3.1.3.3.1.2 Three-dimensional reconstructions of vascular trees

The cutaneous vasculature was segmented from the 3D data sets as described
in section 4.2. Examples of the obtained vessel trees are displayed in Figure
26.

Figure 26: Segmented vessel trees from HTS coil data
Left: 3D reconstruction of the vascular tree in the dataset with
isotropic spatial resolution of 100 um (experiment 2).
Right: 3D reconstruction from the 80 um isotropic dataset (experiment 3).

3.1.3.4 SNR

Table 4 summarizes the SNR values obtained for the different skin layers in all
three experiments before averaging. For dermis and hypodermis a good
correlation of the voxel volume and the measured SNR can be seen.

In the epidermis, SNR is best for the measurement with highest resolution
in the direction perpendicular to the skin layers. This can be attributed to
partial volume effects in the lower resolution case, averaging the strong signal
from the epidermis with the hypo-intense dermis and air. It is approximately
70% higher than the epidermal SNR in experiment 2, despite a 10% lower
voxel volume, i.e. an SNR gain of 84% taking into account the voxel size.
Epidermal SNR per unit volume is 19% higher for experiment 3 than for
experiment 2, which can also be explained by lower partial volume effects due

to the higher resolution.
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In Figure 27, the SNR profile for experiment 3 is plotted as a mean curve
orthogonal to the skin surface. A strong peak for epidermis, followed by a
lower SNR for the dermis and again stronger signal for the hypodermis is
observed. As expected, the hypodermal signal decays with distance to the coil.
The averaged signal over three scans (blue line) shows that SNR is increased

by a factor of approximately V3, as predicted theoretically.

Experiment Epidermis Dermis Hypodermis
(voxel volume) (mean) (mean) (peak)
1(0.9nL) 38 18 33
2 (1nL) 23 18 29
3 (0.51nL) 14 9 12

Table 4: SNR values for different skin structures in the 1.5 T measurements
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Figure 27: SNR profile for 80 um isotropic resolution skin images
The average SNR in all slices parallel to the skin surface is plotted over the
distance to the surface. A first peak at the skin surface is observed in the
epidermis appearing hyper-intense in the images. The dermis (from 0.2-1.1 mm)
appears hypo-intense, while the hypodermis starting at 1.1 mm is again hyper-
intense. The signal decays with distance to the coil. The three red lines of the
single acquisitions almost coincide and the SNR curve of the averaged data is a
factor of V3 higher, as expected.
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3.1.3.5 Loss contributions

3.1.3.5.1 Losses in the HTS material

The intrinsic losses in the HTS coil, probably due to imperfections in the
material deposition were calculated to be 6 + 0.8 mQ. The losses in the HTS
material due to the normal conducting flux vortices present in type II
superconductors in the magnetic field were 62.5 * 2.1 m(). Since the losses are
weighted by the respective temperature, these low-temperature losses

contribute little to imaging performance.
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Figure 28: Noise contribution of the tuning copper ring
Dependence of induced losses of the the copper ring in the HTS coil on the
frequency shift it creates. As the copper ring approaches the HTS cail, the

frequency shift and the corresponding losses increase.
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3.1.3.5.2 Losses due to the tuning copper ring

Figure 29 shows the contribution of the copper ring used for fine-tuning of the

resonance frequency to total losses in dependence of the shift in frequency it

creates in the HTS coil. Figure 29 displays the influence of these losses on SNR.

For an assumed light load, i.e. a sample loss of 5 m{), a frequency shift by

the copper ring up to = 10 kHz can be tolerated. For heavier loads, even higher

frequency shifts can be realized without degrading SNR by more than a few

percent.
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Figure 29: SNR degradation due to the tuning copper ring

SNR loss due to the copper ring. For frequency shifts < ~10 kHz, the added
losses are negligible, especially in the case of stronger load by the sample.
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3.2 StuDY II: 15 MM SURFACE COIL AT 3
TESLA

3.2.1 Purpose

This study aimed at obtaining high SNR images of the human cutaneous
vasculature in vivo. The required high spatial resolution can only be achieved
by optimization of the measurement sensitivity. Here, the signal strength of a
3 T scanner and the sensitivity of a normal conducting 15 mm surface coil,
together with a 3D gradient echo sequence and dedicated post-processing

have been combined to reach this goal.
3.2.2 Materials and Methods

3.2.2.1 MR scanner

A Bruker MedSpec S300 whole-body scanner (Bruker Biospin, Ettlingen,
Germany) is located at the MR Center of Excellence, Medical University of
Vienna, Austria. The superconducting magnet from Magnex Inc., Oxford, U.K.
has a main magnetic field strength By of 3 T and a bore diameter of 80 cm.

The static magnetic field is produced by a current of 214 A circulating in
the super-conducting coil. This coil is cooled in a 1140 1 liquid Helium tank and
is surrounded by 22 tons of iron in order to shield most of the leakage field.
Various shim coils are used to make the main magnetic field Bo as
homogeneous as possible. Three types of shimming techniques are in use:

e Superconducting shim coils are placed within the cryo-tank. These are
adjusted once at time of installation and are kept unchanged during
normal operation.

e Passive shimming consists of small metal plates positioned on the inner

side of the cryo-tank and are not changed during operation either.
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e Linear shimming is performed by the gradient system and for higher
order shimming, a set of non-super-conducting shim coils are mounted

between magnet and gradient system.

The scanner is equipped with an actively shielded water-cooled whole-body
gradient system BG-AS55 leaving 55 cm net bore diameter for patients.
Together with the gradient amplifier Copley 274 (Copley Controls Corp.,
Westwood, U.S.A.) the maximum gradient strength reaches 44.5 mT/m at a

current of 600 A and a voltage of 350 V.

3.2.2.2 Network analyzer
An HP 3577A network analyzer (Hewlett-Packard Company, Palo Alto, CA,

U.S.A.) is available at the MR Center of Excellence in Vienna. It was used for

measurement of the quality factor of the RF coil.

3.2.2.3 RF coil

The RF coil used in this study consisted of a spiral encapsulated in plastic and
attached to a box containing the tuning and matching electronics (see Figure
31). It was manufactured by Rapid Biomedical (Wiirzburg, Germany) and can
be manually tuned and matched to optimize performance for different loading.
The coil measures 15 mm in diameter and is used as a transceiver, i.e. as both

a transmitter during excitation and as a receiver.

3.2.2.3.1 Coil characterization

The unloaded and loaded quality factors of the coil were measured with the

abovementioned vector network analyzer by assessing

fO

[Eq. 53] Q =f

where f, is the Larmor frequency and Af is the full width at half maximum of

the reflection curve.
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Figure 30: 3 Tesla Bruker MedSpec S300 whole-body scanner
The scanner is located at the MR Center of Excellence in Vienna

Figure 31: The 15 mm surface coil
Photograph of the 15 mm diameter transceive surface coil used for imaging of the
skin vasculature in vivo at 3 Tesla. The coil can be tuned and matched on the
individual subject. The actual coil winding is located in the region denoted in the
image. The rest of the box contains tuning and matching capacitors.
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With

Lo Lo
: =— and =
[Eq. 54] Q R Q R +R.

where Rr_ are resistive losses in the coil and R, representing losses in the

sample, the ratio between coil losses and sample losses was derived.

3.2.2.4 Resolution phantom

In order to verify the actual spatial resolution of the sequence chosen for in
vivo investigations, a resolution phantom with different structure sizes was
used and the modulation transfer function was evaluated.

The resolution phantom (Figure 32) that was used [100, 101] is a silicon
wafer, which has been structured by micro-lithographic etching methods. It
comprises structures with spatial periods between 2048 pum and 64 pm, i.e.
structure widths of 1024 pm to 32 pm in powers of two. The height of the
structures is approximately 150 um.

Image of the resolution phantom were acquired with the same sequence
and post-processing steps as the in vivo skin measurements, i.e. k-space zero-
filling to an isotropic voxel size of 75 um and averaging of 3 scans after

realignment.

3.2.2.4.1 Modulation transfer function

The modulation transfer function (MTF) describes the ability of an imaging
system to detect signal variations at different spatial frequencies. It can be
used to determine the spatial resolution limit of a certain method.
The modulation m is calculated from the maximum and minimum signal
amplitudes Amaxand Amin according to [Eq. 55] for each structure width.
Aﬂax — Aﬂin
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Finally modulation can be plotted over structure width and the resolution
limit can be estimated by assessing the structure size where the MTF shows
50% of the full modulation [102, 103].

Figure 32: Resolution phantom (photograph)
The phantom contains structures with widths between 32 pm and 1024 pm in
powers of two and is made from an etched silicon wafer. Image reproduced by
courtesy of Andreas Berg [100, 101].

3.2.2.5 Subjects

In vivo data was acquired from nine healthy volunteers (3f/6m,
age = 29 * 5 years), after giving written informed consent, in agreement with

local ethics regulation and according to the Declaration of Helsinki.
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3.2.2.6 MR sequences

The acquisition consisted of a 3D gradient echo sequence with the sequence
parameters summarized in Table 5. Read-out and slice selection directions
were chosen parallel to the skin’s surface; fold-over artefacts in the third
dimension should not be visible due to the coil’s sensitivity profile (according

to Figure 21).

Parameter Value
Repetition time TR 32.5ms
Echo time TE 10 ms
Matrix size 170x170x 110
Read-out bandwidth per pixel 47 Hz/px
Flip angle Ernst angle (dermis)
Scan time 10 min7s

Table 5: Sequence parameters for the 3 T measurements

The flip angle was adjusted to the Ernst angle for the dermal/hypodermal
interface by performing a series of low resolution scans with the same
sequence, varying transmit power and searching for the power value
corresponding to maximum SNR in the target region. Due to the chemical shift
between water and fat and the low read-out bandwidth, a shift of = 9 pixels
between water and fat in read-out direction is expected.

Target regions were located on the thigh (anterior part, 10 cm above the
right knee, 6 subjects, 2f/4m), on the back (5 cm left of the spine, 1 female
subject), the calf (1 male subject), and the finger (last joint of the small finger
of the right hand, 1 male subject).

Except for the finger measurement, subjects were placed feet first in
supine position in the magnet, the coil was attached on the target region using
adhesive tape. Care was taken to avoid mechanical pressure of the coil onto

the skin, because this could occlude the small vessels to be detected. In thigh
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and calf measurements, both legs were fixed on the patient table with straps to
limit involuntary motion. The subject for the finger measurement was placed
in prone (“Superman”) position, with his right arm outstretched.

Due to the spatially restricted signal acquired with the small surface coil,
localisation of the FOV was done using a large FOV localiser sequence, where a
bright spot was visible near the coil. Another localiser with smaller FOV was
run on that spot. The actual skin imaging sequence was adjusted on the latter.

Three identical scans were performed on the target region for testing
reproducibility and increase SNR by averaging. It is beneficial to run separate
scans and average later because scans with excessive motion artefacts can be
discarded without losing the information of the other acquisitions, and motion
between scans can be corrected for by image realignment.

The significant drop in SNR anticipated due to the small voxels was
compensated for by using a smaller coil, lower bandwidth and longer scan

time.

3.2.2.7 Post-processing

All data sets were interpolated to 75 pum isotropic voxels by k-space zero-
filling to facilitate realignment and segmentation (see section 4.1.1)

Before averaging the three data sets, image volumes were realigned using
SPM8b [104] to correct for rigid-body motion occurring between acquisitions,
i.e., for three directions of translation and rotation, respectively (see section
4.1.2).

The pixel-wise correlation coefficient between the first and the second and
third volume was calculated to evaluate the registration performance
quantitatively. The realigned data sets were averaged to improve the SNR by a
theoretical factor of V3.

In all data sets epidermis, dermis, hypodermis and vessels were
segmented from the averaged images. Additionally, a region of interest (ROI)
outside the sample was defined for evaluation of background noise.

Segmentation was performed manually using MRIcro [105].
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SNR was calculated as the ratio of mean signal of the segmented
anatomical structures and noise standard deviation. The analysis was
performed on the original single data sets and on the averaged data.

Skin layer thickness was computed from the segmented regions. For every
position in the plane parallel to the skin surface, the thickness of the ROI in the

third dimension was calculated and averaged over the FOV.

3.2.3 Results
The findings of this study have been published recently [106] and presented at

scientific conferences [107, 108].

3.2.3.1 RF coil properties

The coil could be successfully tuned to the Larmor frequency and matched to
50 Q for the resolution phantom and all subjects.

The unloaded quality factor of the coil Qo = 255 decreased to Q. = 130
when loaded by the thigh, therefore, according to calculations in section
3.2.2.3.1, sample losses were comparable to coil losses. This confirms that we
are working with the smallest possible coil diameter of this type without being

limited by internal coil noise.

3.2.3.2 Resolution phantom

In Figure 33, the resulting MR image of the resolution phantom is displayed in
a sagittal and an axial view. The structures of the phantom are well observed
and good agreement with the photograph (Figure 32) is achieved.

The blue boxes define the regions of interest on which the modulation was
extracted (cf. Figure 34). Susceptibility artifacts at the edges of the phantom
structures due to the susceptibility differences between the silicon wafer and
the surrounding liquid are present (red arrows). Susceptibility artifacts (blue
arrows) are observed, most probably due to small air bubbles and/or dust

particles on the phantom.
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Figure 33: MR image of the resolution phantom
Left: Axial image slice through the phantom structures, the position is indicated by
the red line in the right image. Susceptibility artifacts from the differences between
silicon wafer and surrounding liquid are marked with red arrows.
Right: The displayed slice lies in the plane of the resolution phantom’s structures.
Susceptibility artifacts from air bubbles are marked with blue arrows.

Figure 34: Modulation of the MR signal on the resolution phantom
Top: The ROI from Figure 33, where modulation was extracted.
Bottom: Signal intensity plots from each line in the ROI. The mean signal is plotted
in bold blue. Modulation values were derived from each line. The scale on the
abscissa is in pixels (1 px=75 um), the ordinate shows signal intensity in a.u.
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From Figure 34, the modulation transfer function for the imaging experiment
was derived (Figure 35). The resulting effective spatial resolution obtained
when using the 50% modulation criterion is * 150 * 50 pm. It must be noted,
however, that an experienced observer is able to distinguish structures with

lower modulation as well.
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Figure 35: The modulation transfer function
The MTF is derived from measurements on the resolution phantom (Figure 32)
with structure sizes of 64, 128, 256, 512 and 1024 um, plotted over structure size.
Structures with sizes down to = 150 £ 50 um can be resolved, i.e. show a
modulation of 50% or higher.

3.2.3.3 Anatomical features

3.2.3.3.1 Skin layers and dermal structures

Three main skin layers were manually segmented from the 3D data sets. The
volume of the different ROIs was 73 + 7 ul for the epidermis, 263+31 pl for the
dermis, 949 * 54 pl for the hypodermis and 8 * 2 pl for the vessels. Noise
standard deviation was derived from a region with a volume of 63 + 11 pl.

Skin layer thickness was extracted automatically from the segmented ROlIs.

A summary of the different anatomical regions investigated is given in Table 6.
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For the thigh measurements, thickness is given as the mean value and
standard deviation over subjects. For the other locations, standard deviation

refers to the variation across the measurement points within the individual

subject.

thigh (n=6) calf (n=1) finger (n=1) back (n=1)

epidermis 30718 um 25285 um 224+71 pm 235165 um

dermis 1136129 um  1488+274 pm  609+25um 2281+406 um

Table 6: Skin layer thickness for different anatomical regions
Standard deviation for the skin layers of the thigh is based on the variance across
subjects, while for the other areas the variance across the measurement points
within the dataset was assessed.

Figure 36 shows slices from an exemplary thigh skin data set. As expected (cf.
Figure 12 and Figure 11), a layer of vessels parallel to the skin surface at the
dermal/hypodermal interface, the deep vascular plexus (Figure 36C), was
observed consistently across subjects. Vessel diameters in this region, as
obtained from the images, vary between 100 pm and 250 pm. Even smaller
vessels in the superficial vascular plexus could be visualised in some data sets
(Figure 36B), although with weaker contrast due to partial volume effects. For

the same reason, vessel diameters in this region cannot be extracted reliably.
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Figure 36: Human thigh skin in vivo with isotropic resolution of 100 um
Images show a typical data set acquired on the thigh, 10 cm above the right knee,
obtained at 3 T using a 15 mm copper loop coil. Image A represents a slice
perpendicular to the skin surface, while images B—D show parallel sections.

A: Slice perpendicular to the skin surface. Skin layers epidermis (e), dermis (d)
and hypodermis (h) are clearly distinguished. Vessels (v) with diameters from
~100 um to 1.4 mm are observed. The position of the slices in B and C are
indicated by blue lines, contours of segmented vessels are drawn in yellow.

B: Slice parallel to the skin surface, at the border of epidermis and dermis. The
vascular network in the superficial vascular plexus is seen (v, red arrows). Since
the vessels in this area are smaller than the voxel size of the MR acquisition, their
diameters are likely to be over-estimated. The hexagonally positioned hyper-
intense patches (p, blue arrows) represent cross-sections of pilosebaceous units;
the hair itself is seen as a black dot in the middle of each unit.

C: Slice parallel to the skin surface at the interface of dermis and hypodermis. The
“shadow-like” appearance of the vessels is due to the high chemical shift between
water and fat. Vessels (v) and hypodermal fat lobules are well distinguished.

D: Corresponding maximum intensity projection to C. The vasculature, in particular
the vessels of the deep plexus (image C) are visible with high contrast.
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Finger and back images are shown in Figure 37, where epidermis, dermis, and
vessels are visible. Additionally, the cartilage layer of the finger joint and
fingerprints are observed; in the skin of the back, pilosebaceous units are
identified.

I
“ e \

Figure 37: Images of the finger and the skin of the back
The top row shows coronal sections, the bottom row transverse sections of the
finger (A, B) and the skin of the back (C, D).
A: A vascular bifurcation (v) and fingerprints (fp).
B: Vessels (v), epidermis (e), dermis (d) and joint cartilage (c). The dermis in the
finger is approximately 600 um thick.
C: Vessels in the deep vascular plexus, hypodermal fat.

D: Skin layers epidermis (e), dermis (d) and hypodermis (h) are visible with good
contrast. The dermis on the back is thicker than on the thigh or on the finger, it
measures approximately 2.3 mm. Dermal structures such as pilosebaceous units
(p) and vessels (v) are observed.
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3.2.3.3.2 Vessels

3.2.3.3.2.1 Chemical shift filtered maximum intensity projections

To enhance the visibility of the vascular system a chemical shift filtering
technique as described in section 4.1.3 was applied. Figure 38 shows
maximum intensity projections of the data set displayed in Figure 36 and
Figure 39 before and after chemical shift filtering.

As seen in the bottom row of the figure, the contrast of the vascular system
can be drastically improved. For examination by clinicians, a rotating
animation of the maximum intensity projection was produced, providing a
good three dimensional impression of the vessel tree, even before the time-

consuming segmentation process.

Figure 38: MIPs before and after chemical shift filtering
Top: Maximum intensity projection of a 100 um isotropic data set before filtering
Bottom: MIP of the same data set after chemical shift filtering (see section 4.1.3).
The enhanced contrast of water-containing structures,
i.e. mainly vessels is obvious.
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3.2.3.3.2.2 Three-dimensional reconstructions of vascular trees

The cutaneous vasculature was segmented from the 3D data sets as described
in section 4.2. For visualization of the results, a shaded 3D rendering of the
resulting vascular tree was performed using either the Viewer3D package
[109] in MATLAB 7.8 (see section 4.4.1) or in MeVisLab (see section 4.4.2).
Figure 39 and Figure 40 show some exemplary vessel trees. Figure 39
shows a good example of a larger hypodermal vessel of about 1.4 mm in
diameter connected to the deep vascular plexus by a smaller vessel with mean
diameter of 0.9 mm decreasing in diameter towards the more superficially
located deep plexus at the border to the dermis. Several branches spread from
this connecting vessel, each one splitting into multiple branches within the

plexus.

Figure 39: 3D reconstruction of a segmented vessel tree
A 3D rendering of the segmented vessel tree corresponding to the data set shown
in Figure 36 from two different viewing angles created using Viewer3D in MATLAB.
A: The large vessel (bright arrow) has a diameter of 1.4 mm and lies in the
hypodermis. The network of smaller vessels corresponds to the deep vascular
plexus (dark arrow) at the interface of dermis and hypodermis.
B: The deep vascular plexus is connected to the larger vessel by a medium-sized
vessel (arrow) with a mean diameter of 0.9 mm.
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Figure 40: Examples of other segmented vessel trees
The vessels were manually segmented and then 3D rendered using MeVisLab. In
all data sets the characteristic network of the deep vascular plexus was observed.

3.2.3.3.2.3 Vascular parameters

The calculation of relative blood volume as the percentage of vessel voxels
from the whole segmented skin volume resulted in 6.2 + 1.7 pl/cm?® or
0.62 + 0.17 vol%, over the study population. It must be noted, however, that
the true blood volume might deviate from these values, since on the one hand
capillaries are much smaller than the spatial resolution of the experiment.
Therefore, they are not considered in the calculation and, on the other hand,
visible vessels might be overestimated in size due to partial volume effects.

Only a few reference values could be found in literature. Valisuo et al.
[110] calculated values between 0.16 and 0.45 vol%, whereas Reuss [111]
reported 1.5 to 5 vol%, both studies using optical reflectance methods and
assumptions on the blood oxigenation level to obtain their results. The value
found here is, therefore, in reasonable agreement with these data, given the
high variability with respect to subject and anatomical location.

Table 7 summarizes vascular parameters obtained by applying the
algorithm described in detail in section 4.3. The values in the upper part of the
table are given as percentages of total vessel length. The results show that the
vast majority (2/3) of the vessels observed in the microscopic MR data sets

are vessels with a diameter smaller than 200 pm. Vessels found in the deep
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dermal plexus mostly fall into this range, explaining the high percentage.
Thicker vessels are infrequent, which seems quite reasonable.

The bottom part of Table 7 shows the distribution of branch lengths,
meaning the distance along a vessel from an end point to a junction or the
distance between two junctions. Two thirds of the branches found are 4 - 6
mm long, short branches below 2 mm in length form the second largest group
representing 15% of the total number of branches. Other lengths are only seen

in 10% of the branches. These results were submitted to a conference [108].

Vessel diameter <200 pm 200 -400 pm 400-1200 pm > 1.2 mm
% of total vessel length 73 +8 % 206 % 6+2% 1+£2%

Branch length 0-2mm 2 -4 mm 4 - 6 mm 6 - 8 mm

Relative frequency 154 % 6+2% 75+ 6% 4+4%

Table 7: Quantitative vascular parameters from 3 T MR microimaging
3.2.3.4 Image quality

3.2.3.4.1 Realignment

Rigid body co-registration of data of the second and third scans to the first
scan revealed that subjects had moved by 3.8 + 1.4 voxels (= 285 + 105 pum)
between scans, the maximum was 7.2 voxels (540 pm). Before realignment,
the mean voxel-wise correlation coefficient between second and third scans
versus the first scan was 0.69 * 0.06. After realignment, the correlation
coefficient was consistently improved in all data sets to a mean value of
0.80 £ 0.07.

3.2.3.4.2 SNR and CNR

All skin layers and the vascular tree could be observed with sufficient SNR for
segmentation and measurement of skin layer thickness. Even in the hypo-

intense dermis SNR of = 5 in single acquisitions and = 8.5 after averaging was
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obtained. Since the surface coil’s sensitivity is non-uniform and decreasing
with distance to the coil, signal intensity was strongly varying, especially in the
hypodermis. Therefore, it must be understood that SNR in the upper part of
hypodermis was considerably higher than the mean value given here. The
same argument holds for vessels within the hypodermis. Epidermis and
dermis are both located much closer to the coil and are thinner; therefore
signal variations due to the coil sensitivity profile were negligible. Table 8
summarises the SNR values found in the study population. After averaging, an
SNR increase of 1.71 was obtained, as expected.

The contrast-to-noise ratio (CNR) of vessels with respect to dermis and
hypodermis were calculated as the difference in SNR between these
structures. CNR of vessels to the dermis was 10.8 * 2.9 for the dermis and

6.1 + 3.2 for the hypodermis.

Epidermis Dermis Hypodermis Vessels

mean * SD
6.3+0.2 50+0.3 7.9 0.6 11.2+1.2
before averaging

mean * SD deviation
10.8+0.2 8.5+0.6 13.5+1.0 19.3+2.2
after averaging

SNR increase
1.71+£0.09 1.70+0.22 1.71+x0.26 1.72+0.38
by averaging

Table 8: SNR in different dermal structures
Signal-to-noise ratios of different anatomical structures across all subjects. The
average improvement in SNR of 1.71 + 0.24 is in excellent agreement with the
theoretical prediction of V3.
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3.3 StuDY IIl: 6 MM SURFACE COIL AT 7
TESLA

3.3.1 Purpose

Improvement of detection sensitivity in MRI can be used to increase both
spatial and temporal resolution, providing faster and more accurate
measurement of clinically relevant data in vivo.

In this feasibility study, the sensitivity increase by the use of higher field
strength and small, flexible surface coils providing good geometrical matching
to the sample yielding high SNR have been combined.

Auto-resonant monolithic coil design enables the fabrication of RF coils
without lumped elements, avoiding additional losses and decrease of Bj-

homogeneity caused by such elements.
3.3.2 Materials and Methods

3.3.2.1 MR scanner

The experiment was performed on a whole-body 7 T scanner (Siemens
Magnetom). For the scanner a new research building was constructed at the
MR Center of Excellence, and officially inaugurated in October 2008.

The scanner weighs 32 t and the magnetic field is passively shielded by
270 t of steel. The magnet is 3.4 m long and has a bore with 90 cm diameter,
the free bore diameter is 60 cm. The magnet has passive shimming and active
shimming coils for 15t and 2nd order shim.

The scanner is equipped with gradient coils with a maximum strength of
45 mT/m in z-direction parallel to the static magnetic field and 40 mT/m in x

and y direction. The maximum slew rate is 200 T/m/s, the rise time is 200 ps.
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SIEMENS

Figure 41: Siemens Magnetom 7 T
This scanner has been installed at the MR Center of Excellence in Vienna in 2008.

3.3.2.2 Network analyzer
An Agilent E5061A network analyzer (Agilent Technologies, Palo Alto, CA,

U.S.A.) served for evaluation of the fine-tuning of the 6 mm surface coil.

3.3.2.3 RF coil

The coil with 6 mm outer diameter was fabricated at MinaSys, Department of
Physics and Process Technologies of the IEF laboratory at the Université Paris-
Sud XI in Orsay, France. The calculation of its geometry was performed using
the MATLAB toolbox developed in this thesis (annex 6.2).

In order to electrically isolate the coil from the sample it was placed in a

fitting pouch made of polyvinylchloride (PVC).
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Figure 42: Photograph of the 6 mm coil for 7 T
Left: One face of the 6 turn coil used in this study. Each winding has a thickness of
100 um and is made of copper deposited on both sides of a flexible Kapton®
substrate [112, 113].
Right: The coil in original size, compared to a 1 cent coin.

3.3.2.4 Measurement setup

The skin measurements were performed in collaboration with Luc Darrasse,
Jean-Christophe Ginefri, Marie Poirier-Quinot, and Rose-Marie Dubuisson

within our international collaboration with IR4M in Orsay, France.

3.3.2.4.1 Inductive coupling to the receiver chain

The RF coil was inductively coupled to the 1H channel of a commercially
available 9 cm double tuned (1H/31P) surface coil (Rapid Biomedical,
Wiirzburg, Germany), since this was the smallest available coil with
connection to the scanner. Direct wiring of the small coil was not feasible with
reasonable technical complexity. One reason is the small size of the coil which
would render soldering and wiring difficult. Capacitive coupling would
contradict the idea of using of an auto-resonant circuit without lumped
elements, whereas inductive coupling allows for intrinsic electrical balancing

of the probe and therefore minimizes losses in the sample. Also, no additional
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matching circuit, nor coil plug and coil file were necessary for the connection
to the scanner.

Since the difference in size between the 9 cm coupling loop and the 6 mm
coil is relatively large, a copper disk with an outer diameter of 90 mm and an
inner diameter of 24 mm was placed on the larger coil. The idea is to
concentrate the larger coil’s field to the inner opening of the copper disk
ensuring sufficient coupling between the 6 mm and the 9 cm coil. The copper
disk was slit at one position to prevent currents from circulating around the
inner opening of the disk.

The 6 mm coil and the copper disk were centered on the 9 cm loop as can
be seen in Figure 43, which shows the final arrangement of the coils on the

subject’s calf.

3.3.2.4.2 Fine tuning of the RF coil

The resonance frequency of the auto-resonant RF coil was fine tuned to the
correct frequency of 297.2 MHz with dielectric material. A layer of adhesive
tape was used for this purpose, placed over half of the PVC pouch containing
the coil. By repositioning the coil within the pouch a variable percentage of the
coil’s surface was covered by the adhesive tape resulting in a shift of the
resonance frequency. The more surface was covered, the lower the resonance
frequency.

Fine-tuning was performed with the coils in their final position on the
subject and the resonance frequency was determined using a small coupling

loop and the network analyzer.

3.3.2.5 Sequence

A 3D gradient echo sequence with nominal 100 pm isotropic resolution with
the parameters given in Table 9 was used. The read-out bandwidth was kept
small in order to shorten the echo time and gain SNR. The read-out direction
was chosen parallel to the skin surface to avoid overlapping of hypodermal fat

signal into other skin areas due to the chemical shift displacement of 9 voxels.
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Parameter Value

Repetition time TR 50 ms
Echo time TE 10 ms
Matrix size 70x 70 x 64
FOV 7 x 7 X 6.4 mm?
Read-out bandwidth per pixel 110 Hz/px
Flip angle Ernst angle (dermis)
Scan time 3min44s

Table 9: Sequence parameters for the 7 T measurements

Figure 43: Experimental setup for 7 T skin imaging
The 6 mm coil (A) is centered on a slit copper sheet (B) acting as a field
concentrator on a commercial 9 cm surface coil (C).
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3.3.2.6 Subjects

The measurements were performed on the calf of a healthy subject (male, 35
years old) after informed written consent, according to the regulations of the

local ethics committee, and the Declaration of Helsinki.

3.3.3 Results
This study has been presented in [114].

3.3.3.1 RF coil

The calculation of the coil geometry resulted in a structure with 6 turns on
both sides of a Kapton® substrate with 125 pm thickness and a dielectric
constant of € = 3.25. The outer diameter of the coil is 6 mm. The conductor
width and the spacing between conductor turns was 100 um. The used coil is

seen in Figure 42.

3.3.3.2 Images

The following figures display images obtained with the 6 mm auto-resonant
coil at 7 T. Figure 44 shows three orthogonal slices of the superficial layer of a
tomato. The half-spherical sensitivity pattern of the coil is well observed and
signal is seen to a depth of approximately 3 mm. The dark circular structures
in the images are air bubbles of 500 pm in diameter enclosed in the tomato.
Figure 45 displays a transversal slice of the human calf skin in vivo. The
skin layers epidermis, dermis and hypodermis can be clearly identified. Since
the read-out direction was chose horizontally with respect to this image,
epidermis and dermis are shifted to the left by 9 voxels with respect to the

hypodermis.
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Figure 44: 7T tomato images with 6 mm coil, 100 um isotropic resolution
The image shows slices in all 3 directions from the 3D data set. The black spots
are air bubbles of = 500 um in diameter in the tomato.

The image is acquired from 4 averages in a total time of 15 min.

The total width of the figure corresponds to 13.4 mm

Figure 45: 7T skin image with 6 mm coil, 100 um isotropic resolution
Characteristic features of the skin such as the skin layers epidermis, dermis, and
hypodermis, as well as pilosebaceous glands (hair follicles, hyper-intense
structures in the dermis) are visible. The width of the image corresponds to 7 mm.
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1 IMAGE PROCESSING

The purpose of image processing in medical imaging is improvement of the
diagnostic value of the acquired data, i.e. providing means to the observer, that
help to identify lesions or pathologies more easily. This can either be achieved
by controlled manipulation of the images themselves or by extraction of
quantitative parameters from the data. “Controlled manipulation”, in this
context, can e.g. include various forms of filtering, such as denoising, intensity
correction or others. However, image processing algorithms must not alter or
invalidate the diagnostic outcome in a sense that the diagnosis of the
processed image would be contradictory to the diagnosis of the original image,

therefore, image manipulations have to be performed with special vigilance.
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4.1 IMAGE ENHANCEMENT

4.1.1 Zero-filling

The digital resolution of images can be changed by interpolation via zero-
filling of k-space data before Fourier transform. This means that data points
with value of “0” are added at the edges of the k-space data. In the 1D case, this
corresponds to adding zeroes after a line of data. This is routinely performed
in MR spectroscopy in order to improve spectral resolution and separation of
peaks.

In this work, zero-filling was performed on 3D k-space data, adding zeros
at all sides of the k-space cube. A too high zero-filling factor combined with a
sharp edge between real data points and zeros has to be avoided, because
images will suffer from Gibb’s ringing, i.e. truncation artifacts. A value of 4/3
for the zero-filling factor has been used in most imaging experiments in this
thesis, i.e. the digital resolution of 100 pm isotropic data was increased to 100
um/(4/3) =75 um.

Of course, adding zeroes to the data cannot improve the real spatial
resolution, which is determined by the acquisition parameters and hardware,
but it can improve the appearance to the eye. It also facilitates the
segmentation process, because curves can be better approximated by the
segmentation with higher digital resolution, and partial volume effects can be

better considered in manual segmentation.

4.1.2 Averaging after realignment

Signal averaging is a well-known technique in most experimental science. By
averaging N samples, the signal-to-noise ratio is improved by a factor of VN. In
most MR sequences, the number of averages can be set directly on the console.

A real advantage from averaging can only be taken if the signals to be
averaged only differ by noise and the “true” signal is kept constant. This only

holds for acquisitions where the extent of subject motion is clearly below

104



4. IMAGE PROCESSING

voxel size. With the very small voxels used in the context of micro-imaging,
motion quickly surpasses this threshold and a correction for motion has to be
applied before averaging.

In this work, the realignment algorithm of the SPM8 [104] toolbox was
used to correct for the motion occurring in between scans. This technique uses
a least squares approach and a 6 parameter rigid body spatial transformation
[115]. The six parameters include three degrees of freedom for translation, i.e.
in the three spatial directions and three degrees of freedom for rotation, i.e.
roll, pitch, and yaw. Images were realigned to the first data set and averaged
afterwards. Figure 46 shows a typical result of the realignment procedure.
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Figure 46: Typical result of image realignment
Top: Parameters for translation of the 3D data with respect to the first scan.
Bottom: Rotation parameters with respect to the first scan.
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4.1.3 Chemical shift filter

Image artifacts are usually not improving the clarity of an image, but
sometimes it can be helpful to exploit exactly these artifacts in order to get
even more specific information from the image.

Let us consider the artifact arising from the chemical shift between water
and fat due to the use of a low read-out bandwidth for the MR acquisitions. We
could model the appearance of vessels within adipose tissue by assuming

e the vessel signal is equal to the homogenous background signal of the
adipose tissue in the hypodermis (signal intensity = 1, w.l.o.g.)
o the vessel signal is shifted to the right by the value of the chemical shift
artifact d and superimposed on the background
If we now imagine the cross section through an ideal cylindrical vessel. the
two assumptions above result in a circular black hole (signal intensity = 0) and
a white circular spot (signal intensity = 2) with their centers at a distance d

from each other, as shown in Figure 47.

N

Figure 47: Model of a vessel affected by the chemical shift artifact
The vessel signal is shifted to the right and overlaid onto the homogenous
background signal. A black and a white circle result.
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We can take advantage of that behavior, because the chemical shift
displacement is well-known for a given field strength and read-out bandwidth.

A filter kernel, i.e. a function to be convolved with the image, that creates
strong positive response for such dark and bright structures separated by a

defined distance is represented in Figure 48.

-1

Figure 48: The chemical shift filter kernel
The filter kernel assumes a hypointense structure displaced by
a distance d from a hyper-intense structure.

Let us assume a vessel of just one pixel in diameter and a chemical shift of 2
pixels. The signal intensities of an image line containing the vessel (2) and the
black hole (0) it leaves in the background (1) can be written as
[1,1,0,1, 2,1, 1]. Convolution with the corresponding filter kernel [-1, 0, 1]
gives [0, -1, 0, 2, 0, -1, 0]. The strongest positive response is obtained at the
center position between the black and the white structure (x=0). Negative side
lobes appear at x = -d and x = +d. In order to get a single white spot at the
position of the original hyper-intense vessel signal, all negative values are
replace by “0” and the filtered image is shifted by d/2 in positive direction, this
results in [0, 0, 0, 0, 2, 0, 0]. For two dimensions, the procedure is illustrated in

Figure 49.
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Figure 49: Processing steps of the chemical shift filtering technique
Top left: The original model of a shifted vessel on a
homogenous background as in Figure 47.
Top right: The chemical shift filter kernel is applied. A positive filter response is
obtained at the center between the original black and white circles,
two negative side lobes appear.

Bottom left: The whole image is shifted to the right by d/2 to overlap the positive
filter response with the position of the white circle in the original image.
Bottom right: Negative values are replaced by zeroes and
only the bright vessel structure remains.

For vessels smaller than the chemical shift, the hypo-intense and hyper-
intense structures are separated. For larger vessels, however, there is an
overlap resulting in some artifacts:

For vessels with diameters between 1 and 1.5 times the chemical shift, the
shape of the overlap is visible with lower signal intensity on both sides of the
white circle in the filtered images. This artifact was observed in some data sets
containing large vessels (see Figure 50 and Figure 51).

For vessels larger than 1.5 times the chemical shift, a lens-shaped black
hole is appearing in the filtered image where the overlap structures overlap
again. Strongest contrast enhancement is found on the left and on the right
side of the original circle, in the direction perpendicular to the chemical shift.

Such large vessels were not present in any of the data sets of this work.
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Figure 50: Different ratios of vessel diameter vs. chemical shift in vivo
The chemical shift is = 900 ym in this image. Vessels marked with “1” are
significantly smaller than the chemical shift, vessel “2” is the same size as the
chemical shift, vessel “3” is approximately 1.5 times larger.

Figure 51: Chemical shift filter procedure applied on in vivo data
The same steps as described in Figure 49 are applied. The contrast enhancement
of water structures and the two negative lobes (red) can be seen. The artifact for
vessels larger than the chemical shift is observed (white arrows).

109



MR MICRO-IMAGING OF THE HUMAN SKIN IN vVIvo USING MINIATURE RF COILS

A simulation of the filtering result for vessel diameter/chemical shift ratios
from 0 to 3 is shown in Figure 52. It can be seen, that the technique works
flawlessly for vessels smaller or equal the chemical shift. Artifacts as described
above occur with larger vessels.

From this simulated data, the SNR and CNR of the filtered vessels was
compared to the unfiltered version. The results are plotted in Figure 53 and
Figure 54.

SNR is increased for vessels smaller than 1.5 times the chemical shift. The
gain for high SNR scenarios is around 22%, for a realistic value of SNR = 10,
the gain is still between 15 and 20%.

CNR is increased by 100% for noise-free images, with an SNR of 10, the
mean gain in contrast-to-noise ratio is between 80 and 90%. The further
increase in CNR for vessels with diameter larger than twice the chemical shift
is due to the fact, that in the original images, the vessel signal is only seen as a
hyper-intense crescent moon. The rest of the circle has the same signal
intensity as the background, i.e. the original contrast of the vessel is very low,

explaining the even higher gain in contrast after filtering.
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Figure 52: Simulated vessel data for evaluation of chemical shift filter
Vessels with diameters of 1 pixel to 3 times the chemical shift width were used for
simulation. For vessels larger than the chemical shift, artifacts occur
(see text for description). The top image is noise free,
the bottom image shows a data set with a realistic SNR value of 10.
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Figure 53: Impact of chemical shift filter on vessel SNR
SNR of the vessels increases by filtering, as long as the vessel diameter is smaller
than = 1.5 times the chemical shift between water and fat. The gain is slightly
higher for low noise conditions, for realistic SNR values around 10, as achieved in
the studies within this thesis, almost the full gain can be obtained.
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Figure 54: Impact of chemical shift filter on vessel CNR
For vessel diameters up to twice the chemical shift, constant CNR gain for a given
noise level in the original image is obtained.
The gain decreases with increasing noise level.
For realistic SNR values of around 10, the gain in the simulated data is = 85%.
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4.2 VESSEL SEGMENTATION

4.2.1 Manual segmentation

Vessels were segmented using MRIcro [105], a tool for visualizing 3D data in
analyze format (.hdr+.img files). The program provides a tool for drawing of
ROIs and several helpful features such as automatic selection of 3D ROIs with
lower and upper thresholds and morphological operations such as opening
and closing. Vessels were segmented based upon the original images with
transparent overlay of the chemical shift filtered images. ROIs were drawn on
the hyper-intense vessel signals on each slice, usually first on slices parallel to
the skin surface. Then, ROIs were refined in the transversal slices. The
refinement was repeated for the third direction to ensure continuous 3D
vessel geometry. The procedure was iterated until a satisfactory result was

obtained. For the experienced user, one data set took about 2-3 hours.

4.2.2 Calculation of vessel diameter

The vessel diameters were calculated using the distance transform of the
segmented vessel tree. The distance transform maps the distance of any given

voxel to the nearest non-vessel voxel.

Figure 55: Demonstration of the distance transform
The object on the left is a white ring on a black background. The distance
transform gives the distance of each voxel to the closest background voxel. The
distance transform value at the center of the structure (i.e. at the position of the
skeleton (see section 4.3.2) can be interpreted as half the width of the ring. For
vessels this would correspond to the radius.
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4.3 EXTRACTION OF QUANTITATIVE VESSEL
PARAMETERS

In order to calculate quantitative parameters from the segmented vessel tree,
it is beneficial to represent the vessel tree as a graph (see Figure 56). This way,
the geometrical structure of the vessel tree and its properties can be
represented by nodes (junctions of vessels) and edges (vessels). Characteristic

branching behavior can then be statistically assessed.

—

Figure 56: Representation of a vessel tree as a graph
The segmented model of the vessel tree is thinned and transformed
into a graph represented by nodes and edges (from [116]).

4.3.1 Graph theory

A graph is a mathematical entity describing the pairwise relations between a
set of points. In graph theory, points are called ‘vertices’ or ‘nodes’, their
connections are called ‘edges’. Graphs are usually described by their adjacency
matrix, i.e. a matrix that contains a non-zero entry at position (ij) if vertices i
and j are connected. The most common way to display a graph is drawing a dot

for each vertex and a line for each edge connecting two vertices. The way how
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dots and lines are drawn is considered irrelevant, only the information of
which pairs of vertices are connected is important. A simple example of a

graph and its corresponding adjacency matrix is given in Figure 57.

1 X | X @
2 X | X

; ()
4

5

Figure 57: Example of an adjacency matrix and its corresponding graph
An ‘X’ in the adjacency matrix table means that there is a connection between the
elements designated by row and column number.

In the following, a summary of basic nomenclature and definitions relevant in
graph theory is given [116, 117].

e A graph G is a pair G = (V,E) from a finite non-empty set V and a set E of
two-element subsets of V. The elements of V are called nodes (or points
or vertices), the elements of E are called edges. For an edge e = {a,b} =
{b,a}, aand b are end-nodes of e.

e An edge e isincident to nodes a and b, if edge e = {a,b} or e = {b,a} exists.

e Two edges are called adjacent if both edges are incident to the same
node.

e Two nodes are called adjacent if there is an edge connecting them.

e An edge sequence is a sequence of edges ei = {vi-1,vi} €E, i =1, .., n with
nodesvj €V,j=0, .., n. If vi are pairwise different, the sequence is called

a path. Nodes v0 and vn are called start point and end point.
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e Two nodes a and b are called connectable if there is an edge sequence
with start point a and end point b.

e Ifall nodes of a graph are pairwise connectable, G is called connected.

e Atree is a graph G, which is connected and acyclic.

¢ A node which has only one edge is called a leave.

e A weighted graph is a graph whose edges are assigned one or more

measure numbers.

4.3.2 Skeletonization

The first step towards graph representation of the vessels is the extraction of
the vessel tree’s skeleton, i.e. the “middle line” of the vessels. “Skeletonization”
or “thinning” refers to an algorithm which is applied to a binary data volume
eroding the object layer by layer until only a skeleton is left. This binary data
volume is the 3D segmented vessel tree represented as 1’s on a background of
0’s. The remaining skeleton should preserve the connectivity and topology of

the original object.

4.3.2.1 Preservation of connectivity

Preservation of connectivity means that the skeleton should not contain more
separated (non-connected) objects than the original dataset, this is
mathematically well-defined. Connectivity is defined as the 26-neighborhood
in our case (cf. Figure 58).

Two points p and q are called 26-connected if the following condition for the

distance d between p and g holds:

[Eq. 56] d=y(p,-a,) +(p,~a,) +(p.~a, <VB
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Figure 58: The 26-neighborhood of a point p
p (red) is 6-connected to black points (d = 1), p is 18-connected to black and green

points (d <+/2), p is 26-connected to all shown points (d < \ﬁ).

4.3.2.2 Preservation of topology

Preservation of topology states that “d”-shaped objects should not be reduced
to “o”-shaped skeletons for instance. Mathematically topology or geometry
preservation is less accurately defined, different approaches were proposed
[118, 119]. Usually topology preservation is achieved by preservation
conditions for certain points, such as endpoints of a unit-width arc.
Conservation of both geometry and connectivity is especially non-trivial in
3D datasets. The thinning algorithm used in this work is based on a fully
parallel 3D thinning algorithm originally published by [118] and improved by
[120]. The approach is template-based and provides a set of so-called “deleting
templates” of size 3x3x3. These templates are compared to 3x3x3 subvolumes
around a subset of object points in the dataset and define whether or not the
object point in the center of the subvolume can be deleted from the dataset
without losing the object’s connectivity. The subset of object points to be

checked is defined by identifying all voxels that have at least one 26-adjacent

background point, i.e. the voxel should be at the object surface. Secondly, the
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voxels must not be a so-called tail point. Tail points are either voxels that have
only one 26-adjacent object point, i.e. they are endpoints of a line, or they have
exactly two 26-adjacent neighbors that fulfill some additional criteria (for
details refer to the original article [120]).

Figure 59 shows an example subset of the 66 deleting templates. If the
data subvolume matches the pattern of any of the deleting templates, the

central point p will be deleted.

Figure 59: Example subset of the 66 deleting templates
Black points represent object points, white points represent background points, no
point means that the image point at that position can be either an object point or a
background point. If the data subvolume matches this pattern,
the center point p is deleted. (from [120])

The algorithm can be described by the following pseudo-code:
Repeat

Mark every object point which is 26-adjacent to a

background point

Determine tail points

Repeat
Simultaneously delete every marked, but non-
tail point which matches at least one of the
deleting templates

Until no point can be deleted

Release all marked but not deleted points

Until no marked point can be deleted
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The algorithm was implemented in MATLAB 7.4. Figure 60 shows a screenshot
of the graphical output of the program during execution. On the right hand
side of the image, the vessel tree to be skeletonized is displayed. Points to be
deleted are marked in green, all other points are black. On the left, the number
of deletable, marked, line end and near line end points over the number of

iterations is displayed.
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Figure 60: Screenshot of the MATLAB program performing skeletonization

Deleted voxels are displayed in green, all others are black. The plots on the left

side give information about the number of deletable, marked, line end and near
line end points.

118



4. IMAGE PROCESSING

4.3.3 Graph from skeleton

Graphs are a well-suited mathematical means to represent vascular structures.
For a theoretical overview on graphs please refer to section 4.3.1 and the
pertinent literature (e.g. [117]). End nodes of the graph stand for roots and
ends of a vessel tree, all other nodes and edges describe the branching
structure of the vascular system. The transformation into a graph relies on the
vessel system’s skeleton described in section 4.3.1. The algorithm performing
this transformation must include the following steps:

e (lassification of skeleton voxels (see section 4.3.3.1). This procedure
identifies each skeleton voxel being an end node, junction or edge.
Redundant graph edges are subsequently removed and only relevant
edges are kept, maintaining the vessel system'’s topological structure.

¢ I[dentification of neighboring edges (graph reduction, see section 4.3.3.2).
Neighboring edges are combined, i.e. the number of nodes is reduced

until only end nodes and junctions are left.

4.3.3.1 Node classification schemes

A graph can be derived from the vessel skeleton by interpreting each skeleton
voxel as a node and 26-connectivity between two skeleton voxels as an edge
between those two voxels. Each node is assigned its x, y and z coordinates
from the original image for better identification. Graph based representation
of skeletons has been discussed in [116, 121-124]. The four first methods use
the following simple classification scheme for the graph’s nodes. The symbols
at the end of each line are used to identify the corresponding type of node
throughout this work.

e Nodes with only one neighbor are labeled as end voxels [

e Nodes with exactly two neighbors are labeled as edge voxels O

e Nodes with more than two neighbors are labeled as junctions ‘
This classification scheme only works for very simple cases of skeletons. In

virtually every skeleton derived from image data, it fails, because they deliver
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non-unique classification at junctions. This results in too many edges leading
to circles, as can be observed in Figure 61A. Circles in the graph are
topologically equivalent to holes in the object and thus the topology of the
original vessel tree is altered.

The abovementioned graph representation algorithms have different
approaches in handling these ambiguities, which will be briefly described:

Lee et al. [122] search for voxels having three neighbors are labeled as “T”-
junctions, all voxels with 4 neighbors are “X”-junctions. In order to avoid
neighboring junctions, they suppress the classification as junction voxel for all
26-adjacent neighbors of “T”- or “X”-junction nodes. The drawback is, that one
junction might be misinterpreted as two separate junctions (cf. Figure 62a).

Soler [123] classifies all voxels according to the rules above and replaces
all adjacent junction nodes by one junction node positioned at the geometric
center of all previous junctions positions. All edges leading to one of the
replaced nodes will be connected to the center node. This technique fails to
represent multiple junctions that are close to each other, but not the same (cf.
Figure 62b).

B\ &l
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7

Figure 61: Example of a junction where standard node classification fails
Grey boxes represent skeleton voxels.
Left: multiple nodes are classified as junction nodes resulting in a circle in the
graph due to the presence of redundant edges.
Right: one possible solution.

120



4. IMAGE PROCESSING

Gerig et al. [121] use a raster-to-vector transformation eliminating
redundant edges in the neighborhood of a single given voxel. Redundant edges
are identified using the adjacency information of that voxel. The problem is
that some configurations cannot be resolved, as can be seen in Figure 62c.

Selle [124] describes an algorithm engaging optimization measures such
as the sum of distances to neighboring redundant edges to identify which
redundant edges should be removed. It turns out that this technique fails to

remove circles in certain configurations as well (Figure 62d).
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Figure 62: Existing schemes to represent a skeleton as a graph
Four schemes that all have fundamental issues in correctly transforming a
skeleton into a graph.
(a) Lee et al. [122], one junction becomes two, (b) Soler [123], multiple junctions
are joined into one, (c) Gerig et al. [121] and (d) Selle [124], some arrangements
cannot be solved, redundant edges remain. (from [116])

To circumvent the problems associated with the methods describe before,
Schobinger [116] presented another algorithm to solve the graph
representation issue, which was implemented in this work. It is characterized
by the following steps:

e Node classification

e Determination of a starting point

e Traversing of the skeleton

Labelling (of coordinates and diameters)
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The algorithm also classifies the voxels according to the categories
described at the beginning of this section, but introduces a fourth category
called transition voxels. All voxels that are not junctions, but are 26-connected
to a junction are classified into that category, i.e. these are the voxels
immediately leading to a junction.

The starting point is chosen as the end point with the largest diameter, as
derived from the distance transform described in section 4.2.2. This point
should correspond to the root of the vessel tree. Traversing of the graph
means that the algorithm follows the connections from the starting point
according to neighborhood relations. The path of the vessel is followed, until a
transition voxel is found. Now the ambiguity of the junction will be solved.

To this end, the set of junction or transition voxels that are connected to
the first found transition voxel by either a junction or a transition voxel is
stored. This set is considered as an undirected sub-graph with the elements of
the set representing the nodes of the graph. The edges are obtained from the
neighborhood relationship between these nodes and are labeled according to
the type of neighborhood (face-neighbor d=1, edge-neighbor d=v2, or corner-
neighbor d=v3).

For the reduction of redundant edges, corner connections will be deleted if
a redundant edge connection exists, and edge connections will be deleted if
redundant face connections exist. This is achieved by assigning weighting
factors to the edges according to their type and checking for redundancy in
this priority order.

An edge is redundant, if it can be deleted without separating the connected
graph into two sub-graphs. This criterion can be easily checked by a graph
depth search and counting of the elements. When all voxels of the set have
been checked for redundancy, the junction is solved and the traversing
continues at the adjacent branches of the junction until the next transition

voxel is identified. The procedure is continued until all voxels are traversed.
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Finally, each node is assigned its coordinates in voxel space and its
diameter as derived from the distance transform demonstrated in 4.2.2. The

distribution of vessel diameters is calculated in this basis.

4.3.3.2 Graph reduction
In the last step, the simplified graph (as in Figure 63C) is reduced by

eliminating chains of normal line nodes and replacing them by an edge directly
connecting only end points and junctions. These edges are assigned the sum of
distances between all normal line nodes that have been deleted for this
branch, i.e. giving the total length of the branch. From this information, the

distribution of branch lengths within a vessel tree can be obtained.
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Figure 63: Steps from the skeleton to the reduced graph
A subvolume of a real vessel data set
B endpoints, O normal line points and .4 junctions. A: Colored 3D rendering of
skeleton, B: ‘raw’ graph, C: ‘refined’ graph. D: ‘reduced’ graph, the accumulated
length of the branches is given in voxel dimensions. The structure of the original
skeleton can easily be recognized in its representation as a graph.
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4.4 SOFTWARE

4.4.1 MATLAB

Most of the algorithms in this work have been implemented in MATLAB due to
its versatility and the big number of openly available code. MATLAB version
7.4 was used throughout the thesis. MATLAB is a product of The MathWorks,
Inc., Natick, MA, U.S.A.

4.4.2 MeVisLab

MeVisLab Version 2.0 is a cooperative project of MeVis Medical Solutions AG
(Bremen, Germany) and Fraunhofer MEVIS - Institute for Medical Image
Computing (Bremen, Germany). This GUIl-based software allows to
graphically assemble image processing pipelines using compiled C++ modules
from the ITK and VTK toolkits (see next section). MeVisLab provides elaborate

methods for 3D visualization of data.

4.4.3 ITK/VTK
ITK and VTK stand for Insight Toolkit [125] and Visualization Toolkit [126],

respectively. These toolkits are a collection of open source and cross-platform

C++ code dedicated to image segmentation, registration and visualization.

4.4.4 MRIcro

MRIcro [105] is a free tool for displaying Analyze format (.hdr+.img) datasets.

The program was used in this thesis to manually segment the vascular trees.

1 Graphical User Interface
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5 DISCUSSION AND CONCLUSIONS
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5.1 DISCUSSION

5.1.1 Study I: 12 mm HTS surface coilat 1.5 T

The geometry for an auto-resonant multi-turn transmission line resonator
made of high temperature superconducting material has been calculated using
a semi-analytic approach and a MATLAB toolbox developed during this thesis.

The high quality factor of the resulting superconducting coil, together with
the low-noise receiver chain, allows very high SNR and thus high spatial
resolution at short measurement times using a clinical 1.5 T MR scanner. The
sample's contribution to total noise is 5-6 times greater than the coil's,
meaning that coil size could be reduced even further if the FOV allows.

Transmission of the excitation pulse by inductive coupling of the HTS coil
to the body coil is advantageous, because the quality factor of the HTS coil
decreases with the rising number of normal conducting flux vortices at higher
current densities. This leads to a reduction of coupling to the body coil at high
power levels and automatically avoids destruction of the coil. This could allow
for ultra-short pulses for, e.g, magnetization transfer or multi-quanta
measurements.

Images with isotropic resolution of 100 um and 80 um, respectively, as
well as images with 20x60 um? in plane resolution have been acquired with
SNR values of 10-15 for the highest resolution scans, i.e. 0.5 nL voxel volume,
and 20-40 for voxel volumes of 1 nL.

The complex handling of the cryogenic device prevents the technique from
being used in clinical routine; therefore a cooling system based on a pulsed

tube refrigerator is under investigation at IR4M in Orsay, France.

5.1.2 Study II: 15 mm surface coilat 3 T

It has been shown that imaging of human skin in vivo with isotropic resolution
of 100 um is feasible at reasonable scan times with a small normal conducting

copper surface coil at 3 T.
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Provided high isotropic resolution, cutaneous vasculature can be
extracted. Small vessels with diameters down to 100 pm are well delineated.
SNR of skin layers and vessels, and CNR of the vascular system with regard to
surrounding tissue, have been shown sufficient for manual segmentation of
the vascular tree, even without contrast agent.

The strong chemical shift artefact is not a limitation for vessel detection; it
rather helps improving visibility of the vascular system. This is due to the fact
that most of the vessels are embedded in adipose tissue. The shifted vessel
signal is added onto a homogenous background and, therefore, appears even
brighter, opening the possibility to use elaborate post-processing such as
chemical shift filtering. Hence, fat suppression is not required in this case.

At such high spatial resolution, subject motion during and between
acquisitions is one of the limiting factors for good image quality. We did not
observe any obvious blurring due to motion during scans. We therefore
conclude that using good subject fixation efficiently limits motion during
acquisition and no additional correction scheme is necessary, as reported
previously [68]. However, between scans, shifts in the subjects’ position of
several voxels were observed. We attribute this to unconscious relaxation of
the subjects after the scanner noise stopped. We have shown that such motion

can be reliably corrected for by image realignment.

5.1.3 Study III: 6 mm surface coilat7 T

The geometry for a prototype of a 6 mm surface coil for 'H imaging at 7 T has
been calculated. The structure was produced by our cooperation partners in
Orsay by deposition of copper on a flexible Kapton® substrate.

In a pilot study, imaging experiments of the human skin in vivo were
performed at 7 T by inductively coupling the small coil to a larger surface coil.
Images with an isotropic resolution of 100pm were obtained in less than 4
minutes and resulting skin structures are well delineated.

A dedicated small pick-up coil replacing the 9 cm coil should be

implemented for improvement of signal reception. Furthermore, the receive
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coil should be passively decoupled during transmission with crossed diodes to
allow for more homogeneous excitation with a separate coil, e.g. a volume coil

or another larger surface coil.

5.1.4 Image processing

Dedicated post-processing techniques were developed for Dbetter
interpretation of the micro-imaging results obtained throughout this work.

Image SNR could be further increased by averaging multiple scans after
realignment, which successfully corrected for motion occurring between two
consecutive scans.

To facilitate manual vessel segmentation, a chemical shift filtering
technique has been proposed that relies on the displacement of water with
respect to fat signal at low read-out bandwidths, as used for high resolution
imaging experiments. The contrast of the vessel system, as compared to the
tissue background, could be significantly improved.

Graph theory and techniques of digital topology were employed to extract
quantitative parameters from the segmented vascular trees including
skeletonization and creation of graphs. Applying this technique to the data of
the 3 T study, within a group of nine healthy volunteers, consistent results
were observed for diameter and branch length distributions, potentially useful

for diagnosis of small vessel diseases of the skin.
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5.2 CONCLUSIONS AND PERSPECTIVES

The trend in MR research goes towards higher field strengths and more and
more channels for signal reception to enable the use of coil arrays with an ever
increasing number of (smaller) elements. Currently, the number of elements
typically ranges between 8 and 32, although up to 128 elements have been
used in prototypes [127]. Correspondingly, element size/diameter varies
between > 10 cm down to a few cm. At this end, MRI is comparable to current
EEG (64 channels) and MEG (128 channels) systems. This effort for more and
more channels is driven by the need to increase sensitivity and/or enable
parallel imaging to reduce measurement times.

Up to now only a few sites worldwide have installed a 7 T whole-body
scanner, among which the scanner at the MRCE in Vienna is the only such
system in a clinical environment. Due to its novelty, adequate hardware
solutions and RF pulse sequences adapted to the high field strength are among
the most discussed and researched issues in the international high field MR
community.

Since the greatest limitation of the techniques presented is the limited FOV
and penetration depth, a coil array consisting of very small individual
elements would be of substantial benefit, providing both its single elements’
sensitivity and the larger FOV accessible with standard coils and, in addition
full flexibility to design geometrically adapted arrays. Imaging at higher field
strengths, e.g. 7 T, will further increase sensitivity allowing for even higher
spatial resolution or shorter acquisition time. An application for an
international grant on this matter has been submitted during the course of the
thesis in collaboration with IR4M in Orsay, France.

Specificity and sensitivity for detection of venous vessels could be
enhanced by applying susceptibility-weighted imaging techniques [128, 129]

to benefit from the additional phase contrast.
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With a larger cohort of subjects, the quantitative parameters for healthy
vasculature could be confirmed and a distinction from pathological skin vessel
trees could be realized. Also, the comparison of vascular parameters at the
same anatomical location in the course of treatment might be monitored
individually and non-invasively.

Observation of the cutaneous vessel tree with high resolution MRI can help
in various dermatological diseases demanding information about dermal
vasculature. In inflammatory diseases of skin vessels such as vasculitis,
characterisation of affected vessels would help identify such disorders at an
early stage and, potentially, improve staging. Due to the non-invasiveness of
the method, therapeutic effectiveness could be demonstrated in longitudinal
studies.

Another application could be pre-therapeutic assessment of vascular
malformations (birthmarks). Despite highly sophisticated therapeutic devices,
results often remain unsatisfying. The relation of vascular architecture to
therapeutic outcome is uncertain due to a lack of non-invasive, pre-
therapeutic assessment methods.

In cutaneous tumours (cutaneous melanoma, squamous cell carcinoma),
neo-angiogenesis facilitates tumour cell proliferation via vasculature.
Monitoring the vascular system in the evolving tumour’s vicinity could shed
new light on the biology of malignant cutaneous tumours and offer the
opportunity for new treatment modalities. The efficiency of drugs targeted
directly at tumour vascularisation could be evaluated without interference
with the treated region.

Also, MR microimaging could provide a tool for prior evaluation of the
most suitable location for biopsy, and help identify the position of the most
interesting slices for histology within a biopsy. Currently, the image quality
and contrast achieved in small samples in vivo and, even more ex vivo, might

open a windot towards 3D “MR histology”.
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6.1 SEMI-ANALYTICAL MODEL FOR
SIMULATION OF MTLRS

The resonance condition for split-conductor transmission line resonators on a

substrate with dielectric constant € and the speed of light c is given by [130]

[Eq. 57] A@ o[ @Zel )
4z, 4c

The results based on the following equations are substituted into the
resonance condition; its solution provides the resonance frequency w of multi-
turn transmission line resonators [54].

The equivalent inductance A of the resonator is calculated as the sum of
inductances of the individual circular components L; (the contribution of the
small connecting lines between the circles is neglected) plus twice the mutual

inductances between coplanar loops My, and parallel-plate loops My.

[Eq. 58] A= L+22 > M,

The inductance of the it" circular loop is

[Eq.59] L, “O—di-lln(“—‘jij—o.mi[ﬂj -(In(ﬂ‘j+4—3j]
2 w 24\ d. w ) 12

and the mutual inductance between loops p and q is

2z
%v\rll_gzzj'[go(h)—(p(w+h)]cosa-d0 for p=q
[Eq.60] M, = "

pa ﬂom{[é_kjp(k)_zlz(k)} forp=q
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F(k) and E(k) are the elliptic Legendre integrals of the first and second kind,

respectively, and

d+h d-h
2 2

(p(x):xln£§+\/l+[7§jzm]

8% =r?+r7 -2rr,cosd

w
o[ ﬂjﬂ

2) g4+ W _wd
2

[Eq. 61]

The characteristic impedance Zp of parallel-plate transmission lines is [131,

132]

[Eq. 62]
1207 forw>h
Je W 044107+ 1L, In(W+0.94j+1.45158 +8;12
h 2re h 0.08226¢
Z = 2
0 In(4hj+é(m ;g 1(0451 02415)
120- w £r e forw<h
c+1
2

The length [ of the conductor is calculated by

(2” @r-a) id +ZJd +d?, —2dd. cosa

circular parts connecting lines between circles

[Eq. 63]

where «a is the opening angle of the gap in radians and d; the diameter of the ith

circle.
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6.2 MATLAB To0OLBOX FOR CALCULATION
OF MTLR GEOMETRIES

6.2.1 Frequency calculation
6.2.1.1 Calc_freq.m

6.2.1.1.1 Purpose

Calculates the resonance frequency using the analytic equation given in annex
6.1.

6.2.1.1.2 Usage

calc freqg([data | 0], [dpmax, epsilon, h, N, w, esp, [start value]])

6.2.1.1.3 Input parameters

e Option1

data... struct containing all resonator properties:
data.dpmax
data.epsilon
data.h
data.N
data.w
data.esp

e Option 2
data=0, but all other parameters specified:

dpmax in mm ... the diameter of the center of the outermost circle of the MTLR
epsilon... substrate dielectric constant €

h, w, esp in pum ... substrate thickness, conductor track width and spacing

between conductor tracks, respectively
N... number of turns

start_value in MHz ... this parameter tells the algorithm to start to search for
a solution closest to this starting value (this value is optional, default is 150

MHz)
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6.2.1.1.4 Result

The output is the resonance frequency of the resonator with the given material

and geometry parameters in Hz.

6.2.1.1.5 Examples
e Option1
With predefined struct data and all its properties, this is usually used by

calc freq esp w.m
data.N=6
data.epsilon=10.0556
data.w=250
data.esp=200
data.h=330

calc freg(data)

e Option 2

For calculation of a single resonance frequency
calc freq(0,14.6,10.0556,330,6,250,200,150)

6.2.1.2 Calc_freq_esp_w.m

6.2.1.2.1 Purpose

Calculates all resonance frequencies with a given set of dpmax, epsilon, h and
N.
For esp and w all values between 1 and 500 are used, step size is given by step.

Results are stored in a file in the current directory.

6.2.1.2.2 Usage

calc _freqg esp w(dpmax, epsilon, h, N, step)

options for calc_freq_all must be set in the source code

6.2.1.2.3 Input parameters

dpmax in mm ... the diameter of the center of the outermost circle of the MTLR
epsilon... substrate dielectric constant €

h in um ... substrate thickness
N... number of turns
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step ... Step size used for w and esp. E.g.: for step=10 the frequencies will only be
calculated for multiples of 10um for w and esp (w=10,20, 30, ...)

6.2.1.2.4 Result

All resonance frequencies calculated for a given set dpmax, epsilon, h and N
with step size step for esp and w are stored in a file named res<step>um.mat

(e.g. reslum.mat for a step size of step=1)

6.2.1.2.5 Examples
calc freq esp w(l4.6, 10.0556, 330, 6, 10)

6.2.1.3 Calc_freq_all.m

6.2.1.3.1 Purpose

Calculates all resonance frequencies with a given set of dpmax, epsilon, h and
N. This programm calls the program calc_freq_esp_.w.m in a loop for all
requested dpmax, epsilon, h and n. The directory where the file will be saved is

set in during the loop.

6.2.1.3.2 Usage
calc freq all

options for calc freq all must be setin the source code

6.2.1.3.3 Input parameters

None. Options are set in the source code directly (on top, in the commented

section)

6.2.1.3.4 Result

Resulting files from calc freq esp w.mare stored in a directory named

<home>\<dpmax>mm\eps<epsilon>\h<h>\N<N>\
e.g.’X:\thesis\calculations\Matlab\analytic simulation\7.3mm\epsl10.0
556\h330\N6\"

VI



6. ANNEXES

6.2.2 Data collection
6.2.2.1 Collect_all_data.m

6.2.2.1.1 Purpose

Run through all directories created by calc freq all.m, load the .mat files

there and store everything in a variable called dat.

6.2.2.1.2 Usage
collect all data

options for collect_all_data must be set in the source code.

6.2.2.1.3 Input parameters

None. Options are set in the source code directly (on top, in the commented

section).

6.2.2.1.4 Result

after execution of this program, the values are available in a variable named
dat
dat (index dpmax, index epsilon, index h, N, index esp, index w)
where:

N... between 2 and N_max

index esp... between 1 and floor(500/step)

index w... between 1 and floor(500/step)

index dpmax, index epsilon and index h depend on the vector/matrix
size of dpmax, epsilon and h.

The variable dat is used by search freq.m
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6.2.3 Data analysis
6.2.3.1 Search_freq.m

6.2.3.1.1 Purpose

Search all geometries matching certain criteria such as resonance frequency,
w/h, (w+esp)/h, w/esp with their respective tolerances and display the result

in an ordered list.

6.2.3.1.2 Usage

search freqg

options for search freq must be set in the source code.

6.2.3.1.3 Input parameters

In the top section of the source code the following variables can be set:

enter the frequency you are interested in (MHz):
freqg of interest=68.3;

enter the tolerance in MHz
tol freg=.1;

enter the ratio of w/h you want
w_over h required=.75;

enter its tolerance (use a high number if you don't want to use the w/h-

criterion
tol w over h=.1;

enter the ratio (w+esp)/h you want
w_plus_esp over h required=1.5;

enter its tolerance (use a high number if you don't want to use the w/h-

criterion
tol w plus esp over h required=100;

enter the ratio of w/esp you want
w_over esp required=l.;

enter its tolerance (use a high number if you don't want to use the w/esp-

criterion
tol w over esp=100;

enter the maximum number of turns you want to have
N max=15;
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enter the name of the base directory where all.mat is located
home='X:\thesis\calculations\Matlab\analytic simulation\"';

enter the outer coil diameters contained in dat (the matrix obtained with

collect_all_data.m)
d=[3.45 7.3 14.6];

enter the dielectric constants of the substrate materials contained in dat (the

matrix obtained with collect all data.m)
eps=[3.45 10.0556 23.6];

enter the substrate thicknesses contained in dat (the matrix obtained with

collect_all_data.m)
h=[[25 50 125];[250 330 430];[250 330 500]1];

6.2.3.1.4 Result

A list of all resonator geometries found in dat that match the desired criteria.

The table is sorted by dpmax, epsilon, h, N, w, esp (in this order of priority).

6.2.3.1.5 Examples

The parameters used above in section 6.2.3.1.3 result in the following table:

searching parameter sets close to frequency of interest
found 512 parameter sets matching the frequency criterion
found 49 parameter sets matching your criteria

sorting results...

| | dpmax | epsilon]| h | N | W | esp [l w/h | w/esp | (wtesp) /h| 0 |
Il |
[ 7.3 | 23.6000] 250 | 8 | 180 | 20 |1 0.72 | 9.00 | 0.8 | 68.3 |
[ 7.3 | 23.6000] 250 | 9 | 180 | 60 |1 0.72 | 3.00 | 1.0 | 68.3 |
[ 7.3 | 23.6000] 250 | 9 | 200 | 50 |1 0.80 | 4.00 | 1.0 | 68.4 |
Il |
Il |
|| 14.6 | 3.4500 | 25 | 6 | 20 | 20 |1 0.80 | 1.00 | 1.6 | 68.3 |
|| 14.6 | 3.4500 | 25 | 11 | 20 | 470 || 0.80 | 0.04 | 19.6 | 68.3 |
|| 14.6 | 3.4500 | 25 | 12 | 20 | 490 || 0.80 | 0.04 | 20.4 | 68.4 |
| oo |
|| 14.6 | 3.4500 | 50 | 7 | 40 | 120 |1 0.80 | 0.33 | 3.2 | 68.3 |
|| 14.6 | 3.4500 | 50 | 8 | 40 | 250 |1 0.80 | 0.16 | 5.8 | 68.3 |
|| 14.6 | 3.4500 | 50 | 11 | 40 | 440 [l 0.80 | 0.09 | 9.6 | 68.4 |
|| 14.6 | 3.4500 | 50 | 12 | 40 | 460 [l 0.80 | 0.09 | 10.0 | 68.3 |
| o o e I
|| 14.6 | 3.4500 | 125 | 8 | 90 | 160 [l 0.72 | 0.56 | 2.0 | 68.4 |
|| 14.6 | 3.4500 | 125 | 8 | 100 | 170 [l 0.80 | 0.59 | 2.2 | 68.2 |
|| 14.6 | 3.4500 | 125 | 10 | 90 | 320 |1 0.72 | 0.28 | 3.3 | 68.3 |
|| 14.6 | 3.4500 | 125 | 11 | 90 | 360 [l 0.72 | 0.25 | 3.6 | 68.3 |
Il |
|| 14.6 | 10.0556] 250 | 6 | 170 | 230 [l 0.68 | 0.74 | 1.6 | 68.3 |
|| 14.6 | 10.0556| 250 | 6 | 200 | 250 [l 0.80 | 0.80 | 1.8 | 68.4 |
|| 14.6 | 10.0556] 250 | 7 | 170 | 390 || 0.68 | 0.44 | 2.2 | 68.2 |
|| 14.6 | 10.0556| 250 | 7 | 190 | 400 || 0.76 | 0.47 | 2.4 | 68.4 |
| o o |
|| 14.6 | 10.0556] 330 | 6 | 220 | 160 || 0.67 | 1.38 | 1.2 | 68.4 |
|| 14.6 | 10.0556] 330 | 6 | 260 | 170 |1 0.79 | 1.53 | 1.3 | 68.4 |
|| 14.6 | 10.0556] 330 | 6 | 270 | 170 [l 0.82 | 1.59 | 1.3 | 68.3 |
|| 14.6 | 10.0556] 330 | 6 | 280 | 170 || 0.85 | 1.65 | 1.4 | 68.2 |
|| 14.6 | 10.0556] 330 | 8 | 230 | 410 [l 0.70 | 0.56 | 1.9 | 68.3 |
|| 14.6 | 10.0556] 330 | 8 | 240 | 410 [l 0.73 | 0.59 | 2.0 | 68.4 |
[l 14.6 | 10.0556| 330 | 8 | 280 | 400 [l 0.85 | 0.70 | 2.1 | 68.3 |
|| 14.6 | 10.0556| 330 | 10 | 220 | 470 || 0.67 | 0.47 | 2.1 | 68.2 |
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Il 14.6 | 10.0556] 330 | 10 | 270 | 450 || 0.82 | 0.60 | 2.2 | 68.4 [
Il 14.6 | 10.0556] 330 | 11 | 230 | 470 [l 0.70 | 0.49 | 2.1 | 68.4 Il
Il 14.6 | 10.0556] 330 | 11 | 250 | 460 [l 0.76 | 0.54 | 2.2 | 68.3 Il
Il 14.6 | 10.0556] 330 | 11 | 270 | 450 || 0.82 | 0.60 | 2.2 | 68.3 [
| o o o I
Il 14.6 | 10.0556] 430 | 6 | 350 | 70 || 0.81 | 5.00 | 1.0 | 68.2 Il
Il 14.6 | 10.0556] 430 | 6 | 360 | 70 || 0.84 | 5.14 | 1.0 | 68.3 [
Il 14.6 | 10.0556] 430 | 7 | 300 | 240 [| 0.70 | 1.25 | 1.3 | 68.2 [
Il 14.6 | 10.0556] 430 | 7 | 310 | 240 [l 0.72 | 1.29 | 1.3 | 68.3 Il
Il 14.6 | 10.0556] 430 | 7 | 350 | 230 [| 0.81 [ 1.52 | 1.3 | 68.3 [
Il 14.6 | 10.0556] 430 | 8 | 300 | 330 [| 0.70 | 0.91 | 1.5 | 68.3 [
Il 14.6 | 10.0556] 430 | 8 | 350 | 310 [l 0.81 [ 1.13 | 1.5 | 68.3 Il
Il 14.6 | 10.0556] 430 | 9 | 280 | 380 || 0.65 | 0.74 | 1.5 | 68.2 [
Il 14.6 | 10.0556] 430 | 10 | 350 | 360 [| 0.81 | 0.97 | 1.7 | 68.3 [
Il 14.6 | 10.0556] 430 | 11 | 320 | 380 [l 0.74 | 0.84 | 1.6 | 68.3 Il
I I
Il 14.6 | 23.6000] 250 | 4 | 190 | 180 |l 0.76 | 1.06 | 5 | 68.2 [
Il 14.6 | 23.6000] 250 | 4 | 210 | 210 [l 0.84 | 1.00 | | 68.4 Il
| [ oo oo oo o o o o o oo o e e oo I
Il 14.6 | 23.6000] 330 | 4 | 250 | 90 |l 0.76 | 2.78 | 1.0 | 68.2 [
Il 14.6 | 23.6000] 330 | 4 | 260 | 100 [l 0.79 | 2.60 | 1.1 | 68.3 Il
Il 14.6 | 23.6000] 330 | 5 | 240 | 490 [l 0.73 | 0.49 | 2.2 | 68.3 Il
Il 14.6 | 23.6000] 330 | 5 | 260 | 500 [l 0.79 | 0.52 | 2.3 | 68.3 [
| oo o I
Il 14.6 | 23.6000] 500 | 5 | 370 | 330 || 0.74 | 1.12 | 1.4 | 68.4 |
Il 14.6 | 23.6000] 500 | 5 | 380 | 330 |l 0.76 [ 1.15 | 1.4 | 68.4 [
Il 14.6 | 23.60001 500 | 6 | 400 | 500 || 0.80 | 0.80 | 1.8 | 68.2 |
I

6.2.3.2 F_esp_w.m

6.2.3.2.1 Purpose

Display the resonance frequency as a function of esp and w in a color-coded
map. Also display the Gradient of this map, i.e. how strong is the variation of F

if esp or w are slightly changed.

6.2.3.2.2 Usage

F esp w([freq of interest])
A window opens in which you can choose the file you want to display. Please
choose one of the result files from calc_freq_esp_w.m (the files are called

res<step>um.mat)

6.2.3.2.3 Input parameters

freq of interest (optional)in MHz.

The resonance frequency you are interested in.

6.2.3.2.4 Result

A contour line at the niveau of freq of interest will be shown in the graph.
Additionally contour lines for 63.9 MHz, 123 MHz, 200 MHz and 298 MHz,
corresponding to 1H-frequency at 1.5, 3, 4.7 and 7 T are displayed.

X



6. ANNEXES

6.2.3.2.5 Examples

The jump from narrow track to wide track domain is clearly visible in the

gradient map below, on the right (vertical line at w=300um).

N=6, dpmax=?.3 mm, epsilon=10.0556, h=330 pm

Resonance frequency [MHz] |Gradient| [kHz/pm]
500 500
450 450
400 400
350, 350
__ 300 __30a
= £
= 250 = 280
= jr
@ @
200 250 200
150 150
100 100
al a0
D 15 0 . . . . . . . . .
50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
w [pm] w [pm]

Figure 64: Example of frequency calculations

The example shows the results for an MTLR coil with 6 turns and an outer
diameter of 7.3 mm built on a 330 um thick sapphire substrate.
Left: The resonance frequency in dependence of
conductor width w and spacing esp.
Right: The gradient of the frequency AF for the same range of w and esp. Lower
AF values (color coded as indicated in the bars to the right) suggest a lower
sensitivity to small production inaccuracies.
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