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Sammanfattning
Abstract

Radiofrekventa - spolars kinslighetsmonster dr viktigt for avbildning med magnetkamera
(MRI) och magnetresonansspektroskopi (MRS). Vetskap om RF-spolars kéinslighet for och
formiga att skapa RF-magnetfilt (B;) kan anvindas for att &stadkomma korrekta exci-
tationsflipvinklar och for att korrigera uppmétta signalstyrkor. Det &r ocksa viktigt for
att gora MRI och MRS undersékningar snabbare och for att férbattra kvalitén pa rekon-
struerade bilder. Vi har utvecklat en metod for métning av B och BT félt i en testbank
som alternativ till metoder dir B; féiltet bestdms inne i magnetkameran. Uppstéllningen
omfattar ett industriellt koordinatbord kontrollerat av PC-baserade program, sdkspolar
for detektion av B félt, en tviports ndtverksanalysator och ett analog till digital omvan-
dlingskort. Méitningen dr mdojlig att utféra i olika vitskor, exempelvis saltlésning, for att
efterlikna olika former och dielektriska egenskaper hos méanniskokroppen.

Knowledge about the magnetic field distribution in radio frequency coils is important for
both magnetic resonance imaging and magnetic resonance spectroscopy. The information
about the field’s distribution is used to obtain correct excitation pulse flip angles, as
well as to perform signal strength corrections. Another use is also accelerating imaging
and spectroscopic examinations, where accurate definition of the B; field is essential to
perform proper image and/or spectrum reconstruction.

We developed a method for measurement of the B;/BT fields as an alternative ap-

proach to B;/B;r fields assessment in MR scanner. Our setup incorporates an industrial
coordinate table controlled by a PC-based program, search coils, a two—port vector network
analyzer and an analog-to-digital (A/D) card. It is possible to measure in various liquid
media (for example in saline solution) to mimic different shapes and dielectric properties
of the human body.
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Abstract

Knowledge about the magnetic field distribution in radio frequency coils is impor-
tant for both magnetic resonance imaging and magnetic resonance spectroscopy.
The information about the field’s distribution is used to obtain correct excita-
tion pulse flip angles, as well as to perform signal strength corrections. Another
use is also accelerating imaging and spectroscopic examinations, where accurate
definition of the By field is essential to perform proper image and/or spectrum
reconstruction.

We developed a method for measurement of the By /B fields as an alternative
approach to By / Bf fields assessment in MR scanner. Qur setup incorporates an
industrial coordinate table controlled by a PC-based program, search coils, a two—
port vector network analyzer and an analog-to-digital (A/D) card. It is possible to
measure in various liquid media (for example in saline solution) to mimic different
shapes and dielectric properties of the human body.

Sammanfattning

Radiofrekventa - spolars kinslighetsmonster dr viktigt for avbildning med mag-
netkamera (MRI) och magnetresonansspektroskopi (MRS). Vetskap om RF-spolars
kinslighet for och formaga att skapa RF-magnetfilt (B;) kan anvindas for att
astadkomma korrekta excitationsflipvinklar och for att korrigera uppmitta signal-
styrkor. Det &r ocksa viktigt for att géra MRI och MRS understkningar snabbare
och for att férbattra kvalitén pa rekonstruerade bilder. Vi har utvecklat en metod
féor métning av B] och Bi" falt i en testbénk som alternativ till metoder dér
B, filtet bestdms inne i magnetkameran. Uppstéllningen omfattar ett industriellt
koordinatbord kontrollerat av PC-baserade program, stkspolar for detektion av
B, filt, en tvaports nitverksanalysator och ett analog till digital omvandlingsko-
rt. Métningen &r mdojlig att utfora i olika vétskor, exempelvis saltlosning, for att
efterlikna olika former och dielektriska egenskaper hos ménniskokroppen.
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Abbreviations
A/D analog to digital
AP anterior-posterior direction
ATP adenosine-triphosphate
CC feet-head direction (Philips convention)
CNC computer numerical control
DMMP dimethyl methylphosphonate
EM electromagnetic
FH feet-head direction
GPIB general purpose interface bus
MOS metal oxide semiconductor
MRI magnetic resonance imaging
MR magnetic resonance
MRS magnetic resonance spectroscopy
NC numerical control
NMR nuclear magnetic resonance
PC phosphocholine
PDE phosphodiester
Pi inorganic phosphate
PLC programmable logic controller
PME phosphomonoester
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RAM random access memory

RF radio frequency

RL right-left direction

SNR signal-to-noise ratio

TTL transistor-transistor logic

VOI volume of interest
Symbols

B [T] magnetic field

p [Q-m] resistivity

E [V/m]  electric field

€ [F/m] permitivity

v [rad/T/s] gyromagnetic ratio

J complex unit

J [A/m?]  current density

M transformation matrix

n [mol] amount of substance

p [H/m)] permeability

\Y nabla

/0t [—] partial derivative in time

R rotation matrix

T translation matrix

time



Chapter 1

Introduction

Exact knowledge about the B, field associated with radio frequency (RF) coils used
for signal transmission and reception in absolutely quantified MR spectroscopy is
of major importance in order to compensate for its inhomogeneities. The trans-
mission B, field (often referred to as the B field) is important in order to obtain
correct excitation pulse flip angles, as well as for reciprocity based signal strength
corrections. The receiving B field (B7) is then used to perform signal strength
corrections and also to accelerate both imaging and spectroscopic examinations,
where accurate definition of the B] field is essential to perform proper image
and/or spectrum reconstruction. It is now widely accepted, that the Principle of
reciprocity applies to MR phenomena in addition to classical Antenna reciprocity
theorem [1, 2]. The Principle states that the sensitivity of an RF coil used as a
receiver to nuclei located at point X is proportional to that coil’s efficiency when
used as a transmitter to generate a RF field B, at the position X [2]. In other
words, RF coil’s electromagnetic (EM) field distribution remains the same inde-
pendent on whether the coil serves as a receiver or transmitter [1].

Several MR scanner based strategies of the B; field analysis already exist (for
example [3, 4]). These methods use fantoms and sophisticated imaging sequences
to estimate the B field distribution. Because the complexity of coil design used
in MR experiments increases and since it is often difficult to perform MR scanner
based mapping of the associated RF field, there is need for scanner independent
methods of B /B field mapping. The obvious solution for these MR indepen-
dent methods could be computer simulation of the RF field based on Maxwell’s
equations and the Biot-Savart law using finite element computations. However,
the physical complexities of coil arrays and more or less arbitrary shaped coils as
well as anatomies affecting the B; field often makes these simulations very difficult
to perform and major simplifications in the simulation are required.

As an alternative approach we try to develop a measurement setup for direct
measurement of the B] /B fields. Previously at the department a similar method

was created, but compared to ours it was much simpler and less accurate [5]. The
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4 Introduction

setup incorporates an industrial coordinate table controlled by a PC-based pro-
gram, a set of search coils, a two port vector network analyzer and an analog-to-
digital (A/D) card. We believe the advantage of this setup is the ability to measure
all vector components of the RF field in a realistic way, unaffected by limitations
such as low SNR or specific Larmor frequencies which come up when performing
MR experiments. The phase of the signal can also be obtained which is a huge
advantage compared to methods nowadays available. Furthermore, it is possible to
measure in various liquid media (for example in saline solution) to mimic different
dielectric properties. Last but not least, the proposed method is relatively afford-
able, since most of the equipment can usually be found in laboratories involved in
this area.

1.1 Specific aims

The aim of this master thesis is to create a setup allowing measurements of the
B /By fields, validate its functionality and to perform initial experiments where
B, field maps are created using the equipment.

More in detail, the work on the thesis involves finding out possibilities of elec-
tromagnetic field mapping and, based on the result of this literature search, setting
up and programming the coordinate table and the vector network analyzer. Relia-
bility of their cooperation must be assured because it will be essential for automatic
mapping process. Furthermore, a function for registration of measured B; field
maps against MR visible markers attached to used RF coil will be designed and
implemented. However, to be able perform this task principles of magnetic reso-
nance spectroscopy and imaging must be investigated. All proposed methods of
steering and mapping must be validated to assure stable results since we plan to
use the method in the future in absolute quantification of metabolites in MRS.



Chapter 2

Theoretical background

In this chapter the theoretical background of this thesis will be presented. The
reader will first be introduced to the basics of electromagnetism and the reciprocity
principle, which both serve as the basis for future work. In the second part the
magnetic resonance phenomenon will be shortly explained considering the focus
of this thesis.

2.1 Electromagnetic field theory

Due to the nature of the thesis which concerns mapping of radio frequency (RF)
fields and nuclear magnetic resonance (NMR), a brief introduction to the area of
electromagnetic field theory needs to be given in this section. The main focus is on
the relations between electric and magnetic fields. Ways of assessing the magnetic
field distribution in space will be summarized.

Sometimes both B and H quantities are referred to as magnetic field; in order
to avoid confusion we should clarify that when talking about magnetic field we
mean the magnetic flux density B. The relation between B and H is given as [6]

H-= iB (2.1)
Mo

where 119 = 47 - 1077 is the permeability of free space.

2.1.1 Maxwell’s equations

Maxwell’s equations define relations between electric field, magnetic field and elec-
tric charge and current. These four equations in differential form follow [6]

0B

Equation (2.2) is known as the Faraday’s law and states that a changing magnetic
field B induces an electric field E with non-zero curl. The electric field’s amplitude

5



6 Theoretical background

is proportional to the change of the magnetic field. The nabla operator V is, in
three-dimensional Cartesian space, defined as V = %-2 +y8% +Z%, where (X,¥,2)

ox
is the standard basis in R3.

OE
V x B = puoJ + poeo— (2.3)

ot
The second equation is known as Ampeére’s circuital law [6] and relates current
flowing through a closed loop with magnetic field around that loop (where ug is
permeability, €y is dielectric constant and J current density ). The last term in

eq. (2.3) is called displacement current and reflects the time variance of the electric
field.

v.E=L (2.4)

V-B=0 (2.5)

Equation (2.4) is Gauss’s law for E [6]. It states that electric flux of the
electric field E over closed surface is equal to the total charge enclosed. Equa-
tion (2.5),which has no particular law assigned to it, disallows a magnetic monopole.

To summarize the impact of Maxwell’s equations:

1. All time varying magnetic fields give rise to electric fields and vice versa [6];
this fact serves as the basis of detection of a NMR. signal.

2. A current flowing through a conductor generates magnetic field around that
conductor.

2.1.2 Biot-Savart law

We have now introduced Maxwell’s equations which describe relations between
electric and magnetic fields and show why magnetic resonance effects can be in-
duced and measured (more detail on magnetic resonance phenomena can be found
in section 2.1.3) using RF coils.

Ampere’s law can in praxis be used to create EM field by applying electrical
current to a conductor. However, since the Ampére’s law can directly be applied
only in cases where some symmetry is present [6] (for example for infinitely long
wire or solenoid), another solution has to be used for e.g. single loop coils where
the length of the conductor is finite. In these cases the law cannot be used to asses
the distribution, or shape, of the induced magnetic field B. It can, however, be
assessed by the Biot-Savart law [6], which states that magnetic field B in point P
can be obtained by summing elementary contributions dB from differential loop
element dl. The elementary contribution is expressed in eq. (2.6) [6]

/.to[ (dl X I‘())

dB =
472

(2.6)
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and the resulting magnetic flux density in one selected point is [6]:

B= de (2.7)

C’

where o is the permeability of free space, I current through element, d1 differen-
tial loop element, r displacement vector and r distance from the wire element on a
closed path C". Using this law one could, assuming all constants are known, com-
pute magnetic field from the current. This approach works perfectly on primitive
coil geometries, but becomes extremely difficult to solve when more complicated
geometries are to be used. General solutions are usually available only when a
complex simulation is performed. It appears that other methods have to be used
instead of theoretical computations to assess magnetic field shape.

2.1.3 Radiofrequency fields

First we need to explain what is meant by a radio frequency field. In short a RF
field is a time-variable electromagnetic field with frequency in the radio frequency
range i.e. 3 kHz — 300 GHz.

RF coil’s magnetic field can be described as a vector sum of individual compo-
nents of that field. Suppose that separate components are known, then [7]

B = B,% + B,§ + B.2 (2.8)

where (%,¥,%) form the standard basis in 2%; the magnitude of the magnetic field
B can be obtained from equation (2.6). The resulting formula is then

IBI = \/IB.f + B, I* + |B.I? (2.9)

Considering equations (2.8) and (2.9) the magnetic field magnitude can be ac-
quired by successively orienting the probe in the corresponding plane directions,
thus measuring the relevant field component. The above mentioned formulas how-
ever apply only when magnitude of the signal alone is considered. One cannot
simply add phase components to obtain a single value. The phase measured gives
information about the direction of the magnetic field vector. A single measurement
can thus be written as a complex number in the exponential form

B, = |By| e (2.10)

B = [Bg| (cos (¢) + jsin (¢)) (2.11)

or in the polar (equation 2.11) form, where |Byg| is the magnitude and ¢ is the
phase of the signal. The principle explained here is used in section 3.4 on the
measured data.
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2.1.4 Principle of reciprocity

As already mentioned, the Principle of reciprocity is one of the major laws applied
during MRI/MRS examinations. The applicability of the principle on magnetic
resonance signals was proven a long time ago by Hoult and Richards [8]. The
derivation is, however, difficult and requires good understanding of electromagnetic
field theory and magnetic resonance principles, while an experimental proof is
quite straightforward to perform [1]. The idea behind the experiment is that when
two coils are connected to a network analyzer, the transfer function of the signal
between them should not differ depending on which of the coils is used as a receive
or transmit coil.

Exactly as explained in section 2.1.1, if a current Iy cos(wt + ¢) is applied to
a transmit coil then, based on eq. (2.3), a magnetic moment m = Iy A cos(wt + ¢)
is created perpendicular to the plane of the coil. The distribution of this field
is very difficult to assess (especially for higher frequencies), however, when the
component perpendicular to the plane of the receiver loop passes through it a
voltage V, = —AdB,/dt is induced. This voltage is recorded by the network
analyzer and displayed as a function of frequency. The equation above is a direct
application of Faraday’s law and can be used because the coils are designed to
be responsive only to the magnetic component of the electromagnetic field. For
detailed derivation of the principle in the area of MR the reader is advised to
consult literature [1, 8].

2.2 Magnetic resonance phenomenon

Although describing the phenomenon of magnetic resonance is not the focus of
this work, we believe that a short introduction to the area needs to be given in
order for the reader to appreciate our efforts. For a throughout review of the topic
many excellent books exist such as [9, 10].

2.2.1 Nuclear spin

Some atomic nuclei, for example 'H or 3!'P, posses a property called spin which
is usually visualized as a spinning motion of the nucleus along its axis [11]. With
the spin a magnetic property comes, so that when the spins are placed in a static
magnetic field By they will align along the field. The frequency of the precession
is called Larmor frequency and is dependent on the strength of the external field.
The frequency is expressed by

w = —~By (2.12)

where 7 is the gyromagnetic ratio, which is different for every nuclear isotope, and
By is the magnitude of the static magnetic field. We should mention for example
'H at By = 1.5 T has w = 63.9 MHz, for 3'P is w = 25.85 MHz.

The spins can align in two directions, which slightly differ in energy, as can
be seen in figure 2.1. One can force the spins to change their energy level by
applying an RF pulse (called the B; field) perpendicular to the By field plane,
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while fulfilling requirement given by
AFE = 2hmwy (2.13)

where AF is the energy difference between the levels and h is the Planck constant
(h = 6.626 068 96 x 10734)

]

Energy

g

Magnetic Field

Figure 2.1: Energies of the two orientations of nuclear spin, taken from [12]

2.2.2 3'P NMR spectroscopy

When an layman is exposed to NMR in health care, it is usually in the form of MRI
— Magnetic Resonance Imaging. But another examination modality also exists;
it is known as MRS — Magnetic Resonance Spectroscopy. The difference between
the two methods is that while MRI gives visual and structural information, MRS
reveals information on composition of the object examined.

Every time a static field B is applied on a nucleus, a new small local magnetic
field appears with the magnitude dependending on strength of the main By field.
As a result, the total field at the nucleus can be written as [11, 9]

B,;; = Bo(1 - o) (2.14)
where o is the contribution of the electrons. Using eq. (2.12) we get to

wo = —vBo(1 — o) (2.15)
which is the resonance frequency for a specific nucleus.

A difference of resonance frequencies from an arbitrarily chosen frequency is
known as chemical shift and is usually expressed in dimensionless units - part per
million (ppm) [11]. The variations are due to the fact that in different compounds
different bindings are used and therefore B.s; values will slightly differ. A sample
31P spectra of human liver is displayed in figure 2.2. Each resonance peak represent
a different chemical compound, such as a-ATP, 3-ATP, v-ATP, etc. Based on this
information, one can reveal the composition of the tissue.
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Figure 2.2: Human liver >'P MRS spectrum; 1-PME, 2-Pi, 3-PDE, 4,5,6-ATP

2.2.3 Absolute quantification

As explained in previous section, magnetic resonance spectroscopy gives infor-
mation about the composition of an object. Unfortunately, the way to obtain
quantitative information is not straightforward. For absolute quantification of the
signals the measured spectrum needs to be compared to a spectrum of a reference
substance with known concentration [13]. Moreover, compensations for changes
of the sensitivity caused by variable load and B; field inhomogeneities must be
performed [14].

In conclusion, in order to obtain absolutely quantified MRS signals knowledge
about the RF coil’s By field is essential.



Chapter 3

Materials and methods

This chapter describes used equipment, implemented algorithms, and fully explains
the process of obtaining results.

3.1 Hardware setup

The proposed method to acquire EM field maps utilizes an industrial coordinate
table (Solectro AB, Lomma, Sweden), a vector network analyzer (R&S ZVB4,
Rohde&Schwarz GmbH, Munich, Germany), and a personal computer. The setup
also involves a voltage-level converter which transforms coordinate table’s 24 V
output voltage to a TTL level compatible with used A/D card (NI USB-6008,
National Instruments Corp., Austin, Texas, USA). The connection diagram of the
whole setup is displayed in figure 3.1. The coordinate table is controlled using
the J-Cam® software (Solectro AB, Lomma, Sweden) and all data are processed
using the MATLAB® R14 (The MathWorks Inc., Natick, Massachusetts, USA)
computing environment. Separate components of the measurement chain will be
described in detail in following sections.

3.1.1 Coordinate table

The coordinate table is a three-axis robot being capable of autonomous movements.
Tt is used to move H-field (also known as near field) probes over the scanned area
with high accuracy (max. resolution 0.25 mm). From its design (see figure 3.2b) it
is clear that it is well suited for the proposed method; the metal parts of the robot
body are far enough from the sample not to introduce distortions into measure-
ments, moreover the base plate of the table is made of PVC covered flake board
to avoid coupling to the coils.

The table is equipped with an industrial PLC unit and its movement is con-
trolled by G-code routines. G-code is a name for programming code originally de-
veloped to control CNC (CNC stands for computer numerical control) machines.
In our case the usual difficulty of G-code programming is reduced to a rather sim-

11
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A eard Signal level <:| Coordinate tabls
converler

|

MATLAE JCAM

Personal computer
Wector network
RF coll M srislyzer M Near field probe

Figure 3.1: Hardware connection diagram

ple routine, because the coordinate table supports only a limited number of CNC
commands.

Since the robot is not equipped with any feedback sensors it cannot detect hit-
ting an obstacle; this must be taken into account when designing steering routines.
The result of a collision could result in destroying the sensing probe or capsizing
the tank with saline solution (see figure 3.2b).

Figure 3.2: Coordinate table (a) axis convention (b) RF coil, water tank and a
near field probe. Schematics adjusted from [15].

The axes are denoted as in figure 3.2a and since they are not corresponding
to axes usually used in MR examinations a coordinate transformation is needed.
More details about axes and coordinate system transformations will be presented
further on in this chapter.

All CNC programs are written in the J-Cam ® environment and sent to the
robot over serial link to perform demanded operations. The programs can be ex-
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ecuted both directly from PC or copied to the internal memory of the PLC and
run from there. The second solution proved itself to be more reliable due to MS
Windows ™™ process handling, which hampered seamless coordinate table control.

The coordinate table’s PLC offers serial port connectivity and standard PLC
24 V level inputs and outputs. However, because there are no drivers for MATLAB®
software for the machine, controlling had to be done by the abovementioned J -
Cam ® software. Initially, we had to focus on concurrence with other laboratory
equipment during the measurements; one of the first tasks was to implement reli-
able timing mechanisms. As can be seen in figure 3.6, the PLC is triggering the
A /D card, which then requests new sweep from the analyzer. This sweep is then
saved into a file by a MATLAB® callback function. Since the PLC is originally
meant for industrial use it only supports standard two-level 0/24 V output. To
accommodate this voltage range for the A/D card trigger input, a conversion cir-
cuit to TTL levels had to be designed and created. Its circuit diagram is shown
in figure 3.3.

A

0600006000000

9990990000009
RRRRERERERE

L1

-
—

Figure 3.3: Voltage level converter

As could be seen, the converter’s circuit is a relatively uncomplicated one.
Tt uses a single Zener diode to limit voltage of the input. An N-channel MOS
transistor (2N7002) in conjunction with a pull-up resistor on drain is used to
obtain accurate TTL level output signal. However, since small overshoots were
discovered after throughout inspection of the output signal, an inverting Schmitt
trigger circuit (74HC14N) was added to produce accurate TTL signal on the circuit
output.

Because the designed test setup is expected to be used in future research, a
function in MATLAB® which creates a G-code routine was written. Like this, op-
erator does not need to learn CNC programming language and instead enter few
parameters in a MATLAB® function with which he/she is probably already fa-
miliar with. This also works as a safety mechanism, safety checks are implemented
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in the function.

3.1.2 Vector network analyzer

The instrument provides information about properties of electrical networks, such
as reflection and transmission — referred to as scattering (or S-) parameters —
usually at high frequencies [16, 6]. Compared to a regular network analyzer, a
vector network analyzer has the ability to measure both magnitude and the phase
of the signal, while network analyzer lacks the capability of phase measurements.
More information about the S-parameters can be found in appendix A.

According to the theory, the forward and reverse parameters S1o and So; should
be equal. There are, however, always differences in values because of for example
surrounding electromagnetic (EM) noise. Nevertheless, we assume that these vari-
ations could be neglected in our application. Due to the setup of our experiment,
where a +20 dB amplifier is used, one sweep for which both magnitude and phase
is stored is performed for every particular point of the RF coil.

The analyzer is configured and triggered over the GPIB bus using MATLAB®
and Instrument Control Toolbox™; data are stored using functions available in
the Data Acquisition Toolbox™. The flowchart of the whole process is displayed
in figure 3.6.

3.1.3 A/D card

Several different possibilities of synchronizing the equipment were assessed, but
the solution using an A/D card was chosen as the most reliable one. The reason
for difficulties with synchronization is J-Cam®’s inability to communicate directly
with the MATLAB® environment; because of this we needed to come up with a
workaround. National instruments NI-6008USB A /D card is used in this work,
it is a relatively cheap solution, yet fully sufficient for our needs. Drivers for
MS Windows™and MATLAB® are available from the manufacturer. The digital
trigger input, which was used on the card, requires TTL leveled inputs. As already
mentioned, to overcome this, a converter board was designed. To summarize: The
A/D card is used in order to give MATLAB® a mean of synchronization between
the network analyzer and the coordinate table.

3.1.4 H-field probes

An H-field probe is a special coil which does not respond to the electrical com-
ponent of the EM field and thus measures only the magnetic (or H-) component
of it. In the early stages of the project the measurements were performed using
an in-house made pickup coil. Due to limited resolution and positioning diffi-
culties, commercially available H-field probes (LANGER EMV-technik GmbH,
Bannewitz, Germany) were chosen instead. Two different probes are used; one
to measure in planes parallel to the RF coil (figure 3.4) and one to pickup mag-
netic flux emanating perpendicular to the RF coil plane (figure 3.5). Scans were
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acquired sequentially for each component of the magnetic field; probes were man-
ually rotated or exchanged between separate scans. The positioning is shown in
figures 3.4a and 3.5a.
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Figure 3.4: Search coil RF-1 and its transfer function, taken from [17]
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Figure 3.5: Search coil RF-3 and its transfer function, taken from [17]

3.2 Data acquisition

MATLAB® controls almost the whole measurement process in our setup. In
figure 3.6, one can observe how the process works. First, the coordinate table
sends a trigger signal and this signal is then sensed by the A/D card. Since
the A/D card trigger event is handled by a MATLAB® callback function, the
software environment can send a sweep request via GPIB bus to the vector network
analyzer and read current measured data. Data are saved immediately in a file
on the computer’s hard drive, because the amount of information obtained during
detailed measurements is large enough to overload RAM. A special initialization
function was written to ease initial setup of the analyzer and the A/D card.
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JCAM N MATLAB . | Metwork analyzer MATLAB
trigger event 7| sweep request o] SWEER | save new sweep

Figure 3.6: Event flowchart

3.2.1 Scanning preparation tasks

A Philips 2'P MRS RF coil was used for the experiments. Although the principles
identified later hold generally, they will be for the sake of simplicity explained using
this coil. As described in chapter 2.2, Larmor frequency varies slightly throughout
the scanned subject due to applied gradient fields of the scanner. This enables
spatial coding of the data, but could introduce variations when excitation of the
spins should take place. This effect is neglectible compared to variations caused by
human body loading. Both inductance and capacitance changes detunes the coil,
hence to guarantee correct and constant flip angles in the whole excited volume,
coil tuning and matching must be performed before every measurement. For the
Philips MRS coil both tuning and matching is done manually by changing values
of built-in variable capacitors.

In the measurement protocol both tuning and matching were performed before
each measurement with the help of the network analyzer and the output reflection
coefficient Sos. In short, the circuit is matched when there is no reflection —
this can easily be seen as a significant drop in the transfer function; on the other
hand, tuning moves the magnitude drop in frequency until the desired frequency
is reached. From this the process of coil tuning and matching is obvious: One tries
to find maximal dip at a specified frequency. Figure 3.7 shows a plot of a transfer
function after tuning and matching was performed.

The next step run before the scanning is initialization of the network ana-
lyzer. In order to significantly simplify the procedure an initialization function in
MATLAB® is used. This clears analyzer’s memory, sets demanded parameters
and configures measurement behavior.

3.2.2 RF coil scanning

RF coil’'s EM field scanning is a tedious task. There are many reasons that together
create a time consuming measurement. Robot arm movement, time necessary to
let the search coil settle down to avoid vibrations, network analyzer finite sweep
time, analyzer to PC data transfer; they all typically take time much shorter than
a second. However, since a regular scan involves around 16 000 repetitions of
the process displayed in figure 3.6 one could imagine the demands on time and
repeatibility. In order to minimize scan time special trajectory of the probe was
proposed. The scanning pattern for one layer of the scan can be seen in figure 3.8.
After completing one plane the probe is raised, returned to the starting position
(depicted by a dot in figure 3.8) and the whole process is repeated.

A drawback of this method is the necessity of scan data post-processing; the
data matrix has to be reshaped and unfolded to obtain dataset corresponding to
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Figure 3.7: Correctly tuned and matched coil transfer function

Figure 3.8: One layer scanning pattern

real world geometry. One could also easily notice that extra measurements are
introduced, but their impact on final scan time is neglectible.

Data reformatting is required in order to sort the data in a more logical way
and it consists of following steps:

- removal of extra points (denoted by a cross in figure 3.8)
- reshaping of the dataset from a single vector to a matrix

- flipping each odd line
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3.2.3 Frequency sweep

To enable review of previously acquired data and to maximize the information
obtained from each measurement a frequency sweep is performed for every distinct
position above the RF coil. The parameters used are f € (25,27) MHz with a
frequency bandwidth of 10 kHz. In this interval 201 points are obtained.

Tre EEHl Lin Mag 00001 U/ Ref 0.0007 U 1

- *MEkr 125860000 MHz - 0.001 L)
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- o001 f/,\\

Lo /

Lo /

fFo
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Chi Stait 25 MHz P 10 dBim Step 37 MHz

1/28/2008, 11:08 AM

Figure 3.9: Single sweep

Since for P spectroscopy at Bg—1.5 T we are interested primarily in frequency
f—=25.85 MHz, which is the Larmor frequency of phosphorus, a single corresponding
point is chosen from the sweep data vector. This process is repeated for every
distinct point on the coil until new dataset consisting only of magnitude (and/or
phase) values at a specified frequency is created. A plot of a single sweep is
displayed in figure 3.9, the point which corresponds to Larmor frequency is marked.
An example of how the points at which the scanning is performed can be selected
is shown in figure 3.10.

+ 4+ + +
b+ o+ o+
A + /4
++ + +H +
++ + +H +
- -

Figure 3.10: Example of scan point selection
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3.3 MR data processing

In this section all MR data processing steps will be described in detail, some steps
which are less relevant are throughougly explained in the appendixes.

Imaging data on the Philips Achieva 1.5 T MR scanner systems are saved in Philips
proprietary .par and .rec files. Raw data are byte-to-byte stored in the .rec file
while the .par file contains meta-information, such as voxel orientation, number
of points, number of slices, voxel size and much more. An in-house developed
reading function was used to convert data from the .rec file using the .par file into
MATLAB® workspace.

Spectrum data are stored in .spar and .sdat files on the Philips MR systems.
Similarly to image files a .spar file contains information about the spectrum voxel
(such as orientation, size...) and an .sdat files contain raw data.

3.3.1 Coordinate system transformations

As one can imagine from the discussion above it is possible, by using information
stored in the .par file, construct a conversion matrix M;,,, which describes the
coordinate transformation from the scanner isocentre to image voxel centre. (An
isocentre is the origo of MR scanner’s coordinate system and it is also the point
where the By field is most homogeneous.) Likewise, a conversion matrix Mg,
can be constructed to describe transformation from scanner isocentre to spectrum
voxel center. Knowing both matrixes a transformation matrix from spectrum to
image voxel coordinate system can be created. An throughout description of .par
and .spar files can be found in appendix B.

Transformation matrix concatenation

In general, a transformation matrix M can be written as

R T
00 0 1

Rin Ri2 Rigs

Ro1 Roo Rajs

R31 R3o Rsj3
0 0 0

(3.1)

— N e 8

where R is the rotation matrix and T the translation matrix. Using the M ma-
trix transformation in space can be performed. How exactly the rotations are
performed is explained in following sections.

Euler angles

Rotating a coordinate system is in principle similar to rigid body rotations. Such
a rotation can be performed provided one knows three exact parameters — one set
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of these can be the Euler angles. A matrix (in the homogenous form) describing
rotation around an axis has following structure

[ 1 0 . 0 0]

R)= | o Bl ) 0 (32
0 0 0 1
[ 1 cos(p) —sin(p) 0 ]

Ry(p) = 8 Sml(@) Cos(z@) 8 (3.3)
00 0 1]
cos(p) sin(p) 0 0]

R.(p) = | Sp e 0 (3.4
0 0 0 1]

3.3.2 Rotation order

There is a specific problem when performing rotations using the Euler angles and
that is there is no standard convention for rotation order. By using trial and error
it was found that the correct multiplication order for imaging voxel on Philips
Achieva systems stored in .par file is ZY X (valid for all system versions).

For the spectrum voxel (saved in the .spar file) the multiplication order was
found to be ZXY (system version 2.1.3), this however changed after upgrading
the MR system and the current order is ZYX (system version 2.5.1 and newer)
— unexpectedly the same as in the imaging voxel. More details on this topic can
be found in appendix C

3.3.3 Transformations of MR coordinate systemts

We have shown the Euler angle rotation order and defined the coordinate systems.
Now the transformation matrixes can be introduced. The transformation matrix
from the scanner coordinate system to the imaging coordinate system is given by
equation

Xim = R:Ry R, TX,;c = M, X (3.5)

where X;,, are coordinates in image coordinate system and Xy, in the scanner sys-
tem. The transformation from scanner coordinate to spectrum coordinate system
is described by equation

X =R R/R,TX;;,, = M, X, (3.6)

where X, are coordinates in spectral system. Using both equations (3.5) and
(3.6) the conversion between spectral and imaging coordinate system is given by

Xi,m = MimMilxsp (37)

sp



3.3 MR data processing 21

X = M, M 1X,,, (3.8)

Since we now have the matrix of points to be transformed we can, using equa-
tion (3.7), perform transformations from spectrum to scanner coordinate system,
and with help of equation (3.8) transform coordinates from image to spectrum
coordinate system.

3.3.4 Image and spectroscopy data intersection

In order to display and recreate the position of the spectrum volume of interest
(VOI) in the image data a line-plane intersection function is implemented as a
MATLAB® function.

Each plane is determined by three points x;, x2, and z3. A line passing through
a plane can be described by two points x4 and x5. Then the line intersects the
plane in a point which can be determined by solving a linear equation system [18]

r y =z 1
1 1 ozs 1
0= 3.9
T2 Y2 22 1 ( )
r3 ys z3 1
x=x4+ (x5 —T4)1 (3.10)
Yy=ys+ (ys —ya)t (3.11)
z=2z4+ (25 — 2z4)t (3.12)
which for z, y, z and ¢ gives [18]
1 1 1 1

Ty T2 T3 T4

Yi Y2 Y3 Ya
z z z z
t=— L (3.13)
1 1 1 0
T1 T2 T3 Ty — T4
Y Y2 Yz Ys — Y4
Z1 z9 z3 Z5 — 24

when the value t > 0 and ¢ < 1 it can be put back into equations (3.10), (3.11)
and (3.12) the point of intersection (z,y, z) is obtained [18].

In our case, the points were defined in a following way (described for intersec-
tions with transversal plane; the same principle applies for anterior-posterior and
left-right planes)

Tk = 21+ (k - 1) ZLsize
Top = To + (k — 1) Lgize (314)
T3p = T3 + (k - 1) Zsize
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Direction of
proceeding

Xy= X5+ (k- 1)Z.

Xp=Xg+ (K- 1)Zg, X3
X=Xy + (k- 1)Z,,

X; X3

Figure 3.11: Defining planes in imaging voxel

where Zg;.. is the number of slices in the image voxel, the equation is also illus-
trated in figure 3.11.

Because a cube (voxel) is formed by twelve edges it is necessary to find inter-
sections for all of them. Thus, points x4 and x5 are tried according to following
scheme

Ty = {17 13 1727 2737
| (3.15)

’4’5757677}
x5 = {2,4,5,3,6,4,7,8

3
77 ’6787 77 8}

where numbers are consecutively numbered vertices (see figure B.1). By looping
through the volumes the corresponding intersection points are found and stored.

After the coordinates are found, their values are recalculated to matching in-
dexes in the image volume. This is done by a simple transformation involving
translation and scaling (eq. 3.16)

Xind = Mcom;X'real (316)
where . .
XSiZE 0 O - Yvomelﬁ;ize_ysize
0 Y.. 0 Tvowel sizeT Tsize
MCO"U - o _Zvomel Eize_zsize (3'17)
0 0 Ysize 3
0 0 0 1

Using the equation above, the points of intersection could easily be found
and displayed. An example is shown in figure 3.12, where the intersection of the
spectral voxel with a particular transversal image slice is drawn as a convex shape
around five found intersecting points.

3.3.5 MR visible markers

In order to correctly use the measured By field map in the data obtained from
the MR scanner, accurate information about the position of the RF coil is re-
quired. From the MR data one can extract exact positions and orientations of
both spectroscopic and imaging voxels. These however tell nothing about the RF
coil’s location. To overcome this difficulty we have attached MR-visible markers
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Figure 3.12: Transversal MR image with spectral voxel superimposed. Coil mark-
ers can be seen on the upper-left side

to the coil and detected their positions in the image voxel. The markers itself are
ordinary vitamine E capsules; these contain oils which are MR visible and more
importantly they are not toxic.

Marker localization

A MATLAB® function was written for marker localization. It is based on the
assumption that the marker center is in its center of mass. Under this condition
already existing MATLAB® functions can be accustomed and then used to find
it. The coordinates are found in the image coordinate system. For use in other
functions it is neccessary to perform a transformation of the coordinates (coordi-
nate transformations are throughoutly described in section 3.3.1). An example of
marker localization function output can be seen in figure 3.13.

Fitting markers to image data

We obtained the MR-visible marker positions in the image system. To be able to
produce images in the plane of the coil we need to find a transformation matrix
between the RF coil’s system and the image system. A simple trick allowed us to
solve this problem. By using a least square fitting we were able to find the optimal
transformation matrix.

Assume two corresponding datasets {m;} and {d;}, where m; are marker co-
ordinates in image coordinate system, d; in RF coil’s system and ¢ € {1,5}. Then
these two sets are related by [19, 20]

where R is a standard 3x3 rotation matrix, T is a translation matrix and V; is a
noise vector. We can assume that there is no noise and find the optimal solution
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Figure 3.13: MR-visible marker localization. Localized marker is displayed as a
red cross in the image.

[R,T] by minimizing a least squares error criterion given by [19]
N
2% =>"|ld; = Rm; — T (3.19)
i=1

When matrixes R, T are known they can simply be combined in order (see eq. 3.1)
to create one matrix to allow for 3D transformations from the image coordinate
system to the coil coordinate system for any point. An image from the RF coil’s
plane at distance d = 0, i.e. the coil surface, is displayed in figure 3.14.

Notice the white bar in the figure. This is an image of an external reference
which is often used for absolute quantified MR spectroscopy. It consists of 2.831 M
DMMP (dimethyl methylphosphonate) and 1%oMagnevist.

3.4 RF data processing

As shown in section 2.1.3, the total magnetic field can be obtained by summing
vector components which were obtained separately.

In the measurements the phase of the signal carries information about the
direction of the vector component, while the orientation is obtained (for one point)
as the sum of all three magnitude components. The phases that are measured could
be either m/2 or —m/2. Since real numbers to complex are preffered, we choose
to add 7/2 to all phase values. This then results in following equations where

ke{zr,y 2}
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Figure 3.14: Image in the RF coil plane

|Bg| for ¢=m

B = ] cos(0) + snte) = { 1 5 07 (3.20)

A result of the change in phase can be seen in figure 3.15.

Phase in the X direction (before correction), Phase in the X direction (after correction),
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Figure 3.15: Measured phase in the X direction before (a) and (b) after phase
correction

Let the coordinate system be defined as in figure 3.16, then when a vector has
phase ¢ = 7 we say it has positive orientation, i.e. it is in direction of the axis.

3.4.1 Vector field creation

The vector field could now finally be created. First the phase values are processed
and then, depending on the value, a conclusion on a corresponding magnitude
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(a) (b)

Figure 3.16: Coordinate table (a) axis convention (b) detailed view on the coordi-
nate system. Schematics adjusted from [15].

vector is obtained. At last all three vectors are summed to create a resulting
vector for a particular point. An example for one point is shown in figure 3.17,
where r is the sum of vectors a,b,c. Whole scanned area is looped through to
construct a vector field.

b

Figure 3.17: Vector sum

B field effect on the RF coil’s B, field

The By field has a large impact on the RF coil’s magnetic field. The most obvious
effect is that all components in the plane parallel to the direction of the By do
not contribute to measured signal. In the ideal case with the RF coil placed such
as the y axis of the RF coordinate system is parallel to By the equation can be

changed to
[B1ll = V/|Bz|* + | B:|? (3.21)

This hardly ever will be the case and because of this we have to find a general
projection of the RF coil’s field to the scanner system. Based on the definition
of the scanner coordinate system from appendix B we know that the z axis of
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the scanner coordinate system is in the direction of the Bg field. Thus, we can
utilize a vector from the RF coil’s system and transform it into the scanner system
and then clear the z-component there. After this the vector is transformed back
into the RF coil’s system. The procedure is easy to understand from following
equations; suppose matrix Zg,- is

1 0 0 O
01 00

L. = 00 0 0 (3.22)
0 0 01

then it can be used in multiplication to clear the z component of any 3D vector.
Using knowledge from section 3.3.1 a new equation can be constructed performing
projection into By field as

Xproj = MeoMiy Ze M PM X (3.23)

im
where X,,,.,; are coordinates of a vector in the RF coil’s system including projec-
tion, M, is the transformation matrix from image to coil coordinates and X, ¢
are the vector coordinates in the RF coil’s system.






Chapter 4

Results

This chapter contains all results of the measurements that were performed. The
theoretical background as well as the design of the testing procedure was already
given in previous chapters of this thesis.

All magnitude plots are normalized to interval (0,1). Total B; field was recon-
structed from raw component data and normalized after summation.

4.1 RF field single component measurements

As explained earlier, a single measurement consists of three separate scans of
the RF field. In following figures single planes for every direction are shown.
Scans were performed using the near-field probe 50 mm above the RF coil surface.
Figure 4.1 depicts magnitude plots.

Figure 4.2 represent phase measurements. Each component is shown in a single
image; the plane is in the distance 40 mm from RF coil surface.

4.2 RF field measurements, scalar field

Based on theory (see section 2.1.3, page 7), the separate components can be
summed in order to obtain the spatial distribution of the resulting magnetic field
magnitude. This can nicely be seen in figure 4.3.

4.3 RF field measurements, vector field

In the theoretical part of this thesis we have explained, that a magnetic field is in
fact a vector field. Visualizing a vector field is, compared to a scalar field, much
more complicated but since both magnitude and phase were measured, it can be
done. Using the phase information one can assign a direction of the vector at a
specific point. The output can be seen in figure 4.4. Please note that in order to
emphasize the z component, it was plotted in 3D.

29
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B1 magnitude in X direction, B1 magnitude in Y direction,
distance d = 40mm from coil surface distance d = 40mm from coil surface
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Figure 4.1: Single plane measurement - magnitude.

Using the directional information given by the phases of all the signals, the
directions of the fluxlines could be reconstructed. The results can be seen in
figure 4.5. When the magnitude plot is combined together with the direction
plot one obtains, in our view, a very informative image, which shows both the
magnitude of the magnetic field as well as its direction. It is shown in figure 4.6.

4.4 Effect of various media on the measurements

We have tested various media and their impact on the RF coil’s magnetic field
shape. As expected the properties of media is reflected in the resulting magnetic
field shape. We observed that while the magnitude changes only slightly (i.e. it
decreases when measured in saline solution), the phase was effected much more.
The difference between RF field measured in air and in water can be clearly seen
in figure 4.7

4.5 MR data visualization

When working with the MRI/MRS data many transformations are neeeded in
order to determine the final result. This section summarizes all those operations.
First, the proper transformations had to be found, resulting figures are 4.8 and 4.9.
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Phase in the X direction, Phase in the Y direction,
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Figure 4.2: Single plane measurement - phase.
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Figure 4.3: Total magnetic field magnitude

In the previous chapter images transformed to coil coordinate system and im-
ages with image-spectroscopy voxel intersection were shown. For future work,
information about the spectroscopy voxel in the RF coil coordinate system are
most important. A sample image is shown in figure 4.10. Since the figure is from
the RF coil’s reconstructed plane one should keep in mind that the coil is 40 mm
‘below the paper’.

Images displaying RF coil’s magnetic field, MR image and spectroscopy voxel
information follow in figure 4.11.
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B, field flux lines, X direction, B, field flux lines, Y direction,
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Figure 4.5: Flux lines - Sum of all components

4.6 B, field and the MR scanner’s main magnetic
field

As already described in section 3.4 the RF coil’s B; field was affected by the
MR scanner’s main magnetic field By. In real measurements it is not possible
to obtain signals from the By field direction. Clearly in order to provide correct
B; field maps one need to perform a correction of the measured data. Using
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Figure 4.6: Complete map with both magnitude and phase information

Phase in the Y direction, Phase in the Y direction,
distance d = 40mm from coil surface, distance d = 40mm from coil surface,
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Figure 4.7: The effect of media on the RF field phase. (a) phase in the Y direction
in air (b) phase in the Y direction in water.

Image and spectroscopy voxels,
coil markers in the image coordinate system
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Figure 4.8: Voxels and RF coil markers in image coordinate system
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Image and spectroscopy voxels,
coil markers in the coil coordinate system
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Figure 4.10: Spectroscopy voxel in coil coordinate system, the coil is placed 50
mm ‘below the paper’.

equations 3.22 and 3.23 (for RF coil position as in figure 4.9) the effective B;-field
was recalculated. Figure 4.12 shows the flux lines of the B;-field after projection,
and figure 4.13 displays the magnitude of the field after projection. It is readily
seen that while the magnitude is not strongly affected, the flux of the signal is
heavily distorted.
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Figure 4.11: Combination of MR image, MR spectroscopy data and RF map. (a)
at a distance of 50 mm and (b) at a distance of 80 mm from the RF coil.
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Chapter 5

Conclusion

In this master thesis we have implemented a method of direct measurement of the
B, field outside the MR scanner in order to obtain exact values of flip angles and
to serve as a source for correction data in quantitative spectroscopy (MRS).

We are aware of the fact that other By assessment methods exist, such as
measurements inside the scanner. These methods, however, do not give any infor-
mation on the phase of the signal, thus one can not construct a vector field from
the information obtained. Another drawback of these methods is that no signal
can obtained from the B; field direction, so a user never gets a complete picture
of how the RF field is spatially distributed. Our proposed method can solve both
these problems and, based on relevant theory, we believe it gives an accurate and
reliable information about the B; field. Complete validation of the method has
not been yet performed, we propose to validate the B; field’s magnitude distri-
bution using an in-scanner method, alternatively using a software package QRAP
developed at the department.

Working with the MR data was more complicated than anticipated as many
rigid body and coordinate system transformations were required. Validation of
these operations, although time-consuming, was performed as shown for example
in figures 4.8 or 4.9 .

The results obtained from this thesis work will be used in further research on
absolute quantified spectroscopy.
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Appendix A

S-parameters

S-parameters are used in the two-port theory and describe completely properties
of a two-port system. Their advantage in microwave area is that they are simple,
analytically convenient and quite easily measured. Moreover, once the parameters
are determined, the behavior of the network can be predicted in any environment
[7]. However, one must keep on mind that S-parameters always represent linear
behavior of the system. The signal flow for an ideal two-port network is depicted
in figure A.1.

ay o— | =—p b2

= 2
Foward b 5\19 -_— Q,\_l?z.reu Reverse
measuramen S measurament
1T r—| -lm—m——— | —o Pe—
<= Sia az
b1,rev

Port 1 DUT Port 2

Figure A.1: Two-port network signal flow

The S-parameters are defined by the scattering matrix in equation (A.1), which
links the incident waves a; and az to the outgoing waves by and by [7]

()= (252 () "

The interpretation of scattering parameters is as follows [8]

S11: input reflection coefficient; defined as a ratio between b; and a4
So1: forward transmission coefficient; defined as a ratio between by and a,
S1o: reverse transmission coefficient; defined as a ratio between b; and ag

Soo: output reflection coefficient; defined as a ratio between by and as
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Appendix B

Coordinate system definition

Let the MR scanner coordinates be defined such as that the z,. axis is in the
direction from feet-to-head (CC/FH), let x. axis be in the left-right (LR) direction
and ys. axis in the anterior posterior (AP). We assume the patient lying in supine
position head first in the scanner. However, note that the convention is based on
external viewer’s point of view, not patients!

Let the imaging voxel coordinate system be defined in the same way with
its axis Tim, Yim, Yim pointing in the same direction as the scanner coordinates
Tse, Yse, Zse When the voxel is not rotated. Spectrum voxel coordinate system is
described by axis xsp, Ysp, 2sp- The situation is shown in detail in figure 3.11.

B.1 [Initializing the .par and .spar files

The geometric information about imaging and spectroscopy voxels (i.e. position
relative to scanner isocenter) are obtained from corresponding .par and .spar files
as offset parameters. These are described by the Euler angles and translations.
Because (if unrotated) the image coordinate system coincides with scanner coor-
dinate system we can write

Tim,of fset = Ir_offset (B.1)
Yim,of fset = ap_ offset (B.2)
Zim,of fset = cc_offset (B.3)

The Euler angles are defined by equations

Tim,ang = Ir_angulation (B.4)

Yim,ang = ap_angulation (B5)
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Zim,ang = cC_angulation (B.6)

Since version 2.5.3 of the scanner software, the spectrum voxel offset is defined
similarly to the image voxel. Thus, the offsets are defined by

Tspof fset = Ir_offset (B.7)
Ysp,of fset = ap_offset (B.8)
Zsp,of fset = cC_offset (B.9)

The Euler angles describing rotations are defined in the same way as in the scanner
coordinate system and hence

Tsp,ang = Ir_angulation (B.10)
Ysp.ang = ap_ angulation (B.11)
Zsp,ang = CC_angulation (B.12)

To speed up the rotation and intersection functions, only coordinates of voxel
vertices are used for the computations. Each voxel is formed by eight vertices —
as displayed in figure B.1; the right-handed coordinate system is shown, and each
of the vertices is assigned an unique number.

I %

Figure B.1: Definition of coordinate system and vertices

Voxel coordinates can then be written in a matrix form:
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Coordinate system definition

Xz’m =

[xyzl]

z1
Z2
T3
Ty
Ts5
Tg
x7
rg

Y1
Y2
Y3
Ya
Ys
Ys
yr
Ys

Z1
22
23
Z4
Z5
26
27
z8

e e S e T

(B.13)

Considering that the voxel center and its dimensions are known, we can use equa-

tions (B.1)—-(B.12) and install into equation (B.13) to obtain following

Xim = [Xim Yim  Zim 1]

r—ir

ir

I e T o T = S =S SRy

(B.14)

where column 1 serves as a homogenous factor to allow multiplication with ma-
trixes of dimension four. A correction for nonzero pixel width /height is performed

later.



Appendix C

Offset parameter definition

During the work on the thesis the definition of offsets of spectral data on the
Philips MR scanner system has changed twice. Because of this, it was necessary
to implement checks in programmed MATLAB® functions, so that they always use
the correct definition and/or rotation order. Following table summarizes necessary

changes.
Software version | 2.1.3 2.5.1 2.5.3
Rotation order X =R.R,R,T | X,, =R, R,R,T | X,, =R, R R, T
Xep,of fset -ap_ offset -ap_offset ap_ offset
Y op,of fsct -lIr_ offset -Ir_ offset Ir_offset
Zsp.offset cc_ offset cc_ offset cc_ offset
Xsp,ang -ap__angulation ap_angulation ap_angulation
Ypang -lIr _angulation Ir_angulation Ir_angulation
Zgp.ang cc_angulation cc_angulation cc_angulation

Table C.1: Version difference summary; all data prior to version 2.1.3 are consid-
ered to use the same convention
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