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Abstract

In the ongoing quest to extract more information from MRI images, there has
arisen a need to rapidly map the flip angle. This has been primarily driven by the shift
to stronger main field strengths, which bring with them improved SNR, but also new
difficulties. In particular, the radio frequency field used to excite the magnetization
can no longer be assumed uniform at field strengths of 3 Tesla and above. New
rapid quantitative imaging techniques, such as DESPOT1 and DESPOT2, rely on
accurate knowledge of the flip angle, and while this could safely be assumed to be the
prescribed value at 1.5 Tesla, the same can no longer be said at 3 Tesla and above.

In this thesis, a new technique for mapping the flip angle in 3D will be introduced.
This technique is based on a highly time efficient 77 mapping technique, known as
Look-Locker, which was adapted to map the flip angle using either a double an-
gle (DALL) or dual repetition time (DTLL) approach. The technique introduced is
capable of producing 3D maps of the flip angle in less than one minute.

As part of the development of this flip angle mapping technique, a theoretical
framework was developed to allow the optimization of the imaging parameters to
achieve the best possible measurement of the flip angle. This framework also made
it possible to compare the performance of the Look-Locker approaches to other tech-
niques currently in use, which confirmed that, for imaging times less than one minute,
the Look-Locker approach was optimal.

This fast imaging led to the development of a new approach to spoiling. While
conventional spoiling approaches are optimized for imaging in the steady-state, they
can lead to significant errors and artefacts if used when sampling the transients of the
Look-Locker method, especially with the short repetition times and large flip angles
used. A newly developed spoiling technique using randomized RF phase and gradi-
ent crusher amplitudes was shown to significantly reduce the deviations from ideally
spoiled transients, and thereby reduce the errors associated with the quantitative
values derived from them.
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Chapter 1

Introduction

Magnetic resonance imaging (MRI) has proven to be a very useful medical imaging
technique largely due to its excellent contrast to noise properties. The same equip-
ment, with only a change in the software control can be tuned to image a wide range
of physical properties, such as proton density, diffusion or the time constants Ty, T,
or T3 to name just a few. Thus, while MRI may not have the signal to noise (SNR) of
computed tomography, it is none-the-less a highly adaptable and useful technique as
it is possible to isolate a single tissue parameter of interest, especially in soft tissue.

An MRI scanner relies on a large, uniform magnetic field to polarize nuclear
magnetic spins. The polarization of the sample is proportional to the main magnetic
field strength and this leads to a signal to noise ratio increase that is approximately
linear with the main magnetic field [1]. This has led to a constant push to stronger
main magnets, allowing for improvements in SNR to be traded off for higher resolution
images and/or shorter scan times.

In their equilibrium state, the nuclear spins produce no detectable signal. Images
are produced by interacting with these spins using radio frequency (RF) coils. The
transmit coils produce a time varying magnetic field, By, perpendicular to the main
field that tips the magnetization away from the equilibrium state by a flip angle, «.

The signal can then be read by the same or another set of RF coils to produce the



images.

The RF coils used to excite the magnetization in the sample are generally designed
to produce a uniform excitation field. This makes interpretation of qualitative and
quantitative images straightforward. At low field strengths, producing a uniform
excitation field is possible, as the wavelength of the RF field in tissue is significantly
longer than the scale of the object being imaged, as indicated by Table 1.1. Difficulties
are encountered at high field strengths because, not only does the polarization increase
with field strength, but so too does the frequency used to interrogate the sample.
This leads to a decrease in wavelength, and destructive interference from different
elements in the excitation coil, leading to a non-uniform excitation at higher field
strengths [2,3]. For field strengths up to 3 Tesla, the excitation field can usually
be assumed uniform for a wide range of applications. At 3 Tesla, though, the non-
uniformity begins to reach unacceptable levels, especially for quantitative imaging
techniques, and above 3 Tesla, it is essential to find some way to mitigate the non-

uniform excitation.

Field Strength Wavelength
(T) Air (cm) Tissue (cm)
1.5 468 40
3.0 234 25
7.0 100 12

Table 1.1: RF wavelength in tissue (grey matter) at typical imaging strengths [1,4].

This problem is not unique to high fields. A non-uniform excitation may arise
due to use of a non-uniform excitation coil, for example when a surface coil is used
for transmission. Even if the B field is uniform, slice and slab selective pulses are
generally not capable of perfectly uniform excitation. The artefact has often been
characterized as a dielectric resonance phenomena. In samples with low conductivity,
it is possible to set up standing waves leading to non-uniform excitation, though these

are typically damped out as the conductivity approaches values seen in tissue [5].



There are two general approaches to mitigating the effects of the non-uniform
transmit field. First, particularly if the non-uniformity is not too great, the spatially
varying flip angle may be mapped. This measurement of the artefact can then be
used to correct qualitative or quantitative images. Second, attempts can be made to
flatten the transmit B; field. This requires that a map of B field of the transmit
coil or coils be made, and then spatially selective pulses are applied to compensate
for the non-uniformity [6]. These shaped pulses typically require longer RF pulses
with a higher specific absorption rate (SAR), and are only effective provided the Bj
field is still relatively uniform and non-zero in the volume of interest. Some of these
limitations may be overcome by using Bi” shimming [7,8], where the same pulse shape
is applied to the different elements of the transmit coil, but with varying phase and/or
amplitude. This approach can be further generalized by allowing the pulse shapes for
each element to vary in a fully parallel excitation [9,10].

What both of the above approaches to the Bf" artefact have in common is a need
to map the excitation field profile. Fortunately, this is typically a spatially very slowly
changing feature, thus, a low resolution map of the flip angle is typically sufficient,
but the existing techniques for mapping artefact are typically slow and thus unable
to map in 3D in a reasonable scan time.

Most of the existing techniques are designed to map the flip angle, and not specif-
ically the Bj field, and depending on which correcting technique is used, either the
flip angle or By will be desired. However, these are related [11] so the two terms
can be used interchangeably, and for the rest of this thesis we will focus on flip angle
mapping. Also, many times only relative values are required, and so the scaling factor

k is used [12,13]:

ko= 2 (1.1)

CV’I'I,O’fn

In the second chapter a new technique for mapping the flip angle based on the

accelerated 3D Look-Locker sequence is introduced. The Look-Locker technique has



proven to be a highly time efficient technique for mapping the T of tissue and was
adapted to map the flip angle. By using the accelerated 3D sequence it is possible to
acquire 3D volumes in a very quick acquisition.

In the third chapter, the Look-Locker techniques are optimized using a theoretical
approach to assess the noise propagation into the flip angle maps. Two of the more
common conventional approaches to mapping the flip angle are also investigated.
This provides a theoretical basis from which to optimize and compare the techniques,
especially for time constrained applications.

Paramount to the Look-Locker flip angle mapping technique, and most other
rapid flip angle mapping techniques, is the assumption that the transverse magne-
tization is fully spoiled. Conventional spoiling techniques [14, 15] were designed for
the steady-state, and do not have optimal properties for spoiling along the transient,
as is required in the Look-Locker acquisition. A new approach based on random RF
phase and magnetic field gradients [16] is adapted to the Look-Locker technique. Its
effect on the resulting measurement of 77 and flip angle is investigated in Chapter 4,
in addition to the effect of non-ideal spoiling and sampling along the transient to the

point spread function (PSF).

1.1 Nuclear Magnetic Resonance

Nuclei possess a fundamental property known as spin. Associated with this spin

is an angular momentum and a nuclear magnetic dipole moment:
pw = ~hi (1.2)

where h is Planck’s constant divided by 27, and + is the gyromagnetic ratio. [ is the
spin quantum number, and its value is determined by the configuration of neutrons
and protons into nuclear orbitals. Its value is 1/2 for ' H and it is non-zero for nuclei

with an odd number of protons and/or neutrons.



In diamagnetic matter, the individual nuclear magnetic dipole moments are usu-
ally randomly distributed, leading to no net magnetization. In the presence of an
external magnetic field, By, however, the z component of the individual magnetic
moments becomes quantized. This process is characterized by energy states aligned
with or against the external field, with a preference for the lower energy state aligned
with the external field. Energy from thermal collisions causes transitions between
the energy states, resulting in a slightly larger population in the lower energy state,
which manifests itself in bulk matter as a net magnetic moment, M.

Just like a bar magnet or compass needle experiences a torque when placed in an
external field, so too does the magnetic dipole moment, only the dipole moment also
has an associated angular momentum. This torque induces the magnetic moment to

precess about the external field at a frequency known as the Larmor frequency:
w =By (1.3)

where 7 depends on the particular nucleus being studied. Hydrogen is the most
commonly used nucleus for imaging largely because it is the most numerous in the
body and produces the greatest signal. For 'H, v = 2.675 x 108s7!T~!. The value
4 =/(2m) is 42.5TM Hz/T is also commonly used.

In equilibrium, M is aligned entirely along By. The X and § components of the
individual nuclear magnetic moments are randomly distributed and cancel. If the bulk
magnetization is tipped away from By, only then does the precession become evident.
The transverse component lasts only a short time and decays to zero according to the
time constant T5. At the same time, the longitudinal magnetization relaxes back to its

equilibrium state along z. These processes are described by the Bloch equation [17]:

dM M,x + M,y M, - M,)z
7:MX’)/B— X+ yY_( )Z
dt Ty T

(1.4)

The slowest process is the longitudinal relaxation, the restoration of the magneti-

zation along z. It is a result of exchanges in energy between nuclei and the surrounding



lattice, which is enhanced by field fluctuations. Hence, the constant governing the
return to equilibrium, 77, is known as the spin-lattice relaxation time constant.
Transverse relaxation results from the same processes as longitudinal relaxation,
but in addition, fluctuations in the z component of the field due to interactions of the
spins with each other may make this process faster than longitudinal relaxation, and

the spin-spin time constant, 75, is less than or equal to T7.

1.2 Radio Frequency Pulses

So far the details of how the magnetization is tipped away from By have been left
vague, and will be discussed in more detail here. Magnetic fields induce torques on
magnetic moments. We can see this by looking at the Bloch equation. Neglecting the

relaxation terms, it becomes:

dM
o _MxAB 15
= X (1.5)

This implies that M can be forced away from its equilibrium position along Bg by
applying an additional magnetic field, By, such that the total magnetic field is given
by:

This process is best understood by entering a reference frame rotating at the
Larmor frequency as in Figure 1.1(a) In this reference frame, By can be neglected,
leaving just B;. If we choose to place By along the x’ direction, it becomes apparent
that M will precess about B; with an angular frequency given by Equation 1.3 as in
Figure 1.1(b). The angle through which it precesses, the tip angle, «, will then be
determined by the magnitude of this RF pulse, By, and its duration, 7zp:

a = ’VBITRF (17)



(a) (b)

Figure 1.1: (a) The laboratory frame of reference (z,y,z) and a frame of reference
rotating at the Larmor frequency (z/,y/,2') , and (b) the precession of M about B
in the rotating reference frame.

Since the signal produced depends on the transverse component of the magnetization,
M, the signal produced will be proportional to sin a.

Moving back to the laboratory frame, it becomes apparent that B; is actually
rotating about Bg at the Larmor frequency. This is a circularly polarized radio
frequency (RF) pulse. In general, any RF pulse can be broken down into two counter
rotating components, Bf which is rotating in the same direction as the precession
and is responsible for exciting the magnetization, and B rotating in the opposite
direction which does not affect M.

So far we have considered only a very simple pulse, a fixed amplitude, single
frequency pulse known as a hard pulse. By combining gradients and RF pulses with
a range of frequencies it is possible to create pulses capable of selecting an almost
arbitrary pattern in the sample [11]. The most common application is for slice or slab
selection, using sinc like shaped pulses with constant gradients. These however are
sensitive to off-resonance effects and imperfections in the B field. These limitations
have led to the development of adiabatic pulses that are relatively insensitive to these
effects [18].

The relationship between the RF pulse shape and the resulting M, (x) profile



in general requires numeric integration of the Bloch equation. By making a few
assumptions, it can be shown that there is a Fourier relationship between an RF

pulse, with duration T, and the profile created [11]:

T .
M,,(x) = iyM, / By (1) 0y (1.8)
0

where k() is the trajectory through k-space determined by the gradient pulses:

k() = — /tT G (s)ds (1.9)

The above relationship is based on the assumption that the duration of the pulse
is short relative to T} and 75, and thus the relaxation terms can be ignored in the
Bloch equation. It is also based on the assumption that M, = M, = constant for the
duration of the pulse. This is true for small tip angles, and hence is known as the
small tip angle assumption. Remarkably, using the small tip angle assumption to find
M., seems to work well up to 90° [11].

Since the transverse magnetization, M,,, is produced from the initial magnetiza-
tion, M, several features relevant to flip angle mapping can be gleaned from Equation
1.8. In the small tip angle assumption a o< Bi". Also the flip angle produced depends
not only on Bj, but also the spatially selective nature of the RF pulse.

1.3 Conventional B]” Mapping Techniques

Techniques for mapping the the B; field can be classed broadly into image in-
tensity based techniques, and phase based techniques [19-21]. The intensity based
techniques in turn are either based on signal acquired from applications of a single
pulse at different nominal amplitudes [12,14,22-26], or by comparing the intensities

of stimulated echoes [22,27,28].



1.3.1 Multi-Point Intensity Methods

A conventional approach to setting the Bj transmit amplitude is to use an RF
pulse that excites a bulk sample and then acquire the free induction decay (FID) from
the bulk sample. With a long repetition time (T'R > T}), the signal is largely inde-
pendent of the relaxation times. This implies S o sina. The transmit attenuation
is then incremented to look for the first maximum in the signal which corresponds
to a 90° pulse. Other pulse amplitudes and slice and slab selective pulses of different
shape would then be set based on their amplitude relative to this calibration pulse.
In sample, coil and pulse combinations that have a uniform excitation profile this
can work quite well in setting the correct pulse amplitude to achieve the desired flip
angles.

At larger fields, or using non-uniform transmit coils, and even using spatially
selective pulses, the above procedure no longer works. The flip angle becomes spatially
dependent. Ninety degrees will not be achieved throughout the sample at a single
value of transmit attenuation. Instead the signal maximum corresponds to a global
average signal where the flip angle is around 90° for much of the sample, but not
necessarily 90° at any given point. This raises the need for a spatially sensitive
method of measuring the flip angle.

The earliest spatially sensitive techniques were essentially extensions of the incre-
mented approach used in the prescan to either gradient recalled echo (GRE) or spin

echo (SE) imaging [22]. In the GRE sequence signal relative to the 90° maximum is

given by:
S Bf .
g = BT sin (fnyrT) (1.10)
In the SE sequence, signal will vary according to:
S Bf .,
g~ = Bfo sin (WBTT) (1.11)

If the Bi" amplitude is incremented through a sufficiently large range, a spatial map of

By 4z can be found and the relative local By field found either using a look-up-table
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approach based on Equations 1.10 or 1.11, or by fitting those equations to all points
along the incremented flip angle calibration curve. The main disadvantage of these
techniques is that they are inherently slow. To avoid 77 bias, T'R must be kept long
relative to 17.

As repetition times become shorter, the signal can no longer be assumed inde-
pendent of T} and T'R, and is given by the spoiled, gradient recalled echo (SPGR)

steady-state value:

1—-F;
S Mysinog————— 1.12
X Osmal—Elcosa ( )

E, = exp(-TR/Ty)

This speed limitation inherent in the above technique can be partially overcome by
focusing on the signal null at 180° [12]. Assuming there is no refocusing of the
transverse magnetization, there will always be a signal null for a flip angle that
produces a 180° pulse. Moreover, the signal curve is approximately linear with flip
angle near the null. Thus the B calibration factor, k = 180° /Qpur, can be estimated
with as little as two points.

Using the signal null as the calibration point does have its disadvantages. As
TR/T; becomes short, the magnetization becomes saturated, leading to very little
signal. In addition, stimulated echoes may start to contribute to the signal leading to
a loss in accuracy. The technique also has limited dynamic range. It relies on signals
in the linear region near the 180° null. Much away from this point and either more
calibration points or a more complex fitting routine will be required. By the nature
of the inversion pulse, it will also tend to be a high SAR technique. The technique
will also have limited ability to measure slab profiles, as the profile at 180° is far from

the small tip angle regime.
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Figure 1.2: Timing diagram of the stimulated echo acquisition.

1.3.2 Stimulated Echo Ratios

In contrast to the above techniques that acquire a single echo from either a gradient
echo or spin echo sequence using an incremented flip angle, it is possible to acquire
multiple echoes from a train of RF pulses [27-29]. For a pulse sequence with RF pulses
as shown in Figure 1.2, the first two echoes are the spin echo (SE) and stimulated

echo (STE) respectively, and have amplitudes given by:

Ssp o exp(—TE/T)sin® a (1.13)

Ssre o< 0.5exp (—TE/Ty)exp (—TM/T)sin® asin(2a) (1.14)

Taking the ratio of the two echoes produces an expression for the flip angle:

a = arccos (exp (TM/Ty) %TE> (1.15)
SE

Slice profile artefacts were identified as a potential source of error in the original
implementation for « values greater than 100° [27]. By replacing the second and
third pulses with non-selective pulses, this problem can be mitigated [28]. While the
measured flip angle does not depend directly on the repetition time, T'R must still

be large enough to allow the transverse magnetization to decay, and M, to recover,
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Figure 1.3: Timing diagram of the saturated double angle method.

restricting how quickly the sequence can be run. The flip angle is, however, influenced
by TM. Either some assumption as to the tissue 77 must be made (such as TM < T}),

leading to potential T} biases, or a T} map must be acquired to correct the flip angle.

1.3.3 Double Angle Methods

The incremented flip angle approach can be reduced to a two point method by
making use of the of the trigonometric double angle formula and hence came to be
known as the double angle method (DAM) [14,22]. If a limited tip angle pulse of
unknown excitation angle, «, is applied to a fully relaxed magnetization, the signal

is given by:
S1 o« Mysina (1.16)

If the same experiment is repeated with twice the flip angle, as = 2a, the signal in

the second experiment will be given by:
SQ 0.8 Mo sin 2« (117)

Using the double angle formula, sin 2o = 2sin v cos «, and combining equations 1.16

and 1.17 it is possible to determine what o actually is.

a = arccos (25;1) (1.18)
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Assuming that relative image phase is maintained, the technique should be valid
for excitation angles in the range 0 — 7. This technique does have several limitations,
the first being that it is inherently slow. The magnetization before each RF pulse
must be fully relaxed. This typically requires a repetition time on the order of 577.
Secondly, it requires an assumption on the linearity of the RF pulse. That is, if
twice the flip angle is prescribed, twice the excitation angle must be achieved. This
assumption generally holds for non-selective pulss and selective pulses in the small
tip angle regime (< 90°). The technique does, however, begin to break down at very
small tip angles. At this point, sin a &~ «, and Equation 1.18 reduces to o = arccos 1.

The speed limitation of the DAM can be partially overcome by using additional
pulses to “reset” the magnetization so that M, is the same prior to the a or 2a pulse
regardless of the repetition time [23,25]. The earliest form [23] used an additional 2«
pulse in the « acquisition, and vice versa, to “compensate” for the different steady-
state values. Later, saturation pulses were applied to “reset” the magnetization prior
to each a or 2a sampling pulse [25]. The pulse sequence would then look like Figure

1.3. The magnetization preceding each sampling pulse would then be given by:
M. = Moy (1 —exp(=Tsr/T1)) (1.19)

where Tsp is the time given for the longitudinal magnetization to recover before the
a or 2a sampling pulse. Thus, some time would still be required for longitudinal
recovery, but waiting for full recovery would no longer be required. This allows the
DAM to be run more rapidly, at the expense of lost SNR and greater noise in the flip

angle maps.

1.3.4 Phase Based Methods

The above methods work on the principle of encoding flip angle information into
the intensity of MR images. It is also possible to make use of image phase to determine

the flip angle. These techniques are based on composite pulses [19,20] and typically
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employ large flip angles. These phase based techniques also require a baseline sub-
traction image to remove other sources of image phase such as By inhomogeneity and
receive phase.

A spin echo method [19] makes use of a composite 90; — a, — 905 inversion pulse
to refocus transverse spins and additionally encode flip angle information. The pulse
sequence is repeated twice, with the nominally 180° « pulse omitted from one of the
repetitions, as shown in Figure 1.4. Assuming on resonance spins, with the a pulse
omitted, the 90; —90; composite pulse causes a spin echo to be refocussed along the
+¢" direction. With the « pulse included, a spin echo will be formed with a phase
given by the angle of the v pulse. Subtracting the phase of the two images allows for
the removal of receiver image phase, and in principle an additional acquisition would
be required to remove By related image phase. The flip angle, «, is then determined
from the image phase by a complex relationship and is found using a look-up-table
approach [19]. There is an approximately linear relationship between image phase
and flip angle in the region near 180°.

A simplified approach is to use a single, non-selective, 2a, — o, composite pulse
[20]. Extraneous sources of phase are removed by repeating the sequence twice,
once with a 2o, — a, composite pulse and once with a 2a_, — o, and using the
difference in phase. The flip angle is still related to image phase in a relatively complex
relationship, but is relatively linear at around 90°. Like the spin-echo technique, this
technique is also sensitive to off resonances that in principle must be removed by
mapping By.

A novel phase based approach that doesn’t require composite pulses makes use of
the Bloch-Siegert Shift [21]. A preparation pulse initially tips magnetization into the
transverse plane. This is then acted on by an off resonance pulse shown in Figure 1.5.
The off resonance pulse causes the transverse magnetization to precess about Bff !
With wrr/y > Bj, this pulse creates a phase shift that depends on wgp, By, and

the duration of the off resonance pulse. As in the above techniques, other sources of
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Figure 1.4: Pulse sequence for mapping the flip angle based on a composite pulse.
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Figure 1.5: Off resonance pulse used in the Bloch-Siegert B; mapping technique.

image phase must still be removed. This is done by repeating the acquisition twice,

once with off-resonance frequency +wgrpr and again with —wgrpr and then taking the

phase difference between the two.

1.3.5 Interleaved Delay and Actual Flip Angle Mapping

The concept of using two images acquired using an interleaved delay is similar

to the stimulated echo approach in that in one repetition, two signals are acquired,

but it differs in that magnetization is not refocussed. Thus, in the pulse sequence

shown in Figure 1.6, two images are created from the signals immediately following

two identical RF pulses, but with interleaved, different delays. If the repetition time

TR, is short enough that 7T; relaxation can be ignored entirely, the two signals will
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Figure 1.6: Timing diagram of the AFT pulse sequence.

have intensities given by [30]:

S; = M,sina (1.20)
Sy = M,cosasina (1.21)
The ratio of the two signals can then be used to find the flip angle:

S.

a = arccos <2> (1.22)
S

The actual flip angle imaging (AFI) sequence [26] is based on the same approach

and basic concept as the above, but relaxation is not ignored entirely. Instead the

repetition time constraint is relaxed somewhat, and so long as TRy < T'Ry < T}, an

expression for a can still be derived that is largely independent of relaxation:

-1
a = arccos (rn > (1.23)

n—r
where r = S5/5; and n = TRy /TR;.

While simple to implement, and a fast imaging technique in theory, this approach
does have one significant limitation. The recommended range for « is 20 — 70° [26]
and with repetition times significantly less than 77, it becomes difficult to effectively

spoil the transverse magnetization between acquisitions [16, 31, 32].
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1.4 Look-Locker

The longitudinal recovery constant, 77, is often measured using an inversion re-
covery pulse sequence. After each inversion, a recovery period T'1 is allowed before
the longitudinal magnetization is sampled. Additional time is then required to allow
M, to recover before the next inversion pulse. The measurement is then repeated
several more times with different values for T, thus giving multiple points along
the inversion recovery curve, to which a signal equation can be fit, and the T} value
determined. With each repetition of the pulse sequence, the signal at only one T
value can be determined. While robust, this approach is slow.

While in conventional inversion recovery, only one sample along the recovery curve
is possible after each inversion, the Look-Locker approach [33] takes many samples
while the longitudinal magnetization recovers. This experiment is shown in Figure
1.7. So long as the sampling angle is small, the recovery of M, will be minimally
perturbed. This leads to a modified longitudinal recovery constant:

;1* _ j{l_ln(c:sa) (1.24)
where « is the flip angle of the sampling pulse, and 7 is the repetition time of the
a pulses. In this way, samples at multiple points along the recovery curve can be
acquired far more quickly than in the conventional inversion recovery approach.
While initially conceived as a NMR experiment, intended to only measure 77, the
Look-Locker technique was soon adapted to 2D imaging [34,35]. The inversion a-
pulse-train is repeated for every k, phase encode step. By using slice selective pulses
and including phase and frequency encoding gradients, an image can be formed with
signal corresponding to each « pulse. It was also demonstrated that, while a Lock-
Locker approach to acquiring 7} maps allowed a shorter scan time, the technique still
retained the high SNR efficiency of the gold standard inversion recovery technique [36].

The technique was then compressed into an accelerated 3D Look-Locker acqui-

sition scheme [37]. Acquiring all the view and slice phase encodes if each a pulse
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Figure 1.7: Timing diagram of the conventional Look-Locker acquisition. An image
is created for each oo sampling pulse.

was used to form one T/ would require a prohibitively large number of repetitions
of the inversion/a-pulse train and a correspondingly long scan time. This problem
was overcome by sampling the recovery curve even more quickly. If more samples
along the longitudinal recovery curve are taken with reduced o and 7, the samples
can then be segmented into effective T'/ volumes as in Figure 1.8. In this way an
N, long a-pulse-train can be used to form Npj, 3D, effective T'I images, with Ngrp,
fewer repetitions of the inversion/a-pulse train.

Additional delays, t4 and t, before and after the a-pulse train may be included
to increase the dynamic range of the technique, and are to some extent unavoidable.
In the accelerated 3D method, additional delays may also be included between ef-
fective T'I volumes [38], though these complicate the signal equation. The original
implementation also only accelerated the acquisition in one direction, along the G|,
phase encode direction, using a sequentially increasing phase table, not the centric
2D acceleration shown in Figure 1.8. The choice of acceleration direction and order

will have an effect on the resulting point spread function (PSF) [39].
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Figure 1.8: Timing diagram of the accelerated 3D Look-Locker sequence. N, pulses
along the recovery train are segmented into Np; effective T'I volumes.
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1.5 Spoiling

To decrease scan times, it is possible to reduce repetition times to values less
than 75. This complicates imaging, as there will still be some residual transverse
magnetization at the end of each T'R period, which will persist into and can be
refocussed in the next T'R period. Most often this fast imaging is conducted in
the steady-state, and leads to two broad classifications based on how the residual
transverse magnetization is handled. In the first, steady-state free precession (SSFP),
the residual transverse magnetization is intentionally maintained and “refocussed”.
This leads to an extremely efficient use of the available magnetization, though the
signal will in general be given by a complex equation [40].

The other alternative is to “spoil”, or set to zero, the transverse magnetization
at the end of each TR period. Setting the transverse magnetization to zero leads to
a simpler expression for the theoretical signal, making qualitative and quantitative
interpretation easier, but spoiling the magnetization is not always straightforward.

A simplistic approach would place a large gradient at the end of each T'R interval.
This would effectively dephase the spins from the immediately preceding RF pulse
and lead to zero net M,,,, but repeated applications would lead to coherence pathways
where the net induced phase of the gradients is balanced. Alternatively, gradients with
random [41] or linearly increasing amplitude [42,43] may be used. These techniques,
however, are not sufficient. Random gradients will not lead to a true steady-state,
leading to variations in signal from T'R to T'R. In conventional Cartesian acquisitions
this will manifest itself as a ghosting artefact. Linearly increasing gradients on the
other hand, may lead to a true steady-state, but with a spatially dependent spoiling
efficiency [36], manifesting itself as a banding artefact.

The standard spoiling implementation on most scanners is based on radio fre-

quency spoiling, using an RF phase that increases quadratically from TR to TR
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combined with a constant amplitude crusher gradient [44]:

(bn = (,bnfl—i_n(;ﬁseed (125)

where ¢, is the phase of the n™ RF pulse, and ¢,..q is the quadratic increment.
A quadratically increasing phase combined with a crusher gradient that creates a
multiple of 27 phase variation across the imaging voxel ensures that the signal will
enter steady-state. An appropriate choice of ¢geeq (usually 117° or 123°) [44] will
ensure that the accumulated coherence pathways will effectively cancel and give a
signal that closely approximates a perfectly spoiled steady-state value.

The quadratically increasing phase has proven to be quite robust for a range of
imaging applications, but it is not without its limitations. For quantitative imaging,
the results may be highly sensitive to any deviation from ideal spoiling, and other
values for ¢s..q have been suggested for variable flip angle based T imaging [45,
46]. For the approach to steady-state, different values again for ¢ge.q are optimal,
depending on the circumstances [15,47].

Phase spoiling becomes even more complicated with sequences that are not a
simple repetition of the same RF pulse. For the AFI flip angle imaging technique [26],
which employs an interleaved T'R acquisition scheme, the quadratically increasing
phase needs to be modified significantly [32], and there is evidence that for the short
repetition times and large flip angles typically involved, the only effective spoiling
method requires damping signal via large gradients to cause losses due to diffusion
[31,32].

For the above quantitative T and flip angle mapping techniques, where accuracy
of the measured signal is essential, there may be some incentive to revisiting random
spoiling. By combining randomized RF phase and gradient crusher amplitudes it is
possible to produce a signal that will on average match the ideally spoiled value [16].
The random nature of the spoiling means that the magnetization is never truly in

steady-state. Thus in conventional imaging, there will be random oscillations from
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TR toTR. These can manifest themselves as ghosting artefacts as in the early random
spoiling implementations. In this case, however, they are overcome by employing a
radial sampling trajectory, effectively oversampling the centre of k-space and thus
averaging out the random fluctuations.

The primary motivation for quadratic RF spoiling is that it leads to magnetization
in the steady-state. This produces no variation in magnetization from repetition to
repetition and thus a good point spread function with no ghosting artefacts. In
sequences that sample along the transient, quadratic spoiling is often still used, but
now the motivation is somewhat different. If perfect spoiling were achieved there
would be variation in signal from T'R to T'R by the nature of sampling during the
transient phase. Even an optimized choice of ¢, is not capable of matching a slowly
varying transient, and instead produces erratic deviation from the ideal transient.
These deviations are consistent from transient to transient, but difficult to predict

based on the physical and imaging parameters.

1.6 Thesis Outline

In this Thesis I introduce a new approach to mapping the flip angle in MRI. This
approach is based on the Look-Locker sequence, which was conceived as a highly
efficient method for measuring the longitudinal relaxation time, 7). By acquiring
two transients, and altering either the flip angle, or the repetition time, the data can
be used to solve for the actual flip angle acheived in tissue in a highly time efficient
manner and in 3D.

Chapters 2, 3, and 4 of the Thesis were drafted as manuscripts intended for sub-
mission to Magnetic Resonance in Medicine, since this is the journal where most of the
flip angle mapping techniques have been presented. The chapters themselves largely
follow the logical development of the concept. Chapter 2 introduces the various new

ways in which the accelerated 3D Look-Locker sequence can be used to measure the
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flip angle. Chapter 3 presents a theoretical optimization of the techniques. As such,
Chapter 3 is useful for understanding the choice of parameters used to acquire the
images in Chapter 2, but this organization allows Chapter 2 and Chapter 3 to stand
alone as independant manuscripts. Finally, Chapter 4 is an investigation of a new
approach to spoiling for transients, and demonstrates a novel solution to address one

of the primary limitions of the Look-Locker technique.

1.6.1 Chapter 2: Flip Angle Mapping With the Accelerated

3D Look-Locker Sequence

The Look-Locker technique is a very time efficient method of mapping the lon-
gitudinal recovery constant, 77. In Chapter 2, several novel ways in which the ac-
celerated 3D Look-Locker pulse sequence can be adapted to measure the flip angle
are introduced. The Look-Locker acquisition technique measures a modified longi-
tudinal recovery constant, 77 that depends on the true 77, the flip angle and the
repetition time, 7. By repeating the measurement of 7} twice, and altering either a
or 7 for the second measurement, it is possible to determine the true a from the two
measurements of 77

The dual a approach (DALL) acquires the transient using a train of « pulses, and
then repeats the measurement using pulses with twice the flip angle. By using this
approach, the trigonometric double angle formula can be used to solve for the actual
flip angle acheived. The dual 7 approach (D7LL), uses two repetition times related
by the ratio n = 75/7y, with the flip angle held constant, and using the ratio n, and
the two measured recovery constants, an expression for the true flip angle can also
be derived.

The acquisition scheme of the accelerated 3D Look-Locker technique presents
other unique opportunities for acquisition of the transients. Typically the inversion-

a-train combination would have to be repeated several times to fully sample k-space.
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Thus the two T} values can be acquired sequentially. In other words, the inversion-
a-train is repeated until the first T} data set is fully acquired, and then the second
would be acquired. Alternatively, the datasets may be acquired in an interleaved
sense. In this case, an inversion-a-train is interleaved with a inversion-2a-train (or
Ty), and this intereleaved combination is repeated to fully sample the image. This
second approach presents a novel opportunity. The two data sets may be acquired
with the inversion pulses omitted entirely, as the end of one transient acts as the

preparation for the next.

1.6.2 Chapter 3: Optimizing the Efficiency of Flip Angle
Mapping Techniques

The accelerated 3D Look-Locker imaging technique is inherently a fairly complex
image acquisition scheme, with many image acquisition parameters that can affect
the acquired images. This condition is further complicated by adapting it to image
flip angles either through the DALL or D7LL approaches. It was, however, shown
to be a very efficient method of mapping T3 [36]. The concept of imaging efficiency
(flip angle to noise ratio normalized by scantime) is adapted to flip angle mapping,
making it possible to optimized the imaging parameters of the accelerated 3D Look-
Locker sequence. These imaging parameters include the repetition time 7, flip angle
«, number of effective TIT volumes N7y, and the length of the read-out train N,, as
well as the choice of how the transients are prepared and interleaved.

The double angle and interleaved repetition time flip angle mapping methods
are also included in this chapter. An attempt is made to optimize their imaging
parameters, making it possible to compare them to the Look-Locker based methods.
Interestingly, the results imply that the DAM and AFI approaches may be acquired
more efficiently with flip angles and parameters significantly different from those

conventionally used. Experimental flip angle and noise maps are used to verify the
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simulations.

The results of the optimizations indicate that for fast imaging (one minute scant-
ime for a 3D matrix with 32 phase and 32 slice encodes) with the Look-Locker ap-
proaches, and in particular, the inverted, non-interleaved approach, have an efficiency
that exceeds the more conventional methods. If this scantime restriction is relaxed,
then the AFI approach would appear to be optimal. The simulation results presented
in this chapter assume perfect spoiling of the transverse magnetization, and thus that
image noise is the primary source of error on the flip angle maps. This is not entirely
true, especially as repetition times become short and flip angles become larger. These

issues are discussed further in Chapter 4.

1.6.3 Chapter 4: Spoiling for Accelerated 3D Look-Locker
Acquisitions

In the development of Chapters 2 and 3, it was discovered that in fitting transients
to the Look-Locker decay curves to measure 7} and thus determine the flip angle, that
the deviations of the experimental points from the transients fit displayed a systematic
error. Many times, especially for larger flip angles, the Look-Locker curves appeared
decidely non-exponential. This necessitated investigating the nature of spoiling for
transient applications.

Much of the existing work on spoiling was based on a scheme developed for steady-
state imaging applications. A quadratically increasing RF phase with a uniform gra-
dient crusher would lead to a signal that reaches steady-state, and for an appropriate
choice of quadratic increase, would lead to an effective cancellation of coherence path-
ways, and thus a signal that matched the ideally spoiled value for a large range of
applications.

A quadratically increasing phase, however, does not have many redeeming qualities

when used for spoiling transient acquisitions. The sampled data points will not match
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the perfectly spoiled case, and instead will deviate from the ideal exponential in an
erratic manner, leading to unpredictable, systematic errors in the exponential decay
constant fit to the curve. A randomized phase and randomized gradient crusher are
shown to be able to reduce the deviations from the ideally spoiled transient, and thus
result in better accuracy in the exponential coefficient. These spoiling schemes were
analyzed both through Bloch simulations and then verified with experiments, and the
random spoiling was shown to produce a more accurate estimate of the exponential

decay constant, and thus of the resulting flip angle.

1.6.4 Appendix A: Error Propagation

The theoretical flip angle imaging efficiency presented in Chapter 3 for the double
angle method, interleaved repetition time, and Look-Locker based flip angle imaging
techniques is based on a dimensionless noise propagation factor, b. This parameter
is convenient, because it requires no a priori knowledge of the noise or signal levels.
The relative signal levels of the different methods are determined from the Bloch
equation, and b is then based on a theoretical analysis of the noise propagation from
the signal through the signal equations and non-linear fitting procedures.

In this section, the dimensionless noise propagation factor is derived in detail for
the 3 methods. This analysis makes use of standard noise propagation techniques,
as well as a error matrix approach to analyze the noise propagation through the

non-linear least squares fitting used in the Look-Locker techniques.

1.6.5 Co-Authorship

The concept of applying the double angle approach to the Look-Locker technique
to map the flip angle was first suggested to me by my supervisors Drs. Brian Rutt and
Charles McKenzie. All subsequent theory development and experimental design were

conducted by myself, under the guidance and support of my supervisors. Data were
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collected by myself, with the exception of the in vivo exams, which were conducted
with the assistance of Cyndi Harper-Little, and the carbon-13 data, which were col-

lected by Lanette Friesen-Waldner. For all chapters, I was the primary author.
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Abstract

A new approach to mapping the flip angle quickly and efficiently in 3D based on
the Look-Locker technique is presented. The Look-Locker technique is a highly effi-
cient method of mapping 7T that allows significantly reduced scan times by sampling
continuously during longitudinal recovery. This results in an exponential recovery
that depends on Ti, repetition time, and flip angle. By combining acquisitions in a
double angle or dual TR approach, two values for the modified longitudinal recovery
constant, 77, are acquired. These can be combined to very quickly and efficiently
map the flip angle in 3D. Being a 3D method, the technique is capable of mapping
variations due to wavelength effects and RF slab profile selection.

The acquisitions may be acquired conventionally, interleaved, or interleaved with
the preparation pulses removed entirely. This last option allows for direct fitting
of the two recovery curves with a reduced number of parameters. The techniques
are validated in vitro against the dual TR technique for a range of flip angles and
Ty values. In addition, an application to correcting in vivo DESPOT T; data is

presented.
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2.1 Introduction

At high magnetic fields, human sized, volume transmit, RF coils can no longer
be assumed to produce uniform excitation of tissue. As the magnetic field increases,
the wavelength of the excitation pulse decreases, and as it approaches the scale of
the object being imaged, it becomes impossible to avoid destructive interference of
the By field [1]. This leads to non-uniform excitation of the desired imaging volume.
The problem also exists in a wide variety of other imaging applications, anywhere the
transmit coil has non-uniform Bj~ sensitivity.

In the least obtrusive cases this non-uniform excitation manifests itself as an in-
tensity variation across the sample, but when steady-state or quantitative imaging is
considered, the problem becomes more serious. For steady-state imaging, differences
in excitation angle may lead to different tissue contrast in different parts of the imag-
ing volume, and for quantitative imaging, that relies on accurate knowledge of the
flip angle, for example DESPOT1 and DESPOT?2 [2], variations in flip angle will lead
to inaccuracies in the quantitative measurements.

The non-uniform excitation can be dealt with by using a measured excitation
profile to correct the quantitative imaging data. The excitation profile itself can
also be flattened with tailored RF pulses [3], or using both coil profiles and spatially
selective pulses as in transmit SENSE [4,5]. What all these approaches require is a
map of the transmit coil excitation profile, Bi", which is determined by mapping the
flip angle. For transmit SENSE in particular, for which a profile of each coil in the
array is required, the flip angle mapping technique must also be fast.

Several methods of mapping the flip angle exist. A number of these are based
on the double angle method (DAM) [6,7]. These either require a long repetition
time or use saturation pulses [8] to avoid a T; bias. Both lead to inefficient use
of the available magnetization. A more general approach is to fit the signal over a

wider range of applied excitation angles [9]. These methods assume linearity of the
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transmitter, and are susceptible to slab and slice profile variations at the required large
applied excitation angles. There are alternative methods that do not rely on the RF
transmitter linearity assumption. These include a fast interleaved TR method [10],
dubbed actual flip angle imaging (AFI), and encoding the flip angle using image
phase [11-13].

The AFI method has emerged as a popular technique. It is relatively simple
to implement, and extraction of flip angle information from the intensity images is
relatively straight forward. It does, however, work best at moderate to large flip
angles (40-60°) and short repetition times [10]. This poses a significant challenge in
terms of spoiling the transverse magnetization to avoid a biased estimate of the flip
angle [14-16], especially when the sequence is run rapidly.

The Look-Locker technique [17] was initially conceived as a technique to rapidly
measure the longitudinal relaxation time, T}. In contrast to inversion recovery meth-
ods, that require waiting for the longitudinal magnetization to fully recover before
the next sample is taken, the Look-Locker technique acquires multiple low flip angle
spoiled, gradient recalled (SPGR) echoes during the longitudinal recovery phase. In
this way, samples at multiple post inversion (7'7) time points can be acquired far
faster than conventionally possible. The sampling pulses not only sample the longi-
tudinal relaxation, but in doing so, also perturb it, leading to a modified, or driven

longitudinal relaxation time:

11 In (cos ) 2.1)
Tl* T1 T
where « is the tip angle of the sampling pulses, and 7 is the repetition time of the «
pulses.

T} is measured by least squares fitting of an exponential recovery equation:
S(t) = A+ (B—A)exp(—t/TY) (2.2)

to the sampled points, and from this, assuming the flip angle is known, 7T} can be

extracted. The signal, S(t), will relax from the value B, which is a complicated term
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that depends on the inversion preparation pulse accuracy, as well as characteristics
of the previously applied a pulse train and other sequence parameters « pulses and
sequence timing parameters [18-20]. A is more straightforward, as the transient

relaxes towards the spoiled steady-state value:

1-F
A = sina——— 2.3
Smal—cosaET (2:3)

where E; = exp(—7/11)

This technique is desirable as it provides the ability to measure T very quickly
while still retaining the SNR efficiency of the gold standard inversion recovery tech-
nique [21].

The Look-Locker technique was modified first into a 2D imaging technique [18],
by adding imaging gradients to each sampling segment, and repeating the inversion
sampling scheme multiple times to encode all the necessary lines of k-space. The
technique was then further developed into the accelerated 3D Look-Locker (a3DLL)
sequence [19]. Rather than producing one T'T image for each a pulse in the sampling
train, multiple contiguous « pulses can be used to accelerate the filling of one k-space,
and the k-space acquisition segmented so that Np; “effective T'I” images could be
reconstructed from N, pulses sampling the recovery curve, with Np; < N,, leading
to an acceleration factor R = N, /Nr.

Measuring the T value using the Look-Locker technique relies on accurate knowl-
edge of the flip angle. The exponential fitting itself contains sufficient information
to do this directly. Instead of fitting for 77, A, and B in Equation 2.2 above, it is
possible to fit for B, o and T} directly by combining Equations 2.2, 2.3, and the exact
expression for B [18]. This approach, however, assumes that the flip angle ratio of
the sampling pulse to the preparation pulse is known.

Parker [22] proposed a method of determining the flip angle by measuring 77 at
multiple nominal flip angles related by a known ratio, and then minimizing the varia-

tion in the resulting 77 values. In the special case where ay = 2ar1, the trigonometric
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double angle formula can be used to form a closed form solution for the flip angle
based on the two transients [23,24].

Alternatively, rather than two different flip angles to untangle 77 and « in the
T} measurement, two different values for the sampling repetition time, 7 can also be
used [23,25].

Here we will investigate the properties of the accelerated 3D Look-Locker sequence,
and several ways in which the flip angle can be extracted from the measured recovery

curves.

2.2 Theory

The accelerated 3D Look-Locker sequence uses N, low tip angle pulses with a short
delay 7, between them to excite and sample the recovering longitudinal magnetization.
These are grouped into N effective inversion time images so that with each inversion-
a-train repetition, Ngr, = N, /Nry lines of k-space are acquired for each effective T'1
image. The effective inversion time is given by the time after inversion at which the
center of k-space is acquired for each of the Np; effective T'I images.

The inversion-a-train combination must then be repeated Nspots = Niy k2 N11/Na
times to fully encode 3D k-space. Additional delays between the inversion pulse and
the start of the a-train, and between the end of one a-train and the next inversion
pulse are possible, and to some extent unavoidable, due to the finite time required
for the inversion pulse as well as non-zero inversion delay and end-of-sequence delay.
Additional delays between segments of the a-read-out train are also possible [20], but
will not be considered here. All of these delays can be kept short compared to T} and
therefore we will ignore them for purposes of simplifying theory in this Thesis.

Once several inversion-a-train combinations are run, the magnetization enters a
dynamic steady-state whereby it relaxes towards, but does not necessarily reach, the

steady-state value as defined by Equation 2.3. The starting value of the transient,
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B is determined by the inversion of longitudinal magnetization at the end of the

previous transient plus any extra delays. An exact solution for B is possible [18,19]:

—AcosakE,E, [1 — (cos aET)Nafl} —2F;+E. +1

B = 24

1 + cosaE, Eq (cos OéET)Na_l (24)
E; = exp(—tq/Th) (2.5)
E, = exp(—t,./T}) (2.6)

where t4 is the delay between the inversion pulse and first o pulse, ¢, is the delay
between the last o pulse and the next inversion pulse, as indicated in Figure 1.7. A
perfect inversion has been assumed, which in the presence of B; inhomogeneity may
not be realistic.

If the delays and time required to play out the inversion pulse are assumed short
with respect to the longitudinal relaxation, the starting value for the signal can be

simplified to:

B ~ —Al — €Xp (_NaT/T1> (27>
1+ exp (—=N,7/T7)

Due to the short repetition time, 7, of these pulses, spoiling optimized for tran-

sients is necessary [26].

2.2.1 Double Angle Look-Locker (DALL)

If the accelerated Look-Locker sequence is repeated for two different values of the

low flip angle « pulse, it will result in two different measurements of the recovery

constant:
11 In(cosar) (2.8)
Ty, T T ’
11 In(cosap) (2.9)
Ty, T T '

as well as values for the other fitting parameters in Equation 2.2, A;, Ay, By and Bs.
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If the two flip angles are chosen such that @ = a3 = ay/2, the trigonometric
double angle formula can be used to derive a simple expression for the actual flip

angle achieved in the double angle Look Locker (DALL) sequence:

o = arccos [le (EA +\/EA? + 8)} (2.10)

T T
Er = exp( — — >
Tl,la T1,2a

The corrected a value can then be used in either equation 2.8 or 2.9 to find a corrected

value for 7.

2.2.2 Interleaved Inverted DALL (intDALL)

To this point the approach has been general with respect to the actual sequence
timing. The simplest approach is to acquire a full set of images using a3DLL and
the flip angle «, and then a second data set using 2a. In these cases, Equation 2.7
produces two different B values for the two acquisitions corresponding to la and 2«
flip angles. If however, either 1o or 2« are far from the Ernst angle, the corresponding
A value will be small, and the dynamic range of the transient may be non-optimal
for measuring the respective 77 value.

It is possible to interleave the acquisitions. In this interleaved double angle
Look-Locker (intDALL) implementation, an inversion-a-train is interleaved with the
inversion-2a-train (see Table 2.1). This has the effect of equalizing the dynamic range
of the transients in the T7,, T7,, measurements, and thus of the o measurement.
Thus the starting value of the 1o acquisition is given by the magnetization at the end
of the 2a acquisition and vice versa:

By ~ —sinaM,9,(N,T)
By =~ —sin2aM, 1,(NaT) (2.11)
Solving these gives:
— (sina/sin2a) A (1 — En2) + A1En2 (1 — Eng)

B, = 2.12
! (1— Ex1Eno) (2.12)
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— (sin 204/ sin a) Al (1 — ENJ) + AQENJ (1 — ENVQ)

By, = 2.13

? (1-En1EN2) (2:13)
N,

EN,l = €exp (— *T> (214)
Tl,la
Nq

Enys = exp (— *T> (2.15)
T1,2a

The data is still analyzed as in conventional DALL, by fitting for Ay, By and T},
from the la data set and Az, By and T7,, for the 2a data set, and then using 77,

and T7,, to determine the flip angle.

2.2.3 Interleaved Non-Inverted Look-Locker (niDALL)

The interleaved option provides another interesting option. The end of one « train
can act as the seed for the next. Thus it is possible to do without the inversion pulses
entirely. The flip angle can still be extracted from the 77, and T} ,, measurements
made by fitting to each transient independently as in the DALL and intDALL tech-
niques above. While the fitting will be simplified by removing the need to maintain
image phase in the inversion recovery curves, the results of doing this are likely to be
inferior due to the reduced dynamic range of the transients.

In the non-inverted double angle Look-Locker (niDALL) technique, the expres-

sions for By and B, above are replaced with:

(sina/ sin 20&) A2 (1 — ENQ) + AlEN,Q (1 — EN,l)

B —
! (1—En1En2)

B _ (sin2a/sina) Ay (1 — Ex1) + AsEng (1 — Ena) (2.16)
2 (1—-Eni1Eny) '

In this case, if one train follows directly from the previous one, with no inter-train
delays at all, such that RF pulses are spaced by 7 even at the boundary between
the 1o and 2« trains, the assumptions of ideal inversion and negligible delays are
removed, and the expressions for By and By become exact. This makes it possible to

directly fit 3 parameters; T}, a and My, to the combined transients.
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2.2.4 Dual 7 Look-Locker (D7LL)

In the above, T} depends on 73, 7 and the flip angle. The double angle methods
are based on extracting 77 and « from this value by using two different flip angles to
give two different values for 77. It is possible to accomplish the same thing using two
different values for the repetition time, 7.

The procedure would require measuring 77 using two different values for 7:

11 In(cosa)
T, T om

11 I (cos o) (2.17)
17, Ti Ty

If the relationship between the two 7 values is given by 7 = 74 = 7»/n, with n > 1,

the two can be solved for « as follows:

1 1 In(cosa) In(cosa)
. Ti.. 07 T
T T _ 1/n—1
Ti. — Tio = In <cos a)
T T 1/n—1
e — = cos Q@
P (Tf} Tl*,m>

1 1
Q= arccos {exp l— nri-l (Tf} - Tik,mﬂ} (2.18)

T7 can then be solved for by back substitution.

2.2.5 Summary of Look-Locker Acquisition Schemes

The above approaches to interleaving the acquisition of the Look-Locker flip angle
mapping techniques are summarized in Table 2.1. Each 7T—N represents one
read-out train indicated in Figure 1.8, while the | J]iepeat indicates the block that
is to be repeated until the images are fully acquired. While not presented here,
the D7TLL approach could also be adapted to use an interleaved or non-inverted and
interleaved approach as well. The precise choice of sequence parameters to optimize

the measurement of o will be discussed further in Chapter 3.
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Method Acquisition Order Parameters Fit

DALL [W—N]repeat then [W—N}repeat T s Tigas Ary Az, B, By

intDALL [W—N - W—N] et T s Tt 9as A1, As, Bi, Bs

niDALL [ [To7v—{20, 7]v] a, TF, My

repeat

DrLL [W—N}repeat then [W—N]repem T, T ey Avy Ao, By, By

Table 2.1: Acquisition schemes for the different Look-Locker approaches to flip angle
mapping, with the parameters that are required in the non-linear least squares fitting
of the transients.

2.3 Methods

All experiments were performed on a GE 3T human system using a transmit and
receive quadrature head coil. In all DALL experiments, 8 dummy inversion-a-read-
out trains were applied before imaging commenced to ensure the magnetization was
in a dynamic steady-state. An RF spoiling scheme using a phase increment of 84° [26]
was used to best approximate an ideally spoiled transient.

To produce the DALL flip angle maps, the background was masked out using
an intensity cut-off on the first post inversion image. The time constants Ty, and
T7,, were then determined by non-linear least square fitting of the data to Equation
2.2. These T} maps were then combined to produce the experimental flip angle using
Equation 2.10 maps as describe above. The DTLL approach is similar, but yields 77,
and 77, which are combined using Equation 2.18.

The non-inverted approach is different, in that the two recovery curves are fit
simultaneously, using the parameters 77, My and « to minimize the least squares

parameter:

Ny
i = O {1Sai = S (ti, Th, Mo, @)” + [Saai — S (t:, T1, Mo, 20)]°} (2.19)

i=1

using the Levenberg-Marquardt algorithm. In this case, this is possible by substitut-
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ing Equations 2.3 and 2.16 into 2.2.

2.3.1 Validation

A small cylindrical saline phantom (12 cm diameter) containing 9 samples doped
with NiCl to 77 values ranging from approximately 180 to 3000 ms was used to
validate the proposed B mapping techniques over a range of parameters. Such a
small phantom is expected to show minimal Bi" artefact at 3 T. T} was measured
using a 2D inversion prepared fast spin echo sequence, with a 128x128 imaging matrix
over an FOV of 12 cm, and acquired at 7'/ = {50,100,15,200,300,600,1200,2400,4000}
ms.

The imaging matrix for intDALL flip angle mapping was 42x42 in plane with 24
phase encodes in the slab selective direction, giving a resolution of approximately 3x3
mm in plane, with 10 mm thick slices. The accelerated 3D Look-Locker recovery was
sampled with 192 RF pulses segmented into 8 effective T'1 volumes. The inversion
was a 16 ms, 2kHz Silver-Hoult pulse [27], and the « pulses were 1 ms hard pulses.
Inversion and « pulse amplitudes were initially set using the standard prescan for
a = 6°, and then varied between 2° and 10° by modifying the transmit attenuation.
The choice of imaging parameters is based on the optimization analysis conducted in
Chapter 3.

For comparison to the DALL approach, an AFI map [10] based on the same imag-
ing matrix and resolution as the DALL approach was acquired using the repetition

times TRy /TRy = 15/75 ms.

2.3.2 Slab Selection

An important aspect of this technique is its inherent ability to map the flip angle
in a fully 3D sense. Not only do wavelength effects produce a non-uniform B; field

leading to variations in flip angle, but coil geometries and RF pulse shapes also



45

cause non-uniform excitation. To investigate this property, a cylindrical, silicone oil
phantom (dielectric constant = 2.75 [28]) was chosen to minimize wavelength effects.
It had a diameter of 16 cm and length of 27 cm with a 77 of 230 ms at 3 Tesla.
The imaging matrix was 40x40 in plane, with 40 phase encodes in the slab selective
direction. The FOV in plane was 20 cm, and a 20 cm thick slab was acquired in the
slab selective direction, giving 5 mm isotropic voxels.

Two different 800 ps, minimum phase pulses were investigated which included a
3 kHz bandwidth pulse and a 10 kHz bandwidth pulse, set to acquire an axial slab,
with A /P frequency encode. In addition, to the shaped pulses, a hard pulse was also
used to excite the phantom, which should give an RF profile independent measure of
the flip angle. For this pulse, the frequency encode direction was set parallel to the
axis of the phantom to prevent aliasing. The flip angle measured using the hard pulse
could then be used to estimate the actual Bi” magnitude and act as a correction for

theoretical slab profile simulations.

2.3.3 7Tj Correction

The Look-Locker methods were tested as a flip angle correction technique for 3D
variable flip angle 77 (DESPOT1) images in the head. The high resolution 77 images
were acquired using lmm isotropic voxels (imaging matrix 220x220x160), TR = 9
ms, and oy, = 4° and 18° for a total scan time of approximately 11 minutes.

The flip angle mapping techniques investigated included int DALL, niDALL, D7LL
and AFI. All were acquired with 5mm isotropic voxels, and a matrix size of 44x44x32.
In this way, the same volume, and the same RF pulse could be used to map the flip
angle as used in the T} mapping technique. The DALL based methods were acquired
with a0, = 8°, 7 = 3 ms with a total scan time of 1min 10 sec using 8 effective T
volumes. The D7LL technique was based on «,,,,, = 16° and 7 = 3 and 12 ms with
a scan time of approximately 3 min for 8 effective T'I volumes. The AFI flip angle

map was acquired with ., = 40° using TRy /T Ry = 30/150 ms, with a scan time
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of approximately 4 min 30 sec.

2.4 Results

2.4.1 The Phantom

The images that went into the formation of flip angle maps are shown in Figure
2.1. Figure 2.1(a) is a T} map based on the 2D inversion recovery data. The nine
samples with 7} values decreasing from approximately 3000 ms in the upper left to
180 ms in the lower right can be seen in this image. The slice was selected to give
approximately the same location as the slice selected out of the 3D data set for the
Look-Locker and AFI based images.

Figures 2.1(b) and 2.1(c) are the 7} maps from fitting 3 parameter inversion
recovery equations to the Look-Locker recovery curves for sampling using 6° and 12°
nominal flip angle pulses. Sampling with 12° pulses clearly leads to a shorter 77
value. There is also a significant amount of noise in the 7} measurement in the
saline surrounding the samples. This is due to non-optimal sampling of the long T}
transient, in addition to difficulty effectively spoiling the transverse magnetization
with the long relaxation times of saline.

By combining the two Figures 2.1(b) and 2.1(c) it is possible to form the flip angle
map in Figure 2.1(d) using Equation 2.10. For comparison, the AFI based map is
shown in Figure 3.12(a). At 3T, minimal B artefact is expected in this small saline
phantom, and this appears to be borne out by both the DALL and AFI flip angle
maps. The flip angles, whether measured using AFI or DALL, are fairly uniform and
match the prescribed flip angle. Both however show increased noise and inaccuracy

in the surrounding saline.
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Figure 2.1: Cross section of the phantom containing multiple 77 samples. (a) 7} map
in ms based on the 2D IR FSE images. (b) and (c) are the T7,, and T7,, maps
in ms from fitting transients to the accelerated 3D Look-Locker acquisitions. (d) is
the result of combining the 77,, and T},, maps to form a flip angle map (a/amnom
with apem = 6°). (e) is a flip angle map using the AFI technique (a/apem with
Qo = 60°).
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2.4.2 Transients

Representative transients for the different methods are shown in Figure 2.2 for a
sample with a 77 of 740 ms, and a nominal flip angle of 6°. The conventional DALL
approach produces two transients as shown in Figure 2.2(a). The transient as sampled
with the 1o pulses relaxes to a signal of approximately 10 arbitrary units (a.u.), and
begins from approximately the inverse of this (-10 a.u.) due to the inversion applied
at the end of the transient with minimal delays. The 2« transients show similar
behaviour, but being sampled with larger pulses, have a shorter 7} and decay faster.

The effect of interleaving the 1o and 2« acquisitions is seen in Figure 2.2(b). The
starting value of the 1o transient is based on the inversion of the M, value at the end
of the 2« transient, scaled by the ratio of the flip angles and vice versa. This leads
to a slight reduction in the dynamic range of the 1o transient (recovers from -5 a.u.
to 15 a.u.), but a significant increase in the dynamic range of the 2« transient.

The effect of omitting the preparation pulses entirely in an interleaved acquisition
is shown in Figure 2.2(c). The transients still decay towards the same steady-state
values as in the inversion prepared cases, but the starting values depend on the end
state of the previous transient alone. For example, the starting value for the la
transient is given by:51,(0) = (sinla/sin2«) - Sy (N,7). Collecting data in this
way simplifies fitting somewhat as image phase need not be maintained, and it also
removes any assumptions as to the accuracy of the inversion pulse.

In contrast to the double angle methods above, the dual repetition time approach
leads to significantly different transients as shown in Figure 2.2(d). While only one flip
angle is used, two values of the repetition time, 7, are used to sample the recovery and
still lead to two different values for 77. While 7 is quadrupled in this implementation,
the number of samples along the curve, N,, remains the same leading to longer

effective T'I times.
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Figure 2.2: The transients measured in a sample with 7; = 740 ms for the (a) DALL,
(b) interleaved DALL, (¢) non-inverted DALL and (d) D7LL flip angle mapping
techniques. The nominal 1o flip angle was 6°. Solid lines are the curves fit to the
data points in the flip angle analysis.
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2.4.3 Accuracy

The accuracy of the Look-Locker based methods are illustrated in Figure 2.3
where the measured flip angle is plotted against the nominal flip angle for a range of
T7 values. For a phantom of this size, at 3 Tesla, it is reasonable to assume that the
nominal flip angle will match the actual flip angle fairly well.

All of the DALL methods lie along the a = a,,,,, curve, with minimal deviations
for tip angles in the range 2 to 8 degrees. The niDALL approach shows less deviation
from the ideal response. Where the DALL and intDALL methods require fitting a
total of 6 parameters, niDALL only requires 3, which is likely the cause of this better
agreement. The D7LL approach, however, appears to have significantly worse noise
characteristics. All of the approaches, except the DTLL approach, seem to become
progressively less accurate at larger flip angles, showing a significant bias. This is a
result of the breakdown of spoiling for the larger flip angles and short repetition times

involved.

2.4.4 Slab Selection

An intensity filter was used to mask out regions with low signal prior to fitting
for the flip angle. Full 3D maps of the flip angle were created of slabs excited using
the three RF pulses described above. Theoretical slab profiles were calculated for the
two shaped pulses using the prescribed slab thickness, the measured flip angle in the
centre of the slab, and a smoothed version of the transmit coil profile as measured
using the hard pulse as inputs to Bloch simulations. Figure 2.4(a) shows a flip angle
image of the slab excited using the 10 kHz pulse. Despite the phantom extending
outside the field of view in the horizontal direction, only the excited slab is visible
in imaging, and here the contrast is set to highlight the ripple that is a result of the
shaped pulse.

In Figure 2.4(b), slab profiles are plotted based on a central voxel. The non-
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Figure 2.3: The accuracy of the Look-Locker based flip angle mapping techniques for
Ty values ranging from 271 to 2952 ms. (a) is the standard DALL implementation, (b)
is the interleaved DALL, (c) is non inverted DALL using reduced parameter fitting,
and (d) is an interleaved DTLL approach.
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Figure 2.4: Sensitivity of DALL method to slab selective pulses. (a) shows an image
of the flip angle in degrees across the slab excited with the 10kHz bandwidth pulse.
Despite the phantom extending outside the imaged slab, only the excited slab is
visible. (b) the experimentally measured slab profile matches the theoretical slab
profile.

selective hard pulse profile remains relatively flat, only tailing off towards the ends of
the coil. A second order polynomial was fit to the hard pulse profile for smoothing
purposes. Bloch simulations were then used with the maximum observed flip angle,
smoothed B profile and prescribed slab thickness and overlaid with the experimen-

tally measured slab profiles, showing very good agreement.

2.4.5 717 Correction

Axial and sagittal slices through the 3D flip angle maps in the brain are shown in
Figure 2.5. The data were collected assuming sagittal images using a slab selective
pulse. Thus in the sagittal plane, there is approximately a 20 % variation in flip angle
due to wavelength effects. In the axial reformats, the profile of the slab selective pulse
becomes apparent. This, combined with the wavelength effects, produces a nearly 50%
variation in flip angle, primarily in the slab selective L /R direction.

In all these flip angle maps, the variation in flip angle is slow and smooth, as
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Figure 2.5: Flip angle maps for a sagittal (top row) and axial (bottom row) in the
head at 3T. From left to right the methods of acquisition are intDALL, niDALL,
D7LL and AFI. Units are o/ c,om.

expected. In addition, there is only a slight indication of the cerebrospinal fluid in
the ventricles, but otherwise there is no indication of the underlying anatomy, which is
also expected. There is also good agreement between the different flip angle mapping
techniques.

The T; maps produced by the variable flip angle technique are presented in Figure
2.6. The T1 map produced by assuming the nominal 4° and 18° flip angles are achieved
throughout is presented in the first column. This produces an underestimation of T} in
the periphery of the brain due to the incorrect assumption of flip angle. This is most
obvious in the axial image, but is also present in the sagittal image. If the flip angle
is corrected using a map produced by the niDALL method in the middle column, the
corrected 77 images in the right column are produced. These have the slowly varying

bias from the flip angle variation removed and correct 77 values throughout.
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Figure 2.6: Sagittal (top row) and axial (bottom row) 7; and flip angle maps in the
head. The left column contains 7} maps constructed assuming the nominal flip angles
throughout the head. The middle column is the flip angle for the corresponding slices,
and the right column is the flip angle corrected 77 map. Units in ms for 7} maps and
a/ Qe for flip angle.

2.5 Discussion

Two of the primary limitations of the Look-Locker based approaches are illustrated
in Figure 2.7. At low flip angles and/or long T} values, too little of the inversion
recovery curve will get sampled to derive a useful 7} value. At the high flip angles
and/or short T} values, the recovery may be largely done by the acquisition of the
second effective T'I volume. Inversion recovery curves are optimally sampled with
T1 samples that extend to approximately 3-4.5 times 77 [21]. In this case, the last
sample is at 633 ms, but in Figure 2.7(a), T} ~ 660 ms, and in Figure 2.7(b), T} ~ 58
ms.

Figure 2.7(a) plots the transient for the non-interleaved Look-Locker acquisition
with a nominal flip angle of 2° in a sample with a 77 of 740 ms. This being a con-
ventional Look-Locker acquisition, it would be expected that the transient should

start at the inverse of where the previous one ends (i.e. it should start at approxi-
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Figure 2.7: Sources of error in Look-Locker fitting. (a) Transient acquired with
reduced By (o = 2°) in a sample with 7} = 740 ms. The reduced Bj prevents
complete inversion, and the T'I points only sample a portion of recovery curve. (b)
Transient acquired assuming large By (o = 20°) in saline. The inversion pulse is
effective, however, much of the exponential decay is complete by the second T'I.

mately -7 arbitrary units (a.u)). This, however, is not the case. The inversion pulse
amplitude was calibrated to a fixed value relative to the nominal 6° a pulse. De-
creasing the Bi" amplitude either with destructive interference, or by increasing the
transmit attenuation, as in this case, leads to a break-down of the adiabatic condi-
tion. Thus as the transmit field decreases, the inversion pulse may fail to effectively
invert the magnetization. Unless high power inversion pulses are used, the inverted
Look-Locker flip angle may reduce to the non-inverted case in the presence of large
B non-uniformities.

At the other extreme, especially in samples with long relaxation times, the tran-
sients cease to be well described by an exponential. Figure 2.7(b) is the transient for
a nominal « of 20° acquired in a non-interleaved DALL acquisition in saline. Two
things stand out in this transient. First, the 77 of this recovery is very short, and not
well sampled by this sparsely sampled accelerated Look-Locker a-train. A smaller N,

and/or segmenting N, into more T'1 volumes would be required to better sample the
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transient. Second, the sampled points do not appear to lie along an exponential curve.
The samples of the recovery curve are not well described by an exponential function,
and these deviations cannot be accounted for by system noise alone. These devia-
tions are the result of the breakdown of spoiling, which leads to a non-exponential

transient, and thus an inaccurate 7} and a derived from it.

2.6 Conclusion

The accelerated 3D Look-Locker technique has been adapted to produce 3D flip
angle maps using either a double angle or dual 7 approach. The 3D nature of the
method allows it to map the flip angle variations arising from wavelength effects and
slab selective pulses, making it ideal for correcting quantitative 3D methods such as
DESPOT. Given the typically slow variation in flip angle, low resolution flip angle
maps can be acquired over the whole brain volume in approximately one minute,

making this one of the faster By" mapping methods in existence.
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Abstract

Flip angle mapping is one approach to correcting By transmit inhomogeneity prob-
lems, but it also has other applications. There currently exist many approaches to
mapping the flip angle, and the actual flip angle imaging (AFI) and double angle
methods (DAM) appear to be the the most popular, while techniques based on the
Look-Locker sequence are also showing promise. The noise in the resulting flip angle
maps will depend on the noise in the raw images as well as the particular sequence
parameters. The flip angle to flip angle noise ratio (ANR) is one useful metric for
quantifying the quality of the techniques. A theoretical propagation of noise analysis
is used to define an imaging efficiency based on the ANR achievable in a fixed scan
time. The imaging parameters are optimized to produce the best ANR efficiency un-
der a range of conditions for each of the techniques. The concept of imaging efficiency
is then validated by comparing the predicted ANR to experimental values in vitro

under a range of imaging conditions.
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3.1 Introduction

There is currently a great deal of interest in mapping the excitation angle, a.
This has been motivated by the trend towards higher main field magnets. These lead
to improved SNR, but also require shorter wavelength radio frequency (RF) pulses,
which lead to a non-uniform excitation field, By, and consequently, a. Conventional
quantitative and qualitative imaging approaches generally rely on the assumption that
the excitation angle is uniform throughout the volume of interest. At field strengths
up to and including 1.5 Tesla, volume coils have generally been able to achieve an
excitation field, and thus an « profile, that is sufficiently uniform for most purposes.
At 3 T and above, the wavelength in tissue becomes shorter, leading to destructive
interference from coil elements in conventional coils [1], and thus a non-uniform Bj
and flip angle profile.

For imaging, a uniform excitation angle is desired over the field of view. Two
factors prevent this. First, if the excitation field, By, is non-uniform, either due to
wavelength effects at high fields or simply a coil that produces a non-uniform Bj
field even in free space, even a non-selective hard pulse will not produce a uniform
excitation. Secondly, any time slice or slab selective pulses are used, the selection
profile of a finite duration pulse will not be a perfect rect function, also leading to a
non-uniform excitation, even in the presence of a uniform Bj field. In practice, the
non-uniform excitation is due to a combination of both these influences, which are
linked by o oc By, for hard pulses and selective pulses in the small tip angle regime [2].
The non-uniform excitation will lead to artefacts in 3D imaging and inaccuracies in
quantitative imaging. Methods to correct the artefact, either through the use of
custom pulses and coil combinations, or post processing, do exist, but mapping the
excitation angle is a prerequisite.

Ideally, a flip angle mapping technique should be fast, accurate and precise, not

be sensitive to variations in 7, 15 or By, and have a relatively large dynamic range.
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Current methods for mapping the flip angle are typically based on image phase [3-5],
or image amplitudes based on incremented radio frequency pulse amplitudes [6-10],
or interleaved repetition times [11,12].

The most commonly used techniques are the double angle methods (DAM) [7,9]
and the interleaved repetition, actual flip angle imaging (AFI) approach [12]. The
double angle method itself is not easily adaptable to 3D imaging as it requires a
long repetition time to avoid 77 errors. This limitation can be overcome by the use
of preparation pulses [8,9]. The AFI approach is adaptable to 3D imaging, as the
repetition times are by necessity short to avoid 77 bias.

While these methods have become more widely adopted, there has been little
effort made to compare or optimize their efficiencies. The AFI approach is based
on an acquisition using interleaved repetition times, T'R; and T'R,, with a repetition
time ratio in the range of 4-6, but little evidence has been provided to support this
choice. Similarly, for the saturated double angle method (satDAM) [9], it is not clear
what effect the saturation recovery time will have on the noise in the flip angle map.

In addition to the above cited approaches, it was recently suggested by us [13]
and others [14] that the Look-Locker sequence [15,16] could be adapted for flip angle
imaging. This sequence has proven to be a highly time efficient technique for mapping
T1, and was recently adapted to map «. The technique does however have a number
of parameters that affect the noise in the o map.

The concept of imaging efficiency was previously used to compare and optimize
quantitative 77 imaging techniques [17]. By a propagation of noise analysis, it is
possible to predict the noise that will be introduced into the derived quantitative
measurement, under the assumption of a constant scan time. We sought to adapt
this approach to flip angle mapping and to use it to optimize and compare existing
techniques. We will limit our focus to the AFI and DAM approaches developed by
others, and also include a comparison to the newly introduced Look-Locker methods

developed in this Thesis. The above approach is general in nature, and requires no a
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priori assumption of imaging scheme. As such it provides a fair technique to compare
different approaches, assuming that they are acquired using the same voxel volume

and total readout time.

3.2 Theory

This section follows the framework developed for the optimization of T} mapping
sequences [17], which is adapted for flip angle mapping sequences here. The selection
of an appropriate flip angle mapping technique depends on many factors. Image
quality is typically assessed based on the signal to noise ratio (SNR). In the case of
this Thesis, flip angle (o) maps are the goal, and a similar metric of image quality

can be defined as the alpha to noise ratio (AN R):

ANR = = (3.1)

O
It is possible to define a dimensionless noise amplification factor, b, based on the

propagation of noise from the signal to the derived flip angle:

0o/

00/50

Here Sy represents the maximum theoretical signal, i.e. the signal obtained after a

(3.2)

90° pulse applied to fully relaxed magnetization, and og the noise in it. We use this
hypothetical maximum signal for the intrinsic SNR, since it is otherwise impractical
to define a signal value that has an equivalent meaning across the different flip angle
mapping methods. « and o, represent the flip angle and noise in the flip angle that
would be derived from the given flip angle mapping technique. b is thus determined
by a theoretical analysis of noise propagation through the signal equation for any
given imaging method.
The ANR in the image can then be expressed as:

So 1
ANR = - 3.3
ps (3:3)
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_ Sl (N’“ep)l/g % (3.4)
oo b \BW

where Sj/0(, is the hypothetical signal acquired with a single repetition with unit
bandwidth of a voxel with unit volume. BW and V represent the actual imaging
acquisition bandwidth and voxel volume, and N,¢, = Nc;Npe represents the signal
averaging associated with imaging, with V., signal averages for IV, phase encodes.
The technique imaging time is thus given by T.yam = Nyeplseq, and Ty, represents
the time required to acquire all necessary repetitions of a single line in k-space for

that particular technique.
Since we are interested in comparing the ANR of the derived flip angle maps
of different techniques in a fixed imaging time and using equivalent spatial encoding
schemes, setting Tepam, BW, V and S| /o, to unity will result in a measure of imaging

efficiency, defined as ANR per unit total scan time, per unit intrinsic SNR, given by:

-

r = (3.5)

(S NI

Tse

(=}

Thus the efficiency will depend on the measure of effective sequence repetition time
given by T4, and the dimensionless noise propagation value b, which is determined
by the sequence timing and relaxation parameters.

The above is based on the assumption that one line of k-space is acquired with
each sampling pulse, which can impose restrictive constraints on the sequence timing.
If echo planar (EPI), or parallel imaging were used to accelerate the imaging with an
acceleration factor R, and the bandwidth correspondingly increased to maintain the
same readout window, the accelerated bandwidth would be BWgpr = R x BW. To
keep Toram constant, either N., would have to be increased by R, or the sequence
timings (e.g. T'R) would have to be increased and N, held constant. The first option
dictates that sequence timings would have to be held constant, and thus b would
not change, for no net gain in efficiency. The second option would have an efficiency

reduced by 1/ V'R, due to the increased bandwidth, with no corresponding increase in



66

N,¢p, and this would compete with any improvement in b due to the eased restrictions

(i.e. lengthening) of sequence timings in b.

3.2.1 DAM Efficiency

The double angle method (DAM) is based on the ratio of two signal intensities
obtained using an RF pulse at a nominal flip angle of « or 2« [7,8]. Assuming that a
long repetition time (T'R = 57}) is used to ensure the magnetization preceding each

pulse is the same, the signal intensities, S; and S5, will be given by:

S1 = Spcosa (3.6)
Sy = Spcos2a (3.7)

these can then be combined to determine the actual flip angle achieved:

a = arccos (25;1) (3.8)

Propagation of noise (see Appendix 3.7.1) would then result in a noise propagation

factor of:

a2 4sin? o — sin® 2« sin” o

1 1 sin? o + sin® 2« 1/2
bt — ( ( : )) (39)

An alternative technique is to use a saturation pulse followed by a fixed recovery
time Tsg, thus providing the same magnetization to precede each pulse without the

need for full recovery [9].

{[SatPrep — Tsr — a| — [SatPrep — Tsp — a] —}

repeat

The signals would then be given by:

S1 = So(1—exp(—Tsr/T1))sina (3.10)

Sy = So(1—exp(—Tsr/T1))sin2a (3.11)
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The flip angle would still be calculated using Eq 3.8, but would result in a noise

propagation factor of:

1
(1 —exp (=Tsr/Th
If the long TR method is used, two repetitions of TR = 57} would be required,

bsatpAM 5 bpam (3.12)

and thus, the effective sequence time, T, would be 2 -5 -Tj. If the saturation
preparation is used instead, the input signal, and thus efficiency, would be scaled
by 1/ (1 —exp(—Tsgr/T1)), where Tsg is the time allowed after the saturation for
recovery. Assuming that the time required to excite and collect signal outside of the
saturation time, is short compared to the Tsg, (i.e. the next saturation pulse follows
closely after the a pulse), Ty, would then be given by 2 - Tsp.

Combining the above, the efficiencies of the double angle methods would be given

by:
2

. 1/2
o sin” «
r — 45in? o — sin? 2 3.13
bAM v/ 1073 <( St s a) (sin2oz+sin2 2a>> ( )
5T

1/2
Lsatpan = (1 —exp(=Tsr/T1)) <Ts) I'pam (3.14)
R

Thus, the efficiency of the satDAM method is affected by two competing factors.

Short saturation recovery times lead to a reduced signal, thereby reducing the effi-
ciency by the factor (1 — exp(—Tsg/T1)), which competes with the decreased imag-
ing time that increases efficiency by the factor 1/v/Tsg. In fact, it holds that
the efficiency of the satDAM method is only greater than the DAM method when

(1—exp(—Tsr/T1))\/5T1/Tsr > 1 which is approximately the case when Tsr < T7/5.

3.2.2 AFI Efficiency

The actual flip angle imaging (AFI) [12] technique employs an interleaved T'R
acquisition. Two images are acquired using two repetition times, T'R; and T'R,, with

TRy > TRy, that are interleaved.

{lae = TRy —a— TRy| -}

repeat
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These produce two images, Si, from the short T'R; window and S, from the longer

T R, window, with different contrast:

1—FEio+(1—FE ;) Eiacosa
1—FEy 1B 5c082a

1—FEi1+ (1 —FE») Ejcosa
1—-FEy 1B 5c0o82a

S, = Spsina (3.15)

Sy = Spsina (3.16)

where Ey; = exp(—TRy/T}), and Ey5 = exp(—TRy/T1). If the repetition times
are assumed to be short relative to the longitudinal relaxation, the ratio of these,

r = S9/S1, can be used to determine the flip angle:

-1
a = arccos <rn > (3.17)

n—r
where n = TRy /TR;.
The propagation of noise factor (see Appendix 3.7.2) is then given by:

1/2
b - 1 1— E11F5co8? a 2 (n?—=1)(r*+1) / (3.18)
- o sin o 1— ELQ + (1 — El,l) El’g COS & (1 — 7"2) (n — T)2 ’

and the sequence will have an effective sequence time given by Ty, = TR; + T'Rs.

This results in a flip angle mapping efficiency given by:

o sin o

1/2
((1 —FEio+ (1 —FEyq) E 5 cos Oz>2 (1-— 7"2) (n — T)Q) (3.19)

Larr

1— E1,1E1,2 cos? a (n2 — 1) <T2 + 1)

3.2.3 Double Angle Look-Locker

Compared to the above methods, Look-Locker based flip angle mapping tech-
niques have many more parameters that influence the flip angle imaging efficiency.
This, combined with the error propagation through the non-linear least squares fitting
process, makes the derivation of imaging efficiency a tedious endeavour. The proce-
dure is outlined here, but for a full discussion, the reader is directed to the Thesis

Appendix. The efficiency is determined by 77, the separation of sampling pulses 7,
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flip angle «, and the segmentation of the transient, based on N, samples along the
recovery curve, into Np; effective inversion time images. This gives an acceleration
factor of N,/Nr;.

The Look-Locker technique has been shown to be a very efficient technique for
measuring 77 [17], with a peak efficiency nearly equal to that of inversion recovery
techniques, but applicable in a very short scan time.

The flip angle as given by the double angle Look-Locker (DALL) method is given
by [13,14]:

a = arccos (le <EA +\/EaA + 8>> (3.20)

1 1
EA =exp (—7’ ( — = )) (3.21)
T1,2a Tl,la

where T7,, and 17, are the driven inversion recovery time constants measured by

with

least squares fitting to the Look-Locker recovery curves, based on sampling with a

train of la or 2« pulses, and are related to T} and « by:

1 In(cosla)

T* = — 3.22
1,1l Tl T ( )
1 In(cos2a)
Tf9p = = ———= 2
1,2« Tl T (3 3)

The noise amplification factor (see Appendix 3.7.3) is then give by:

Exr a b\ i 2\’
p — A lo _2a 3.24
o OEn ((TﬁMD&) + (TﬁQaDRQ) ) (3.24)

where

804 2 -1/ EA
— = 16—(E +\/E2+8>> 14+ —— 3.25
OFA ( . A VEZ +8 (3.25)

where DR 5 is the dynamic range of the exponential recovery curves (defined for

these purposes as (S(o0) — S(0))/Sp), and b* is the noise amplification factor for the
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T} values assuming 3 parameter fitting to an inversion recovery equation, defined as:

O'Tl*/Tl*

b*
O'()/DR

(3.26)

The full expansion of b* is presented in [17], and is also included in Thesis Appendix
A.

Here we have to distinguish between the standard implementation of Look-Locker
imaging and the accelerated technique. In conventional Look-Locker imaging, the
recovery is sampled N, times with the low flip angle pulses, and these samples are
used to form Np; = N, images along the recovery curve. In accelerated Look-Locker
imaging, the samples can be grouped so that Npy; < N,, thus giving an acceleration
factor of N,/Nr;.

The double angle accelerated 3D Look-Locker imaging techniques require N
reconstructed images along the recovery curve, acquired twice (once using la tip
angles and once using 2« tip angles). This gives an effective sequence time, Ty, =
2 -7+ Npp. The effective sequence time may be slightly longer than this due to the
time required for the inversion prep pulses, but for purposes of simplicity it is assumed
these are short compared to the time taken for the sampling pulses.

Thus the double angle Look-Locker methods have an efficiency given by:

9 o\ —1/2
I'parr = ! - (( bl ) + <b§a> ) (3.27)
V27 N7y Ep (0a/OEA) 171, DRy T1*,2aDR2
where the efficiency depends on the sampling of the two recovery curves via the b*
values and DR values. The b* values will be determined by the sampling of the
recovery curves and do depend on the starting or ending values of the transients,
and the DR values will be determined by the order in which the two curves are
sampled as well as the nature of the preparation pulses. In the following sections
three different ordering and preparation pulse schemes are introduced and efficiency

formulae derived.
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3.2.3.1 Non-Interleaved Inverted DALL

Typically, for the accelerated 3D Look-Locker method, each a-pulse-train is fol-
lowed immediately by the next inversion a-pulse-train, and this conventional approach

will just be referred to as DALL.

{7r— [a—T—]Na}

After a complete image (or k-space) data set is fully collected using « pulses, a second

repeat

would be acquired using 2« pulses.

{7r — [2a — T—]Na}

The familiar inversion recovery equation that is fit independently to the two transients

repeat

1s:

t
S(t) = A+ (B—A)exp <—T*> (3.28)
1
where A is the steady-state that the signal is decaying towards given by the equation:
1-F
A = — " i 2
SOl—ETcosozsm& (3.29)
E. = exp(—7/T1) (3.30)

The starting value, B will depend on the delays introduced by the inversion pulse, as
well all of the samples along the recovery curve [16]. If the inversion pulse is assumed

to be short relative to 7T} relaxation, it can be approximated by setting
S(0) ~ —S5(N,7) (3.31)

giving the result

1 —exp (—=N,7/TY)
B~ A CNur/ T (3:32)

l

and thus a dynamic range

DR = A-B

2
=4 (1 + exp (—NaT/Tl*)> (3.33)
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In this implementation of the dual angle LL method, a total of six parameters will be
fit: Ay, By and Ty, for the transient acquired with la pulses, and Ay, By and 17,

for the transient acquired with 2« pulses.

3.2.3.2 Interleaved Inverted DALL

The interleaved DALL (intDALL) method interleaves the la and 2« recovery

trains:

{71' — [Oé — T_]Na - T = ([20& - T_]Na _}repeat

so that both 1a and 2a data set acquisitions are interleaved into one sequence. This
has the effect that it makes the dynamic range of the transients in the two acquisitions
more similar, and may make the DALL technique less sensitive to changes in 77 or
flip angle.

Thus, if the la acquisition is governed by the equation Si,(t) = Ay + (B1 —
Ay) exp(—t/Ty,,) and the 2a acquisition by San(t) = Az + (By — A1) exp(—t/T7,,),
the signal for the la acquisition will recover from B;, towards, but not necessarily
reach A;, while the 2a acquisition will recover from B, which will be determined by

the end of the 1o train.

By = —sinaM, 9,(N,T)
BQ = — sin 204MZ7104(N0¢7_) <334)
Solving these gives:
1-F
A, = TG ’
1 So " E cosar sin v (3.35)
1-F
Ay = Sp——F———sin2 '
2 So 1 — E.cos2a e .
B o_ (sina/sin2a) Ay (1 — Eay) + A1Foq (1 — Ela) (3.37)
(1 - ElaEZOz)
p, — —(n20/sna) A (1= Bio) + AsBra (1= Fn) (3.38)

(1 - ElaE2a>



73

N1

Ei, = exp (— = ) (3.39

' Tl,la )
Ne

By = oxp (- *T> (3.40)
T1,2a

where the dynamic range is still given by A; — By for the 1o acquisition, and Ay — By

for the 2« acquisition, but now By and By depend on the dynamics of both transients.

3.2.3.3 Interleaved Non-Inverted DALL

There is a third option. The transients may be acquired in an interleaved sense,

but with the inversion pulses omitted (niDALL):

{[0‘ — 7=y, — [2a—T-]y, _}

repeat

As in the interleaved DALL acquisition scheme above, the end of the la-pulse-train
acts as the preparation for the 2a-pulse-train and vice versa. The equations for

interleaved non-inverted DALL still apply, but B; and B, are replaced with:

(sina/sin2a) Ay (1 — Eay) + A1Eoe (1 — E1y)

B =
! (1 - ElaE2a>

B, _ (sin2a/sina) Ay (1— Bia) + AsBia (1 = Epa) (3.41)
2 (1 - ElaEQ(x) .

Flip angle maps may still be produced as above by fitting for A;, Ay, By, B,
174, and T7,,, but removing the inversion pulse decreases the dynamic range of the
transients and may lead to poorer efficiency. However, now that the assumption of an
infinitely short, perfect inversion is no longer required, the equations become exact
and it is possible to fit directly for 3 parameters: T}, a and Sp.

The propagation of noise into 77, o and Sy by directly fitting for these parameters
is not as straight forward as fitting for 77, and T7,, independently. There is no
closed form solution to work from. Instead, the propagation of noise into the flip
angle was solved using the symbolic math toolbox of Matlab, and the expressions are

included in Appendix A of the Thesis.
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3.2.4 Dual 7 Look-Locker

So far we have only considered running the accelerated Look-Locker sequence
using two different values for the flip angle, a and 2a.. It is possible to extract the
same information using a dual 7 approach (D7LL). The transients can be acquired
using the same flip angle, but with a different spacing between the « pulses [14, 18].

An interleaved acquisition would look like this:

{W —lo—n—]y, =7 = o =]y, _}

repeat
The flip angle will then by given by:
a = arccos (Ey) (3.42)
with:
nry 1 1
Ey = — — 3.43
: o ( n—1 (Tl*,f Tf,n'f)) ( )

where 7 = 71 = 75/n with n > 1. The two repetition times lead to the two recovery

constants, 77 and T}

I'nr in an effective sequence time of Tyey = (n + 1) Npy7. This

expression leads to a noise amplification factor given by:

1 nr FE b* 2 b* 2\ /7
b = — A T 4+ =2 (3.44)
an—1 /1 _ E? T, DR, 17, DR,y

where the b* values are the dimensionless noise propagation factors for the 77 values

as given in the Appendix.

In principle the same options available for DALL are available for D7LL; in other
words, the two different 77 values may be acquired using sequential, interleaved or
non-inverted acquisitions as with the double angle methods above. However, for the

sake of brevity, only the interleaved, inverted acquisition scheme will be considered.
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3.3 Methods

The relevant imaging parameters for each technique were varied to investigate
what affect they would have on the theoretical efficiency of each flip angle mapping
technique. The goal was to find the set of parameters that would optimize the effi-
ciency, I', and thus ANR for a given scan time. With each technique thus optimized,
they could then be compared in terms of efficiency over a desired range of excited flip
angles.

A 12 ecm diameter cylinder containing NiCl samples, with 7} values ranging from
185 ms to 2950 ms, was used to validate the calculated efficiencies over a range of
parameters. The 3D imaging matrix for the AFI and Look-Locker techniques was
42x42, with 24 slices, with an FOV of 12 ¢m in plane and 1 cm thick slices to cover
the entire volume of the phantom. Imaging parameters were then optimized to achieve
the maximum ANR in a one minute scan. Multiple repeats were then used to estimate
the noise in the estimated flip angle, and therefore ANR in the resulting flip angle
maps.

A one minute scan with 42x24 = 1008 phase encode lines and no averaging leads
to a Tseq of 60 ms. For the AFI technique, the one minute scan time limitation implies
TRy + TRy = 60 ms, thus to maximize n, subject to a minimum 7T'R constraint of
bms, TR, /TR, was set to 5/55 ms. The flip angle was set to a nominal value of
a = 60°, and varied by changing the transmit attenuation.

For the Look-Locker experiments, imaging timing parameters were chosen to op-
timize efficiency for a one minute scan based on 8 effective T'1 points and a T} of 1500
ms. To achieve a one minute scan, 7 was set to 3.7 ms, and N, to 608 and 328 for int-
DALL and niDALL respectively. Image SNR (Sy/0¢) and the resulting ANR (based
on Eq. 3.3) were estimated using multiple repeats for each of the techniques. Sy was
estimated using the value determined from the niDALL technique. A hard pulse with

a nominal flip angle of 4° (2 = 8°) was used as the nominal « pulse, and the flip
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angle was then varied between 2° and 12° by changing the transmit attenuation.

3.4 Results

3.4.1 Double Angle Method Optimization

The basic double angle method itself requires a repetition time of 577 to avoid
bias. For a 3D data set this would lead to an excessively long scan, unless accelerated
read-out techniques such as EPI or spiral acquisitions are used. The saturated double
angle (satDAM) method employs a saturation reset pulse with a customizable delay
before the imaging pulses, to allow faster sequence acquisition. The delay determines
the available longitudinal magnetization and scan time.

This extra delay allows the sequence to be run more quickly without incurring a
bias, but also leads to an efficiency that varies with the recovery delay time as can
be seen in Figure 3.1(a). The optimum value for Ty, is approximately 2.57}, which
corresponds to Tsp = 1.257). This would still lead to a long scan, and speeding
up the acquisition by choosing a shorter repetition time will lead to a reduction in
efficiency.

The optimum efficiency achievable at different a values is shown in Figure 3.1(b).
The conventional double angle method with a TR of 57} is shown, and indicates
that the saturated DAM has a higher efficiency. Both approaches, though, appear to
achieve their optimum efficiency when a = 96°. This contrasts slightly with how the
sequence is normally run. Normally only the signal amplitude is considered, and the
flip angle must be kept below 90° to avoid an undetermined solution. If the signal
phase is maintained, then Sy, /S1, can become negative and produce valid results for
flip angles above 90°.

A critical drawback of these double angle methods is that optimum efficiency

is only achieved with relatively long repetition times, leading to long scan times.
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Figure 3.1: Optimum efficiency (in s~'/2) available using the double angle methods.
(a) Efficiency at different recovery times for the saturated DAM and (b) the optimized
efficiency of the saturated DAM compared to conventional DAM.

Reducing the scan time by shortening the recovery delay time leads to a significant
decrease in scanning efficiency. Alternatively, an accelerated readout could be used
to acquire images more rapidly. This could make the DAM feasible in a reasonable
scan time, and allow the satDAM technique to be run with longer Tsgr times. Doing
this would lead to a more optimal Tsr but would also decrease the SNR due to the
higher bandwidth of the EPI train. These two influences will be examined further

when exploring efficiency in a restricted scan time.

3.4.2 AFI Optimization

Optimization of the AFI technique is more complex than the DAM methods.
Rather than optimizing just one recovery time parameter (Tsg for satDAM), there
are now two recovery times that need to be considered, T'R; and T Rs, also expressed
as TRy and n = TRy/TR;. The original implementation [12] recommended TR; <
TRy < Ty with n between 4 and 6, and flip angles in the range 20° to 80°.

From Figure 3.2(a) it appears that these values may not be optimal. The optimum
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Figure 3.2: Efficiency of AFI with n optimized. (a) Efficiency (T in s~%/2) at different
values of T, and v with n optimized for each combination, and (b) the error ((aarr—
a)/a) associated with the optimum efficiency).

efficiency occurs at av = 116°, for a Ty, value of 1.37} with n =74 (i.e. TRy /TRy =
232/1718 ms for T = 1500 ms). This however will lead to a significant inaccuracy, as
indicated in Figure 3.2(b), in the measurement of «, as the assumption that TR, <
TRy < Ty will no longer be valid. Moving to shorter repetition times will reduce this
problem, but at the expense of efficiency. Alternatively, n may be increased to reduce
bias with minimial effect on efficiency.

The n value required to produce the optimum efficiency shown in Figure 3.2(a)
depends on the particular Ti., and o combination. This is shown in Figure 3.3 for a
Tseq = 1.3T. At low flip angles (below approximately 90°), the efficiency is relatively
insensitive to n but the optimum choice for n is as large as possible (i.e. TR; a
minimum). At larger flip angles, a value closer to n = 5 may be better in terms
of efficiency, but comes at the expense of a larger error as shown in Figure 3.3(b).
Maximizing n will maximize the efficiency at low flip angles, ensure the least bias
regardless of the flip angle, and will only lead to a minor decrease in efficiency at the

largest flip angles.
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Figure 3.3: (a) Efficiency and (b) error of the AFI technique as a function of n, with
Tseq = 1.371. Low flip angles (< 90°) are optimized when n is maximized. At higher

flip angles this behavior changes.

In addition, it should be noted that with n maximized (i.e. TR; a minimum),
the sequence begins to behave like another method based on two approximately 90°
pulses in rapid succession [11]. The first pulse tips the magnetization into the trans-
verse plane, and the second follows very shortly after the first to sample the residual

longitudinal magnetization. It can be shown that for TR; << T} the AFI equation

reduces to:

a = arccos <S2> (3.45)
S

which matches the solution in [11].

As in the double angle methods, the AFI method achieves its optimum scan
time with a T, value that would lead to a very long scan for a 3D data set if no
accelerated imaging were used. Reducing the scan time is possible either by reducing
the repetition times and thus T, with a resulting loss in efficiency, or by using

accelerated imaging which permits a more optimum 7T.,, but with reduced SNR.
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3.4.3 Double Angle Look-Locker Optimization

The parameter space of the DALL techniques was explored by varying the rep-
etition time (7), length of the a-pulse-train, (N,) and the flip angle («) to find the
optimum efficiency for each Ty, and a combination. The 7T} was set to 1500 ms, and
Nrr to 8.

Figure 3.4 shows the dependence of the relative efficiency, I', of the DALL and
D7LL techniques on 7 and flip angle. For each point, N, is optimized to give the
best efficiency, and in the case of DTLL, n is optimized as well. Based on these, it
would appear that the best efficiency is achieved with fairly long 7 values at large
flip angles. At this point N, is restricted to Nr;, and the technique ceases to be
accelerated and reduces to a conventional Look-Locker approach. This is also at the
limit of the validity of the DALL approach. For a = 45°, 2a = 90° and T7,, = 0 to
which no valid exponential can be fit. At this limit, the optimum choice of 7 is around
0.277, which for 32 view and 32 slice encodes, and Nr; = 8 effective TI images, would
lead to a 3 hour scan, unless some sort of accelerated imaging is used.

The best achievable efficiency (7, NV, and n optimized) at any given flip angle is
shown in Figure 3.5 . The benefit of moving to an interleaved acquisition is shown by
the increase in efficiency across the entire range. It is also apparent that reducing the
number of parameters fit in the niDALL approach, by removing the inversion pulse,
more than compensates for reduced dynamic range in the transients, and leads to an
efficiency that is even better still.

However, as can be seen in Figure 3.5, the optimum achievable efficiency does
not depend strongly on the flip angle. Thus choosing a shorter repetition time, and
a correspondingly smaller nominal flip angle can lead to a much shorter scan, with
minimal reduction in efficiency.

The 7 and N, values required to achieve optimum performance are presented
in Figure 3.6 for the niDALL method. From Figure 3.6(a), it is clear that lower

flip angles allow a shorter repetition time, and hence total scan time, with minimal
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Figure 3.4: Optimal flip angle mapping efficiency (in s~'/2) achievable using the ac-
celerated 3D Look-Locker sequence for different repetition time, and flip angle com-
binations. (a) efficiency based on a sequential acquisition of a and 2c, (b) interleaved
DALL, (¢) non-inverted DALL, fitting reduced parameter set, and (d) interleaved
D7LL acquisition.
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Figure 3.5: The best efficiency of the Look-Locker based methods achievable at each
flip angle, assuming all other parameters are optimized for that flip angle.

reduction in efficiency. These shorter repetition times and flip angles, lead to a slower
transient recovery curve, which is best sampled by many « pulses as indicated by
Figure 3.6(b).

The best choice of flip angle, if the 7 value is set based on scan time, can be
found by observing that the ratio of the flip angle to the Ernst angle based on the
desired 7 value is nearly constant in Figure 3.6(c). Similarly, the number of a pulses
to optimally sample the recovery train is based on observing that the ratio of the
time taken to sample the recovery (7N,) to the modified recovery constant (77,,)
is also relatively constant in Figure 3.6(d). While only the results for the niDALL
method are presented in Figure 3.6, the other DALL based methods display similar
behaviour, and the optimum imaging parameters can be found based on the values
in Table 3.1. In Figure 3.6 there is a discontinuity in the optimum parameter values
at approximately 30°. This is due to the fact that above this angle, the sequence

ceases to operate as an accelerated acquisition and the parameters are limited by the
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restriction N > Np;, with Np; fixed at eight as outlined below.

a/aErnst NaT/Tﬁla

DALL 0.94 3.35
intDALL 1.21 3.73
niDALL 1.19 1.93

Table 3.1: Optimum imaging parameters for the various DALL flip angle mapping
techniques.

3.4.4 Optimizing the Number of Effective TI Images

For the Look-Locker based techniques we have so far been assuming Np; = 8.
This is partially based on [19], but it is also possible to demonstrate how efficiency
depends on Np; with N, and all other parameters fixed.

As can be seen in Figure 3.7(a), the efficiency increases up to approximately
Npr = 8 and then begins to fall off very slightly. With insufficient points along the
transient, the exponential fitting is a poorly determined system, and very sensitive to
noise. Above a certain threshold, (approximately Np; = 8) additional points along
the transient begin to act just like additional averages, and so, while they may reduce
the noise in the fit parameters, it will come at the expense of scan time, for minimal
net effect on efficiency.

For the DALL and intDALL techniques that require fitting a total of 6 parameters,
the optimum N7 value is closer to 8, whereas for the niDALL technique that relies
on fitting only 3 parameters, fewer points are necessary (an optimum closer to 4).

While increasing the number of effective TI images beyond a certain point may
not lead to an increase in efficiency, it will lead to an increase in the dynamic range
of the techniques. This is illustrated in Figure 3.7(b) for the DALL and niDALL
techniques. With the technique optimized for peak efficiency, points are spaced along
each transient to minimize the noise propagated into the flip angle for that set of

parameters. Moving away from this optimum, the efficiency begins to drop off, due
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Figure 3.6: Parameters required to optimize the niDALL method. (a) The optimum
repetition time is lower with decreasing flip angle. (b) Lower flip angles with corre-
spondingly shorter repetition times require longer read-out trains. (c) The ratio of the
flip angle to the Ernst angle based on optimum efficiency at that angle is relatively
constant, as is (d) the time taken for the read-out train relative to the T} for that

angle.
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Figure 3.7: Effect of the number of effective T/ images on the flip angle mapping
efficiency of Look-Locker methods with 7 set to 3.7 ms. (a) Efficiency is independent
of Np; above a certain threshold as the additional T'1 volumes behave like averages
N, and « are fixed. (b) The additional 7'/ volumes lead to a broader flip angle
sensitivity with NV, fixed.

to the points no longer optimally sampling the curves. Increasing Np; ensures that,

even away from the optimal sampling condition, the curves are sampled adequately.

3.4.5 1) Sensitivity

Up to this point we have been assuming a fixed 7T;. Typically, tissues with long T}
values are the most challenging with regard to flip angle mapping. If the sequence is
optimized to acquire an acceptable flip angle map at the largest T predicted to exist
within the volume, it will likely also produce acceptable results for shorter T values,
even if not optimized for those.

Figure 3.8 shows the efficiency of a niDALL technique optimized for a 1 minute
scan and a 77 of 1500 ms. Even though the technique is optimized for a long T} value,
it will produce an even better ANR at shorter T} values. The ANR will be as good
or better than the value at 1500 ms for 77’s ranging from approximately 300 ms to

1500 ms. The dynamic range will also be better at shorter 77 values over most of this
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Figure 3.8: Efficiency (in s7!/2) of the niDALL technique optimized for a T} of 1500
ms over a range of 7} and flip angle values (7 = 3.7 ms, Ny = 8, N, = 328).

range.

3.4.6 Practical Scan Time

So far we have investigated the optimum achievable efficiency of the above methods
without any concern as to how long they will actually take to scan. Neglecting
the actual scan time would seem to suggest that either the double angle or AFI
techniques have the advantage with peak efficiencies of approximately 1.2 and 0.9
s'/2 respectively, compared to the Look-Locker methods with efficiencies on the order
of 0.25 s'/2. However all of the above techniques appear to have an optimum efficiency
with parameters that would require a scan on the order of hours to acquire a 3D data
set.

Based on Figure 3.4 it appears that it may be possible to run the DALL meth-
ods with shorter repetition times with minimal loss in efficiency. On the other hand,

shortening the overall scan time would appear to lead to a significant loss in efficiency
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Figure 3.9: Optimized efficiency as a function of restricted effective sequence time for
the niDALL, AFI and satDAM flip angle mapping techniques.

of the DAM or AFI methods. This effect is highlighted in Figure 3.9 which shows
the optimized efficiency as a function of the effective sequence time, T, of each
sequence. The efficiency of the DALL methods is relatively insensitive to Ts.,. The
AFI and satDAM methods have an efficiency that improves with Tj,, and only ex-
ceeds the efficiency of the niDALL method above a certain threshold (approximately
Tseq = 0.0257%). This implies that for fast imaging especially in the presence of long
T values, niDALL may be the best choice. For example, for a 3D scan with approx-
imately 1000 total phase encode lines (32 x 32 or 42 x 24), and a sample T3 of 2000
ms, this implies niDALL would be the optimal choice for scan times below 50 s.
Flip angle or B mapping is required to set optimal amplitudes and phases of
multiple transmit ports for By shimming , or to design rf pulses for fully parallel
transmit methods [20-22]. For these applications, flip angle maps in times on the
order of a minute or less are needed. For this comparison, we will assume a maximum

scan time of one minute for a scan with 42 views and 24 slice encodes (1008 total
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Figure 3.10: Efficiency of flip angle mapping techniques with a scan time limited to
one minute for (a) the DALL techniques, and (b) the AFI and DAM techniques.

phase encodes).

Imaging parameters were chosen to maximize the ANR for a 7} of 1500 ms and
a scan time restricted to one minute (i.e. T, =~ 0.0477). The optimum sequence
parameters were set based on this value, and only the flip angle varied. This provides
an estimation of the dynamic range of the different techniques, as well as their relative
ANR performance.

The results of restricting the scan time to one minute are shown in Figure 3.10.
From these, it is clear that, while AFI or the DAM may have a higher peak efficiency,
with a limited scan time the accelerated 3D Look-Locker based methods, and in
particular the niDALL technique offer an almost equally efficient map of the flip
angle.

Rather than reducing the repetition times to acheive a one minute scantime, it
is also possible to use accelerated imaging such as EPI. The acceleration due to
EPI allows an increase in repetition times so that T, oc ETL. This leads to two
competing effects. The longer Ty, values lead to higher efficiency for the satDAM
and AFI methods, and could make conventional DAM feasible, but SNR is reduced
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Figure 3.11: Effect of EPI acceleration on the efficiency of the (a) satDAM and (b)
AFI methods.

due to the need to increase bandwidth to maintain the same read-out window, which
leads to a decrease in efficiency. This decrease in efficiency is proportional to R~1/2,
and in Figure 3.9, the slope of the satDAM and AFI methods is never greater than
0.5, or in other words slower than a square root law. This implies that using EPI
to permit longer T, values will not lead to a net gain in efficiency. This is further
illustrated in Figure 3.11 for the proposed one minute scan. An ETL of 32 would
allow a T, = 1.27T}, which is near optimum for the AFI and satDAM methods, but

does not yield a net increase in efficiency.

3.4.7 Experimental Validation

The flip angle maps based on optimum imaging parameters for the AFI and
niDALL techniques are shown in Figure 3.12. The nominal flip angle to produce
the AFI map in Figure 3.12(a) was 120°, and the locations of the different 77 doped
phantoms are evident by a slightly different flip angle from the surrounding saline.
The noise in this image is indicated by the ANR map shown in Figure 3.12(b). Here

it is clear that the noise in the flip angle map is dependent on the T}, producing a low
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ANR for the longest 77 samples (upper left, 2950 ms), and improving with decreasing
T; to the lower right (185 ms).

The flip angle map based on the niDALL technique in Figure 3.12(c) is based on
Qnom = 6°. This leads to the ANR map in Figure 3.12(d), which indicates an ANR
approximately equal to the ANR of the AFI technique, where 77 is long, but does
not improve much with shorter 7} values. In both flip angle maps, there appears to
be minimal B inhomogeneity, which is expected for a small phantom at 3 Tesla.

The model of noise propagation was validated by comparing the ANR predicted
by noise propagation based on the measured signal to noise and the scan time to
the experimentally measured values over a range of imaging parameters, using mul-
tiple repeats to acquire the above images. These are presented in Figure 3.13 for
the AFI and niDALL techniques. The AFI approach has an efficiency advantage in
short 77 samples, but where 77 becomes large, the niDALL approach matches the
AFI technique, but at significantly lower flip angles. There is also reasonable agree-
ment between the theoretically predicted and experimentally measured ANR for both
techniques, indicating that the noise propagation theory is an acceptable method of
optimizing and comparing the techniques.

There does appear to be additional error present in the AFI technique (Figure
3.13(b). This is most likely due to imperfect spoiling. The improved AFI spoiling
scheme [23] was implemented, but may not have been sufficient, particularly at the

higher flip angles.

3.5 Discussion

The AFT and DAM methods are often run ensuring o < 90° to avoid the need to
maintain image phase. As the results in this chapter show, there are potential benefits
to be had by running the techniques at higher flip angles. The DAM methods appear
to give a peak efficiency at flip angles around 96°, while the AFI method is optimized
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Figure 3.12: Noise properties of the AFI and niDALL techniques. (a) AFI flip angle
map (a/nem) With apem = 120°, and TRy /TRy = 5/55 ms (b) ANR map of (a).
(c) niDALL flip angle with @, = 6° and 7 = 3.7ms and (d) the ANR map of the
niDALL image.
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Figure 3.13: Performance of the AFI and non-inverted DALL techniques. (a) shows
the ANR for a range of T} values is ms, and (b) shows the bias in the measurement.
(c) is the ANR for the niDALL technique, and (d) is the bias in the niDALL flip angle
measurement. Lines are the ANR predicted by propagation of noise.
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around 116°. There are additional challenges at these higher flip angles, as the small
tip angle assumption will no longer apply, and flip angle maps produced using slab
selective pulses may not translate well to lower flip angles. In addition, spoiling
becomes challenging, particularly when repetition times become shorter.

The results also indicate that the techniques are at their most efficient with rela-
tively long repetition times (Tsg = 1.257) for the satDAM method and TRy +T Ry =
1.3T; for AFI). This indicates that better results are obtained by lengthening sequence
parameters up to these limits rather than signal averaging. In addition, it appears
that it may be advantageous to run the AFI technique with T'R; minimized. Previous
studies typically used the T'Ry/T R; ratio in the range 4-6 which appears not to be
ideal. At flip angles below 90° minimizing T'R; leads to the best efficiency. At higher
flip angles a TRy /TRy closer to the previously suggested range may be optimum in
terms of efficiency, but will lead to significant bias. For these reasons it is best to
keep T'R; to a minimum.

Using EPI imaging to permit a longer and more optimal 7T, for AFI and satDAM
was shown to produce no net benefit in terms of imaging efficiency. EPI may have
other benefits however. It could potentially make conventional DAM feasible. Using
EPI also allows an increase in the sequence repetition times, which may have the
additional benefit of reducing the difficulty in spoiling the transverse magnetization
and reducing 77 bias.

The Look-Locker based flip angle mapping techniques appear to have an efficiency
that is relatively independent of T.,. Overall, the niDALL was found to be the most
efficient owing to the ability to fit a reduced parameter set. Thus, while it may not
have the peak efficiency of the DAM or AFI methods, when scan times are limited,
the ANR performance of the niDALL method may meet or exceed that of the other
methods, especially for long 77 values.

The propagation of noise analysis allows a conceptual approach to optimizing

flip angle mapping techniques. It does, however, have some significant limitations.
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The techniques presented assume perfect spoiling of the transverse magnetization
at the end of each repetition period. At low flip angles and long repetition times,
this may be a good assumption, and the primary source of error in the flip angle
maps is likely to be noise propagated from the raw images. At the shorter repetition
times and larger flip angles required by some of these techniques, the perfect spoiling

assumption begins to break down.

3.6 Conclusion

The concept of flip angle imaging efficiency based on a theoretical propagation
of noise analysis was successfully used to investigate the parameters that would give
the best noise properties in flip angle maps. Imaging parameters for AFI, DAM and
Look-Locker based imaging techniques were presented that optimized the flip angle
techniques over a range of physical parameters, and experimental ANR ratios agreed
with those predicted by the theoretical model. Overall the AFI approach appears to
be an excellent choice when time constraints are not a factor, though it does suffer
from spoiling difficulties and requires long imaging times for optimum performance.
The Look-Locker based methods appear to be an excellent option, especially when

short imaging times are required, or when small tip angles are desired.

3.7 Appendix

From least square propagation of noise statistics, we have [24]:

2 da \? 2
o= ). 55, | i (3.46)

i
Where S; are the signal intensity values that enter into the calculation of the flip
angle, and o; are the noise levels in each of those values. Since we expect the noise

to be the same for each image, o; = 0y. In addition, the signal values will in general
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be given by S; = 5pS;. Thus Eq. 3.46 can be rewritten as:

ol = (g)QZ@g)Q (3.47)

and thus the dimensionless noise propagation factor is given by:

> 1 Ja
"= 01222: 0S;

)2 (3.15)

3.7.1 DAM

For the double angle method, two signals, S| and S}, are required in Eq. 3.8, and

EE) e

1 1 SP + S%
C a2487 - 5P < S (3.50)

thus Eq. 3.48 becomes:

For the conventional DAM method, S} = sina and S} = sin 2a, while for the satu-
rated DAM method S| = (1 — exp (—Tsg/T1)) sina and S5 = (1 — exp (—Tsr/T1)) sin 2.

Thus the error propagation term becomes:

1 1 sin?(a) + sin?(2a)
b2 = .51
bAM a2 4sin’(a) — sin?(2a) ( sin?(a) (3:51)
1
bgatDAM = bQDAM 2 (3.52)

3.7.2 AFI

In the AFI method, the flip angle is determined by Eq. 3.17, and thus the noise

propagation factor is given by:
o~ 1 ((92), (o)
b* = 02 gl + gl (3.53)
1 [(0a)’ or '\’ or\’
- (%) (<851> +<8S§)) (359
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where r = S5/S; = 54/S] and with:

2 1/2
Oa 1 (n 1) (3.55)

or n—r

b becomes:

: _ 1 (=10 +1)
vs SPa? (1 —7r2)(n—r)° (3.56)
_ 1 1 — E1E5cos® o 2 (n?2—1)(r2+1)
— (1—E2+(1—E1)Egcosa> (1—7’2)(n—r)2

(3.57)

a2sin® o

by substituting S; = S1/Sp as given by Eq. 3.15

3.7.3 DALL

For the double angle method, the flip angle is given by 3.20, and thus Eq. 3.46

can be reduced to:

aOé 2 aEA 2 8EA 2
2 2 2
= \ap. « * 3.58
Oa <8EA> (<8Tﬁ1a> UTlvla + 3T1*,2a UTl,za ( )
where:
8EA EAT
= - 3.99
aTl*,la T1*,1a2 ( )
OF E
A= & (3.60)

o Tiod
and ory,., and ory,,, can be found by analyzing the propagation of noise in least
squares fitting.

Statistical analysis of least squares fitting [24] yields the error matrix , e = 371,
where the elements of 3 are given by:

B — leay(lﬁi)ay(%)] (3.61)

o? Oda; Oay

where y is the function that is fit, z; are the locations of the data points used in the

fitting, o, is the noise in the data point at x; and a are the parameters in the function.
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For Look-Locker imaging y(x;) = S(t;) = A+ (B — A) exp(—t;/T7), and if we set
a; =Ty, ay = A and a3 = B, then 0%1* = €11. An exact solution can be found in [17],

and is summarized by the 77 error propagation term:

Co2Co0 — C2 1/2
bt = ( = 2 o 2 2 ) (3 62)
C22€02C00 + 2C12C01C11 — C12C00 — Ci1C22 — C€11C02
N
Cmn = Z <t /T*) exp (_ntl/Tl*) m,n = 07 1a or 2

@
Il
—

and thus the a noise amplification factor becomes:

1 [ da \* (( Earbi, \* [ Eathi, \°
2o - o *AT la i *AT 20 (3.63)
a? \ OEa Tl,laDRl T1,2aDR2

For the non-inverted DALL method, it is possible to fit S7 and Sy simultaneously
for o, T1 and M. Thus Equation A.83 becomes:

0S1a(ti) OS1a(ts) | 0Saalt:) 952&“%')] (3.64)

b = o2 XZ: [ da, Day, da day,
Where a1 = o, ay = T7 and a3 = M. Si, and Sy, can be reduced to functions of «,
Ty, and My by substituting the full terms for A, B and 77 into equation 3.28. The

solution is complex and was solved using the symbolic math toolbox in Matlab.
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Chapter 4

Spoiling for Accelerated 3D

Look-Locker Acquisitions
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Abstract

The Look-Locker technique is a fast and efficient method of measuring the longitudinal
recovery constant, T7. This makes it adaptable to imaging, and in particular it can be
used in an accelerated 3D Look-Locker acquisition to rapidly acquire 77, or flip angles.
When flip angles become large, or repetition times become short relative to 77 and 75,
conventional techniques fail to effectively spoil the transverse magnetization, leading
to significant deviations from an ideal transient and inaccuracies in the measurement
of the modified recovery constant, 77". A novel approach using a randomized spoiling
scheme was recently suggested for steady-state imaging applications where signal
accuracy is more important than artefacts induced by not being in a true steady-state.
Here this approach is applied to transients measured using the accelerated 3D Look-
Locker technique. This improved random spoiling is particularly well suited to this
application as conventional spoiling causes erratic deviations from the ideal transient,
and these can be significantly reduced using random spoiling. This approach is shown

to improve the accuracy of measurements of 77 without degrading image quality.
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4.1 Introduction

Fast imaging in the steady-state using short repetition times and spoiling of the
transverse magnetization is an efficient method of image acquisition. The short repe-
tition times make fast imaging possible, and by acquiring data using the Ernst angle,
the acquisition can be very efficient. By spoiling the transverse magnetization before
each radio-frequency (RF) pulse, the image contrast can be defined by a relatively
simple equation, simplifying image interpretation and making quantitative imaging
feasible.

Conventionally, spoiling is achieved by using a quadratically increasing RF phase
combined with a constant amplitude gradient crusher [1]. So long as the crusher
dephases spins in a voxel by a multiple of 27, this will lead to the formation of a
steady-state. An appropriate choice of the quadratic increase in phase will lead to a
steady-state signal that approaches the ideally spoiled case for a range of relaxation
times and imaging parameters. The precise choice of quadratic increase will, however,
depend on the particular application [1-6].

The motivation behind this deterministic spoiling scheme is that it will lead to
a steady-state. The signal will thus be modulated only by the phase and frequency
encoding gradients leading to a nearly ideal point spread function (PSF). If a random
spoiling gradient [1] or random RF phase spoiling [7] scheme were used, there would
be underlying variation of the magnetization from «a pulse to a pulse. This would
lead to a non-ideal PSF, and artefacts similar to motion or ghosting artefacts.

As repetition times become short, excitation angles become large, and relaxation
times lengthen, the cancellation of coherence pathways induced by the quadrati-
cally increasing RF' phase, begins to break down and the steady-state magnetization
achieved by the quadratic scheme begins to deviate significantly from the ideal value.
This particularly becomes a concern where the steady-state signal is used for quan-

titative T} analysis as in DESPOT1 [8], or flip angle mapping using AFI [9]. While
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a steady-state will be reached, it can no longer be described by a simple expression,
leading to inaccuracies in the analysis.

In cases where the accuracy of the signal amplitude is essential, it may be ad-
vantageous to resort to a random spoiling scheme [10]. By using random spoiling
phase and random amplitude crusher gradients, the signal will oscillate about the
ideally spoiled value. If conventional Cartesian imaging were employed, this would
lead to the ghosting artefacts suggested above. This can be overcome by using radial
sampling, which effectively averages the centre of k-space, reducing the artefacts to
an acceptable level.

When not in steady-state, the prime reason for using quadratic spoiling disappears.
In Look-Locker imaging [11,12] or accelerated 3D Look-Locker acquisitions [13], we
are interested primarily in the transient before steady-state is reached. Even in a
perfectly spoiled situation, sampling along the transient in the accelerated 3D Look-
Locker case would lead to modulation of k-space. In addition, quadratic spoiling
does not lead to a situation in which signal follows an exponential. Instead, the
signal deviates erratically from the ideally spoiled curve, and leads to additional
degradation of image quality and inaccuracy when fitting a time constant to the
measured transient.

The Look-Locker sequence was conceived as a method to quickly measure T
and consists of an inversion pulse followed by a low flip angle excitation pulse train
to sample the recovery curve. This was incorporated into a 2D imaging sequence
[12] which formed one image for each low angle RF pulse in the readout train, and
required multiple repetitions to fully sample k-space. The accelerated 3D Look-
Locker sequence [13] is a modification of the original which uses slice and phase
encode gradients to partition the recovery curve into a 3D data set with multiple
effective inversion time (TI) volumes. In this case, the deviations from the ideally
spoiled transient, due to imperfect spoiling, lead to effective TI images with signal

that deviates significantly from the ideal. This leads to inaccuracy in T) images
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obtained from this technique.

While originally designed for 7; imaging, the Look-Locker imaging sequence can
also be used to rapidly quantify the flip angle [14,15]. This, however, requires shorter
repetition times and larger flip angles, which both contribute to poorer spoiling ef-
fectiveness.

Quadratic spoiling does not produce a signal that varies smoothly from sample
to sample in the transient case, or even a curve that follows the ideally spoiled case.
We hypothesize that a random spoiling scheme, like that proposed by Lin [10], may
lead to images that better approximate the decay curve with reduced artefact. In
this chapter, the effects of random and quadratic spoiling on the transients used in
accelerated 3D Look-Locker imaging, and the resulting accuracy of 77 and flip angle
maps is investigated. The influence of spoiling on the resulting point spread functions

is also investigated.

4.2 Theory

The Look-Locker technique uses an inversion pulse followed by a long train of
low flip angle pulses to sample the relaxing longitudinal magnetization (IR-SPGR) as
indicated in Figure 1.8. This provides a very fast and efficient technique for measuring
T; [16]. SPGR pulses not only sample the recovering magnetization, but also perturb

it, leading to a modified longitudinal recovery constant:

1 1 In(cosa) (4.1)
T: T T ’

where « is the angle of the rapid sampling pulses, and 7 is the spacing between those
pulses. If the flip angle is known, then the true 7 can be deduced from the measured
Ty,

The analysis of the above is further complicated by the sampling scheme employed

in the accelerated 3D Look-Locker acquisition. Each effective TT image is formed
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using a small subset of samples along the transient, and multiple inversion-a-train
repetitions are required to fully sample k-space. For example, if 128 samples are
acquired and segmented into 8 effective TI images, 16 phase encode lines for each
effective T1 image can be acquired for each repetition of the inversion-a-train. The
inversion-a-train would then have to be repeated until all phase encodes are acquired,
and the effective inversion time for each image would then be determined by the time
after inversion at which the centre of k-space is acquired.

Filling k-space by sampling along the transient in this way, introduces an addi-
tional modulation of k-space that depends on the order in which phase encode lines
are acquired and is best quantified by observing the distortion of the point spread
function [17]. In addition to the distortion introduced by the transient, the deviation
from ideal transient induces an additional distortion. In simulation, it is possible to
separate these two effects.

Quadratic RF spoiling uses an ever increasing phase angle of each subsequent RF

pulse to spoil the transverse magnetization.

(bn = (,bnfl—i_ngbseed (42)

The optimum ¢g..q value has been found by numerical simulation to be 117° for
steady-state [1], and for transient signals to be 84° [4] to best match the ideally
spoiled case for a range of relaxation times and sequence parameters. For other
applications, other values may be better suited. For example, for 77 mapping using
the variable flip angle technique a value is 50° is proposed [5] based on stability
concerns and 7} measurement accuracy. For the actual flip angle technique [9], which
involves an interleaved TR steady-state, a different value again (129°) is required [3].
In addition to the phase spoiling, another approach is to include very large spoiling
gradient moments to induce additional spoiling due to diffusion losses [18].

While quadratic spoiling produces good qualitative images with minimal artefact,

when repetition times become short in comparison to relaxation times and/or flip
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angles become large, it becomes progressively more difficult to achieve the cancellation
of coherence pathways. At this point, the signal begins to deviate significantly from
the ideally spoiled value, and it becomes impossible to choose a ¢4.q value that is
applicable to a reasonable range of imaging parameters. This causes problems in
applications where signal accuracy is essential. This has led to a renewed interest in
randomized spoiling techniques [10].

The spoiling scheme proposed randomizes the phase of each RF pulse. Specifically,
each RF pulse has a phase randomly chosen from the interval [—m 7|. In addition,
each repetition will also include a crusher gradient of random amplitude that dephases
spins over a given voxel, by value C' measured in cycles/voxel, where C' is randomly

chosen from the interval [Cin,Craz)-

4.3 Materials and Methods

4.3.1 Simulation

The approach to steady-state was modelled using Bloch simulations implemented
in Matlab. For simplicity all of the pulses were assumed to be perfect hard pulses.
The signal after each pulse was simulated by summing 10000 isochromats uniformly
distributed along the gradient spoiling direction.

For spoiling in the steady-state, a gradient randomized over the interval [10,20]
cycles/voxel was previously found to be optimum [10]. For a transient, the same
may not be the case. To investigate this, two gradient randomization schemes were
simulated and compared to the ideally spoiled transient based on the root mean square
error (RMSE) between the simulated transient and an ideally spoiled transient. The
random spoiling schemes investigated included random crusher ranges [—Caz,Crnaz) s
and [0.5C40,Crmaz). The transient investigated was modeled assuming a sample with

T7 = 2000 ms, Ty = 200 ms, and 64, 30° « pulses separated by 7 = 3.5 ms. This
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would imply a 77 value of 24 ms, and sampling fairly far out on the exponential curve

(out to approximately 9 T7).

4.3.2 Experimental

The accelerated 3D Look-Locker sequence was implemented on a 3T GE Discovery
MR750 scanner. A pseudo random number generator [19] was used to perform the
randomization of RF phase and spoiling gradients, and the slab select (Z) gradient
was used for the spoiling gradient. Each effective TT image was formed from a group
of o pulses along the a-train, and within each group, ky-kz space was sampled using
a 2D centric encoding scheme. In other words, within each TI interval, the first RF
pulse was used to encode the lines closest to the centre of k-space, thus giving an
effective TT given by the time of the first a pulse within each TT interval.

A small CuSOy4 phantom (77 = 143 ms, T» = 117 ms) was used to minimize any
Bj inhomogeneity artefact and to simplify validation of the the simulations. The
inversion recovery curve was sampled with 512, 30° RF pulses with 7 = 3.6 ms,
spoiled using either the quadratic or random methods. This long train of RF pulses
allowed investigation of both the transient phase of the signal, as well as the steady-
state. Imaging gradients were turned off to give a direct measurement of signal after
each pulse, that could be compared to a simulated transient. A delay of two seconds
was used between the end of one transient and the next inversion to allow for full
relaxation, and to facilitate comparison with simulation and imaging.

The imaging gradients were turned back on, and the number of RF pulses reduced
to 64 to acquire eight effective inversion time images of the phantom during the
transient phase. Within each effective TI image, the ky-kz lines were encoded using
a 2D centric approach [20]. The first pulse within each group was used to encode
the line closest to the centre of k-space, and the last the line furthest out in k-space.
The sequence was then repeated to fully sample k-space with a 2 s delay between the

end of each sampling train and the next inversion for full recovery. Other imaging
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parameters were the same as for the acquisition of the transient above. The signal
intensities of a central region of interest were measured for each effective TI image

and were compared to the raw transient acquired with imaging gradients turned off.

4.3.3 Theoretical PSF

The accelerated 3D Look-Locker acquisition is complicated by the fact that signal
is modulated by sampling along the transient. This in itself leads to modulation
of k-space [17], and a non-ideal PSF. This much is inevitable in the accelerated 3D
Look-Locker acquisition. In addition to this effect, however, is any deviation from
the ideal transient.

The cumulative effect of these deviations is shown in Figure 4.1. The Fourier
transform of a delta function leads to a constant in k-space. In an ideal situation,
the signal acquired from this point source for each effective TI1 image would be a
constant in k-space (S(ky,k.) = S(k = 0)). This ideal k-space is then modulated
by the sampling scheme along the transient, Sians(ky,k.)/S(k = 0). The Fourier
transform of this function gives the PSF due to the transient itself (PS Fyqns). Next,
the k-space is further distorted by the deviations from the ideal curve due to imperfect
spoiling, contributing to the distorted k-space image. The Fourier transform of this
second distortion produces the PSE due to imperfections in spoiling (PSFjp.i). The
convolution of these two point spread functions combine to produce the distortion in
the final image and potential inaccuracies in the signal intensity as measured using
an accelerated 3D Look-Locker acquisition.

The blurring due to sampling along the transient (PSFj.q,s) is inevitable due to
the definition of the accelerated 3D Look-Locker sequence. PSFj,,; on the other
hand is something we can try to control by our choice of spoiling scheme. First,
we want to control any additional blurring, or ghosting. Secondly, the area under
PSFypu, which is also given by the deviation of M,.u(k = 0) from the ideal, will

lead to an inaccurate intensity of the effective T1 image, and thus a potential bias in
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Figure 4.1: The steps used to determine sources of artefact in simulated accelerated
3D Look-Locker acquisitions. A point is represented by a constant in k-space. This is
modulated by sampling along the transient, and any fluctuations from the transient
caused by imperfect spoiling, resulting in the distorted image of the point.

the T measurement.

The 2D centric sampling scheme will lead to a circularly symmetric modulation of
k-space. Thus a 1D profile through the 2D PSF should be sufficient to characterize
it.

4.3.4 Quantitative Imaging

A 12 c¢m diameter saline filled cylinder with 9 samples doped with NiCl to T}’s
ranging from 185 ms to 2953 ms was imaged using the accelerated 3D Look-Locker
sequence. Transients were sampled with 48 « pulses with a repetition time of 3.6 ms.
These pules were segmented into 8 effective TI volumes. The transients were sampled

with either 15° or 30° RF pulses in an interleaved sense:

[m — {48, 15° RF pulses} — 7 — {48, 30° RF pulses}|

repeat

This permitted imaging of the 7} values at two different flip angles and also allowed
the technique to be used to derive a flip angle map using the double angle Look-Locker
approach. Imaging was based on a 3D matrix, 42x42 in plane (FOV = 12 c¢m) with

24, 10 mm thick slices to cover the entire phantom. Spoiling was either conventional



111

quadratic spoiling, using ¢s..q = 84° and a crusher producing 14 cycles/voxel, or
randomized phase and gradients over the interval [10 20] cycles/voxel.

The T} values derived from the accelerated 3D Look-Locker technique were then
compared to values derived from a 2D inversion prepared fast spin echo measurement
of Ty and a flip angle measured using the AFI technique [9]. Accelerated 3D Look-
Locker acquisitions were repeated 20 times to assess the accuracy and precision of

the 77 and a measurements, as well as to investigate the benefits of averaging.

4.4 Results

4.4.1 Optimal Spoiler Gradient

The result of choosing different gradient crushers is shown in Figure 4.2. The
quadratic spoiling scheme is shown as a baseline, and its performance does not change
with increasing crusher strength, over the minimum required of one cycle/voxel. Sim-
ilarly, if a randomized phase is used in conjunction with a non-randomized gradient
crusher, there is no improvement with moving to increasing gradient crusher am-
plitude. This can be summarized as follows [10]. The isochromat signal across the
crusher direction of the voxel is periodic with position. Thus, if the gradient crusher
produces a phase dispersion of 27, or 107, the voxel signal will be the same as there
will be 1 period or 10 periods of magnetization and thus yield the same signal. Ran-
domizing the crusher amplitude breaks this periodicity.

With random crusher moments, isochromat signal will no longer be a periodic
function of position along the gradient crusher direction. Instead, the random gra-
dients add a spatially dependent nature to the random isochromat signal. If the
crusher moments are small (Cp,q < 5Scycles/pixel), then there will be less spatial
variation in the isochromat signal and coherence pathways can still be conserved. As

the crusher moments become larger, there will be greater variation within a voxel,
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Figure 4.2: Root mean square error between ideally spoiled and simulated transient.
Shown are the conventional quadratic spoiling, random phase with fixed crusher, and

random phase with crushers randomized over different intervals.

64 samples post

inversion, 7 = 3.5 ms, 717/T5 = 2000/200 ms. Ranges shown are a fraction of Cy,,.
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and the coherence pathways will generally cancel. This is evident in Figure 4.2, where
larger maximum random gradient moments lead to better agreement with the ideally
spoiled curve. For steady-state, uniformly distributed random crushers over the range
[0.5, 1]Cas were reported to be optimum [10] by avoiding low gradient moments or
balanced gradients that could lead to rephasing while still allowing a significantly
large random range. The same appears to be true for spoiling of transient curves. A
value of C,4, = 20 cycles/voxel was previously reported to be optimum. While there
appears to be little benefit of randomized crushers greater than this value, results
significantly better than quadratic spoiling should be possible with C,,,, as low as 5

cycles/voxel.

4.4.2 Validation

The approach to steady-state is not smooth even when a quadratic spoiling scheme
is used, as shown Figure 4.3(a). Despite the deterministic spoiling scheme, the sig-
nal varies erratically about the ideally spoiled curve. There are segments where the
signal deviates consistently from the exponential for several samples. A random spoil-
ing scheme removes these systemic deviations in favour of more random oscillations.
In addition, the amplitude of the deviations is smaller leading to an overall better
approximation of the ideally spoiled exponential.

The motivation for quadratic spoiling is evident from the right end of the plot
of Figure 4.3(a). After a sufficient number of pulses, the magnetization enters a
true steady-state but with a significant deviation from the fully spoiled value. The
approach to steady-state, however, is erratic, with significant deviations from the
ideally spoiled transient. It is this erratic transient that makes fitting an exponential
to acquire an estimate of 7} unreliable. The deviations are not due to noise. Rather
they are repeatable, and due to the erratic combination of coherence pathways. This
is demonstrated by the experimentally measured points that track the simulated

spoiling.
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Figure 4.3: Bloch simulations and experimental data for approach to steady-state
employing quadratic or random spoiling schemes. (a and b) Real and imaginary
components respectively of the signal for a transient acquired using quadratic spoiling
and a small amplitude crusher (2 cycles/voxel) and a ¢geeq = 84°. (¢ and d) Real and
imaginary signal for a transient acquired using random phase and crusher gradients
randomized over interval [10,20] cycles/voxel. The standard deviation in the transient
points is 0.0042 for quadratic spoiling and 0.021 for the random spoiling.
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The points that encode the center of k-space determine the signal intensity val-
ues of the effective T1 images. With the imaging gradients turned on, images were
acquired of the uniform phantom, and a central ROI used to measure the signal of
the effective TI images. These values are indicated by the circles, which indicate
that the image intensity is effectively determined by the points encoding the centre
of k-space. It is these image values that determine the 7} map of accelerated 3D
Look-Locker acquisitions, and the deviations from ideal transient cause inaccuracies
in the 7" measurement.

When using random spoiling, as in Figure 4.3(c), even well after the transient
phase has ended, the signal still varies slightly from sample to sample, but it does so
about the fully spoiled value. In the approach to steady-state, however, the random
fluctuations are beneficial, as they remove the large, erratic deviations from the ideally
spoiled transient. Instead the points are randomly distributed about the transient,
well within the deviations predicted by simulation. Since the deviations are smaller
and random, exponential fitting to the transient is likely to produce a more reliable
estimate of 77. This results in a lower RMSE for the first 64 samples along the
recovery as indicated in Table 4.1.

The noise and error differences between the spoiling approaches are shown in
Figure 4.4(a). For a single point along the transient (sample 23 in Figure 4.3), a
histogram of the error, as given by the difference between the experimental data
and theoretically ideal transient, was found using multiple repeats of each transient.
Each repetition of the quadratically spoiled transient will consistently give a point
that deviates from the ideal, as can be seen by the narrow spread in error values, at a
significant bias. Random spoiling leads to a point that on average will be the correct
value, but introduces additional noise into the measurement. This is demonstrated
by the broader histogram, that is centred about the ideal value.

Diffusion also has an effect on the spoiling, and can even be used as the primary

source of transverse magnetization damping [2,3]. To investigate this property, the
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Figure 4.4: Noise and diffusion effects on spoiling. (a) error properties of random and
quadratic spoiling for sample 23. (b) Effect of increasing the crusher amplitude to 15
cycles/voxel in the quadratic spoiling case.

amplitude of the crusher gradient for the quadratic spoiling was increased to 15
cycles per voxel to match the average value of the random spoiler gradient. As can
be seen in Figure 4.4(b), this leads to additional damping of the erratic fluctuations
in the quadratically spoiled transient, leading to a reduction in the error between
experimental and theoretical perfect spoiling as indicated in Table 4.1. This indicates
that diffusion does have an effect on, and can improve spoiling. The improvement,
however, is not sufficient to match the spoiling when both random phase and random

gradients are used.

RF phase Gradient RMSE
cycles/voxel

quadratic 2 (constant) 0.40

quadratic 15 (constant)  0.23

random  [10,20] (range)  0.07

Table 4.1: Error between experimental samples and theoretically ideally spoiled sam-
ples for quadratically spoiled and randomly spoiled transients. Only the first 64
samples were used to highlight the errors during the transient phase.
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4.4.3 PSF

The effect of imperfect spoiling can be seen in the effective TI images of the
CuSOy4 phantom shown in Figure 4.5. In these, the first effective TI volume images
are dominated by the transient phase producing some minimal blurring. Due to the
fully relaxed state prior to the inversion, no spoiling related artefacts are apparent.
By the third effective TI image, differences in the techniques begin to appear. Both
quadratic and random spoiling schemes produce a minimal amount of ghosting in
the phase encoding directions (read direction is vertical) due to the imperfect PSF.
Also apparent is the overestimation of the signal intensity in the quadratically spoiled
image. This image is significantly brighter than the randomly spoiled image, and even
contains regions that are brighter than the last effective TI image. Since this effective
TT volume is acquired during the transient phase, this should not be so.

In the last effective TT image, the ghosting is still barely evident in the randomly
spoiled image, and less so when quadratically spoiled. The image intensity of the
quadratically spoiled image, however, slightly underestimates the signal when com-
pared to the randomly spoiled image. In both the quadratically and randomly spoiled
imaging, some Gibbs ringing is evident, but any differences between the top row and
bottom row are due entirely to the choice of spoiling.

The process described in Figure 4.1 is shown using simulated data in Figure 4.6.
Using the given acquisition scheme (64 a pulses segmented into 8 effective TI times),
the ky-kz lines are acquired using a centric approach. The perfect image of a point in
k-space would be uniform, with an intensity given by the effective TI time as in Figure
4.6(a). Using the accelerated 3D Look-Locker sequence, this is not feasible. For the
first effective TT image, the first 8 RF samples are used to populate ky-kz lines, and
even with perfect spoiling, the transient would lead to signal variations from sample
to sample. This leads to the 8 concentric regions in Figure 4.6(b), one for each of the
RF pulses in the first effective TI image. The centre of k-space is populated by the
first RF pulse, the next ring by the second RF pulse, and so on. Subsequent effective
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Figure 4.5: Effective TT magnitude images of the CuSO, phantom. Top row (a,b,c)
are images using quadratic sampling for the first, third and eighth effective TT image
respectively. Bottom row (d,e,f) are images based on random spoiling for the same
effective T1 values as the above quadratically spoiled images. The first TT images are
scaled by 1/6th but the third and eighth have same window and level.
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Figure 4.6: ky-kz space modulation (magnitude) due to a centric acceler-
ated 3D Look-Locker acquisition for the first TI volume. (a) K-space filled
with signal equal to the first post-inversion sample. (b) Modulation due
to transient, (Mprans (ky,k2) /Mirans (0,0)). (¢) Modulation due to spoiling,
(Mopoit (ky, k) [ Mians (ky, k). (d) Combined effect of (b) and (c) on (a). The mod-
ulation of k-space due the transient and spoiling lead to the 2D PSFs shown in (e)
and (f) respectively.

TT images would be filled in a similar fashion. This type of distortion is unavoidable
by the definition of the accelerated 3D Look-Locker sequence.

Imperfect spoiling leads to coherence pathways being set up from sample to sam-
ple, and these lead to deviations from the ideally spoiled modulation, as shown in
Figure 4.6(c). The combined effect of sampling along the transient and non-ideal
spoiling on k-space of a point is shown in Figure 4.6(d).

The centric acquisition scheme leads to a circularly symmetric modulation of k-

space due to both the transient and non-ideal spoiling. These in turn lead to circularly



120

symmetric PSFs as shown in Figures 4.6(e) and 4.6(f). As a consequence, the PSFs
can be characterized fairly well by a one-dimensional profile. In addition to the width
of the PSF leading to blurring, the area under the PSF is not necessarily unity due to
the error associated with sampling the £ = 0 line. Any deviation from unity will lead
to an effective TI image with an inaccurate intensity, and will bias the 77 estimate.

The sources of artefact and error in the experimental data can be visualized by
examining the 1D PSFs based on simulating the filling of k-space indicated by Figure
4.7. The first effective TT image is dominated by the effects of the transient. These
can cause significant blurring as indicated by Figure 4.7(a), but by the last effective
TT image, a perfectly spoiled transient would be nearly in steady-state, and thus the
PSF due to the transient narrows.

Due to the time given for full relaxation before each inversion pulse, the first few
points in the transient are only minimally affected by imperfect spoiling, leading to
minimal distortion from this effect in the first effective TI image (Figure 4.7(b)). By
the third effective TI image, the errors induced by quadratic spoiling are apparent.
Here, the error associated with the acquisition of the centre of k-space, leads to a PSF
with an area significantly greater than one for the quadratically spoiled transient, but
has little affect on the random case. Both techniques also indicate some signal outside
the central peak responsible for the ghosting artefacts. The eighth effective TI PSF
shows the same effects due to spoiling as the third, except now the quadratically
spoiled case shows a decreased area, and both show approximately the same artefact

in the tails of the PSF.

4.4.4 17 Error

Some of the effective TI images that were used to calculate 77 maps, based on
sampling using 15° pulses, are shown in Figure 4.8. The locations of the samples
with different T values are evident from these images, as well as the surrounding

saline. Since the 15° and 30° transients were acquired in an interleaved sense, the first
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Figure 4.7: Point spread function indicating sources of error and artefact in accel-
erated 3D Look-Locker acquisitions. (a) The PSF due to transient effects alone for
the first and last effective TI image. (b) The PSF due to spoiling effects for the first
effective T1 image, (c) for the third effective T1 image, and (d) for the last effective
TT image.
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Figure 4.8: Effective T1 images from a transient sampled with N, = 48, 15° segmented
into 8 effective TI volumes. (a) and (b) are the first and last effective TT images using
quadratic spoiling respectively, while (c) and (d) are the same, but randomly spoiled.

effective TT image is mostly saturated, especially the long 77 of the saline. Sampling
along the transient does lead to blurring that is evident in the first effective TI image
(frequency encoding direction was vertical), but is less evident in the last effective
TT image. In addition, from these images there does not appear to be a significant
difference between quadratic and random spoiling.

T} maps were extracted by non-linear least squares fitting of the inversion recovery
equation to the eight effective TT images. These are shown Figure 4.9. In the single
repetition images, the noise in the surrounding saline dominates, but the shorter T}
samples are distinguishable. At these short repetition times and flip angles 7T} does

not depend strongly on 7). After 20 averages, much of the noise is removed, but there
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Figure 4.9: T} maps (in ms) of the multi-7} phantom. (a) and (b) are derived from
images spoiled using quadratic spoiling after (a) 1 Nex and (b) 20 Nex. (c) and (d)
are based on images spoiled using random spoiling.

50
0

is still some residual artefact in the quadratically spoiled map that is less apparent
in the randomly spoiled images.

The error and bias, measured using repeated measurements, introduced by the
different spoiling schemes sampled using 15° pulses are quantified in Table 4.2. The
random fluctuations induced by the random spoiling introduce additional noise into
the T} maps, as indicated by standard deviation of the 77 value, as compared to the
measurement made with quadratic spoiling. The mean absolute error, however is only
slightly worse for the randomly spoiled. This indicates that, at this lower sampling
angle, the quadratic spoiling is effective, and any inaccuracies induced in the image

intensities are either small or are effectively averaged out by the fitting process.
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T, | Ty Ty o7y mean abs err

quad / rand quad / rand quad / rand

2952 / 105.3 91.2 /1058 11.5/29.4 16.0 / 21.9
1571 / 96.5  99.6 / 98.2 7.1/ 126 8.0 /9.7
739 /854 849 /87.0  2.7/38 3.4 /3.9
272 / 72.4 73.7 ) 74.3 09 /26 2.6 /28

Table 4.2: Relaxation times (in ms) and errors (also in ms) measured using the
accelerated 3D Look-Locker technique with o = 15°, spoiled either quadratically or
randomly.

At larger flip angles, as quantified in Table 4.3, the benefit of random spoiling
becomes apparent. While the noise in the 77 maps is still larger for the randomly
spoiled transients, the mean absolute error is significantly reduced. The quadratically
spoiled acquisition will consistently give an incorrect 7} value. Random spoiling

introduces additional noise, but will still lead to a more accurate estimate of 77

T, | Ty Ty or; mean abs err
quad / rand quad / rand quad / rand
2052 /26.2 21.2 /25.0 0.7 /22 49 /2.2
1571 / 244 204 /244 04 /1.1 40/ 1.0
739 /226 19.0 /229 04 /05 3.6 /0.7
272 /219 18.7 / 22.6 04/04 3.2/09

Table 4.3: Relaxation times (in ms) and errors (also in ms) measured using the
accelerated 3D Look-Locker technique with o = 30°, spoiled either quadratically or
randomly.

If the above T} maps are combined, it is possible to extract an estimate of the
flip angle based on the nominal angle of a = 15° as shown in Figure 4.10. The
inaccuracy in 77 measurements leads to a significant overestimation of the flip angle
when quadratic spoiling is employed. Random spoiling, on the other hand, indicates
a fairly flat flip angle profile, which is expected in a small phantom at 3T, and has

significantly reduced errors.
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Figure 4.10: Flip angle measurement based on the DALL approach. (a) is the flip
angle measured using quadratic spoiling and (b) is the mean absolute error. (c)
and (d) respectively are the flip angle map and error respectively based on random
spoiling. Units are degrees in the range [10° - 20°] for flip angle maps and [0° - 5°]
for errors.
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4.5 Discussion

For the validation experiments only, an addition delay was inserted between the
end of one transient and the inversion to start the next. This allowed the magnetiza-
tion to fully recover, and simplified the comparison between theory and experiment.
In Look-Locker acquisitions it is not necessary to provide this additional delay, and
the inversion to start the next transient phase can be applied immediately following
the end of the former. Without the delay, coherence pathways from one train of
RF pulses will contribute to the start of the next transient and introduce additional
fluctuations to the first few samples, but otherwise the results remain unchanged.

It has also been suggested that large gradient moments can also be used to disrupt
coherence pathways and improve spoiling through diffusion effects. These effects were
not included in simulation, but were investigated experimentally by increasing the
crusher moments of quadratically spoiled transients. This did lead to a decrease
in the fluctuations in the transient, but still did not match the performance of the
randomly spoiled transients.

For T} measurements, the accelerated 3D Look-Locker sequence would not nor-
mally be run with the large flip angles and short repetition times presented here.
These were chosen to make the exponential curves sensitive to the flip angle for the
double angle Look-Locker approach. The problem is worst at large flip angles and
short repetition times, but the quadratically spoiled transients take on an erratic
shape and it may be difficult to predict what effect this will have an any particular

measurement of 77"

4.6 Conclusion

Conventional spoiling using a quadratically increasing phase and uniform crusher
gradients will lead to an inaccurate measurement of the modified relaxation coefficient

TY, especially with short repetition times and large flip angles. The deterministic
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nature of the spoiling will lead to the same inaccurate transient with each repetition.
This can lead to an inaccurate determination of 77 and anything derived from it.
In addition, the deviations from ideal transient will lead to point spread artefacts in
accelerated 3D Look-Locker imaging in addition to those induced by the transient.
A random phase and gradient spoiling scheme can overcome many of these prob-
lems. It will induce additional random fluctuations to the transient. Since these are
randomly distributed about the true transient, the derived 77} value will be noisier
but more accurate. In addition, averaging can be used to further reduce these errors

and PSF artefacts, while the same is not true of quadratically spoiled transients.
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Chapter 5

Discussion and Future Work

5.1 Thesis Summary

Over the course of this Thesis, a novel approach to flip angle mapping has been
developed and optimized. In high field applications, especially 3 Tesla and above,
knowledge of the flip angle is essential in many applications, and conventional imaging
is not possible without accounting for flip angle deviations in some way. As a flip
angle map would be required in addition to other protocols, a short scan is desired,
especially if it is to be used to calibrate transmit B; shimming, when a flip angle
image is required for each coil in a transmit array [1-5].

The Look-Locker technique presented an excellent opportunity for a fast and ef-
ficient flip angle mapping technique. It was previously shown to be an efficient tech-
nique for mapping the longitudinal recovery constant, 77, and had been adapted into
an accelerated 3D technique. In Chapter 2, it was adapted for flip angle imaging.
By acquiring the T} recovery constant using either a double angle or dual repetition
time approach, it became possible to derive the flip angle from the measured recovery
constants. The possibility of interleaving these acquisitions to improve the dynamic
range of the technique was also introduced.

The interleaved approach to data acquisition raised the novel idea that it would
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be possible to sample the Look-Locker recovery curves without the need for inversion
pulses. The different, interleaved a-pulse-trains act as the preparation for each other.
While this would lead to a decrease in the dynamic range of the transients (and
thus the accuracy of the measured flip angle if the transients are fit independently),
any errors resulting from the inversion pulses would be removed, and the equations
describing the decay curves would become exact, making it possible to fit directly for
a.

The interleaved, non-inverted double angle Look-Locker approach is shown in
Chapter 3 to be the most efficient of the Look-Locker based imaging methods. In
this chapter the parameter space of the Look-Locker flip angle mapping techniques
was investigated based on a theoretical propagation of noise analysis to optimize the
measured « to noise in « ratio (ANR), normalized by scan time. This provided
an ideal metric of efficiency by which to optimize, not only the Look-Locker based
imaging methods, but also the more conventional double angle and interleaved TR
(AFTI) flip angle mapping techniques.

This analysis of imaging efficiency indicated that the AFI and double angle meth-
ods would suffer a significant decrease in ANR efficiency by any decrease in repetition
times to achieve a short scan time. The Look-Locker based imaging methods in con-
trast had an efficiency that was relatively independent of restricted scan time, so that
for low resolution 3D flip angle maps with scan times on the order of one minute or
less, the interleaved, non-inverted DALL approach appears to be the most efficient
flip angle imaging technique.

The optimization of the AFI technique also led to some unexpected results for
the optimum parameters for this techinque. Typically the AFI dataset is acquired
with n between 4 and 6, and with flip angles between 20° and 70°. This optimization
suggested that n should in fact be maximized for the given scan time (i.e. TRy as
short as possible), and with flip angles above 110°.

The noise predicted by the propagation of noise and efficiency optimization was
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validated by comparing it with the noise measured in multiple repeats of the flip
angle measurement with a variety of relaxation times and imaging parameters. These
results showed good agreement with the theoretical approach, but a significant bias
in the flip angle measurement was noticed for the larger flip angles. This required
a closer examination of the transients that were fit to find the exponential recovery
constant.

These transients, particularly when large flip angles are combined with short rep-
etition times, begin to display erratic deviations from exponential. These deviations
are not due to noise, as they exist in each repetition, and do not go away with averag-
ing. Instead, they were found to be the result of imperfect spoiling of the transverse
magnetization. This phenomenon was investigated further in Chapter 4.

The conventional approach to spoiling is to use a quadratically increasing phase
with a uniform amplitude crusher gradient. Provided the quadratic increase is chosen
well, this will lead to a steady-state with a signal that closely matches the perfectly
spoiled case for a range of parameters. While this approach makes for good qualitative
steady-state images, and may be sufficient when sampling the transient with low flip
angle and long repetition times, it is less than ideal for imaging during the transient
phase using the larger flip angles and shorter repetition times that are optimal for
the Look-Locker flip angle mapping approaches. The quadratic spoiling produces a
transient that can be very non-exponential, and also varies erratically from sample
to sample. This makes for inaccurate signal in the effective TI images, with degraded
image quality due to the erratic deviations.

To address these issues, a random RF phase and gradient spoiling scheme was
implemented for the accelerated 3D Look-Locker imaging technique. Random spoiling
would lead to a signal that would never truly reach steady-state. Instead, the signal
would vary from sample to sample, but with a mean value that would match the
ideally spoiled value [6]. In Chapter 4, it was shown that this is an ideal property for

the transient. The random spoiling produces a transient that on average will be the
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ideally spoiled transient. While the variation in signal from transient to transient will
be increased by the random spoiling, the root mean squared error will still be lower
than if quadratic spoiling were used. This results in a 77 measurement that may, be
more noisy, but will be more accurate.

In summary, this Thesis has introduced a unique modification to the Look-Locker
approach in the form the non-inverted double angle Look-Locker imaging sequence.
This technique was then optimized using both theoretical and experimental ap-
proaches, and demonstrated to be a highly efficient method of mapping the flip angle.
The sampling along the Look-Locker transient required shorter repetition times and
higher flip angles than conventionally used. Conventional approaches were shown to
be non-ideal for spoiling in this regime, and the problem was solved by the application
of a new random spoiling technique to this application, which demonstrated signif-
icant improvement. This significantly improved the dynamic range of the niDALL
approach and could improve the accuracy of Look-Locker measurements in general.
The developments in this Thesis have led to a technique capable of mapping the flip

angle in vivo and in 3D, in scan times on the order of a minute.

5.2 Limitations of Developed Methods

5.2.1 Diffusion and Spoiling

As discussed in Chapter 4, proper spoiling of the transverse magnetization during
the acquisition of the transients used in the Look-Locker flip angle mapping techniques
is essential. In addition to the use of radio frequency spoiling, large gradients can
be used to induce additional losses due to diffusion. The large unbalanced gradients
can lead to significant disruption of the coherence pathways, and can be used as a
primary source of spoiling [7,8]. The simulations used to investigate different spoiling

techniques in Chapter 4 did not include this effect.
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The diffusion losses could be included through a number of different analytical
approaches [9,10], or Monte Carlo simulations. This was not necessary for this work.
While the experimental results indicated that diffusion would lead to some additional
disruption of the coherence pathways, the random spoiling approach had a much
larger influence and was more effective than any diffusion effects on the spoiling of
the transients. To increase the effect of diffusion would have required much larger

gradient areas which would have lead to a significant increase in scan time.

5.2.2 RF Amplifier Drift

A potential source of error in the flip angle measurement, and indeed in any
imaging application in which flip angle stability is required, is a drift in the flip
angle over time. If the RF amplifier output were to drift over time or be non-linear,
the assumption that ay = 2y would potentially no longer be valid in double angle
based flip angle measurements. It would also lead to errors in quantitative imaging
techniques such as DESPOT1 and DESPOT?2 that rely on flip angle accuracy [11].
The measurement of flip angle noise by the use of repeated measurements would also
be corrupted by the drift in flip angle. One potential source of error would be an
amplifier whose output is affected by its temperature. This could induce duty cycle
and transient effects. If this were the case, it would be particularly important to
map the flip angle with a technique that had a similar duty cycle to the one being
corrected.

The interleaved DALL methods would be the least susceptible to RF amplifier
drift, since there is minimal time for the amplifier output to change between the
acquisition of the 1o and 2« transient acquisitions. However, during the acquisition
of the DALL noise maps in Chapter 3, which involved the repeated measurement of
the flip angle over a period of approximately 30 minutes, no trend in the flip angle

was observed, indicating that the RF amplifier was indeed stable.
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5.3 Future Research and Applications

5.3.1 Hyperpolarized Media 77 Quantification

Hyperpolarized media are a special challenge in nuclear magnetic resonance ex-
periments, and in particular imaging. Hyperpolarization allows an increase in the
base magnetization that is several orders of magnitude greater than the equilibrium
magnetization. This makes imaging of naturally low signal species possible. After
hyperpolarization, the magnetization will decay towards its thermal equilibrium value
on time scales typically on the order of tens of seconds to a few minutes. In other
words, after longitudinal magnetization is tipped into the transverse plane for detec-
tion, the longitudinal magnetization will not recover to its hyperpolarized value, but
only to its (much smaller) thermal polarization. This poses a particular challenge for
imaging, as conventional imaging techniques using many large pulses are not applica-
ble. Optimal use must be made of the available magnetization before it decays away.
Part of this optimization process is to measure the applicable T} constant.

Quantification of T} in hyperpolarized media is a particular challenge. The con-
ventional approach, using inversion recovery with multiple inversion time points, does
not work, as the magnetization will not recover after the 90° read pulse. This is an
ideal application for a Look-Locker measurement of 77. The low tip angle pulses will
sample longitudinal magnetization as it decays towards it’s equilibrium value, and
provided they are small and not spaced too closely, they will lead to minimal pertur-
bation of the decay curve. This approach assumes that the transverse magnetization
is effectively spoiled between the small tip angle samples. If this does not happen, it
can lead to significant error in the measured T7.

This approach also closely mimics the typical approach to imaging hyperpolarized
samples. A train of low tip angle pulses are used to acquire all the data required in
the imaging, with the choice of tip angle depending very strongly on the T of the

particular hyperpolarized nuclei.
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Currently our lab is investigating the use of contrast agents to increase the hyper-
polarization of carbon-13 [12]. While these agents may improve the hyperpolarized
fraction, they also typically will lead to a shortening of 7). This leads to a trade off
between the initial magnetization and the reduced imaging time due to the shorter
Ti. It is very important to be able to measure this 7} and the starting magnetization
as it will determine the optimal imaging parameters.

Currently 7} is measured using a 0.55 Tesla, bench-top spectrometer (Oxford In-
struments). This measures the decay using a Look-Locker approach with no spoiling.
The T} decay curve is sampled using a train of 100 nominally 5° pulses, spaced 4.9
seconds apart.

This sampling leads to decay curves such as those in Figure 5.1(a). Fitting a
3 parameter exponential (A + (B — A)exp(—t/T})) to this curve using non-linear
least squares fitting results in the solid line, and shows significant deviation of the
experimental points from an ideal exponential, as indicated by the residuals in Figure
5.1(b). Theoretically, the curve would decay towards zero (A = 0), but a DC offset is
frequently seen on the spectrometer. Multi-component 77 also does not account for
the significant deviation from ideal.

Using the spoiling simulation techniques developed in Chapter 4, it is possible to
simulate a transient assuming no spoiling, with the free parameters T, 15, o, M,
and a DC offset. Here M, is the initial hyperpolarized magnetization value, and
My, the equilibrium magnetization, is assumed to be zero. Fitting this simulated
transient, assuming no spoiling, to the experimental data for the five free parameters
results in a better fit to the transient, resulting in the reduced residuals relative to
the mono-exponential fitting as indicated in Figure 5.1(b).

The results of the two fitting techniques are summarized in Table 5.1. Modelling
the data using a Bloch simulation, indicates that the sample has a significant 75,
thus some form of spoiling is required. Using the Bloch simulation also predicts a

significantly greater 77 value than predicted by fitting a mono-exponential. The root
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Figure 5.1: Carbon-13 Look-Locker transient and the results from two fitting ap-
proaches. (a) With a mono-exponential fit to the experimental data points, significant
deviations from the model still remain. (b) The residuals after fitting either with a
mono-exponential fit or based on Bloch simulations and assuming no spoiling of the
transverse magnetization.

mean squared deviation (RMSD) of the experimental points from the experimental

curve is also significantly lower for the simulated transient.

Fitting T T RMSD
Technique (s) (s) (a.u.)
mono-exponential 82.6 £+ 1.1 N/A 18.0

Bloch simulation &86.6 & 2.0 64.4 + 7.2 7.6

Table 5.1: Results of fitting hyperpolarized carbon-13 Look-Locker decay curve either
with a mono-exponential curve, or using Bloch simulations.

While these five parameters can be fit to a single decay curve, it is important to
note that this is not a reliable approach to quantifying 7. It is meant to highlight
the errors that can be expected if spoiling of transients is not properly done. We
currently do not have the ability to quantify 77 or 75 in these samples, and it would
be important to properly measure 77 using an appropriate spoiling scheme. This

would be a good application for randomized spoiling.
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5.3.2 B{ Shimming

A prime application of flip angle mapping techniques is as a calibration for and
a validation of By shimming techniques [2-5]. These require a map of the By field
for all of the elements in the transmit array. The excitation profile is then flattened
by adjusting the phase and/or the amplitude of the pulses applied to each coil, or by
applying custom pulses to each coil to overcome the non-uniform Bj field.

Flattening the excitation profile is particularly important at 7 Tesla, and the
hardware for doing this excitation is still relatively rare. Most MRI scanners below
7 Tesla do not have the parallel transmit coils and amplifiers required for these tech-
niques. Still, a rapid Bf shimming technique remains one of the major obstacles
that will need to be overcome before 7 Tesla scanners become viable in the clinical

environment.
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Appendix A

Error Propagation

When investigating the noise propagation in different flip angle imaging tech-
niques for the purposes of comparison and optimization, it is useful to define the
dimensionless noise propagation factor:

lopyRe!

J0/50

Where oy is the noise in the raw images, and 5y is a measure of the maximum possible

b

(A.1)

signal using the desired imaging resolution and bandwidth. The flip angle and the
noise in the flip angle are o and o,. The advantage of this approach is that the b
value can be determined from a propagation of noise analysis of the signal equation
or fitting required to measure the tip angle in the given technique.

Least square propagation of noise statistics gives [1]:

2 da\* 2
o, = Z(@&) o; (A.2)

7

Where S; are the signals that are used in the calculation of the flip angle, and o; are
the noise in each of those images. If each image is acquired using the same imaging
parameters, the noise will be constant (o; = (). Since the signals can be expressed

as S; = SoS], Equation A.2 becomes:

02 = (&“0)22@2‘)2 (A.3)
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and the noise propagation factor can be expressed as:

= Ly (X 2 (A4)
T a2 2\ 08 |

All that remains is to calculate the partial derivatives for the desired methods.

A.1 Double Angle Method

The flip angle in the Double Angle Method [2, 3], whether it involves a saturation

preparation or not, is given by:

. S2a
a = arccos (2$a) (A.5)

In the conventional, fully relaxed DAM, the signals would be given by:

Se = Spsina (A.6)
Soa = Spsin22a (A.7)
and in the saturated DAM by:
Sa = So(l—exp(—Tsg/T1))sina (A.8)
Soa = So (1 —exp(—Tsr/T1))sin2a (A.9)

and thus for both DAM and satDAM:

520
Q= arccos (25 ) (A.10)

/
[0}

If we set a = 55, /25!, then Equation A.4 can be expanded as follows:

, 1 (0a\* [ 0a\" [ 0a\’
o= a2<aa o5 ) T\ asy. (A1)
1 A A 1\?
- alo) |() + () (A12)

1 1 1 /(8"

= = a) 41 A13
0% 1 — (S,/25,)" 45}, (Sa> (A1)
1 1 S + Syu

T 2487 — 52 [ 572 (A.14)
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Substituting the expressions S/, = sina and S5, = sin 2« from above for the DAM,

b? becomes:

1 1 sin? a + sin® 2«
bhanr = 2 ( . . ) [ —3 1 (A.15)

4 sin? o — sin® 2« sin“ o

For the saturated DAM, both S, and S}, are scaled by (1 — exp (—Tsg/T})) and thus
the b? value for satDAM is given by:

1 1 1 in? in? 2
bgatDAM D) 2 D) ) s a,+281n @ A16)
a® (1 —exp (=Tsr/T1))” 4sin” a — sin” 2« sin“ «
1
= b (A.17)
PAM (1 — exp (= Tsr/Th))

A.2 AFI

The tip angle in the actual flip angle imaging technique [4] is given by:

a = arccos (rn — 1> (A.18)

n—r
where r = Sy/S; = 54/S] and n = TRy /TR;,. TRy and TR, are the two interleaved
repetition times, and S; and S, are the signals acquired in them.

The dimensionless noise propogation term, Equation A.4, can be expanded by

setting a = (rn — 1) / (n — r) as follows:

- w(m) |G- GR)] o

It is more convenient to break this down piecewise:

Oa -1

I — A2
Oa V1 —a? (4.20)
(rn—1)" 1 e
= 1— (A.21)
(n— T
_ 2,2 —1/2
_ [n onr +r2—r 721 + 2rn — 11 (A.22)
(n—r)



- [(HQ znl)_(:); T2)]—1/2
—(n—r)

V2 =1 (=12

@ B n +7’n—1
or  \n—r (n—r)°

B n?—1

-~ (n-7)
or 5
o8, Sp
or 1
e

and thus b?> becomes:
b2 _ i - (n - T) n?—1 ’
o \Ywr =1 (=) (=)’

() )

2
1 —_
2(n2—=1)(n—r)*SP

where substituting the following terms:

7(r2+1)(n2—1) 1

Sl
ro= -2
S1
TR,
n =
TRy
s = 1—E2+(1—E1)Egcosasina

1— E1FE5cos?a
1—E1+(1 —E2>E1COSOé .
S, =
2 1— E\E5cos?a s

E, = exp(—TR,/T1)

E2 = exp(—TRg/Tl)

S\ 2
(-5)

1
51

>2
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(A.23)

(A.24)

(A.25)
(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

(A.32)

gives an expression for b that will depend only on the imaging parameters; T'Ry, T Ro,

o and T7.
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A.3 Error Matrix

Statistical analysis of least squares fitting [1] yields the error matrix , € = S71,

where the elements of 3 are given by:

By = leay(%)ay(xi)] (A.39)

o? Oa; Oay

i
where y is the function that is fit, x; are the locations of the data points used in the
fitting, o; is the noise in the data point at x; and a are the parameters in the function.

For inversion recovery imaging it is convenient to express the signal equation as
y(x;) = S(t;)) = So(A+ DRexp(—t;/Ty)), and if we set a; = T}, as = DR and

az = A, then 07. = e1;1. Thus the partial derivatives are [5]:

dy(x;)  0S(t:) L t;
= = - A4
dai 0Tt S0 DB 7o oxp | =7 (A.40)
96, ~ ODR So exp “Tr (A.41)
y(x;) _ 9S(t)
= A.
das DA S0 (A42)

and by defining the terms:

ti\" t;
Cmn = Z (R) exp <— ;f) m,n = O, 1, 2 <A43)

i

the elements of 3;; = (So/00) | i are give by:

ﬁig = (DR/Tf)2 C2,2 55,2 = Coz2
51,2 = 55,1 = (DR/TY) C1,2 5573 = ﬁ:lg,z = Co,1 (A.44)
6{,3 = ﬁé@ - (DR/Tl*) C21 ﬁé,?, = Cop

The noise in the 77 measurement is found by inverting the g matrix and is thus

given by:
2 2
2 O-OTI* €0,0€0,2 — Cp 1 A.45
711 = \S,DR 2 2 2 2 (4.45)
0 €0,0€0,2C2,2 + 2€0,1C1,2C2.1 — €0,0CT 2 — €(,1C2,2 — C0,2C3 1
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From this, it is clear where the dimensionless 7} noise propagation factor in [5],

b = (or,/T1) / (60/DR), comes from:

po— —on/hi (A.46)
00/ (SoDR)
2 1/2
. €0,0€0,2 — Cp1 A A7
- +2 _ 2 2 _ 2 ( . )
€0,0€0,2€2,2 €o,1€1,2C2,1 — Co,0C1 2 — €p,1C2,2 — C0,2C2 1

A.4 Double Angle Look-Locker

The standard double angle Look Locker approach involves fitting 3 parameters
to the recovery measured using a train of o pulses (A;, By and T7,,) and another
3 to the recovery measured using a train of 2« pulses (Ay, By and T7,,). The the
inversion recovery equation (S(t) = A+ (B — A) exp(—t/T})) is fit using non-linear

least squares, and values T7;, and T7,, can be combined to solve for the flip angle:

a = arccos (le <EA +/E4 + 8)) (A.48)

with
1 1
EA =exp <—7’ ( — — >> A.49
Tl,Za Tl,la ( )
By setting a = (}1 <EA +/EX + 8)), the noise in the flip angle is given by:

60& 0@ 2 8EA 2 8EA 2
2 _ [0« 2 2
ol = (8@ 3EA> (an,1a> ore, . T <8T1*,2a> OTs,. (A.50)

These differentials are calculated as follows:

oo —1

= (A51)

_ - (A.52)

< (EA BT 8> 2) / 52

- - _ (A.53)
( (EA+EA,/EA+8)> /
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da 1 EA
= — |1+ A.54
2N 4 ( VEX + 8) A5
8EA —T
= E A.55
ajvl*,loa Tl*,la2 . ( )
8EA T
= E A.56
ajﬂll*,ro T1*,2a2 . ( )

And the noise in the 77 values can be estimated using the dimensionless 77 noise

propagation factor (b*) from above:

b 17,00
.= e e AT
UTl’la S()DRl ( )
b;—v* Tl*zao_o
o= e MR A58
OTy 54 SoD R, ( )

Thus the noise propagation factor for the flip angle in the DALL methods is given
by:

0'0/50

1 (0a da \° 9
- az(aaaEA> (TEa)

Po= ("a/o‘ )2 (A.59)

2

L bi.. 2
Tl la Tl 2a
(DRle,m) + (DRQTﬁ2a> ] ( )

with

(A.61)

2
<80¢ aa )2 (EA+\/E£+8)
0a0Bs) (4—Eg — ExJER +8) (E% +8)

Where Ea, and the relaxation times, 77, and T7,,, are determined by 7, «, and 71,
the relaxation times. The 77 propagation factors, b*Tf‘,m’ and bi}iza, are determined
by T7,, and T7,,, and times of the samples along the recovery curve. The dynamic
ranges, DR, and DR,, are in turn determined by the sampling along the transient,
as well as any additional relaxation times between transients and the order in which

they are acquired.
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A.5 Dual 7 Look-Locker

The approach to DTLL error propagation is much the same as DALL. Instead of
acquiring two T values with two different flip angles, two different values for 7 are

used to sample the recovery, so that 7, = n7y. The flip angle is thus given by:

a = arccos (Ey) (A.62)
with:
nr 1 1
Ey = - — A.
e (5 () o

The noise in the flip angle is thus given by:

oa \° | [ 0E, \* OF, \°
2 _ o 2 2
o, = <8EA> <8Tﬁ7> oty + <8T1*M> T (A.64)

where the differentials are given by:

Oa -1
i (A.65)
BEA /1 — E/Z\
8EA nrt 1
= BFy\——— A.66
aTy 1Ty 2 (A.66)
8EA —nT 1
= FEy\— A.67
aT’l*,m- An -1 Tl*,n72 ( )

And, as in the DALL method, the noise in the 77 values can be estimated using

the dimensionless T} noise propagation factor (b*) from error matrix approach:

b;* Tl*TO-O
L= e T A.68
UTl’T SoDRl ( )
b TP oo
. = HwlnrD A.69
UTl,n‘r S(]DR2 ( )

Combining the above, the noise propagation factor for the flip angle is given by:

1 E? nr \?2 b ? b 2
P o= A ( ) _ Tl AT0
DR.T;,) T\ DRIy, (A.70)

21— \n—1
Where, as in the DALL case, the parameters in b depend only on T}, «, 7, and n,

and via the DR and b* parameters, on the particular choice of the sampling of the

transient.
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A.6 Interleaved, Non-Inverted DALL

The niDALL approach to flip angle mapping differs from the conventional ap-
proaches in that rather than fitting exponentials to the two recovery curves indepen-
dently, they are fit simultaneously. This requires using the error matrix approach
from the start to investigate the propagation of noise into the flip angle map.

The signals from the 1o and 2« transients are:

Sl (tl) = S(] (Al + (Bl — Al) exXp (_tl/Tl*,la)) (A?l)
SQ (tz) = So (AQ + (BQ - Ag) exXp (_tZ/Tl*,2a>) (A?Q)
with
1 1 In(cosa)
— R A.73
Tl*,loc Tl T ( )
1 1 In(cos2a) (A74)
TYse T T '
1-F
A, = —— T 4 A.
1 1 —ETcosasma (A.75)
1-F
Ay = ————— sin?2 A.
2 1— FE. cos2« St e (A.76)
(sina/sin2a) Ay (1 — Eay) + A1Eo, (1 — E1y)
B, = A.
! (]- - ElaEQQ) ( 77)
(sin2a/sina) Ay (1 — F1a) + AsF1 (1 — Eay)
By, = A.
2 (]- - ElaE2a> ( 78)
Ei, = exp (— ]\ZO‘T> (A.79)
Tl,la
Es, = exp (— ]\EXT> (A.80)
T1,2a
E, = exp(—7/T1) (A.81)

Fitting the two recovery curves simultaneously involves the minimization:

N

min = > [(Si(t:) = Si1a)” + (Sa(t:) = Siza)’] (A.82)

o, 11,50 =
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with respect to the parameters «, T, and Sy. The error matrix is thus described by:

Z 881 851< ) 852(151) 852(tz)
2 i 8% (‘9ak 8aj 8(1k

(A.83)

where the parameters are a; = a, a, =T} and az = Sy. It is impractical to solve the
above by hand, and this is best done using the Symbolic Math Toolbox of Matlab.

The results are presented below:

25,
oo

= Sp(cosaA;/sina —sinaAE, /(1 —cosaE,)) +
So [{ cos aAs(1 — Fay)/ sin2a — 2sin Ay (1 — Ea, ) E, /(1 — cos2aE;) +
2sin €Ay Ny Eoy [ cos 20 + cos Ay oo (1 — Eh,)/ sina —
sin Ay By (1 — Er)E; /(1 — cosaE;) —
2A1 N, sin 2aFs, (1 — F14)/ cos2a +
$in @Ay E3o N/ cos o } /(1 = EiaFaa) -
(sin Ay (1 — Eay)/sin2a + A1 oo (1 — Ei,)) X
(Nysina/ cos @By ooy + 2E10 Ny sin 20/ cos 2aFsy) /(1 — B Fay)? —
cosaA;/sina + sinaA E; /(1 — cos aET)] exp(—ti/T}14) —
So{(sin ady(1 = Eaq)/sin 20 + A1 Eno(1 = Eia))/(1 = EraFaa) — A1} X
tiexp(—ti/T},,)sina/ cosa/T (A.84)

05
0T

= S0 (Al cosatE,. /(1 —cosaE,)/T? —sinarE,./T? /(1 — cos ozET)> +
So [{ —sinarE, (1 — Ea)/TE/(1 — cos2aE,) +
sin Ay (1 — Eb,) cos2a7E, /(1 — cos2aE;)/T}/ sin 2a —
sin Ay No7Fae /T? ] sin 2a — sin aTE, By (1 — E1,) /T2 /(1 — cos aE,) +
A Ey(1 — Ey)cosarE, /(1 —cosaE,)/TE +

AlNaT/Tnga(l — Ela) — AlEQQNaT/TEEla}/(l — ElaEga) +

Q(Sil’l CYAQ(l — Ega)/Sin 2CK + AlEga(l — Ela))NaTElaEZQ/(l — ElaE2a)2/T12 +
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sinarE, /T¢/(1 — cosaE,) — Ay cosarE, /(1 — cos OéET)/Tf] X
exp(—ti/T110) +
So{(SiH OéAQ(]_ — EQQ)/SiIl 200 + A1E2a(1 — Ela))/(]- — ElaEga) — Al} X

tiexp(—ti/ T 10) /T2 (A.85)

ggl = A+ ((sinaAy(1 — Eyy)/sin2a+ A1 Eao (1 — E1,)) /(1 — E1oEa) — Ap) X
0

exp(—t:/T 10); (A.56)

8882 = S0 (245 — 2sin20 Ay FE, /(1 — cos2aE,)) +
a

So [{2 cos2aA1(1 — E1a)/sina — sin2aAy (1 — E14)E, /(1 — cosaE;) +
sin 20 A1 Ny B,/ cosa + 2A3E1,(1 — Eoy) —

2sin 20 AsF14(1 — Foo)E. /(1 — cos2aE,) —

AgN, sinaFEy,(1 — Eyy)/ cosa +

2sin 2aAg F1o Ny Eoy [ cos Za}/(l — F10Es) —

(sin2aA;(1 — Ey,)/sina + As B, (1 — Eay)) X

(N, sina/ cos aFqFaq + 2E10 Ny sin 2a/ cos 2aFy, ) /(1 — EioFay)? —
2A5 + 2sin 20 Ao E, /(1 — cos 204ET)] exp(—ti/ T} 50) —

280{ (sin 2041 (1 — Eiq)/sina + AsEio(1 = F2a))/(1 = B1aFza) — Az} x

tisin 2ccexp(—t; /17 ,,)/ cos 2a/T (A.87)

— = 5 (Ag cos2atE, /(1 — cos2aE,)/T? — sin2arE, /TE/(1 — cos 2aET)> +

So [{ —sin2a7/TEE, /(1 — cosa B, ) (1 — Ei,) +

sin2aA;(1 — Ei)cosatE, /(1 — cosaE,)/T?/sina —
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sin 20 A1 NoTE1o /T / sina — sin 2a7 /TP E, /(1 — cos 2aE, ) E1o(1 — Ey) +
AsE14(1 — Fyy) cos2atE, /(1 — cos2aE,) [T} +

AsNaTBra(1 = Ezo) [T} = AsEraNaTEsa/ T} } /(1 = EraBaa) +

2(sin 2041 (1 — Eia)/sina + Ay E1o(1 — Fao))NaTE1a o /(1 — E1aE)? /TE +

sin2a7/TEE, /(1 — cos 2aE,) — Ay cos2atE, /(1 — cos QaET)/Tf] X
eXp(_ti/Tl*,Qa> +
{(sin 2(1141(1 — Ela)/ sin o + AgEla(l — Ega))/(]_ — ElaEga) — AQ} X

by exp(—ti/ T} 0) /T2 (A.88)

0S5

g A2 + ((sin 206141(]_ — Ela)/SiIlOé =+ AgEla(l — E2a>>/(1 — ElaEga) — AQ) X
0

exp(—ti/T} 90 (A.89)

From the above, the error matrix ¢ = 37! can be found with the ¢, ; term being

the noise in the flip angle, o,:

oh = €1 (A.90)
ﬁ272ﬁ3,3 - ﬁ2,3ﬁ372

B (B2,28033 — B2,3032) — Br2 (821833 — B23031) + Br3 (821032 — 22031)
(A.91)

Upon inspection, it can be seen that a term o3 /S2 can be factored out of the above,

so that €1 = 6’1710(2) /SZ. Thus the flip angle noise propagation factor can be expressed

as:
0o/
h = A.92
50/50 (A.92)
€
= +— A.
= (1.9

Thus b will depend on the sequence timings, T}, a and 7, and not require any a priori

knowledge of og or Sy.
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