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Abstract

Conventional quantitative magnetic resonance imaging (MRI), for example mono-
exponential determination of the relaxation times T1 and T2, is sensitive to the
various pathologies of myelinated tissue in the brain. However, it gives relatively
unspeci�c information about the underlying nature of the disease. A parameter that
directly correlates with the integrity of the myelin sheath is the so-called myelin
water fraction (MWF ). Based on multi-component analysis of non-invasive quan-
titative MRI measurements, mapping of the MWF becomes feasible and proved to
be useful for studying demyelination and remyelination processes in the course of
multiple sclerosis (MS) and other myelin related pathologies.

Common myelin water imaging techniques often su�er from a lack of volume cover-
age due to their 2D acquisition schemes. This thesis focuses on the development of
new myelin water mapping procedures, especially on fast 3D MRI measurements
that provide whole brain coverage. In chapter 2, an MWF mapping technique
based on balanced steady-state free precession (bSSFP) sequences is introduced.
An extended bSSFP signal equation, which is based on a two-pool water model
describing brain tissue, is derived to determine typical multi-compartment parame-
ters, including the MWF , of healthy subjects. Possible in�uences of magnetization
transfer e�ects, �nite radiofrequency pulses and B0/B1 inhomogeneities are dis-
cussed extensively.

Chapter 3 introduces a 3D acquisition scheme based on multi-gradient-echo (mGRE)
pulse sequences that is applied for sampling multi-component T ∗2 decays in the hu-
man brain of healthy volunteers and MS patients. Quantitative myelin water maps
are generated based on analysis of T ∗2 spectra. Chapter 4 discusses possible adap-
tations and modi�cations of the proposed procedure from chapter 3 when moving
to higher main magnetic �eld strengths. The e�ects of B0 inhomogeneities on the
data sets and possible correction methods are additionally covered in this part of
the thesis.

Finally, the crucial role of accurate B1 and B0 imaging and the in�uences on myelin
water imaging are revisited in chapter 5. A solution to simultaneous mapping of
B1 and B0 is presented that might help to overcome systematic error sources in
MWF mapping in the future.
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Chapter 1

Introduction
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Magnetic resonance imaging (MRI) is a diagnostic imaging technique that uses the
principles of nuclear magnetic resonance (NMR) to obtain high quality structural
or functional images from biological tissues. In 1971, Raymond Damadian was the
�rst one who proposed to use MRI as a possible method for the detection of tumors
in cancer patients [1]. Two years later, in 1973, the �rst nuclear magnetic resonance
image was published by Paul Lauterbur [2]. However, the introduction to clinical
routine became only possible in the early 1980's, when the �rst vendors started
to sell commercial MRI scanners. Since then, MRI became a widely used tool in
diagnostics and the modern medical routine would be inconceivable without this
imaging technique that bene�ts from excellent soft tissue contrast and does not
expose patients to ionizing radiation.

In general, the contrast of MRI depends on both intrinsic and extrinsic parameters.
Intrinsic parameters originate from tissue properties and include the proton density,
the relaxation times of the investigated tissue and many others like perfusion,
di�usion, temperature, viscosity, chemical environment or magnetization transfer.
Extrinsic parameters, on the other hand, relate to the physical characteristics of the
MRI system, like the main magnetic �eld strength, and the acquisition parameters
of the applied pulse sequence, as for instance the repetition time, the echo time or
the �ip angle. By directly controlling the extrinsic parameters, the intrinsic tissue
properties can be exploited and the contrast of an MR image can be modi�ed.

In clinical routine, MRI is often used in a purely qualitative way, meaning that
diagnoses are based on visual inspection of images acquired at a given set of pa-
rameters and interpreting the single contrast. While this approach may perfectly
result in the desired information in a short time, it also might su�er from bias, poor
reproducibility or misinterpretation due to missing standardization. One possible
procedure for circumventing issues connected to qualitative interpretation of MRI
data is to perform quantitative analyses. This is usually performed by combin-
ing di�erent contrasts that originate from acquisitions based on varying extrinsic
parameters (e.g. the echo time) with the aim to directly calculate (respectively
quantify) intrinsic parameters, such as the spin-spin relaxation time T2. Quantita-
tive MRI allows basic physical research and facilitates investigation of biological
changes in disease. It especially proved to be of high clinical importance in the �eld
of neurological disease characterization [3]. However, quantitative analysis of MRI
data sets requires a longer acquisition time and an often time-consuming o�-line
computation.
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1.1 Multi-component brain tissue characterization

In conventional quantitative MRI, it is assumed that both the longitudinal and
transverse components of magnetization relax monoexponentially with speci�c time
constants T1 and T2. While this approach holds true for homogeneous samples,
the situation in biological tissues is more complex. Physically distinct biological
microstructures possess di�erent magnetic resonance properties that give rise to
multi-exponential relaxation taking place within one imaging voxel. In its most
general form, the signal intensities arising from multi-exponential relaxation can
be described by an integral over an exponential kernel [4]:

y(ti) =

∫ ∞
0

s (λ) e−λtidλ, (1.1)

where s(λ) is the spectrum from a set of i di�erent experimentally measured values
y(ti) at time ti.

Brain tissue and especially myelin are of high importance when talking about
compartmentalization. Myelin consists of multiple lipid bilayers surrounding the
axons of neurons (�g. 1.1) and mainly appears in white matter (WM) and to a
small amount as well in gray matter (GM) of the peripheral and central nervous
system of vertebrates. Its central function is to increase the velocity of the electrical
signal conducted along the axons. The myelin sheath tightly encloses water, which
exhibits therefore a shorter transverse relaxation T2 compared to the intra- and
extracellular water of the axon [5�7]. Multi-exponential transverse relaxation can
be written as (based on eq. 1.1):

y(ti) =

∫ Tmax
2

Tmin
2

s(T2)e
−ti/T2dT2, (1.2)

where s(T2) is the amplitude of the corresponding component at relaxation time
T2 and

∫
T2
s(T2)dT2 is the total proton density. Quantitative analysis of the multi-

component T2 enables calculation of the fractional pool sizes of the di�erent water
compartments in brain tissue. The myelin water fraction (MWF ) can then be
derived with the help of equation (1.2) according to:

MWF =

∫
T s
2
s(T2)dT2∫

T2
(T2)dT2

, (1.3)

with T s2 representing the T2 that are attributed to the short water component of
brain tissue and hence myelin water.

The short T2 component of brain tissue was �rst described by Vasilescu et al. in
1978 [5]. In excised frog sciatic nerve, they found a short T2 value of 17±6 ms (with
29% fractional pool size) that was associated to water connected to proteins and
phospholipids. Moreover, Vasilescu at al. found two additional T2 compartments:
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Figure 1.1: Illustration of the myelin sheath surrounding an axon. Myelin water
is tightly enclosed between the myelin bilayers. Inset depicts the lipid bilayer, in-
cluding myelin basic protein (MBP), proteolipid protein (PLP), cyclic nucleotide
phosphodiesterase (CNP) and myelin-associated glycoprotein (MAG). (Source: [8])

a long one with T2 = 310 ± 21 ms and 21% contribution and an intermediate
one with T2 = 70 ± 14 ms and corresponding fraction of 50%. The long pool
was associated to extracellular water and the intermediate one to axonal water. In
1990 and 1991, two other studies observed a short T2 peak in vitro. The �rst one
investigated human samples [6], while the second one concentrated on cat brain
[7]. Both analyses showed short T2 values between 10 and 20 ms and corresponding
fractions of 7 − 10%. In 1994, MacKay et al. �rst demonstrated the detection of
the short T2 component in humans based on in vivo MRI measurements [9]. They
directly attributed this compartment to myelin water and obtained 15% for the
averaged myelin water fraction in healthy subjects. In addition, the �rst in vivo
MWF map was published in this early work (�g. 1.2).

Besides the existence of the multi-component T2 of WM and GM, there is evidence
that the longitudinal relaxation T1 is as well composed of more than one compo-
nent and that T1 of myelin water is speci�cally shorter than T1 of the intra- and
extracellular water pools of the axon [10�13].

The di�erent compartments of brain tissue not only exhibit di�erent relaxation
properties, they also undergo a proton exchange that is speci�ed by water molecules
di�using through aquaporin channels of the myelin bilayer [14]. Thereby, the av-
erage time a proton remains in one pool before di�using to the other is described
by the mean residence time τ . The timescale of exchange τ is believed to be long
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Figure 1.2: a: Coronal spin-echo image (TE = 60 ms) from the brain of a healthy
subject. b: First published myelin water fraction map. (Source: [9])

on a T2 timescale (τ > 100 ms), because multiple T2 components are observed. On
the other hand, τ needs to be short on a T1 timescale (τ < 700 ms), because in
conventional T1 measurements only one component is observed, despite the exis-
tence of physically distinct T1 compartments. The literature value for τ is ∼ 200
ms [15�17], which lies between these two limits. As mentioned before, the short
timescale of exchange prevents direct observation of multiple T1 compartments. In
order to extract multi-component T1 information, combined T1 and T2 measure-
ments or application of an MRI pulse sequence with combined contrast were shown
to be feasible solutions [10�13, 18].

1.2 Why quantifying myelin water?

Common quantitative MRI is sensitive to the various pathologies of myelinated
tissue in the brain [3]. However, it gives relatively unspeci�c information about
the underlying nature of the disease. For that reason, a parameter being capable
of directly indicating the integrity of the myelin sheath would be highly bene�cial
for studying neurological diseases. Especially the investigation of multiple sclerosis
(MS) could pro�t from such a quantitative approach, because MS is an autoimmune
disease of the central nervous system that is characterized by scattered centers of
in�ammation and partial or complete loss of myelin in these regions (lesions).

The myelin water fraction is believed to be a parameter that yields direct quan-
titative information on the myelin sheath integrity. In 2006, Laule et al. demon-
strated a strong correlation between the myelin water fraction and the myelin
density deduced from histopathological Luxol fast blue myelin stainings (�g. 1.3)
[19]. The results of this study and other publications investigating correlations with
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Figure 1.3: Qualitative correlation between MRI and histopathology of an MS
patient. Good qualitative correlation between a: spin-echo image (TE = 10 ms) b:
myelin water map and c: Luxol fast blue staining for myelin. (Source: [19])

histopathology [20�23] strongly support the use of in vivo quantitative myelin water
imaging (MWI) for studying myelin pathologies and in particular demyelination, re-
spectively remyelination processes in the course of MS. In the last few years, several
studies observing reducedMWF in MS lesions were published [9, 13, 19, 21, 22, 24�
29]. Moreover, myelin water imaging was used as well for the characterization of
other diseases like schizophrenia [30] or phenylketonuria [31], two pathologies con-
nected to dysmyelination, a process that is de�ned by a defective structure and
function of the myelin sheath. Quantitative mapping of myelin water can there-
fore help to improve the understanding of myelin related diseases and can provide
valuable neurological insight that is based on non-invasive MRI measurements.

Besides myelin water imaging, magnetization transfer (MT) [32] imaging is an-
other MRI technique that proved to be directly speci�c to myelination [33]. In
general, MT imaging generates contrast that originates from magnetization ex-
change between free water and the motionally restricted proton pool arising from
non-aqueous, macromolecular tissue like myelin itself. MT experiments can on one
side be performed by assessing the magnetization transfer ratio (MTR), where
two images are acquired: one with saturation and one without saturation of the
macromolecular protons [33]. The MTR is then calculated based on the normal-
ized signal di�erence of the two images. On the other hand, MT can be assessed by
means of quantitative imaging where two-pool characteristics and especially the re-
stricted proton pool fraction are determined [34]. Studies have shown that both the
MWF and MTR are related to myelin content, but show a relatively weak correla-
tion and indicate di�erent processes of demyelinating diseases [20, 24, 26, 29, 35].
In particular, the MTR and the restricted pool fraction are believed to change
due to in�ammation processes, whereas the MWF stays una�ected in this context
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[20, 24, 26, 29], thereby indicating that both techniques, myelin water imaging and
MT imaging, provide largely independent measures of myelin related pathologies.

1.3 Myelin water imaging and analysis techniques

1.3.1 Multi-spin-echo based myelin water quanti�cation

When MacKay et al. published the �rst in vivo myelin water map in 1994 [9], they
were most probably not conscious about the fact that they would also introduce
the future 'gold standard' for myelin water acquisition within this article. In this
�rst work and in the subsequent study [36], acquisition of brain T2 decay was
performed by using a single-slice 32-echo spin-echo pulse sequence with a slice-
selective 90◦ pulse and rectangular 180◦ refocusing pulses. Moreover, a series of
slice-select crusher gradients with alternating sign and decreasing amplitude was
implemented around the 180◦ refocusing pulses to eliminate contributions from
stimulated echoes and non-perfect slice pro�les (�g. 1.4) [36, 37]. In all succeeding
publications applying this technique, composite 180◦ pulses (90x - 180y - 90x) based
on the Carr-Purcell-Meiboom-Gill condition were used that resulted in improved
suppression of stimulated echoes and provided more reliable in vivo results [3, 38,
39]. The typical sequence parameters used for myelin water imaging were TR =
3 s, echo spacing = 10 ms, ∼ 4 averages and a total scan time between 20 and 25
minutes for the single-slice 32-echo acquisition.

The obtained T2 decay curves (�g. 1.5a) were analyzed by assuming a multi-
exponential composition of T2 relaxation based on an arbitrary number of com-
ponents (valid for TR >> T1):

yi =
M∑
k=1

skexp(−ti/T2k), i = 1, 2, ..., N, (1.4)

where ti are the N measured echo times, T2k are M logarithmically spaced T2 re-
laxation times and sk is the relative amplitude for each corresponding T2 relaxation
time. This equation is only valid for long TR, where potential (multi-compartment)
T1 in�uences can be neglected. For the �tting of the multi-exponential data, a
non-negative least-squares algorithm (NNLS) was applied [40, 41]. NNLS is a non-
iterative, linear algorithm that does neither require initial conditions nor a-priori
knowledge about the number of components. When using NNLS, a large number
of T2k relaxation times is �xed and only sk is treated as unknown, yielding �nally
non-negative sk with a majority of sk being equal to zero. In detail, χ2, the mis�t
between the measured and predicted data is minimized:

χ2 =
∑

(yi −As)2 , Aik = exp(−TEi/T2k). (1.5)
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Figure 1.4: Sequence diagram of a multi-spin-echo pulse sequence with pairs of
slice-select crusher gradients having alternating signs and decreasing amplitudes
[37], as it is used for conventional myelin water quanti�cation.

Figure 1.5: a: T2 decay curve from a volume of interest in normal human brain
acquired in vivo. b: T2 relaxation distribution from the decay curve in a. The three
components are assigned to: myelin water with T2 between 10 and 55 ms, intra-
and extracellular water with T2 between 70 and 95 ms and cerebrospinal �uid with
T2 greater than 1 s. (Source: [9])
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The �nal solution is then a set with a few non-zero discrete peaks (�g. 1.5b).

In later publications [36], both χ2 and an additional energy constraint, smoothing
the T2 distribution, were minimized:

χ2 + µ

M∑
k=1

s2k, µ ≥ 0. (1.6)

In general, the larger the µ parameter, the smoother the T2 distribution becomes
at the cost of mis�t. Regularized distributions could be achieved by applying the
following limits to the energy constraint:

1.02χ2
min ≤ χ2 ≤ 1.025χ2

min. (1.7)

This modi�cation provided more consistent �ts in the presence of noise [40�42].
The MWF �nally was de�ned as the sum of the amplitudes sk with T2 relaxation
times between 10 and 50 ms relative to the total sum of all amplitudes.

As mentioned previously, the procedure proposed by MacKay et al. was successfully
used for the investigation of demyelinating processes in the course of MS and is,
until today, the most commonly used technique for myelin water imaging [9, 19,
22, 24�26, 28, 29]. Recently, this technique was applied as well for studying myelin
water not only in the brain, but also in the spinal cords of animal models [35, 43, 44].

Nevertheless, there are some drawbacks associated to this myelin water quanti�-
cation approach. First of all, an average of four scans is usually needed to achieve
an adequate signal-to-noise ratio (SNR) for data analysis, hence leading to an in-
creased scan time of ∼ 20 minutes. The long acquisition time and the lack of volume
coverage due to the single-slice technique severely impair the implementation in
daily clinical routine. Furthermore, shortening of the �rst echo time and the echo
spacing is hindered in the sequence scheme, because of the relatively long durations
of the refocusing pulses and the crusher gradients. This issue can result in a signi�-
cant loss of portions of the myelin water signal and impair an accurate sampling of
the short T2 decay. In addition, there is no possibility to directly assess the proton
exchange between the two T2 compartments with the multi-spin-echo procedure.
Although it was shown that intercompartmental exchange does not drastically al-
ter the amplitudes and positions of the T2 components [12, 16, 45], quantifying
exchange might still help to understand disease processes in more detail and a
direct assessment would therefore be highly attractive.
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Figure 1.6: Sequence diagram of a balanced SSFP pulse sequence. On all the three
gradient axes, the net gradient area equals zero within one TR interval.

1.3.2 Myelin water quanti�cation based on balanced SSFP

The application of balanced steady-state free precession (bSSFP) pulse sequences
o�ers the possibility to overcome the main limitations of myelin water imaging
based on conventional multi-spin-echo pulse sequences. Imaging with 3D bSSFP
bene�ts from very short acquisition times (about 2 minutes for one 3D data set),
high resolution and excellent SNR [46]. BSSFP delivers the highest signal amplitude
of all SSFP sequences. It is in principle a rapid gradient-echo pulse sequence that
is characterized by a short repetition time and a complete nulling of all gradient
areas on the three gradient axes within one repetition time, meaning that the
gradient-induced dephasing within TR is exactly zero (�g. 1.6). Because of the
short TR (TR < T2, TR << T1), the longitudinal magnetization can not relax back
to thermal equilibrium and the transverse magnetization does not return to zero
before each new excitation. Under these conditions and after a certain number of
excitations, a dynamic equilibrium or steady state builds up that leads to a periodic
magnetization (valid for all types of SSFP) [47]. Using partial integration of the
Bloch equations [48], the steady state of bSSFP can be derived analytically [49, 50]
yielding:

S(α, T1, T2, TR) = M0 sinα
(1− E1)

√
E2

1− E1E2 − (E1 − E2) cosα
. (1.8)
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This equation is valid for centered echoes (TE = TR/2) and alternating excitations
(±α). Furthermore, E1,2 = exp(−TR/T1,2) and M0 is the equilibrium magnetiza-
tion. The contrast of bSSFP is therefore a composition of T1 and T2 contributions
at the same time. For su�ciently small repetition times (TR << T1, T2), the steady-
state signal becomes proportional to T2/T1 [51].

Equation (1.8) is only valid for a single water compartment. However, under cer-
tain assumptions, it is possible to solve the steady state of bSSFP for the case
of multi-component systems. In chapter 2, a complete mathematical derivation of
an extended bSSFP signal equation will be presented, in order to characterize the
bSSFP behavior of the di�erent water pools in brain tissue. The resulting two pool
bSSFP equation is not only a function of the relaxation times of the water com-
partments and the myelin water fraction, but also proton exchange is incorporated.
Based on multiple 3D bSSFP acquisitions with varying �ip angle and application of
the extended bSSFP equation as �t equation, high resolution myelin water imaging
with whole brain coverage becomes feasible in a clinically reasonable measurement
time of 20 minutes (chapter 2).

Recently, also Deoni et al. made use of the strong bene�ts of bSSFP for quantitative
myelin water imaging. In contrast to the work presented in chapter 2 of this the-
sis, Deoni et al. not only applied bSSFP sequences, but also spoiled gradient-echo
(SPGR) pulse sequences [13]. SPGR is an SSFP sequence that is characterized by a
dephasing moment in readout direction and a spoiler gradient applied on the slice
select axis to destroy any remaining transverse magnetization [52]. Additionally,
radiofrequency (RF) spoiling schemes are used to further reduce transverse coher-
ences [53]. Deoni et al. solved the two-pool steady-state signal for both bSSFP and
SPGR. 3D bSSFP and SPGR measurements with varying �ip angle were acquired
in healthy subjects and MS patients with a total scan time of 30 minutes for a
resolution of 1 x 1.4 x 1.4 mm3. By using a complex hybrid approach consisting of
a genetic algorithm [54] and a local search method [55], all parameters describing
the two-pool brain tissue model could be extracted (�g. 1.7). The resulting av-
eraged MWF value for healthy WM was 29.5% [13], which is the highest myelin
water fraction observed up to now. Possible explanations for the high results could
be in�uences of B0 and B1 inhomogeneities or MT e�ects that impair an accurate
detection of myelin water (for an extensive discussion of these e�ects and their
in�uences on myelin water imaging based on bSSFP sequences, see chapter 2). The
myelin water imaging technique proposed by Deoni et al. was lately successfully
applied in a comprehensive MS study [56] and was as well used to investigate the
MWF in the spinal cord [57].
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Figure 1.7: Representative axial slices showing the myelin water fraction, the
myelin residence time and the corresponding multi-component relaxation time maps
from four healthy volunteers and two MS patients. (Source: [13])
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Figure 1.8: Sequence diagram of a multi-gradient-echo pulse sequence with al-
ternating readout gradient polarities, as it is used for myelin water quanti�cation
based on multi-component T ∗2 decay.

1.3.3 Multi-gradient-echo based myelin water quanti�cation

Du et al. lately introduced another new myelin water quanti�cation method with
great potential for overcoming the main issues related to the conventional multi-
spin-echo procedure. They proved that not only multi-component T2 decay, but
also T ∗2 relaxation can be used for deriving the MWF [21]. In the course of their
study, a 2D multi-gradient-echo (mGRE) pulse sequence with alternating readout
gradient polarities and 126 di�erent echo times (�g. 1.8) was used to acquire the
brain T ∗2 decay in one post-mortem brain with MS. The total scan time for 5 slices
at �eld strength of 3 T was below 9 minutes. The application of mGRE pulse
sequences bene�ts from a short �rst echo and echo spacing, thereby enabling a
precise sampling of the myelin water signal. Du et al. could successfully reduce the
�rst echo to 2.1 ms and the echo spacing to 1.1 ms. With this setup, the myelin
water signal with a T ∗2 of ∼ 10 ms was 81% at the �rst echo and still 24% at the 12th

echo. The resulting myelin water fraction maps from the post-mortem brain were
correlated with histophathological results from Luxol fast blue myelin stainings,
which con�rmed the observed demyelination within MS lesions in the MWF maps
and veri�ed the proposed procedure based on T ∗2 relaxation analysis (�g. 1.9).

The majority of the existing myelin water imaging studies based on multi-spin-echo
sequences apply an NNLS algorithm to analyze the T2 data curves. This approach
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Figure 1.9: a: Histopathology of an MS lesion con�rming the demyelination
within the investigated lesion. b: Corresponding MWF map (derived from multi-
component T ∗2 analysis) showing severely decreased intensity at the position of the
MS lesion. A higher-power photomicrograph demonstrates the total devoid of myelin
at the center of the MS lesion (c) and the normal myelin content in normal ap-
pearing white matter outside the lesion (d). (Source: [21])

bene�ts from not requiring initial assumptions about the number of components
present. In contrast to the conventional procedure, Du et al. used a �xed three-
pool model for data analysis where the intra- and extracellular compartments are
separated [21, 58, 59]. The main advantage of the three-pool model is the addi-
tional insight into the axonal integrity that is provided by �tting the axonal water
independently of the extracellular component. Nevertheless, a higher number of
components will always deliver superior �t results, not necessarily because of the
physical existence of these compartments, but because of the higher probability to
match the curve more accurately with more unknowns. Therefore, if possible, the
NNLS algorithm should be favored over the application of a �xed model.

The technique proposed by Du et al. could in the meanwhile successfully be applied
to in vivo measurements of healthy subjects [60]. However, the procedure still lacks
an adequate volume coverage because of the acquisition of only a few slices. In
chapter 3 of this thesis, a new approach based on 3D mGRE pulse sequences will
be presented that o�ers whole brain coverage and uses NNLS algorithms for the
analysis of in vivo multi-component brain T ∗2 relaxation from healthy volunteers
and MS patients.
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1.4 Aim of this thesis

As mentioned above, quantitative myelin water imaging proved to be of high clinical
importance for the characterization of neurological diseases due to the direct cor-
relation between the myelin water fraction and the integrity of the myelin sheath.
Especially the investigation of multiple sclerosis bene�ts from deriving the myelin
water fraction, because quantitative insight into changes within MS lesions and
overall changes in white matter of MS patients can be gained.

However, most of the existing myelin water imaging methods are still not suitable
for the daily clinical routine. Major drawbacks are the lack of volume coverage due
to the 2D acquisition schemes and the long MRI acquisition times. In particular
the 'gold standard', where multi-spin-echo sequences are applied, su�ers from these
issues. Additionally, long �rst echo times and echo spacings are further limitations
of the multi-spin-echo procedure. This can lead to a signi�cant loss of portions of
the myelin water signal and impair an accurate sampling of the short T2 decay.

In this thesis, new techniques are presented that aim to overcome the major issues
of common myelin water imaging procedures. The principal target is thereby the
shortening of the acquisition time and the coverage of the whole brain by using
3D MRI pulse sequences. One part of this thesis focuses on the application of 3D
bSSFP sequences that o�er a high resolution, high signal-to-noise ratios and very
short scan times (approximately 2 minutes for one 3D data set). In order to assess
the MWF with this technique, an extended bSSFP signal equation is developed
that is based on a two-pool water model describing white and gray matter of brain
tissue. Another possibility for improving the detection of the short myelin water
pool is using 3D multi-gradient-echo pulse sequences, the second main area of the
present thesis. 3D mGRE sequences pro�t not only from their fast acquisition times
(less than 10 minutes for the acquisition of 96 echoes), but also from their short
�rst echo times and echo spacings, which enable accurate sampling of T ∗2 decay
curves.

In the course of this thesis, the novel methods are presented and their applicability
in a real clinical environment is intensely tested by incorporating in vivo measure-
ments of healthy volunteers and MS patients. Moreover, possible in�uences that
impair reliable myelin water detections are discussed in detail and solutions to
circumvent limitations are proposed in the following chapters of this work.
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1.5 Outline of the thesis

In chapter 2, an MWF mapping technique using 3D balanced steady-state free
precession sequences is implemented. An extended bSSFP signal equation, which
is based on a two-pool water model describing brain tissue, is derived to determine
typical multi-compartment parameters, including proton exchange and most im-
portantly the MWF . Numerical simulations of the modi�ed Bloch equations are
performed to con�rm the assumptions made in the course of the derivation and
to validate the two-pool bSSFP signal equation. The new signal equation is then
used to analyze data from in vivo 3D bSSFP measurements with varying �ip an-
gles of healthy human brains. The MWF and the signal amplitude are �tted as
single unknowns, while keeping the remaining parameters of the two-pool system
(relaxation times of the two pools and exchange rate) �xed. Both region of interest
and pixelwise results from healthy subjects are presented. The e�ect of variation
of the relaxation times and the exchange rate on theMWF estimation is discussed.
Moreover, the in�uence of �nite RF pulses and magnetization transfer, as well as
the dependence on B0 and B1 inhomogeneities are carefully investigated in this
chapter.

Chapter 3 introduces a 3D measurement scheme based on multi-gradient-echo pulse
sequences that is applied for the sampling of multi-component T ∗2 decays by acquir-
ing signals at 96 di�erent echo times. Quantitative myelin water maps are generated
based on analysis of T ∗2 spectra and their corresponding amplitudes. Both healthy
subjects and patients su�ering from multiple sclerosis are investigated with the
proposed technique. Furthermore, the in�uence of B0 inhomogeneities on the de-
rived myelin water maps and other e�ects that can possibly alter the obtained
MWF values are discussed in this chapter.

Possible adaptations and modi�cations of the proposed procedure from chapter 3
are covered in chapter 4. This part of the thesis mainly focuses on measurements
performed at higher �eld strengths and their resulting consequences due to stronger
B0 inhomogeneities. Several pathways for circumventing B0 issues, like z-shimming,
are delineated in this chapter. The crucial role of accurate B1 and B0 imaging and
the in�uences on myelin water imaging are �nally revisited in chapter 5. A solution
to simultaneous mapping of B1 and B0 based on dual-echo actual �ip angle imaging
is presented that might help to overcome systematic error sources inMWF mapping
in the future.
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Chapter 2

Myelin water imaging using 3D

bSSFP pulse sequences

The theoretical framework of this chapter has partly been presented as:
Lenz C. In vivo determination of the myelin water fraction with magnetic resonance imaging.
Master's thesis, University of Basel, 2008.

An adapted version of this chapter has been published as:
Lenz C, Klarhöfer M, Sche�er K. Limitations of rapid myelin water quanti�cation using 3D
bSSFP. Magn Reson Mater Phy, 23:139-151, 2010.
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2.1 Introduction

Based on the idea that bSSFP sequences [61] can successfully be used for the
quantitative assessment of magnetization transfer [62], this chapter introduces the
application of bSSFP for the quanti�cation of myelin water. Imaging with bSSFP
bene�ts from very short acquisition times (about 2 min for one 3D data set), high
resolution and excellent signal-to-noise ratio (SNR) [46]. The signal formation in
bSSFP is usually described by the Freeman-Hill formulae [49, 50]. However, in
most biological tissues like WM or GM, the signal is more completely described by
a complex composition of relaxation instead of the classical single-pool behavior,
as described in chapter 1. In this part of the thesis, a complete mathematical
derivation of an extended bSSFP signal equation, based on a two-pool water model
describing WM and GM, is presented. The model consists of a short pool (myelin
water, abbreviation s), a long pool (extracellular and axonal water, abbreviation l)
and additionally includes proton exchange between the pools. The extended bSSFP
signal equation is a function of the repetition time TR, the echo time TE, the �ip
angle α, the relaxation times of the two pools (T s2 , T

l
2, T

s
1 , T

l
1), the exchange rate

k and most importantly the MWF .

The two-pool bSSFP signal equation is validated by numerical simulations of the
full set of non-simpli�ed ordinary di�erential equations (ODE). Moreover, the in-
�uence of �nite RF pulses and MT, as well as the dependence on B0 and B1

inhomogeneities are carefully investigated in this part of the thesis. The new signal
equation is used to �t data from in vivo 3D bSSFP measurements with varying
�ip angle. TheMWF and the signal amplitude are �tted as single unknowns, while
keeping the remaining parameters of the two-pool system (relaxation times of the
two pools and exchange rate) constant. Both region of interest (ROI), and pixel-
wise results from the �tting of axial, sagittal and coronal views of healthy subjects
are presented. The e�ect of variation of the relaxation times and the exchange rate
on the MWF �t is discussed.

2.2 Theoretical background

2.2.1 Conventional bSSFP signal equation

In the case of a single water compartment, the steady state of bSSFP is derived
from the Bloch equations using partial integration [49, 50], resulting in:

S(α, T1, T2, TR) = M0 sinα
(1− E1)

√
E2

1− E1E2 − (E1 − E2) cosα
. (2.1)

This equation is valid for centered echoes (TE = TR/2) and alternating excitations
(±α). Furthermore, E1,2 = exp(−TR/T1,2) and M0 is the equilibrium magnetiza-
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tion. For WM and GM, which are complex biological tissues, the bSSFP signal is
more accurately described by a complex composition of relaxation instead of the
classical single-pool behavior. In the following, a complete mathematical derivation
of an extended bSSFP signal equation will be presented, in order to characterize the
bSSFP behavior of the di�erent water pools in brain tissue. For the mathematical
derivation a similar nomenclature as in references [13] and [63] is used.

2.2.2 Two-pool water model

To accurately describe the bSSFP signal of WM and GM, a theoretical two-pool
model is used. The short pool consists of myelin water, whereas the extracellular
and the axonal water are combined to the long pool. The relaxation times T s1 and
T s2 belong to the short pool, T l1 and T

l
2 to the long one (�g. 2.1). Furthermore, the

two components undergo a proton exchange that is indicated by the exchange rates
ksl and kls. Exchange is speci�ed by water molecules di�using through aquaporin
channels [14] of the myelin bilayer either from the short to the long pool (ksl) or vice
versa (kls). The exchange rates are the reciprocals of the mean residence times τsl
and τls, the average time a proton remains in one pool before di�using to the other.
In kinetic equilibrium, the two exchange rates are related through the fractional
pool sizes by ksl = (MWF−1 − 1)kls. The MWF stands for the molar fraction of
the short pool and is de�ned as MWF = M s

0/(M
s
0 +M l

0), where M
s
0 (M l

0) denotes
the equilibrium magnetization of the short (long) pool. Aside from that, a general
exchange rate can be de�ned as k = ksl + kls, whereby ksl = (1 −MWF ) · k and
kls = MWF ·k become valid. The timescale of exchange τ is believed to be long on a
T2 timescale (τ > 100ms), because two T2 components are observed. On the other
hand, τ needs to be short on a T1 timescale (τ < 700 ms), because in conventional
T1 measurements only one component is observed, despite the existence of two
physically di�erent T1. The literature value for τ is ∼ 200 ms [15�17], which lies
between the two limits and corresponds to k ∼ 5 s−1.

Figure 2.1: Physical properties of the two water pools describing WM and GM.
The short pool has relaxation times T s1 , T

s
2 and the fractional pool size MWF ,

whereas T l1, T
l
2 and (1-MWF ) belong to the long pool. Proton exchange is described

by the two exchange rates ksl and kls.
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2.2.3 Modi�ed Bloch equations

The magnetization of the short pool will decrease by the factor kslM
s and increase

by klsM
l, if exchange between the two pools occurs. On the other hand, the mag-

netization of the long pool will rise by klsM
l and decrease by kslM

s. This leads to
modi�ed 6-dimensional Bloch equations [48], which describe all spatial components
of the two-pool magnetization vector M = [M s

x,M
l
x,M

s
y ,M

l
y,M

s
z ,M

l
z] separately:

dM s
x

dt
= ω0M

s
y −

M s
x

T s2
− kslM s

x + klsM
l
x, (2.2a)

dM l
x

dt
= ω0M

l
y −

M l
x

T l2
− klsM l

x + kslM
s
x, (2.2b)

dM s
y

dt
= −ω0M

s
x −

M s
y

T s2
− kslM s

y + klsM
l
y + ω1(t)M

s
z , (2.2c)

dM l
y

dt
= −ω0M

l
x −

M l
y

T l2
− klsM l

y + kslM
s
y + ω1(t)M

l
z, (2.2d)

dM s
z

dt
=
M s

0 −M s
z

T s1
− kslM s

z + klsM
l
z − ω1(t)M

s
y , (2.2e)

dM l
z

dt
=
M l

0 −M l
z

T l1
− klsM l

z + kslM
s
z − ω1(t)M

l
y. (2.2f)

Here, M0
s (M0

l ) is again the abbreviation for the equilibrium magnetization of the
short (long) pool, ω0 = γ |B0| and ω1(t) = γ |B1(t)|. Moreover, it is assumed that
ω0 = ωs0 = ωl0. The modi�ed Bloch equations describe the cases of excitation,
relaxation and exchange.

2.2.4 Solutions to the modi�ed Bloch equations

Although, it may in principle be possible to solve the system of di�erential equa-
tions (eqs. 2.2a-f), the solution is complex and cumbersome. Therefore, a di�erent
procedure is suggested, which closely follows the vector model description intro-
duced by Carr [47] to derive the signal behavior of bSSFP. To separate excitation
and relaxation, instantaneously acting RF pulses are assumed. Using the matrix
notation developed by Jaynes [64], the solution for excitation is written as a rota-
tion around the x-axis (without loss of generality):

M+
n = Rx(α)M−

n =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 cosα 0 sinα 0
0 0 0 cosα 0 sinα
0 0 − sinα 0 cosα 0
0 0 0 − sinα 0 cosα

M
−
n , (2.3)
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where α is the �ip angle and M−
n is the 6-dimensional magnetization vector be-

fore the nth RF pulse. The solution for relaxation is found analogously to the
3-dimensional classical case [49, 50]. The resulting relaxation matrix is given by:

E(t) =


Es

2 0 0 0 0 0
0 El

2 0 0 0 0
0 0 Es

2 0 0 0
0 0 0 El

2 0 0
0 0 0 0 Es

1 0
0 0 0 0 0 El

1

 , (2.4)

where Es
1,2 = exp(−t/T s1,2), El

1,2 = exp(−t/T l1,2).

To solve the modi�ed Bloch equations for exchange, it is additionally assumed that
exchange processes decouple from relaxation processes within the short repetition
times usually applied in bSSFP imaging. This approach is valid, as long as frac-
tional pool size modi�cations from longitudinal relaxation processes are negligible
within TR. This corresponds to an instantaneous appearance of exchange, similar
to the concept of instantaneous rotation allowing the decoupling of excitation and
relaxation. The part of the modi�ed Bloch equations containing only exchange
parameters reads:

dM

dt
=


−ksl kls 0 0 0 0
ksl −kls 0 0 0 0
0 0 −ksl kls 0 0
0 0 ksl −kls 0 0
0 0 0 0 −ksl kls
0 0 0 0 ksl −kls

M. (2.5)

This di�erential equation has the general solution M(t) = A(t)M0, where A(t) is
the exchange matrix:

A(t) =


a b 0 0 0 0
c d 0 0 0 0
0 0 a b 0 0
0 0 c d 0 0
0 0 0 0 a b
0 0 0 0 c d

 , (2.6)

where

a = −(MWF − 1)e−kt +MWF,

b = −MWF (e−kt − 1),

c = (MWF − 1)(e−kt − 1),

d = MWF (e−kt − 1) + 1.

ksl and kls were replaced by the corresponding expressions including k and MWF .
Although the concatenation of relaxation and exchange is not a general solution
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for longer TR, it can be applied in the limit of short TR. The limit of TR→ 0 leads
to the case of commuting relaxation and exchange matrices:
[E(TR→ 0),A(TR→ 0)]→ 0.

2.2.5 Extended bSSFP signal equation

The extended steady-state equation can now be derived according to standard
procedures [51] with the solutions for excitation, relaxation and exchange from
above. RF phase alternations are described by Rz:

Rz(Φ = 180◦) =


−1 0 0 0 0 0
0 −1 0 0 0 0
0 0 −1 0 0 0
0 0 0 −1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 . (2.7)

For bSSFP, the magnetization directly after the nth RF-pulse yields
M+

n = RzRx(α)M−
n , whereM

−
n is the magnetization before the nth RF-pulse. The

magnetization before the (n + 1)th pulse yields (assuming relaxation takes place
before exchange):

M−
n+1 = A(TR)

[
E(TR)M+

n + M0

]
, (2.8)

with the equilibrium magnetization given by:

M0 =


0
0
0
0

M s
0 (1− Es

1)
M l

0(1− El
1)

 . (2.9)

In steady state, the eigenvalue equation takes the form M−
n = M−

n+1 and the �nal
result becomes (for centered echoes with TE = TR/2 and the case relaxation before
exchange):

M+
n (∞) =

√
ERx [I6 −AERzRx]

−1
AM0, (2.10)

where all matrices are evaluated at time point TR. The total signal amplitude is
calculated according to: S = |M|sxy + |M|lxy. The analytical solution yields the �nal
extended bSSFP signal equation:

S ∝ sin(α)
A+B cos(α)

C +D cos(α) + E cos(2α)
, (2.11)

with abbreviations

A,B,C,D,E = f(TR,Es,l
1,2, k,MWF ).
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A list of the full expressions is given in section 2.7. The limit where only the short
pool exists with fraction MWF = 100% and zero exchange leads to the well-known
standard bSSFP equation (eq. 2.1). The equations (2.10) and (2.11) represent the
case where relaxation before exchange occurs. Comparison to the case of exchange
before relaxation showed negligible signal di�erences. Therefore, only relaxation
before exchange will be considered below.

2.3 Methods

2.3.1 Numerical simulations

All numerical simulations and data analysis were performed using Matlab 2007b
(The MathWorks, Inc., Natick, MA, United States). To verify equation (2.11) and
to justify the separation of relaxation and exchange processes, numerical sim-
ulations of the full set of non-simpli�ed ordinary di�erential equations (ODE)
(eqs. 2.2a-f) were conducted. A standard ODE solver was used to simulate the
signal as a function of RF pulse characteristics (�ip angle α, RF pulse duration
TRF ), sequence characteristics (repetition time TR) and two-pool properties (re-
laxation times, MWF and exchange rate k). Rectangular shaped RF pulses were
used for excitation.

To investigate the e�ects of MT, the modi�ed Bloch equations were extended to
9 dimensions to comprise an additional restricted pool consisting of membranes
and macromolecules. Numerical simulations of the 9-dimensional ODE set were
performed taking into account saturation of the restricted pool protons, as well as
proton exchange with the two free water pools. In general, saturation of the re-
stricted pool protons is achieved by o�-resonance irradiation a�ecting the longitu-
dinal magnetization of the restricted pool and is described by the mean saturation
rate [62]:

〈W (∆)〉 =
π

TRF

∫ TRF

0

ω2
1(t)dtG(∆), (2.12)

where ∆ is the frequency o�set and G(∆) the absorption line shape. For the sim-
ulations (and measurements) of this work, on-resonance RF pulses were applied,
which results in ∆ → 0. The mean saturation rate W (∆ → 0) is calculated as
a function of the �ip angle α and the RF pulse duration TRF according to equa-
tion (2.12) and based on a Super-Lorentzian line shape, yielding G(0) = 1.4 · 10−5

s−1 for a T2 of the restricted pool of 12 µs [65].
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2.3.2 In vivo experiments

Measurements were conducted on a Siemens Avanto 1.5 T system (Siemens Health-
care, Erlangen, Germany) in 3D with sagittal orientation based on a 192 x 192 x
144 matrix with 1.3 mm isotropic resolution. The protocol for quantitative MWF
estimation consisted of:

- A carefully conducted second order manual shim for correction of main mag-
netic �eld inhomogeneities resulting in frequency variations of less than 15
Hz within the shimmed volume containing the whole brain.

- An MPRAGE sequence for anatomical reference and segmentation of WM
(TR/TE = 1760/4.61 ms, inversion time TI = 906 ms, �ip angle α = 7◦,
bandwidth = 130 Hz/pixel).

- Multiple bSSFP sequences with 8 varying �ip angles α = 4, 8, 12, ..., 32◦ and
non-selective rectangular RF pulses with TRF = 2 ms to minimize MT e�ects
(see �g. 2.3b and [66]) (TR/TE = 5.4/2.7 ms, bandwidth = 500 Hz/pixel).

- A multi-slice B1 �eld map sequence (20 slices, 5 mm slice thickness, 64 x 64
matrix, 4 mm in plane resolution) for the assessment of �ip angle deviations
based on stimulated echoes resulting from a multi-pulse sequence (α - α - α),
analogous to the scheme described in [67].

An acquisition time of 25 min is required to measure the whole protocol (MPRAGE:
3 min, bSSFP: 8 x 2.5 min, B1 �eld map: 2 min). In total, six healthy volunteers
were investigated. Informed consent was obtained from all participants and exper-
iments were approved by local ethics committee.

2.3.3 Postprocessing and data analysis

For image registration and brain extraction, the software packages FSL [68] and
AFNI [69] were used. The e�ective measured B1 �eld is depicted as percentage
di�erence from the actual �ip angle. According to that, �ip angle deviations were
calculated pixelwise after B1 image registration and data interpolation performed
with FSL.

The correct assessment of myelin water demands the elimination of possible MT
contributions. Therefore, a long RF pulse duration of 2 ms was chosen for the
experimental setup of the bSSFP sequence [66]. However, the derivation of the new
bSSFP signal equation was based on instantaneously acting RF pulses. Recently,
Bieri and Sche�er showed that long pulse durations in bSSFP imaging may lead
to a divergence between bSSFP signal prediction and measurement data, making a
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�nite RF pulse correction necessary [70]. They suggest the following modi�cation
to the transverse relaxation T2 (for non-selective rectangular RF-pulses):

T2corr =

(
1− ξTRF

TR

)−1
T2, with ξ = 0.68− 0.125

(
1 +

TRF
TR

)
T2
T1
, (2.13)

where TRF is the duration of the RF pulse. This correction was consistently included
in the derived bSSFP signal equation.

One axial, one sagittal and one coronal section per volunteer were selected for
analysis. The MWF was �tted using the �nite RF pulse corrected bSSFP signal
equation (eq. 2.11) as �t equation and a nonlinear least squares (NLLS) approach as
�t procedure. The �t was performed as a function of the 8 di�erent α. The distance
between acquired data and model was minimized with respect to theMWF and the
signal amplitude. The parameters T s1 , T

l
1, T

s
2 , T

l
2 and k were kept constant, whereas

TR is known from the measurements (5.4 ms). For the �t of WM regions, a priori
values were chosen according to WM literature values: T s2 = 10 ms, T l2 = 80 ms,
T s1 = 400 ms, T l1 = 900 ms and k = 5 s−1 [9, 15�17, 36]. The constant parameters
for GM region �tting were �xed analogously according to GM literature values:
T s2 = 12 ms, T l2 = 90 ms, T s1 = 600 ms, T l1 = 1400 ms and k = 5 s−1.

For the pixelwise �ts, a Wiener �lter with kernel size 3 was �rst employed on all
images to increase SNR without substantial loss of image details. WM pixels were
then segmented based on signal thresholds of the MPRAGE images. The �t of the
MWF solely was applied to the segmented WM pixels, thereby using the �xed WM
parameters given above. Only MWF �t results with standard errors < 100% were
allowed.

2.4 Results

2.4.1 Numerical simulations

Figure 2.2 depicts a comparison of the derived bSSFP signal equation (eq. 2.11)
with the numerical simulation of the full set of non-simpli�ed ODE (eqs. 2.2a-
f). Within the range of experimentally applied �ip angles (4◦ − 32◦), the ex-
tended bSSFP steady state solution clearly underestimates the simulated values by
15% at the maximum di�erence. This is due to the assumed instantaneously act-
ing RF pulses, which is in contradiction to the long RF pulse duration chosen for
experiments to exclude MT e�ects. The application of a �nite RF pulse correction
therefore becomes essential. Using the procedure proposed in [70] for the correction
of transverse relaxation, �nally good agreement (< 0.1% deviation at α = 32◦) be-
tween the analytical description of the two-pool bSSFP signal and the numerical
simulation of the di�erential equations is achieved. In summary, provided that the
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�nite RF pulse correction is included, the use of the derived two-pool bSSFP signal
equation is valid within the measurement range.

Figure 2.2: Comparison of the numerical simulation of the di�erential equations
(eqs. 2.2a-f) with the derived extended bSSFP equation using WM parameters:
T s2 = 10 ms, T l2 = 80 ms, T s1 = 400 ms, T l1 = 900 ms, k = 5 s−1, MWF = 20%,
TRF = 2 ms, TR = 2 · TE = 5.4 ms. The gray dashed line shows the plot of the
derived bSSFP signal equation without �nite RF pulse correction, the black line
illustrates the bSSFP equation including the correction. The total signal is depicted
as a function of the �ip angle α, the shaded gray area displays the measurement
range. Excellent correspondence between the simulation of the di�erential equations
and the �nite RF pulse corrected bSSFP signal equation is found in the range of
measurements, therefore justifying the application of the �nite RF pulse correction.

Figure 2.3a illustrates further results from the numerical simulations of the two-
pool Bloch equations (eqs. 2.2a-f). The signal amplitudes are shown for both pools
and for the total signal separately. If exchange processes are taken into account,
the short pool will gain signal intensity, which will in return be lost by the long
pool. Due to the fast decay of the transverse magnetization of the short pool, less
magnetization is available for transfer to the long pool in comparison to the amount
exchanged by the long component. The right plot depicts an important di�erence
between the total signal including exchange and the one without exchange: the
neglect of proton exchange would lead to an overestimation of the �tted MWF of
about 10%. In consequence, incorporating proton exchange is necessary to extract
the correct MWF . Besides that, an obvious di�erence between the total signal for
two pools and the signal for only one existing pool is observed.

Figure 2.3b displays the results from the numerical simulations based on the Bloch
equations comprising three pools: the two water pools described above and an
additional restricted pool consisting of macromolecules and membranes. The sim-
ulations included saturation of the restricted pool, as well as proton exchange
between all pools. Two RF pulse durations were investigated: 230 µs (a typical
pulse duration used for MT experiments [66]) and 2 ms, as it was applied in our
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Figure 2.3: a: Numerical WM bSSFP simulation of the two-pool Bloch equations
showing the signal of the short pool, the signal of the long pool and the total signal
as a function of the �ip angle. Black line: simulation with exchange (k = 5 s−1,
MWF = 20%), red line: simulation without exchange (k = 0 s−1, MWF = 20%)
and broken gray line: simulation of one existing pool (k = 0 s−1, MWF = 100%).
Other parameters used were: T s2 = 10 ms, T l2 = 80 ms, T s1 = 400 ms, T l1 = 900
ms, TRF = 2 ms and TR = 2 · TE = 5.4 ms. b: Numerical WM bSSFP simulation
of the 9-dimensional Bloch equations including an additional third restricted pool
(abbreviation r) to investigate the connection between MT and RF-pulse duration.
The signal of the short pool, the signal of the long pool and the total signal are
illustrated as a function of the �ip angle. Parameters used were: T s2 = 10 ms, T l2 =
80 ms, T s1 = 400 ms, T l1 = 900 ms, MWF = 20%, T r1 = 1000 ms, T r2 = 12 µs,
TR = 2 · TE = 5.4 ms, ksl = 4 s−1, kls = 1 s−1, krs =30 · 0.2 s−1, ksr = 4.5 · 0.2
s−1, krl = 30 · 0.8 s−1 and klr = 4.5 · 0.8 s−1. Moreover: Fraction of the restricted
pool Fr = 15%, therefore MWF + (1−MWF ) ≡ 85% of the total size of all pools.
The signals are plotted with and without MT, based on two RF pulse durations of
2 ms and 230 µs.
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measurements. For TRF = 230 µs, an evident signal di�erence between MT and
no MT is observed, which represents the background of measuring MT e�ects. On
the other hand, the correct assessment of the MWF demands the elimination of
possible MT contributions. This can be achieved by choosing an RF pulse duration
of 2 ms. Due to the decrease in RF pulse bandwidth, the signal di�erence between
MT and no MT becomes negligible small for 2 ms duration. Therefore, MT e�ects
can de�nitely be excluded from the experiments performed in this study.

2.4.2 In vivo experiments

Quantitative MWF evaluation is exemplarily illustrated in �gure 2.4a. The bSSFP
signal intensities from two WM and two GM regions from one healthy subject
are �tted based on equation (2.11) applying either the constant WM or GM pa-
rameters. Resulting MWF values are given in table 2.1, together with the sum of
squares of the residuals (SSQ). The �ttedMWF of the GM regions are considerably
smaller than the MWF obtained from WM regions yielding good correspondence
with literature values [9, 13, 16, 17, 19, 21, 22, 30, 31, 36, 45, 71]. WM and GM
results from single-pool �tting using the �nite RF pulse corrected conventional
bSSFP equation (2.1) are presented in �gure 2.4b. For the single-pool �t, the dis-
tance between acquired data and equation (2.1) was minimized with respect to
the transverse relaxation T2 and the signal amplitude, while leaving T1 �xed (850
ms for WM, 1200 ms for GM). Due to the dependence on the ratio T2/T1 of the
conventional bSSFP formula (eq. 2.1) [46], �tting of both relaxation times was not
feasible. The resulting single-pool T2 values are shown in table 2.1, together with
the SSQs. In general, both �t procedures yield small residuals of less than 2%. To
evaluate the signi�cance, direct comparison of the di�erent SSQs is valid, because
both the two-pool and the single-pool �t procedure possess 6 degrees of freedom
(8 data points - 2 unknowns). Since the SSQs from the two-pool bSSFP �tting are
in each region reduced compared to the singe-pool �tting SSQs, one can conclude
that the extended two-pool bSSFP equation yields signi�cantly better �t results
than the application of the conventional bSSFP formula.

Axial, sagittal and coronal quantitative myelin water maps with an isotropic resolu-
tion of 1.3 mm are presented in �gure 2.5 for WM of �ve normal appearing human
brains. MeanMWF values from segmentedWM pixels with corresponding standard
deviations are listed in table 2.2, separately indicated for the investigated subjects.
Besides some small problems with o�-resonance artifacts a�ecting particularly the
regions near the nasal cavities, the derived MWF maps appear smooth and high
correlation between individual subjects is observed. Furthermore, the mean MWF
values correspond to literature values [9, 13, 16, 17, 19, 21, 22, 30, 31, 36, 45, 71].
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Figure 2.4: a: Introductory examples to the two-pool bSSFP analysis showing
MWF parameter �tting of two WM and two GM ROIs from one healthy subject.
NLLS �t procedure and application of the �nite RF pulse corrected extended bSSFP
signal equation (eq. 2.11) with either constant WM parameters T s2 = 10 ms, T l2 =
80 ms, T s1 = 400 ms, T l1 = 900 ms and k = 5 s−1 or constant GM parameters T s2 =
12 ms, T l2 = 90 ms, T s1 = 600 ms, T l1 = 1400 ms and k = 5 s−1 yield MWF results
displayed in table 2.1. b: Single-pool �tting examples of the regions from �gure 2.4a.
NLLS �t procedure and application of the �nite RF pulse corrected conventional
bSSFP formula (eq. 2.1) with either the constant WM parameter T1 = 850 ms or
the constant GM parameter T1 = 1200 ms lead to single-pool T2 �t results given in
table 2.1. Moreover, �tting residuals and 95% con�dence intervals are presented.
Sum of squares of the �tting residuals are listed in table 2.1.
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Table 2.1: ROI results derived from two-pool bSSFP model �tting (eq. 2.11) and
single-pool �tting using the conventional bSSFP equation (eq. 2.1) (ROI results ±
standard error).

WM GM
Forceps minor Forceps major Putamen Thalamus

Two-pool �ttinga

MWF [%] 15.4 ± 1.5 11.1 ± 1.0 5.8 ± 2.0 3.9 ± 1.6
SSQb 29.7 18.6 92.9 68.1
Single-pool �ttingc

T2 [ms] 53.6 ± 3.2 58.7 ± 2.0 67.7 ± 4.2 70.7 ± 3.6
SSQb 130.5 51.3 187.8 128.5

aFixed WM parameters: T s
2 = 10 ms, T l

2 = 80 ms, T s
1 = 400 ms, T l

1 = 900 ms and k = 5 s−1;
�xed GM parameters: T s

2 = 12 ms, T l
2 = 90 ms, T s

1 = 600 ms, T l
1 = 1400 ms and k = 5 s−1.

bSum of squares of the �t residuals.
cFixed WM parameter: T1 = 850 ms; �xed GM parameter: T1 = 1200 ms.

Table 2.2: MWF [%] derived from pixelwise two-pool bSSFP model �tting of seg-
mented white matter (pixelwise mean ± pixelwise SD). Corresponding MWF pa-
rameter maps are illustrated in �gure 2.5.

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Axial view 11.2 ± 4.0 13.6 ± 5.1 14.8 ± 6.1 12.5 ± 4.9 11.9 ± 4.6
Sagittal view 12.3 ± 3.8 13.1 ± 4.5 14.8 ± 5.0 12.2 ± 3.7 11.4 ± 3.8
Coronal view 11.9 ± 3.3 12.3 ± 4.0 14.2 ± 4.7 13.2 ± 4.4 13.2 ± 4.2
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Figure 2.5: Axial, sagittal and coronal sample images from �ve healthy volunteers
showing 1.3 mm isotropic high-resolution MWF parameter estimates as derived
from two-pool bSSFP model �tting using the NLLS algorithm and the extended
bSSFP �t equation (eq. 2.11). Analysis was solely applied to segmented WM pixels
using the constant WM parameters T s2 = 10 ms, T l2 = 80 ms, T s1 = 400 ms, T l1 =
900 ms and k = 5 s−1. Mean values with corresponding standard deviations are
listed in Table 2.2.
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Figure 2.6: Right: Axial, sagittal and coronal sample images of a sixth healthy
volunteer showing 1.3 mm isotropic high-resolution MWF parameter estimates as
derived from two-pool bSSFP model �tting using the NLLS algorithm and the ex-
tended bSSFP �t equation (eq. 2.11). Left: Axial quantitative B0 maps having
the same location as the axial sample image shown on the right side. Maps were
computed based on two gradient recalled echo images with di�erent echo times. a:
Regular measurement protocol (as described in section 2.3). b: Manually induced
increase of the B0 inhomogeneity by 10 µT/m (in y-direction from frontal to poste-
rior) results in frequency variations of about 40 Hz in the B0 map and leads to the
formation of an apparent MWF gradient reaching from frontal to posterior WM
having the size of ∼ 60%.

To investigate the in�uence of B0 inhomogeneities on the experimental bSSFP data,
the measurement protocol of the sixth healthy volunteer was expanded. In addition
to the regular protocol described in section 2.3, a standard Siemens protocol based
on two gradient recalled echo sequences with di�erent TE was measured to calculate
quantitative B0 maps. The �eld mapping sequence had sagittal orientation and
consisted of a 128 x 128 matrix with 2 x 2 mm2 resolution and 36 slices with 4
mm slice thickness. TR was 455 ms, TE1 = 4.76 ms, TE2 = 9.52 ms, α = 60◦ and
bandwidth = 260 Hz/pixel. Figure 2.6a illustrates the axial, sagittal and coronal
sample images showing 1.3 mm isotropic high-resolutionMWF parameter estimates
and on the left side one quantitative B0 map having the same location as the axial
MWF map. Figure 2.6b depicts the second part of the measurement, where the 8
bSSFP sequences were repeated with a manual increase of the B0 inhomogeneity
by 10 µT/m (in y-direction from frontal to posterior). This modi�cation leads to
frequency variations of about 40 Hz in the B0 map and results in the formation
of an apparent MWF gradient reaching from frontal to posterior WM. Therefore,
it can be concluded that the �t procedure introduced in this work reveals to be
highly sensitive to B0 variations arising i.e. from dental �llings. For that reason,
a carefully conducted high order manual shim is essential for obtaining smooth
MWF parameter maps.



2. MWI using 3D bSSFP -47-

2.5 Discussion

In this work, a new bSSFP signal equation based on a two pool water exchange
model was derived that was used as �t equation for the quantitative analysis of
bSSFP measurement data with varying �ip angles. The distance between acquired
data and model was minimized with respect to theMWF and the signal amplitude,
while keeping the parameters T s1 , T

l
1, T

s
2 , T

l
2 and k �xed. Obtained results (tables

2.1 and 2.2) correspond to previously reported literature values [9, 13, 16, 17, 19,
21, 22, 30, 31, 36, 45, 71]. Moreover, the MWF parameter results from GM regions
are considerably smaller than theMWF obtained from WM regions yielding as well
agreement with literature. Aside from that, T1 of myelin water was assumed to be
considerably shorter than the longitudinal relaxation of the intra- and extracellular
water of the axon. Omitting this di�erence would lead to a serious overestimation
of the MWF of about 10% and therefore result in MWF values inside the upper
range of literature values.

On-resonance MT e�ects were excluded from experiments by choosing long RF
pulse durations (�g. 2.3b). However, the selection of long RF pulse durations re-
quires the use of a �nite pulse correction (�g. 2.2), which was applied to the derived
bSSFP signal equation. Another important error source is B1 �eld inhomogeneity
leading to �ip angle deviations of maximal 10% in the experimental data. To elim-
inate these systematic errors, the applied �ip angles were corrected prior to data
analysis, by performing B1 �eld mapping. Furthermore, problems with B0 inho-
mogeneities were avoided by carefully conducting high order manual shims. The
neglect of manual shimming leads to the formation of high MWF gradients in the
parameter maps making this sort of correction essential (�g. 2.6b). Issues with B0

inhomogeneities would as well play an important role in case of switching to higher
magnetic �eld strengths. There, not only problems with MWF gradients would
arise, but one would also have to deal with formation of bSSFP o�-resonance bands
in the acquired images. Nonetheless, by applying careful manual shimming and RF
phase cycling to avoid banding artifacts, measurements at higher �eld strengths
may be feasible. Increased imaging time due to the phase cycling approach might
be reduced by parallel imaging techniques.

The proposed two-pool analysis procedure is based on �tting the MWF and the
signal amplitude and �xing the parameters T s1 , T

l
1, T

s
2 , T

l
2 and k. In principle,

the choice to �x certain parameters was made based on two reasons. First, the
derived bSSFP signal equation is extremely complex making it impossible to �t all
parameters, especially in presence of the simple bSSFP curve behavior. Secondly,
there are four unknown relaxation times present in the two-pool model, which can
not be measured directly with other techniques and then inserted backwards into
the model. In particular, the knowledge about the two longitudinal relaxation times
is very limited from literature.
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However, it is clear from previous work that the relaxation times show spatial and
pathological variation and are not globally constant. To investigate the stability
of the MWF parameter, variation of the �xed parameters was performed, which is
shown in �gure 2.7 for one WM region. Thereby, each of the constant parameters
was varied between ± 10%. Variation of the exchange rate results in extremely
small deviation of the �tted MWF (< ± 4%) (�g. 2.7a). The discrepancy of the
MWF values upon variation of T s2 and T s1 is as well in a reasonable range (< ±
10%) (�g. 2.7b,c). On the other hand, the alteration of the �tted MWF caused
by variation of T l2 and T

l
1 is more severe. However, the smoothness of the derived

MWF parameter maps (�g. 2.5) indicates that the real spatial WM parameter vari-
ation of the investigated healthy subjects must be smaller than ± 10%, because
the standard deviations of our MWF results are broadly comparable to literature
results [9, 13, 16, 17, 19, 21, 22, 30, 31, 36, 45, 71]. Nevertheless, the strong de-
pendence of the MWF on T l2 and T l1 demonstrates that the applicability of the
proposed method not only to pathologies, but also to maturation or ageing of WM
is considerably impaired.

Only recently, Deoni et al. introduced a similar approach to myelin water imaging,
but used, in contrary to our study, a complex hybrid approach consisting of a
genetic algorithm and a local search method to �t all unknown parameters [13].
In their work, presented MWF results from WM pixels of healthy subjects lie
inside the upper range of literature values (averaged MWF = 29.5 ± 5.3%) and
are considerably higher than the results presented here. Presumably, the observed
di�erence arises not only due to the �xed parameters in this study, but also due to
the negligence of B1 inhomogeneities and MT e�ects in the work of Deoni et al..

Lately, some groups predicted the two-pool model to be inappropriate and supposed
instead a three pool model including the axonal water as separate pool (fractional
pool size ∼ 50%), the myelin water (∼ 20%) and the extracellular water as third
pool (∼ 30%) [21, 58, 59]. According to these studies, a signi�cant amount of
signal from the axonal water could be misclassi�ed into the myelin water signal
if only two pools were considered. This, in turn, would lead to an eventual global
overestimation of the �tted MWF .

Figure 2.8 illustrates �t results from WM regions showing on the one hand the in-
corporation of all 8 �ip angles to data analysis and on the other hand the reduction
to either 3 or 4 �ip angles. Application of 4 di�erent �ip angles results in similar
values for the MWF and slightly enhanced standard errors, whereas the decrease
to 3 �ip angles is impractical due to extreme high standard errors (> 100%). The
reduction to 4 �ip angles would lead to a considerable shortening of acquisition
time from 25 min to 15 min.

The technique presented in this work o�ers a stable approach to high-resolution 3D
myelin water imaging of WM from healthy subjects. However, the application of the
proposed technique is limited due to the �xed parameters included in the analysis
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Figure 2.7: Estimation of MWF stability upon variation (± 10%) of constant �t
parameters for one WM region. MWF �t results ± standard errors are given as
a function of the parameter variation. In each case, one parameter is varied while
leaving the remaining parameters unmodi�ed. a: Variation of the exchange rate
k. b: Variation of the transverse relaxation times T s2 and T l2. c: Variation of the
longitudinal relaxation components T s1 and T l1.
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Figure 2.8: Fit results of two WM regions evaluated in all healthy subjects showing
on the one hand the incorporation of all 8 �ip angles to the �t with α = 4,8, ...,32◦

and on the other hand the reduction to 4 �ip angles with α = 4, 16, 24, 32◦. The
proposed �ip angle decrease results in similar values for the MWF and slightly
enhanced standard errors, which may lead to a possible shortening of measurement
time from 25 to 15 minutes. Due to the extreme high standard errors, the reduction
to 3 �ip angles is impractical.

procedure. Nevertheless, this study provides a non-negligible contribution to the
relatively new �eld of 3D myelin water quanti�cation with whole-brain coverage.

2.6 Conclusion

In this work, a new bSSFP signal equation based on a two-pool water exchange
model was derived to quantify the MWF of WM from healthy subjects. In the
course of the proposed two-pool model analysis, theMWF and the signal amplitude
were �tted as single unknowns, while a priori assumptions were made for the other
parameters of the two-pool system. The in�uence of B0 and B1 inhomogeneities,
as well as MT e�ects and the requirement for a �nite RF pulse correction were
discussed. Moreover, the stability of the derived MWF values upon variation of
the �xed parameters was investigated. MWF values found in this study showed
good correspondence with literature. However, the strong dependence of theMWF
on the �xed two-pool parameters considerably impairs the clinical application of
the proposed technique.
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2.7 Appendix

The extended bSSFP signal equation is written as:

S = sin(α)
A+B cos(α)

C +D cos(α) + E cos(2α)
,

with full abbreviations given by:
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Chapter 3

Myelin water imaging using 3D

mGRE pulse sequences

An adapted version of this chapter has been published as:
Lenz C, Klarhöfer M, Sche�er K. Feasibility of in vivo myelin water imaging using 3D
multigradient-echo pulse sequences. Magn Reson Med, in press, 2011.
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3.1 Introduction

Only recently, a new approach to myelin water imaging using 2D multi-gradient-
echo pulse sequences was introduced by Du et al. [21] and is based on the idea
that not only T2 decay of brain tissue is multi-exponential, but also T ∗2 relaxation.
In the work of Du et al., acquisition of T ∗2 decay was performed in postmortem
brains at 3 T and analyzed by using a �xed three-pool WM model that bene�ts
from additional �tting of the myelinated axon water pool and can therefore give
insight into the axonal integrity. The proposed method was later on successfully
extended to in vivo measurements of healthy subjects [60]. MWF mapping based
on mGRE pulse sequences has the important advantages of a short �rst echo time
and short echo spacing, which enable accurate sampling of the fast myelin water
signal decay. Moreover, the application of mGRE sequences allows fast multi-slice
data acquisitions (5 slices with 126 di�erent echoes in less than 9 min. [21]).

However, the procedure presented by Du and his group su�ers from a lack of vol-
ume coverage and does not o�er whole brain coverage due to the 2D acquisition
scheme [21]. In this chapter, a new solution to 3D in vivo myelin water imaging
is presented, which uses mGRE pulse sequences at 1.5 T for data acquisition and
non-negative least squares algorithms for analysis of the multi-component T ∗2 re-
laxation. Quantitative myelin water maps are generated based on analysis of the
derived T ∗2 spectra. MWF results from measurements of healthy subjects and as
well MS patients are illustrated. The proposed technique o�ers not only whole
brain coverage, but also a clinically feasible scan time of less than 10 minutes for
the acquisition of 96 di�erent echo times. Moreover, the in�uence of B0 inhomo-
geneities on the derived myelin water maps and other e�ects that can possibly alter
the obtained MWF values are discussed in this chapter.

3.2 Methods

3.2.1 Experimental setup

Measurements were conducted on 3 healthy volunteers and 8 con�rmed MS patients
using a whole body 1.5 T MRI system (Magnetom Avanto, Siemens Healthcare,
Erlangen, Germany) and a 12-channel phased-array head coil. Informed consent
was obtained from all participants and experiments were approved by local ethics
committee. The protocol consisted of:

- A carefully conducted second-order manual shim for correction of main mag-
netic �eld inhomogeneities resulting in frequency variations of less than 15
Hz within the shimmed volume containing the whole brain.
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- A 3D T ∗2 weighted mGRE pulse sequence based on a sagittal matrix of 99
x 110 x 88, 2.2 x 2 x 2 mm3 resolution and 96 di�erent echo times with a
�rst echo time of 1.4 ms and an echo spacing of 0.99 ms. The sequence had
alternating readout gradient polarities, RF spoiling and the phase-encoding
gradients were rewound at the end of each echo train. Sinc-shaped slice-
selective pulses with duration of 700 µs were used for excitation. To optimize
the sensitivity and thus the signal-to-noise ratio of the experiment, TR was
set to 1.3 · T ∗2 (long component) ≈ 1.3 · 75 ms = 98 ms [72]. The given TR
was then consequently �lled with echoes having the minimal echo spacing,
�nally resulting in the 96 di�erent echo times mentioned above (TE96 = 95.5
ms). Gradient spoiling of 2π across a voxel was applied at the end of TR
to eliminate possible remaining transverse magnetization. Moreover, the �ip
angle was chosen to be 32◦ (in accordance to the Ernst angle of WM), the
readout bandwidth was 1300 Hz/pixel, no averaging was performed and par-
tial Fourier was used collecting 6/8 of k-space. Total scan time of the mGRE
sequence was 9 min. 40 sec. To validate the quality of the manual shimming
procedure, the phase images of the mGRE sequence were reconstructed in
addition to the magnitude data.

- A clinical routine 3D MPRAGE sequence for anatomical reference based on
a sagittal matrix of 240 x 256 x 160 and 1 mm isotropic resolution with
TR/TE = 2080/3 ms, inversion time TI = 1100 ms, �ip angle α = 15◦ and
bandwidth = 130 Hz/pixel.

- An additional clinical routine turbo spin-echo sequence based on 40 axial
slices with slice thickness 3 mm, image matrix 192 x 256 and 1 x 1 mm2

in-plane resolution. The sequence had proton density (PD) weighted and T2
weighted contrasts for lesion localization in MS patients. Scan parameters
were TE1 = 9.3 ms, TE2 = 112 ms, TR = 3980 ms, echo train length = 7 and
bandwidth = 195 Hz/pixel.

In order to test the in�uences of B0 inhomogeneities and T1 weighting on the
measurement protocol and the myelin water results, one healthy subject was re-
peatedly scanned. The �rst acquisition consisted of the normal protocol described
above. The second scan was performed with a manually induced increase of the
B0 inhomogeneity by 10 µT/m in z-direction (no other modi�cations of the exper-
imental setup took place). Additionally, a third measurement was conducted at a
very low �ip angle of 10◦ (other parameters remained unaltered), where the mGRE
signal approximately is independent of potential T1 e�ects.

3.2.2 Postprocessing and data analysis

For brain extraction of all data sets and registration of the structural MPRAGE,
PD weighted and T2 weighted data sets with reference to the �rst contrast of the
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mGRE sequence, the software packages FSL [68] and AFNI [69] were used. The
T ∗2 weighted data used for MWF quanti�cation were not registered, but a median
�lter with kernel size 3 was applied before �tting [73]. Data analysis was performed
using Matlab 2007b (The MathWorks, Inc., Natick, MA, United States).

For analysis and �tting of the acquired mGRE data, the signal amplitudes yi of
the T ∗2 decay were assumed to be of multi-exponential behavior:

yi =
M∑
k=1

skexp(−ti/T ∗2k), i = 1, 2, ..., N, (3.1)

where ti are the N = 96 measured echo times, T ∗2k are M = 120 logarithmically
spaced T ∗2 relaxation times in the range of 1.5 · TE1 = 2.1 ms and 300 ms and sk is
the relative amplitude for each corresponding T ∗2 relaxation time. The expression
from equation (3.2) was then minimized by using a conventional NNLS algorithm
and applying the energy constraint given in equation (3.3), �nally resulting in
regularized smooth T ∗2 distributions [40, 41].

χ2 + µ
M∑
k=1

s2k, µ ≥ 0, (3.2)

1.02χ2
min ≤ χ2 ≤ 1.025χ2

min. (3.3)

In general, the larger the µ parameter, the smoother the T ∗2 distribution becomes
at the cost of mis�t. The case of µ = 0 however would result in a T ∗2 distribution
consisting of discrete peaks. The applied regularization has the crucial advantages
of delivering more consistent �ts in the presence of noise and resulting in distribu-
tions that better re�ect the underlying structure of biological tissues [40, 41]. The
MWF �nally could be calculated according to:

MWF [%] =

∑
sk(T

∗
2 < 25ms)∑
sk

· 100. (3.4)

Applying NNLS algorithms is the most frequently used �tting procedure in litera-
ture for quantitative myelin water determination based on conventional multi-spin-
echo sequences [9, 19, 22, 36, 41, 45, 71]. It requires no a-priori knowledge about the
number of existing components and represents therefore an unbiased technique of
analyzing multi-exponential data. Because of its previous successful application for
analysis of T2 decay, the NNLS method was incorporated in this study to analyze
the acquired T ∗2 relaxation and calculate the MWF based on the T ∗2 distribution.

In order to validate the quality of the manual shimming procedure, B0 maps were
calculated from the mGRE data sets. Based on the complex information of the 2nd

(2.4 ms) and the 6th (6.4 ms) echo and with the help of the four-quadrant arctangent
function, the phase di�erences and hence the B0 variation was determined [74].
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3.3 Results

3.3.1 Healthy subject results

Figure 3.1a shows exemplary acquired mGRE images of one healthy subject. The
illustrated time series represents images acquired at echo numbers 1, 32, 64 and 96.
The SNR of the image acquired at TE1 yields 140 (calculation was based on the
mean value of a small homogeneous WM ROI divided by the standard deviation
of a large background ROI). This result indicates a low level of spatial noise in the
mGRE data set and eliminates therefore possible inaccuracies with the application
of the NNLS algorithm [42, 75]. The corresponding quantitative B0 maps are de-
picted in �gure 3.1b revealing small variations of less than 5 Hz inside the brain.
In addition, e�ects from natural sources of poor shim like the nasal sinus or the
auditory canal could be reduced to a minimum and prove the high quality of the
manual shimming procedure.

Exemplary �t results of single pixels from one healthy subject are depicted in
�gure 3.2 (a: WM pixel, b: GM pixel). Both pixels present excellent correspondence
between measured data points and �tted signals yielding residuals < 5%. The
corresponding regularized T ∗2 distribution of the WM pixel depicts two isolated
smooth peaks, the �rst one belonging to the myelin water pool, whereas the second
peak can be assigned to the intra- and extracellular water present in brain tissue
(MWF = 6.2%). In contrast to �gure 3.2a, the �tting procedure solely detects
one water pool for the GM pixel resulting in a T ∗2 distribution with one peak and
MWF = 0%.

MWF maps of one healthy volunteer are illustrated in �gure 3.3. The derived
MWF parameter maps look smooth in all three spatial directions and no severe
o�-resonance artifacts (for example near the nasal cavities) are present. Due to the
overall low MWF pixelwise results, the applied �t procedure is mainly conducted
in WM pixels, whereas MWF = 0% is observed in GM pixels (in correspondence
to the examples from above). However, one might detect partial volume e�ects in
theMWF maps having consequent lowerMWF values than surrounding pure WM
pixels.

The in�uence of static magnetic �eld inhomogeneities on the proposed measure-
ment protocol is presented in �gure 3.4. The manually induced small B0 gradient
leads to a non-exponential signal modulation that results in a relative signal in-
crease at the late echoes (�g. 3.4b). In turn, the relative overemphasis of the late
echoes arti�cially modi�es the curve slope and �nally results in an overestimation
of the MWF (�g. 3.4c). A loss of WM contrast in the resulting MWF maps can be
observed in addition. These results exactly correspond to the �ndings of Hwang et
al. [60] and demonstrate the importance of the second-order manual shim in order
to reduce B0 inhomogeneities and achieve accurate MWF values.
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Figure 3.1: a: Exemplary axial, sagittal and coronal mGRE images of one healthy
subject representing echoes number 1, 32, 64 and 96 with corresponding echo times
of 1.4, 32.1, 63.8 and 95.5 ms. b: Quantitative B0 maps (given in Hz o�-resonance)
having the same location as the images shown on the left side. B0 was computed
based on the complex data of echo 2 (2.4 ms) and echo 6 (6.4 ms) of the mGRE
series. A variation of less than 5 Hz was found inside the brain proving the high
quality of the conducted second order manual shim. Moreover, e�ects from natural
sources of magnetic �eld inhomogeneities like the nasal sinus or the auditory canal
could e�ectively be reduced.
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Figure 3.2: Introductory �t examples of two pixels from one healthy subject. Top:
Acquired T ∗2 decay curve (red crosses) and �tted signal using NNLS algorithm (black
line). Center: Corresponding regularized T ∗2 distribution. Bottom: Fit residuals.
a:WM pixel, location illustrated in �gure 3.3a in red. b: Gray matter pixel, location
shown in �gure 3.3a in yellow.
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Figure 3.3: a: Axial, sagittal and coronal MPRAGE images from one healthy
subject. The blue lines indicate the location of the respective views. b: Corresponding
pixelwise sample images showing MWF parameter �t results. The corresponding
mGRE images with di�erent echo times can be found in �gure 3.1.

3.3.2 MS patient results

Figure 3.5 presents results from three MS patient investigations. The pixelwise
MWF parameter maps are shown in �gure 3.5d. Regions of prominent MS lesions
show reducedMWF values in the parameter maps withMWF → 0%. These results
strongly correlate with previously reportedMWF behavior in MS lesions [19, 21, 22]
and thereby quantitatively con�rm the severe demyelination within the lesions.

Table 3.1 shows the mean MWF for various WM structures from all investigated
subjects (healthy volunteers and MS patients) together with the corresponding
standard deviations (SD) and the total number of pixels found in the respective
region. The averaged MWF value over all subjects yields 6.9%. Statistical analy-
sis using a two-tailed Student's t-test was performed to study di�erences between
regions. Despite the high SD's of the single WM areas, all regions have signi�-
cantly di�erent MWF values (p < 0.001 for all regions, except p = 0.01 for the
di�erence between the splenium and the genu of the corpus callosum). However,
when comparing volunteers and patients separately, no signi�cantly lower MWF
values can be observed for the MS patients in comparison to the healthy subject
results. The obtained MWF values of this study correspond to literature values
[9, 16, 19, 21, 22, 36, 45, 60, 71], but remain in the lower range of published quan-
titative myelin water data.
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Figure 3.4: Top row: Regular measurement protocol. Bottom row: Manually
induced increase of the B0 inhomogeneity by 10 µT/m (in z-direction from top
to bottom). a: B0 maps. Sagittal: Illustration of the �eld variation in z-direction.
Axial: Evaluated slice that is far from natural sources of B0 inhomogeneity. The
blue line shows the exact location of the axial view. b: Corresponding mGRE images
representing echoes number 1, 32, 64 and 96. c: Pixelwise MWF parameter maps.
The induced main magnetic �eld gradient leads to an overestimation of the MWF
and a loss of white matter contrast.
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Figure 3.5: Pixelwise results of three MS patients showing one representative ax-
ial view per patient. a: T1-weighted MPRAGE image. b: PD-weighted image. c:
T2-weighted image. d: Corresponding sample images showing MWF parameter �t
results. Regions of most prominent MS lesions are indicated with red arrows.

Table 3.1: The mean MWF [%] for various WM structures derived from pixelwise
results of all subjects (healthy volunteers and MS patients). Standard deviations
(SD) and the total number of pixels from the respective region are listed in addition.

Structure Mean MWF [%] SD Number of pixels

Minor forceps 4.6 3.1 693
Major forceps 6.6 3.3 876
Genu of corpus callosum 8.1 6.8 549
Splenium of corpus callosum 8.9 5.5 906
Internal capsules 5.6 4.4 372
Average white matter 6.9 5.0 3396
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3.4 Discussion

In this work, a solution to 3D in vivo myelin water imaging was presented, which
uses mGRE pulse sequences at 1.5 T for data acquisition and an NNLS algorithm
for analysis of the multi-component T ∗2 relaxation. The proposed 3D procedure
o�ers not only whole brain coverage, but also a clinically feasible scan time of less
than 10 minutes for the acquisition of 96 di�erent echo times. Due to the high
number of acquired echoes, the short �rst echo time and the short echo spacing of
the mGRE sequence, an accurate sampling of the T ∗2 relaxation and especially the
fast myelin water signal decay could be achieved.

Obtained MWF results (averaged WM MWF = 6.9%) correspond to previously
published values [9, 16, 19, 21, 22, 36, 45, 60, 71, 76], but remain in the lower range
of myelin water literature. So far, there is little work published on myelin water
imaging based on mGRE sequences: Du et al. received 11% for the averaged WM
MWF [21] and Hwang et al. 10.2% [60]. For both publications and in contrast to
this work, measurements were conducted at �eld strength of 3 T. At �rst sight,
the low resulting MWF values of this study seem to be surprising. However, other
MWF publications have shown discrepancies between results from 1.5 T and 3 T
[71, 76]. Both Oh et al. [71] and Kolind et al. [76] found signi�cantly lower MWF
at 1.5 T than at 3 T, which were attributed to dielectric e�ects at 3 T producing
B1 inhomogeneity issues or higher SNR at 3 T that improve the detectability of
the short components. Hence, the low detected myelin water values of this study
might be due to the low �eld strength. Further measurements that compare results
between 1.5, 3 and 7 T would be needed to clarify this point.

Despite the high standard deviations found for the di�erent WM regions, the re-
sulting mean MWF values show signi�cant di�erences between the investigated
structures (for exampleMWF in the minor forceps ∼ 50% of theMWF detected in
the splenium of the corpus callosum). However, no signi�cant di�erence between
healthy subjects and MS patients could be found. Possible explanations for this
could be a too low population of healthy volunteers or a patient population with
a high amount of normal appearing white matter.

For the MS patients, regions of prominent MS lesions show reduced MWF values
in the parameter maps with MWF → 0%. Therefore, the proposed technique of
this study is able to show demyelination within MS lesions. However, the obtained
MWF values→ 0% in all the lesions (similar to the behavior in GM), which compli-
cates an exact characterization and di�erentiation of lesions and prevents detailed
investigation of ongoing processes within lesions, like for example remyelination.
Moreover, the 3D acquisition scheme proposed in this work uses a relatively low
isotropic resolution of ∼ 2 mm, which additionally impedes MS lesion detection
and small lesions might therefore be missed in the quantitative analysis. Never-
theless, a too homogenous MS patient population with completely demyelinated
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lesions could account for theMWF values seen in this work. To conclusively clarify
the clinical usefulness of the proposed method, a higher patient population and a
correlation to histopathological results would be needed.

Dealing with main magnetic �eld inhomogeneities is an important topic in mGRE
imaging. The presence of macroscopic �eld inhomogeneities can cause artifacts
in gradient-echo images and can lead to substantially di�erent intensities of the
same tissue class at di�erent positions in an image. Accurate determination of
T ∗2 values, as well as quanti�cation of myelin water might therefore be impaired
by main magnetic �eld inhomogeneities. To circumvent issues with static �eld
inhomogeneities, measurements of this study were conducted at low �eld strength
and a second order manual shim was performed prior to the mGRE acquisition.
Acquisitions with an additionally superimposed static magnetic �eld gradient have
shown that improper shimming can lead to a non-exponential signal modulation
and result in an overestimation of MWF values. Nevertheless, measurements at
higher �eld strengths would in principle bene�t from higher SNRs. But the stronger
B0 inhomogeneities might then lead to severe changes of the signal decay and would
hence complicate a reliable quantitative data analysis. A more detailed discussion
on B0 inhomogeneities at higher �eld strength and their in�uence on myelin water
imaging based on mGRE pulse sequences can be found in chapter 4.

T1 weighting is another important error source that could impair an accurate de-
tection of the myelin water fraction in this study. Because of the short repetition
time chosen for the mGRE setup (98 ms), the resulting signal experiences poten-
tial multi-component T1 weighting. The myelin water pool was shown to have a
shorter T1 than the intra- and extracellular compartment [10�13]. The existence of
the multi-component T1 relaxation could lead to higher T1 saturation of the intra-
and extracellular component in the mGRE protocol and might �nally result in an
overestimation of the MWF . To clarify this point, a separate measurement at low
�ip angle of 10◦ was conducted on one healthy subject, assuming that the mGRE
signal based on TR = 98 ms and α = 10◦ is approximately independent of T1 in�u-
ences. The resulting MWF parameter maps were compared to the corresponding
maps derived from the standard experimental setup (data not shown). The aver-
aged MWF found for α = 10◦ were ∼ 5% lower than the MWF derived from the
standard measurement. However, the observed di�erence was not statistically sig-
ni�cant, thereby indicating that T1 e�ects play a minor role in the applied mGRE
protocol and the resulting myelin water maps.

In order to investigate the in�uence of intercompartmental exchange on the ac-
quired mGRE data sets, numerical simulations based on a two pool model were
performed as described in section 2.3. Thereby, the mGRE pulse sequence was
simulated based on two T ∗2 , two T1, MWF = 8% and an exchange rate of k =
5 s−1. The resulting signal intensities were compared to the case of neglected ex-
change and showed a signal di�erence of 2% in maximum. This outcome indicates
that the timescale of proton exchange is too long for having a strong in�uence on
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the measured T ∗2 distributions and the myelin water fractions derived from mGRE
acquisitions.

In contrast to the publications by Du et al. [21] and Hwang et al. [60], where a
�xed three-pool WM model was applied for quantitative T ∗2 -based MWF analysis,
the NNLS algorithm used in this study requires no a-priori knowledge about the
number of components present. Application of the �xed three-pool model bene�ts
from additional �tting of the myelinated axon water pool, which can give insight
into the axonal integrity of MS lesions. Nevertheless, distinction of three water
pools was not feasible in this study, because T ∗2 distributions with three isolated
peaks could not be observed in the course of the data analysis. The most reliable
�t results could be produced by splitting the distributions into two pools: a myelin
water part and an intra- and extracellular water part.

Recently, Deoni et al. introduced a new, fast 3D method for mapping the MWF
that is based on SPGR and bSSFP sequences [13]. In 16 to 30 min, a whole brain
multi-component quanti�cation is feasible with this technique. The big advantage
of the proposed procedure is the possible quanti�cation of all parameters de�ning
the two pool model, like T1, T2, MWF and exchange rate. However, in contrast
to this study, a complex hybrid approach consisting of a genetic algorithm and
a local search method has to be applied for the parameter �tting. Moreover, the
acquisition time is approximately double as long as our scan time, while only 18
di�erent points are measured as opposed to the 96 di�erent echoes of the method
presented in this chapter.

3.5 Conclusion

A new solution to in vivo myelin water imaging based on 3D T ∗2 mapping was pre-
sented. The procedure proposed in this work o�ers not only whole brain coverage,
but also clinically practicable acquisition times. The results for the myelin water
fraction are in the lower range of previously reported values and are able to show de-
myelination in MS lesions. However, the clinical application remains questionable.
Further measurements are needed that clarify the possibility of characterizing MS
lesions and detecting remyelination and other ongoing processes inside the lesions.
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Chapter 4

Myelin water imaging at high �eld

strength using mGRE sequences

An adapted version of section 4.2 of this chapter has been presented as:
Lenz C, Klarhöfer M, Sche�er K. In vivo myelin water imaging using z-shimmed multi-gradient-
echo pulse sequences. Proceedings of the 17th Annual Meeting ISMRM, Honolulu, USA, 2009.
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4.1 Introduction to B0 inhomogeneities

As already brie�y covered in the previous chapter, a major drawback of gradient-
echo imaging is its inherent sensitivity to static magnetic �eld variations. In general,
the signal formation in GRE imaging depends on the natural microscopic T2 re-
laxation and a second term that describes the additional dephasing arising from
inhomogeneous static magnetic �eld contributions. Static magnetic �eld inhomo-
geneities can be divided into mesoscopic and macroscopic variations. On the one
hand, mesoscopic inhomogeneities result from susceptibility di�erences between bi-
ological tissues and can provide information about tissue structure and function
[77]. On the other hand, macroscopic perturbations arise from magnet imperfec-
tions, air-tissue boundaries or ferromagnetic objects and are usually undesired in
MR imaging, because they do not provide structural or physiological information.
In fact, macroscopic variations can lead to image distortions and signal loss in
gradient-echo imaging [77, 78].

In chapter 3, problems related to macroscopic �eld inhomogeneities could success-
fully be avoided by conducting the mGRE experiments in 3D at low �eld strength
and by performing a second order manual shim prior to the acquisition. Neverthe-
less, moving to higher �eld strengths would be attractive in order to pro�t from
the increased SNR. However, severe disturbance of the two-pool T ∗2 decay has to
be expected at high �eld strength due to stronger B0 inhomogeneities and the
manual shimming procedure might not be adequate to eliminate the present �eld
variations.

There exist several strategies to minimize the e�ects of macroscopic �eld variations
in gradient-echo imaging. Thereby, one has to di�erentiate between 2D and 3D
imaging. In 2D GRE imaging, the voxel dimension in the slice-select direction is
typically larger than the in-plane voxel size and is therefore particularly sensitive
to �eld inhomogeneities [79]. For macroscopic variations, where the scale of the
inhomogeneities is larger than the voxel size, background magnetic �eld variations
are considered as constant inside a voxel and can be approximated as stationary
gradients perpendicular to the slice plane [78]. The presence of a local background
�eld gradient in slice select direction induces additional non-exponential signal
modulation in gradient-echo data sets and can be modeled as a sinc function [77,
80]:

S(t) = S0(t) · sinc
(
γGz

∆z

2
t

)
, (4.1)

where S(t) are the measured signal intensities, S0(t) is the pure signal without
background �eld gradient, γ is the gyromagnetic ratio, ∆z is the slice thickness and
Gz is the background �eld gradient. For explicit correction of the B0 inhomogeneity
in this case, Gz can either be determined from a B0 �eld map or can directly be
estimated from �tting equation 4.1 based on multiple GRE acquisitions. The sinc
correction was successfully applied by Hwang et al. to correct 2D mGRE data
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sets prior to myelin water quanti�cation [60]. However, it can only be applied to
correct background gradients parallel to the slice-select direction in 2D gradient
echo acquisitions [80].

Another possibility for correcting 2D gradient-echo data sets is z-gradient com-
pensation, also called z-shimming. This technique was introduced by Frahm et al.
[79] and was mainly applied to correct 2D echo-planar imaging data sets used for
functional MRI [81]. The z-shimming technique assumes as well (similar to the
o�ine sinc correction described above) linearity of the background �eld gradient
across the slice and proposes to rewind the additional phase with the appropri-
ate gradient o�set on the slice-select rephase lobe. In case multiple data sets are
collected with di�erent z-gradient o�sets, each acquisition will compensate for a
di�erent amount of phase dispersion [81]. Section 4.2 of this chapter introduces a
new approach for quantitative myelin water imaging based on z-shimming applied
to correct B0 inhomogeneities in 2D mGRE pulse sequences at 3 T.

In principle, the acquisition of 3D gradient-echo data sets helps to eliminate severe
macroscopic �eld variations because of the increase in resolution compared to 2D
techniques [78]. As a matter of fact, the results from chapter 3 (�g. 3.1) indicate
that the 3D mGRE acquisition scheme o�ers high image quality without image
distortions or signal voids arising from B0 inhomogeneities. Despite the convincing
performance at 1.5 T, the complete elimination of macroscopic �eld variations is
not perfectly feasible in 3D acquisitions at higher �eld strength. Section 4.3 of this
chapter clearly delineates the signal modulations arising from B0 perturbations at
3 T and their impacts on derived myelin water fraction values. Unfortunately, the
sinc correction described above can only be applied for the correction of background
gradients parallel to the slice-select direction in 2D acquisitions. The only known
correction scheme for 3D GRE acquisitions is 3D gradient compensation, which was
introduced by Posse et al. [82]. However, this technique is clinically impractical due
to too long scan times.

4.2 Myelin water imaging based on z-shimmed 2D

mGRE pulse sequences at 3T

4.2.1 Introduction

In this section, a new approach to myelin water imaging is presented that is based
on 2D multi-gradient-echo pulse sequences at 3 T. Z-shimming is performed to
correct main magnetic �eld inhomogeneities. Results from measurements of healthy
subjects are presented and the in�uence of B0 inhomogeneities on the derived
myelin water fraction values is discussed.
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4.2.2 Methods

Experiments were conducted on 3 healthy volunteers using a whole-body 3 T MRI
system (Magnetom Verio, Siemens Healthcare, Erlangen, Germany) based on a
single slice with axial orientation, image matrix 192 x 144, 1.5 x 1.5 mm2 in-plane
resolution and a slice thickness of 4 mm. The protocol for quantitative MWF
estimation consisted of:

- A carefully conducted second-order manual shim for correction of main mag-
netic �eld inhomogeneities resulting in frequency variations of less than 25
Hz within the shimmed volume containing the whole brain.

- An MPRAGE sequence for anatomical reference (TR/TE = 2000/3.6 ms,
inversion time TI = 1000 ms, �ip angle α = 8◦, bandwidth = 180 Hz/pixel).

- A T ∗2 weighted mGRE pulse sequence with alternating readout gradient po-
larities and RF spoiling. The phase-encoding gradients were rewound at the
end of each echo train. 64 di�erent echoes were recorded with a �rst echo
time of 2.0 ms and an echo spacing of 1.45 ms. Moreover, TR was 350 ms,
the �ip angle was chosen to be 46◦ and 2 averages were acquired per image.
The mGRE sequence was repeated 12 times with di�erent z-shim acquisitions
having nominal z-gradient refocusing lobes varying between 40 and 150% [79].
The total scan time for all z-shimmed mGRE acquisitions was 17 minutes.

For registration of the MPRAGE and di�erent z-shimmed mGRE data sets, the
software packages FSL [68] and AFNI [69] were used. O�ine data analysis was
performed using Matlab 2007b (The MathWorks, Inc., Natick, MA, United States).
Adjacent mGRE acquisitions were combined using the square root of the sum of
squares method [81]:

Icomp =

√
I1c + I2c + . . .+ INc

N
, (4.2)

where INc are the N uncompensated mGRE data sets. Additionally, a median �lter
with kernel size 3 was applied to the compensated mGRE images before �tting
[73]. The resulting T ∗2 decays were analyzed using the regularized NNLS algorithm
described in section 3.2.

4.2.3 Results

Figure 4.1 illustrates exemplary acquired 2D mGRE images of one healthy subject.
The illustrated time series represents images acquired at echo times 2.0, 47.0 and
93.4 ms. The uncompensated images depict severe signal loss and signal voids,
which are mainly present at the late echoes. The z-shimming technique, on the other
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Figure 4.1: Exemplary 2D mGRE images of one healthy subject representing
echoes number 1, 32 and 64 with corresponding echo times of 2.0, 47.0 and 93.4
ms. a: Uncompensated images based on a z-gradient refocusing lobe of 100%. b:
Compensated z-shimmed images. The signal loss and signal voids present in the
uncompensated images could successfully be corrected with the z-shimming tech-
nique. The signal intensities of the late echoes had to be increased for illustration
purposes.

hand, could successfully reduce the issues related to macroscopic �eld variations
and no artifacts or signal voids are present in the compensated data (�g. 4.1b).

The in�uence of B0 inhomogeneities on the acquired T
∗
2 decay is shown in �gure 4.2,

where a single-pixel �tting example is presented. For the case of the uncompen-
sated mGRE data set, the present B0 inhomogeneities lead to non-exponential
signal modulations resulting in the detection of only one component by the NNLS
algorithm. Furthermore, the resulting �t residuals yield high values up to 20% of
the measured signal intensities and highlight thereby the modi�ed curve behavior
that is neither purely biexponential, nor purely monoexponential. In contrast to
the uncompensated T ∗2 decay, the NNLS algorithm is able to detect myelin water
in the z-shimmed data and an MWF of 4.5% is found for the WM pixel (�g. 4.2b).
In addition, excellent correspondence between the z-shimmed data points and the
�tted signals, yielding residuals < 2%, can be observed. One might as well notice
a shortening of the T ∗2 values compared to the results from the measurements per-
formed at 1.5 T presented in chapter 3. The maxima of the obtained T ∗2 peaks in
chapter 3 were found to be 10 ms for the myelin water pool and around 70 ms
for the intra- and extracellular component (�g. 3.2). In contrast, the maxima of
the T ∗2 distribution found in this section yield 4 ms for myelin water and 50 ms
for the intra- and extracellular component respectively and reveal the strong spin
dephasing being present at higher �eld strength.
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Figure 4.2: Introductory �t example of one WM pixel from a healthy subject.
a: Fit based on uncompensated data with z-gradient refocusing lobe of 100%. b:
Fit based on z-shimmed data set. Top: Acquired T ∗2 decay curve (red crosses) and
�tted signal using NNLS algorithm (black line). Center: Corresponding regularized
T ∗2 distribution. Bottom: Fit residuals. Location of the WM pixel is illustrated in
�gure 4.3a in red (data set on top).
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Figure 4.3: a: MPRAGE images from three healthy subjects. The red dot in the
upper data set illustrates the location of the WM pixel evaluated in �gure 4.2. b:
Corresponding pixelwise sample images showing MWF parameter �t results from
the uncompensated data sets with z-gradient refocusing lobe of 100%. c: Corre-
sponding MWF parameter maps based on the z-shimmed mGRE data sets.

Pixelwise MWF parameter maps of three healthy volunteers are illustrated in �g-
ure 4.3. The derived MWF parameter maps based on the uncompensated data
con�rm the results from the single pixel �tting given above and indicate the fail-
ure of the NNLS algorithm in detecting the myelin water compartment due to the
signal modulations originating from B0 inhomogeneities. In contrast, the myelin
water maps depicted in �gure 4.3c demonstrate the e�ective B0 correction based
on z-shimming. The resulting maps appear smooth and a good qualitative corre-
spondence with the WM regions of the MPRAGE images is obtained. Similar to
the pixelwise results from chapter 3, the �t procedure only detects myelin water in
WM pixels, whereas theMWF in GM yields zero. Nevertheless, the resultingMWF
in fronterior and posterior WM remain low (∼ 1− 2%) and point out conceivable
imperfections of the z-shimming procedure.
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4.2.4 Discussion and conclusion

In this section, a solution to in vivo myelin water imaging was presented, which uses
2D mGRE pulse sequences at 3 T and z-shimming for correction of static magnetic
�eld inhomogeneities. Similar to chapter 3, an NNLS algorithm was applied for the
analysis of the acquired T ∗2 decay. The detection of myelin water could e�ectively
be improved with the z-shimming procedure.

The resulting MWF parameter maps correspond to the obtained maps from chap-
ter 3. However, in fronterior and posterior white matter, the derived myelin water
fraction values remain low (1 − 2%). Possible imperfections in the B0 correction
scheme could account for this behavior. Moreover, the mean MWF value obtained
here (mean MWF = 3.9 ± 2.8%) is not higher than the one based on 1.5 T ex-
periments from chapter 3, as to be expected from multi-spin-echo publications
[71, 76]. Not only imperfect z-shimming, but also the shortening of T ∗2 values could
explain this discrepancy. Due to strong spin dephasing at 3 T, a reduced myelin
water T ∗2 value of ∼ 5 ms was observed in this study. Even with the application of
mGRE pulse sequences, the detection of this short component is impaired, because
the signal will only be present in a few early echoes. This outcome suggests that
myelin water imaging using mGRE pulse sequences in general is complicated at
high �eld strength, not only because of macroscopic �eld variations, but also be-
cause of mesoscopic inhomogeneities that substantially decrease the T ∗2 relaxation
times.

Furthermore, the long acquisition times required for measuring the di�erent z-
shimmed mGRE data sets and the low volume coverage due to the single-slice
technique represent additional problems related to the procedure introduced in
this section. The scan times could indeed be reduced by decreasing the TR and the
number of z-shim acquisitions, but the technique will still be limited to a small 2D
volume.

In conclusion, macroscopic �eld inhomogeneities could e�ectively be corrected with
the z-shim technique and the resulting myelin water maps correspond to the results
from the previous chapter. But, the clinical application of the introduced procedure
is limited due to the low volume coverage and especially the shortening of T ∗2 values
that impairs an accurate detection of the myelin water pool.
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4.3 Myelin water imaging based on 3D mGRE pulse

sequences at 3T

4.3.1 Introduction

In this section, the feasibility of myelin water imaging at 3 T using the 3D proce-
dure introduced in chapter 3 is evaluated. Results from measurements of healthy
subjects are presented and the e�ects of �eld variations on the calculated MWF
are discussed.

4.3.2 Methods

Measurements were conducted on 2 healthy volunteers using a whole-body 3 T MRI
system (Magnetom Verio, Siemens Healthcare, Erlangen, Germany). Thereby, the
complete experimental setup from chapter 3 with all settings and parameters was
repeated at the higher �eld strength. The conducted second-order manual shim
at 3 T resulted in frequency variations of less than 25 Hz within the shimmed
volume containing the whole brain. Furthermore, the postprocessing and analysis
procedure described in chapter 3 was analogously applied to evaluate the 3 T 3D
mGRE data sets.

4.3.3 Results

Figure 4.4a depicts exemplary acquired 3D mGRE data of one healthy subject. The
illustrated time series represents images acquired at echo numbers 1, 32, 64 and 96.
As expected from the 3D acquisition scheme using a high readout bandwidth, no
image distortions are present in the data. In addition, the high quality of the manual
shimming procedure leads to an absence of signal voids in the illustrated images.
However, the corresponding myelin water map (�g. 4.4c) depicts the failure of the
NNLS algorithm to detect the myelin water component in a signi�cant number of
white matter pixels. This behavior is attributed to severe B0 inhomogeneity issues,
as described in section 4.2.

Figure 4.5 shows single pixel �tting examples. For one pixel being located at the
center of the axial view (�g. 4.5a), excellent correspondence between the measured
data points and the �tted signals is found and the algorithm is able to detect the
short myelin water component (resulting MWF = 3.8%). Similar to the results
presented in the previous section of this chapter, a shortening of the T ∗2 values
can be observed in addition. For the second examined WM pixel (�g. 4.5a), the
signal modulation due to B0 inhomogeneities is more pronounced and the acquired
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Figure 4.4: a: Exemplary axial mGRE images of one healthy subject representing
echoes number 1, 32, 64 and 96 with echo times of 1.4, 32.1, 63.8 and 95.5 ms.
b: Corresponding MPRAGE image. The blue and red dots indicate the positions of
the WM pixels from �gure 4.5. c: Corresponding pixelwise sample image showing
MWF parameter �t results.

signal decay is no longer biexponential, nor monoexponential (residuals yield 30%
in maximum).

4.3.4 Discussion and conclusion

In this section, the 3D mGRE procedure introduced in chapter 3 was applied at
3 T. Results prove that the complete elimination of macroscopic B0 inhomogeneity
contributions is not feasible in 3D acquisitions at high �eld strength. Strong sig-
nal modulations due to macroscopic B0 variations lead to non-exponential signal
behavior and failure of the NNLS algorithm in detecting the myelin water pool.
Moreover, reduced myelin water T ∗2 values could be observed that strongly impair
the accurate detection of the myelin water pool.

In chapter 3, a small, manually induced increase of the B0 inhomogeneity by 10
µT/m in z-direction was resulting in an overestimation of theMWF values, because
of an arti�cial increase of the curve slope at the early echoes. In this section, the
signal alterations due to the presence of macroscopic B0 inhomogeneities are more
severe and lead to the destruction of the exponential curve behavior in a signi�cant
number of investigated pixels.

The results from this section support the conclusion from section 4.2 and prove
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Figure 4.5: Introductory �t example of two WM pixels from a healthy subject. Top:
Acquired T ∗2 decay curve (red crosses) and �tted signal using NNLS algorithm (black
line). Center: Corresponding regularized T ∗2 distribution. Bottom: Fit residuals.
a: Location of pixel indicated in �gure 4.4b in blue. b: Location of pixel indicated
in �gure 4.4b in red.

the limitations of myelin water quanti�cation based on mGRE pulse sequences at
3 T. Both macroscopic and mesoscopic �eld variations impede the myelin water
detection at high �eld strength. Since the 3D gradient compensation procedure
is too time consuming [82] and no explicit 3D correction scheme is known from
literature, quanti�cation of myelin water based on mGRE pulse sequences should
ideally be conducted at low �eld strength of 1.5 T.
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Chapter 5

Simultaneous B1 and B0 imaging

An adapted version of this chapter has been presented as:
Lenz C, Bieri O, Sche�er K, Santini F. Simultaneous B1 and B0 mapping using dual-echo
actual �ip angle imaging (DE-AFI). Proceedings of the 19th Annual Meeting ISMRM, Montreal,
Canada, 2011.
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5.1 Introduction

The previous chapters impressively demonstrated the importance of B1 and B0

imaging for accurate myelin water quanti�cation. In particular for the procedure
introduced in chapter 2, mapping of the B1 and B0 variance turned out to be crucial
in order to obtain reliableMWF results based on bSSFP pulse sequences. Thereby,
B1 �eld maps were acquired to correct �ip angle deviations. Furthermore, B0 maps
were reconstructed to check the quality of the manual shimming procedure, because
bad shimming was demonstrated to result in highMWF gradients in the parameter
maps.

However, the conventional B1 and B0 mapping sequences initially used in chap-
ter 2 required approximately 4 minutes scan time. Especially for the application
in clinical routine, shortening of scan time would be attractive in order to have a
larger time frame for the acquisition of the myelin water quanti�cation protocol.
Therefore, this chapter introduces a new method for fast simultaneous B1 and B0

imaging that resembles the approach presented by Amadon et al. [83]. For the im-
plementation of the sequence, a free scripting framework was used that simpli�es
online postprocessing of the reconstructed data and enables direct visual inspec-
tion of the B1 and B0 variation on the scanner console [84]. As a consequence, the
quality of the manual shimming procedure can be evaluated before starting the
myelin water quanti�cation sequence.

Actual �ip angle imaging (AFI) has originally been introduced as a fast and robust
3D method for mapping the B1 transmit �eld by measuring the spatial variations
of the e�ective �ip angle [85]. The AFI pulse sequence consists of a dual TR conven-
tional spoiled gradient echo pulse sequence, where TR2 > TR1. For the technique
introduced in this chapter, a second echo has been added to the implementation of
the standard AFI timing diagram. The acquisition of the additional echo enables
B0 mapping by reconstructing phase di�erence maps based on the complex infor-
mation of the two acquired echoes. The proposed sequence scheme o�ers therefore
simultaneous B1 and B0 imaging based on dual-echo AFI. In vivo results of fast
B1 and B0 mapping are presented in the course of this chapter.

5.2 Methods

The timing diagram of the modi�ed AFI sequence enabling both B1 and B0 map-
ping is illustrated in �gure 5.1. Assuming complete spoiling of the transverse mag-
netization and TR shorter than the longitudinal relaxation time, the �ip angle α
(and thereby the �nal B1 maps) can be calculated according to the signals S1 and
S3 with [85]:
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Figure 5.1: Schematic timing diagram illustrating the implemented 3D dual-echo
AFI pulse sequence.

α ≈ arccos

(
r · n− 1

n− r

)
, with r =

S3

S1

and n =
TR2

TR1

. (5.1)

In order to achieve complete elimination of the transverse magnetization at the end
of TR, the RF spoiling scheme proposed in [86] was incorporated in the sequence.
Moreover, high gradient spoiling of 122 · 2π across a voxel was implemented in
read-out direction for the �rst TR and the read-out gradients for the second TR
were applied n = TR2/TR1 times (�g. 5.1) [86].

B0 maps were reconstructed according to the magnitudes and phases of the signals
S1 and S2 by using the four-quadrant arctangent function [74]:

∆φ = arctan 2 [Im(Z1Z
∗
2), Re(Z1Z

∗
2)] , (5.2)

with Z1,2 = r1,2exp(i · ϕ1,2),

where ϕ1,2 depict the phases and r1,2 the magnitudes of S1,2.

Experiments were performed on the brains of healthy volunteers using a 1.5 T
MRI system (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany) and a
12-channel phased-array head coil. The DE-AFI sequence was based on a 3D matrix
of 64 x 64 x 20, 4 x 4 x 8 mm3 resolution and non-selective excitation. Moreover,
the following parameters were chosen: TR1 = 35 ms, TR2 = 175 ms, TE1 = 2.33
ms, TE2 = 7.09 ms, α = 30◦ and RF spoiling phase increment = 50◦. The total
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Figure 5.2: In vivo results showing both B1 and B0 maps. a: Anatomical image
indicating the location of the selected pro�le (red line). b: Representative B1 (top)
and B0 (bottom) maps acquired with the proposed simultaneous B1 and B0 mapping
sequence and corresponding pro�les on the right side. c: B1 (top) and B0 (bottom)
maps measured with the two separate standard pulse sequences and corresponding
pro�les.
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scan time for the combined B1 and B0 mapping pulse sequence was 134 seconds
(without the application of parallel imaging techniques).

In order to validate the proposed technique, two separate standard pulse sequences
were measured in addition. For comparison of the B1 �eld maps, a triple α scheme,
as described in [67], was acquired with similar parameters than the ones indicated
above. For comparison of the B0 �eld maps on the other hand, a built-in scanner
solution was used that as well acquires two gradient echo datasets. The ∆TE of
the built-in protocol was similar to the one given above (∆TE = 4.76 ms).

The postprocessing of the experimental data was implemented online by using the
framework described in [84]. The calculated B1 and B0 variation could therefore
directly be inspected at the scanner console.

5.3 Results

Figure 5.2b presents in vivo B1 and B0 mapping results from one healthy subject
acquired with the DE-AFI protocol. The resulting B1 variation looks smooth and
yields values close to the reference �ip angle (10% deviation in maximum). No arti-
facts due to improper gradient spoiling can be observed. The calculated deviations
remain small in both brain tissue and the ventricular system (see pro�le) indicating
the sucessful elimination of T1 contributions. Furthermore, the B1 maps correspond
well with AFI results from literature [85, 86] and show no signi�cant discrepancy
when comparing to the results derived from the triple α scheme (�g. 5.2c).

Additionally, good correspondence between the resulting B0 maps using the DE-
AFI sequence (�g. 5.2b bottom) and the B0 maps deduced from the built-in scanner
protocol (�g. 5.2c bottom) can be observed. Reconstruction of B0 maps based on
averaging between S1, S2 and S3, S4 did not lead to an improvement of the maps.
Hence, S4 was not taken into account for neither the calculation of B0 nor B1

variations. Besides that, no phase unwrapping was necessary for the calculation of
the B0 variation due to the application of the four-quadrant arctangent function.

5.4 Discussion and conclusion

A new procedure for simultaneous B1 and B0 mapping using a dual-echo actual �ip
angle imaging pulse sequence was presented in this chapter. The proposed technique
has the advantages of o�ering whole brain coverage and a fast acquisition time (134
seconds), which is twice as fast as using separate conventional B1 and B0 mapping
procedures. Moreover, the simultaneous B1 and B0 mapping method yields reliable
and robust maps that o�er a similar quality compared to the standard approaches.
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The presented DE-AFI procedure might therefore provide a real alternative to
common B1 and B0 imaging techniques and can help to overcome systematic error
sources in MWF mapping in the future.
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Chapter 6

Summary and outlook
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6.1 Summary

The myelin water fraction (MWF ) is a parameter that directly correlates with the
integrity of the myelin sheath and can therefore provide valuable insight into the
pathology of white matter diseases. Based on multi-component analysis of non-
invasive quantitative MRI measurements, mapping of the MWF becomes feasible.
However, the most common myelin water imaging technique, which is based on
the application of multi-spin-echo pulse sequences, su�ers from a limited volume
coverage due to its 2D acquisition scheme and lacks the possibility to accurately
sample the fast myelin water signal decay. This thesis focused on the development
and application of new myelin water imaging techniques that aim to overcome the
major drawbacks related to the conventional MWF mapping procedure.

In chapter 2 of this thesis, the high signal-to-noise ratios and short acquisition
times of bSSFP were exploited to implement a fast 3D myelin water imaging tech-
nique. Based on modi�ed Bloch equations, an extended bSSFP signal equation was
developed that incorporates two-pool characteristics describing brain tissue. The
derived bSSFP equation was used to analyze data from in vivo 3D bSSFP measure-
ments with varying �ip angles of healthy white matter. The MWF and the signal
amplitude were thereby �tted as single unknowns, while a priori assumptions were
made for the other parameters (relaxation times and exchange rate) of the two-
component system. On-resonance magnetization transfer e�ects could successfully
be excluded from experiments by choosing long RF pulse durations. However, the
application of the long pulses required the integration of a �nite pulse correction,
which was applied to the derived bSSFP signal equation. Moreover, systematic er-
rors due to B1 inhomogeneities were eliminated by correcting �ip angle deviations
prior to data analysis and B0 variations were reduced to a minimum by conducting
high order manual shims ahead of data acquisition.

MWF values found in chapter 2 showed good correspondence with results from
literature. In addition, the application of bSSFP pulse sequences o�ers a fast and
stable approach to high-resolution 3D myelin water imaging with whole brain cov-
erage. However, the clinical application of the proposed technique is impeded due
to the strong dependence of the MWF on the �xed two-pool parameters. Not only
the application to pathologies remains questionable, but also the investigation of
maturation or ageing of white matter is impaired. Nevertheless, the procedure in-
troduced in chapter 2 provides a non-negligible contribution to the relatively new
�eld of 3D myelin water quanti�cation.

Chapter 3 introduced a 3D acquisition scheme based on multi-gradient-echo (mGRE)
pulse sequences that was applied for sampling multi-component T ∗2 decay in human
brains of healthy subjects and multiple sclerosis patients at 1.5 T. The proposed 3D
procedure o�ers not only whole brain coverage, but also a clinically feasible scan
time of less than 10 minutes for the acquisition of 96 echo times. Due to the high
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number of acquired echoes, the short �rst echo time and the short echo spacing
of the mGRE sequence, an accurate sampling of the T ∗2 relaxation and especially
the fast myelin water signal decay could be achieved. A non-negative least squares
(NNLS) algorithm was used for analysis of the acquired T ∗2 decay. The NNLS al-
gorithm required no a-priori knowledge about the number of existing components
and represents therefore an unbiased technique of analyzing multi-exponential data.
Quantitative myelin water maps were generated based on analysis of the derived
T ∗2 spectra. To circumvent issues with static magnetic �eld inhomogeneities, mea-
surements described in this chapter were conducted at low �eld strength and a
second order manual shim was performed prior to the mGRE acquisition.

Obtained MWF results from chapter 3 correspond with previously published val-
ues, but remain in the lower range of myelin water literature. Nonetheless, the
resulting mean MWF values showed signi�cant di�erences between investigated
white matter structures. Additionally, regions of prominent multiple sclerosis le-
sions show reduced MWF values in the parameter maps with MWF → 0%. There-
fore, the proposed technique is able to denote demyelination within MS lesions.
An increased population of healthy subjects and MS patients would be needed to
clarify the possibility of characterizing MS lesions and detecting remyelination and
other ongoing processes inside the lesions.

Possible adaptations and modi�cations of the proposed procedure from chapter 3
were covered in chapter 4. Thereby, the major emphasis was on measurements
at high �eld strength and the resulting consequences due to strong B0 inhomo-
geneities. In section 4.2, a new approach based on 2D multi-gradient-echo pulse
sequences at 3 T was presented that applied z-shimming for correction of main
magnetic �eld inhomogeneities. The detection of myelin water could be improved
with the help of the z-shimming method. The resulting MWF parameter maps
correspond to the obtained values from chapter 3. However, in fronterior and pos-
terior white matter, the derived myelin water fraction values remained low (1−2%),
which could be explained by possible imperfections of the B0 correction scheme.
The clinical application of the introduced procedure is impeded due to the low
volume coverage and particularly the decreased T ∗2 values at 3 T that hinder an
accurate detection of the myelin water pool.

Section 4.3 repeated the 3D measurements from chapter 3 at higher �eld strength
of 3 T. The results supported the conclusion from section 4.2 and proved the
limitations of myelin water quanti�cation based on mGRE pulse sequences at high
�eld strength. Both macroscopic and mesoscopic �eld variations complicated the
myelin water quanti�cation at 3 T.

Finally, the crucial role of accurate B1 and B0 imaging was revisited in chapter 5.
A solution to simultaneous B1 and B0 mapping using a dual-echo actual �ip angle
imaging pulse sequence was presented. The suggested approach could successfully
be applied to fast in vivo measurements and yielded reliable and robust maps.
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Hence, the simultaneous B1 and B0 imaging technique might help to overcome
systematic error sources in MWF mapping in the future.

In conclusion, this thesis presented novel myelin water imaging methods. Their
applicability in a real clinical environment was intensely tested by incorporating in
vivo measurements of healthy volunteers and multiple sclerosis patients. Moreover,
possible in�uences that impair reliable myelin water detections were discussed in
detail and solutions to circumvent limitations were proposed.

6.2 Outlook

Future work will be focused on establishing the methods proposed in this thesis in
a clinical environment. Regrettably, the bSSFP measurements will not be pursued
due to the too cumbersome analysis procedure and the strong dependence of the
myelin water fraction on the �xed two-pool parameters. The emphasis will therefore
be laid on the 3D mGRE acquisition at 1.5 T, because this procedure proved to
be the most promising for accurate myelin water imaging.

An increased population of healthy subjects and multiple sclerosis patients has to
be explored to clarify the possibility of characterizing MS lesions with the myelin
water quanti�cation technique based on 3D mGRE pulse sequences. Also a compar-
ison to histopathology would be highly desirable to study the correlation between
derived myelin water values and myelin staining results. In addition, possibilities
to further increase the signal-to-noise ratios in the 1.5 T mGRE data will be in-
vestigated (like the application of improved 3D �lters), because the stability of the
analysis procedure and the myelin water results demonstrated a high sensitivity to
noise present in the data.

Beyond that, quantifying myelin water proved to be feasible in the spinal cord, as
it was shown by animal and human in vivo studies [35, 43, 44, 57]. The application
of the 3D mGRE technique in the spinal cord would be conceivable, however an
improved manual shimming method would then be required to correct for strong
arising B0 inhomogeneities.

Only lately, Deligianni et al. presented a modi�ed version of the 3D mGRE pulse
sequence that is based on a dynamic reduction of echo times towards the k-space
center and a high asymmetric readout [87]. As a result, the �rst echo and the echo
spacing could be reduced signi�cantly and a comparable contrast to ultra-short TE
sequences could be achieved. This approach bene�ts from allowing the acquisition
of multiple echoes and could improve the accurate detection of the decreased T ∗2
values of myelin water at 3 T in the future. In fact, a collaboration with Deligianni
et al. is evolving at the moment and the application of the modi�ed mGRE sequence
for enhanced myelin water quanti�cation is planned.
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The simultaneous B1 and B0 mapping technique using dual-echo actual �ip an-
gle imaging is ready for use in the clinical routine. Because of the simple online
postprocessing scheme that enables the direct visualization on the scanner console,
the introduced fast procedure will soon be incorporated in clinical and research
studies.

Hopefully, the work that was done during this Ph.D. will be useful for both basic
research and clinics and the developed myelin water techniques will expand the
knowledge of quantitative myelin water properties.
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