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ABSTRACT 
Introduction: Magnetic resonance (MR) imaging is one of the most important 
diagnostic tools in modern medicine. Compared to other imaging modalities, 
it provides superior soft tissue contrast of all parts of the body and it is consi-
dered to be safe for patients. Today almost all MR is performed in a non-
quantitative manner, only comparing neighboring tissue in the search for pa-
thology. It is possible to quantify MR-signals and relate them to their physical 
entities, but time consuming and complicated calibration procedures have 
prevented this being used in a practical manner for clinical routines. The aim 
of this work is to develop and improve quantification methods in MR-
spectroscopy (MRS) and MR-imaging (MRI). The techniques are intended to 
be applied to diffuse diseases, where conventional imaging methods are una-
ble to perform accurate staging or to reveal metabolic changes associated with 
disease development. 

Methods: Proton (1H) MRS was used to characterize the white matter in the 
brain of multiple sclerosis (MS) patients. Phosphorus (31P) MRS was used to 
evaluate the energy metabolism in patients with diffuse liver disease. A new 
quantitative MRI (qMRI) method was invented for accurate, rapid and simul-
taneous quantification of B1, T1, T2, and proton density. A method for automat-
ic assessment of visceral adipose tissue volume based on an in- and out-of-
phase imaging protocol was developed. Finally, a method for quantification of 
the hepatobiliary uptake of liver specific T1 enhancing contrast agents was 
demonstrated on healthy subjects. 

Results: The 1H MRS investigations of white matter in MS-patients revealed a 
significant correlation between tissue concentrations of Glutamate and Crea-
tine on the one hand and the disease progression rate on the other, as meas-
ured using the MSSS. High accuracy, both in vitro and in vivo, of the measured 
MR-parameters from the qMRI method was observed. 31P MRS showed lower 
concentrations of phosphodiesters, and a higher metabolic charge in patients 
with cirrhosis, compared to patients with mild fibrosis and to controls. The 
adipose tissue quantification method agreed with estimates obtained using 
manual segmentation, and enabled measurements which were insensitive to 
partial volume effects. The hepatobiliary uptake of Gd-EOB-DTPA and Gd-
BOPTA was significantly correlated in healthy subjects. 

Conclusion: In this work, new methods for accurate quantification of MR pa-
rameters in diffuse diseases in the liver and the brain were demonstrated. Sev-
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eral applications were shown where quantitative MR improves the interpreta-
tion of observed signal changes in MRI and MRS in relation to underlying dif-
ferences in physiology and pathophysiology. 
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1 INTRODUCTION 
Magnetic resonance (MR) has become one of the most important diagnostic 
tools in modern medicine. It provides superior soft tissue contrast, compared 
to other imaging modalities, and it is extremely flexible as it can be used to 
image all parts of the body. Furthermore, it is considered to be safe for pa-
tients, mainly because no ionizing radiation is involved in the measurements. 

The reason why superior soft tissue contrast in MR is achievable, is the possi-
bility to design experiments which allow a range of different physical proper-
ties to affect the acquired tissue MR-signal. This is also the reason why almost 
all MR examinations are performed in a non-quantitative manner, by only 
providing the contrast between different tissues. Neighboring tissue is then 
used as a reference in the decision whether or not tissue is pathologic. This 
approach is effective for most conditions, but it is not always optimal. Diffuse 
diseases, affecting all neighboring tissue in a similar manner, cannot be staged 
with such a level of interpretation, as there is no reference value for compari-
son.  

The quantification of MR-parameters, such as relaxation times and spin densi-
ty, has been used in different research applications since the beginning of MR-
development. However, most methods used for signal quantification have 
previously been too time consuming, or too difficult to implement in a clinical 
setting. 

1.1 The Basic Physics of the MR Signal 

The nuclear spin 

All atoms have a property called nuclear spin, which has a quantum number I 
with a value that is zero, an integer or a half-integer. If this value is nonzero, 
the nucleus possesses a magnetic moment µ and an angular momentum ħ I. 
These two quantities are parallel and fulfill the relation µ = γħI, where γ is an 
isotope specific constant called the gyromagnetic ratio. By convention, I de-
notes the nuclear angular momentum, measured in units of ħ. 
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The energy difference between the energy levels γħB0 corresponds to an angu-
lar frequency ω0 = -γB0, which is called the Larmor frequency. Depending on 
differences in the chemical environment around the nucleus, the nucleus expe-
riences a magnetic field that is slightly lower than the surrounding field. The 
small ‘chemical shift’ is usually only a few ppm of the B0 field, and it is the ma-
jor factor that makes it possible to distinguish different molecules in NMR 
spectroscopy. 

Thermal equilibrium magnetization 

To understand how NMR spectroscopy works, the main issue is to study the 
spin population, how it behaves around thermodynamic equilibrium, and 
how an oscillating B1 field disturbs this equilibrium. If we study a spin system 
of N spins, with I = ½ in a static magnetic field B0, then there are two possible 
energy states for each spin, with values ±μB0. N1 of the N spins will be in the 
lower energy state and N2 will be in the upper, where N1 + N2 = N. This system 
follows Maxwell Boltzmann statistics, and therefore the two levels of equili-
brium population can be written as 
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If N corresponds to the number of spins, which in turn corresponds to the 
number of nuclei per unit volume, and if each spin possesses a magnetic mo-
ment μ, then the difference between the two populations, multiplied by μ, 
gives the resultant magnetization for a concentration of a nucleus. 
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where M0 is the thermal equilibrium magnetization. However, in all practical 
cases 10 <<Tk

B
B

µ and therefore  
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B

B
NM 0
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µµ≈ .  Eq. 4 
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The ratio of the upper and lower population N2/N1 becomes 

TBk
B

e
N
N 02

1

2
µ−

= .  Eq. 5 

At B0 = 1.5 T in room temperature this ratio is 1/1.0000007 for 31P and 
1/1.0000017 for 1H. This ratio is one of the main reasons (Gadian 1995) for the 
low sensitivity of NMR experiments, because it is the sum of the magnetiza-
tion of all spins that are observed. The B0 dependency for the population ratio 
is also a reason why an increased B0 field improves the signal to noise ratio 
(SNR) in NMR. Another important aspect of the thermal equilibrium magneti-
zation is the dependency on temperature. At body temperature M0 is only 88% 
of the M0 at 0 °C, see Fig. 1. This effect is an important source of error in quan-
titative MR using external phantoms as a reference signal. 

 
Fig. 1. The effect of temperature differences on the thermal equilibrium magnetization (M0). At body 
temperature the M0 is only 88% of the value at 0 °C. 

T1 relaxation 

Placed in a magnetic field, the magnetic moment, according to electromagnetic 
theory, experiences a torque equal to 0Bdtd ×= γµµ where γ  is the gyromagnet-
ic ratio. For an isotope with only a single value of γ this gives: 

0BMdt
dM ×= γ .  Eq. 6 
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This equation describes a motion where the magnetization precesses around 
its axis (the B0 direction) with a frequency given by ω0 = γB0 (The Larmor fre-
quency). Now consider the situation where an unmagnetized sample is placed 
in a static magnetic field B0 and study how the magnetization in the sample 
reaches the thermal equilibrium magnetization. This process, called relaxation, 
follows (assume B0 is in the z-direction) 

1

0

T
MM

dt
dM zz

−
= ,  Eq. 7 

where T1 is called the spin-lattice relaxation time. T1 describes how fast the 
magnetization in the z-direction reaches the thermal equilibrium value M0. 
During this relaxation process, energy must flow out from the spin system in 
order to alter the magnetization in the z-direction. T1 is a constant that deter-
mines the rate of the energy transfer. 

T2 relaxation 

In thermal equilibrium, the only resulting component of the magnetization is 
in the z-direction. This is because all directions are equally probable in the xy-
plane and the xy-magnetization is cancelled out. Now consider the situation 
that, for some reason, the spin system has been disturbed and that the sum of 
all precessing magnetic moments has a component in the xy-plane. In order to 
illustrate the situation, a rotating coordinate system is used, where the x and y-
axes rotate with the Larmor frequency. How this magnetization returns to zero 
is determined by the T2 relaxation time, which is also called the spin-spin re-
laxation time. The xy-component of M is as follows: 

2T
M

dt
dM xyxy −= .  Eq. 8 

The T2 relaxation process is not dependent on energy being transferred out of 
the spin system. The source for the T2 relaxation process can be the same as for 
T1 relaxation, but T2 times are often much shorter than T1 times. (When the 
magnetization vector is fully T1 relaxed, there cannot be any magnetization in 
the xy-plane, and therefore T2 ≤ T1.) The reason for this is that the spins, 
through interaction with other spins, get out of phase with each other. 

A B0 field inhomogeneity decreases the T2 relaxation time. The inhomogenei-
ties cause a small difference in Larmor frequency between the different spins 
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and, therefore, the rate of the dephasing effect becomes higher. The T2 time 
with B0 inhomogeneities included is called T2*.  

The Bloch Equations and the Effect of an RF-pulse 

The Nobel laureate, Felix Bloch, stated in 1946 how the equations of motion, 
T1-relaxation and T2-relaxation respectively, are connected to each other in 
three equations, called Bloch equations 
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where Ba is an applied static or time dependent magnetic field.  

Except for the strong constant B0, a time varying magnetic field can be applied. 
This field, which is called the B1-field or RF-field (Radio Frequency-field), is 
usually applied in a perpendicular direction (in the xy-plane) relative to the B0-
field. An investigation of how this B1 field, with a frequency near the Larmor 
frequency, ω0, interacts with the magnetization vector shows, through calcula-
tions using Bloch equations, that the power absorption as a function of fre-
quency is as follows: 
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The power absorption has a maximum around ω = ω0, and the absorption rate 
decreases rapidly when the B1 frequency is altered. This provides an opportu-
nity to choose which spins should be excited; the Larmor frequency is linearly 
dependent on the magnetic field and is, by definition, different for nuclei with 
a different chemical shift. 

The Bloch equations in the rotating frame (neglecting relaxation) are given by  
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where ( )yxB ,1


 is an applied time varying field with the Larmor frequency. 

Now assume that the initial condition is ( ) ( )TMM 0000 =


, B1y=0 and that B1x = 
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with the solution 
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An interpretation of this solution is that, if relaxation is neglected, then the re-
sult of an applied time varying magnetic field is a rotation of the magnetic vec-
tor proportional to the B1 field strength multiplied with pulse length of the RF-
pulse. If the pulse length is short, which it is in most cases, relative to relaxa-
tion times, this approximation is a good start for the analysis of the effects of a 
RF-field. The angle that the magnetic vector is rotated after a RF-pulse, relative 
to the thermal equilibrium magnetization, is called the flip angle (α). 

After an RF-pulse, the magnetization vector causes a time varying magnetic 
field that is measurable with an RF-coil. The relaxation processes forces the net 
magnetization back to the thermal equilibrium direction parallel to the B0 field. 
The measurable signal during this decay is called free induced decay (FID) 
and the signal strength is proportional to the projection of the magnetization 
in the xy-plane, see Fig. 2.  
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Fig. 2. Left graph illustrates a free induced decay. Right graph illustrates the amplitude of the FID as 
a function of flip angle (α). The maximum signal amplitude (neglecting T1 saturation) is given at α = 
π/2 pulse, and at α = π the amplitude of the FID is zero. 
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T1 Saturation 

In most MR-experiments the RF-pulse for signal reception is applied in a repe-
titive manner using a fixed repetition time (TR). This causes an effect called T1-
saturation, which decreases the measured signal. The T1 relaxation process is 
described by Eq. 7. An RF-pulse causes a flip of the magnetization vector, with 
a resulting magnetization in the z-direction equal to M0*cos(α). After TR, Mz is 
given by (solution through separation of variables) 
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If the flip angle is π/2, then directly after the RF-pulse the z-magnetization ac-
cording to Eq. 13 is Mz = 0; insertion into the solution gives 
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Now assume that T2 << TR. Directly after the next RF-pulse the magnetization 
in the xy-plane (Mxy) is given by, (combining Eq. 13 and 16), 

( ) ( ) ( ) 
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The correction for T1 saturation needed after a π/2 pulse is therefore given by 
1/(1-exp(-TR/T1)). A more complex correction factor for T1 relaxation effects is 
needed if the flip angle deviates from π/2. If the flip angle is α, then directly 
after the RF-pulse the magnetization is ( ) ( ) αcos0 ,1,

−+
+ = Rnznz TMM ; insertion of 

these initial conditions and solution of Eq. 7 through separation of variables 
gives 
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The solution of this recursive relation for the magnetization in the z-direction 
when ∞→n  is, if Mz,n=0=M0, 
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1.2 Quantitative MRI (qMRI) 

The concept of quantitative MRI (qMRI) includes techniques to determine the 
value of the parameters which govern the contrast generation in MRI, i.e. T1, 
T2, T2*, proton density (PD) or metabolite concentrations, and B1. There are also 
other important quantitative parameters, such as flow, diffusion, perfusion etc. 
but these are not discussed in detail within this piece of work.  

1.2.1 Methods for Quantifying T1 Relaxation 

Saturation recovery 

The most fundamental method for estimating T1 is called saturation recovery. 
In the saturation recovery method, the signal intensity in a gradient or spin 
echo measurement is measured using a range of different TR. 

In Eq. 20, the magnetization prior to the excitation pulse in a steady state, as a 
function of α, TR and T1 was stated. In the saturation recovery experiment the 
flip angle is assumed to be π/2 and the T1 value can then easily be estimated 
using least square fitting to a simple signal model. 

11 T
TR

eS −
−∝   Eq. 21 

There are some disadvantages to the saturation recovery method. The flip an-
gle of the excitation pulse must be accurately known or calibrated before the 
experiment. Otherwise the experiment must be extended to also include mea-
surements for α estimation. Another disadvantage is that the dynamic range of 
the experiment is relatively low, and long TRs are needed to provide accurate 
T1 estimates. The advantage of the method is the simple implementation, 
which can be adapted to most MR-experiments. 



Introduction 

  9 

Inversion recovery 

The inversion recovery method is often considered as the golden standard for 
T1 quantification. The experiment consists of an inversion pulse, with a pulse 
angle, θ, followed by a delay, TD, and an excitation pulse with a flip angle, α. 
After the signal is read out an additional delay is added, up to a total TR, see 
Fig. 3. By acquiring a series of datasets using different TD, the T1 may be fitted 
using a simplified signal equation (Haacke et al. 1999): 

121 T
DT

eS
−

−∝   Eq. 22 

This equation assumes ideal inversion and excitation pulses, and furthermore 
that TR >> T1, prolonging the time needed for the experiment. 

 
Fig. 3. A simulation of the evolution of the longitudinal magnetization in an inversion recovery pulse 
sequence. First an inversion pulse with flip angle θ is applied, it is followed after a delay TD an excita-
tion pulse with flip angle (α). Finally after an additional delay the inversion pulse is applied again. 
The period of the sequence is defined as TR. 

A more detailed description of the signal equation is presented in (Kingsley 
1999; Warntjes et al. 2008a). 

Analysis of the magnetization, MTD, at TD gives 
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A similar analysis of the magnetization at time TR gives: 
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This forms a recursive relation which may described by 
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Using this signal equation describing the saturation as a function of all rele-
vant variables, T1 may be estimated from inversion recovery series violating 
the condition of TR>>T1. This equation may also be used for the analysis of sa-
turation recovery experiments, when more complicated pulse schemes are 
used, and other RF-pulses are used as saturation pulse than the read out RF-
pulse. 

If a perfect inversion and excitation pulse, (θ = π and α = π/2) are assumed the 
expression becomes 







 +−=
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11210
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Look-Locker 

The major disadvantage of the saturation and inversion recovery methods is 
that only one time point is measured in each repetition time, and the methods 
are therefore very time consuming. This problem has been addressed in the 
Look-Locker method (Look and Locker 1970), where a series of small flip an-
gle read outs is applied in an inversion recovery experiment, in order to obtain 
all the desired time points as measurements within a single TR. After the initial 
inversion pulse a low flip angle excitation pulse with flip angle, α, is applied 
using a short repetition time, τ. After N excitation pulses, the inversion pulse 
is applied again with a repetition time TR = N*τ. A signal equation analysis of 
the experiment shows that the signal curve measured during the read out is 
not directly described by T1. Instead, the curve shows a relaxation time con-
stant T1*, which is dependent on T1, the applied flip angle and the repetition 
time τ. The low flip angle read out also saturates the apparent equilibrium 
magnetization, M0*. If the complete scheme is considered to be in steady state, 
without a delay between the consecutive cycles, then the following equations 
describe the experiments, where M0** denotes the magnetization just before 
the inversion pulse (Haacke et al. 1999; Look and Locker 1970; Warntjes et al. 
2007b); 
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Fig. 4. Example of the measured signal intensity over time (normalized to M0sin(α)), including fit-
ting curves, of the original Look-Locker sequence, the Look-Locker sequence without delay and the 
QRAPTEST method (Warntjes et al. 2007a) using a saturation pre pulse. Note that using the original 
Look-Locker method, with a long delay after the turbo field echo read out, the initial time points after 
the inversion pulse provide an estimate of -M0. (The figure is a reprint, with permission of FIG. 1 from 
Warntjes et al. 2007 (Warntjes et al. 2007a).) 

There are a few problems associated with the Look-Locker pulse sequence. As 
the estimated T1 is strongly dependent on the exact value of the flip angle, the 
method has a strong B1 field dependency. This problem has to be solved, ei-
ther through additional measurements, by changing the inversion pulse to a 
saturation pulse as suggested in (Warntjes et al. 2007a), or by the introduction 
of an extra delay, without read out pulses prior to the inversion pulse, thus 
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allowing direct measurement of the negative M0 magnetization, rather than 
the M0** magnetization directly after the inversion pulse. The latter approach is, 
however, sensitive to artifacts in the first values of the read out, and the extra 
delay before the inversion pulse is time consuming. An illustration of the dy-
namics in the different Look-Locker pulse sequences is given in Fig. 4. 

An issue that arises with Look-Locker-based methods is the occurrence of sti-
mulated echoes (Henning 1991). It is difficult to effectively spoil the echo-
forming remaining transverse magnetization after the initial RF-readout 
pulses following the inversion pulse, causing artifacts in the initial time points 
of the read out. This problem becomes gradually worse, the higher the read 
out flip angles that are used, and it therefore causes a constraint on the signal 
to noise ratio (SNR) which can be achieved using this method. 

1.2.2 Methods for Quantifying T2 Relaxation 

 
Fig. 5. A simulation of simultaneous T2 and T2* relaxation in a spin echo pulse sequence with echo 
time TE = 6.7 ms. First directly after the excitation the signal evolution is governed by the T2* relaxa-
tion. After 3.35 ms a refocusing 180° RF pulse is applied refocusing the spins at the TE. At TE the ob-
served signal intensity is governed by the T2 relaxation. 

Most approaches for measuring T2 relaxation are based on multi-echo pulse 
sequences, acquiring several echoes directly after the excitation pulse; these 
are created by 180◦ refocusing pulses in spin echo sequences. Another option, 
which is often easier to implement, is to acquire echoes with different echo 
times in separate repetition times. Even though the common measurement 
procedures used for T2 determination are relatively straightforward, several 
factors may disturb the measurement.  

Measured real part of the signal 

T2 relaxation 

T2* relaxation 
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The most important factor is the refocusing RF-pulse flip angle. If pulses are 
used which are not exactly 180◦, stimulated echoes will arise, causing an over-
lay to the measured signal intensities during the echo train (Henning 1991). 
This is especially a problem in 2D pulse sequences, where slice selective refo-
cusing RF-pulses always have a non-ideal slice profile, but may also be caused 
by RF-inhomogeneities and off resonance effects. It is possible to correct the 
major influence of the effects caused by the slice profile. By simulation of the 
specific response of the spin system to the train of RF-pulses based on Bloch 
equations, correction factors for each echo may be determined (Haacke et al. 
1999).  

Other effects disturbing the accuracy are diffusion and flow, which mostly af-
fect T2 measurements when different echo times are acquired in different TR’s. 
Furthermore, bi-exponential decays are often observed as a consequence of 
partial volume effects and multi-compartment relaxation from water bound 
into macromolecules, intra/extracellular water and CSF (Whittall et al. 1997). 

The golden standard in T2 measurements is given by the Carr–Purcell–
Meiboom–Gill (CPMG) pulse sequence. The sequence consists of a π/2 pulse, 
followed by a delay (τ), and a π refocusing pulse, followed by a 2τ delay. The 
π pulse and the 2τ delay are repeated until all the desired echoes are acquired. 
To suppress the cumulative effects of pulse angle inhomogeneities the phases 
of the π pulses are cycled (Haacke et al. 1999).  

1.2.3 Methods for Quantifying T2* Relaxation 

The definition of the T2* value is given by the decay time of the FID. The dif-
ference between T2* and T2 relaxation is that the T2* relaxation also includes 
the effects of small B0 inhomogeneities, causing dephasing of the signal. The 
dephasing may be reversed in a spin echo experiment and is therefore not in-
cluded in the T2 relaxation, see Fig. 5. In MRS the T2* decay time is a parameter 
in the spectral quantification.  

In imaging applications, the experiments have to be designed so that the k-
space is measured several times during the FID. This is usually accomplished 
by applying a multi-echo gradient echo read out. The most important conse-
quence affecting T2* measurement is global susceptibility gradients. The ‘glob-
al’ definition means that the extent of the gradient is larger than the voxel size. 
The effect of the gradient, assuming a linear B0 field variation in one direction, 
∆B0, can be written as (Fernandez-Seara and Wehrli 2000) 
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The effect is therefore described by multiplication of the acquired FID with a 
sinc function, with a frequency determined by the field inhomogeneity. Me-
thods for identification and correction of this inhomogeneity effect have been 
proposed by (Dahnke and Schaeffter 2005; Fernandez-Seara and Wehrli 2000). 

1.2.4 Methods for Quantifying the B1-Field 

There are two main reasons for quantifying the B1-field. The first reason is that 
the flip angle in most cases is proportional to the B1-field strength, and there-
fore affects the signal saturation and amplitude in most MR-experiments. The 
second reason is that knowledge of the B1-field strength is necessary in all ex-
periments utilizing reciprocity correction for absolute quantification of signal 
amplitudes. There are several methods proposed for determination of the 
transmission B1 field (B1+). They may be divided into three classes: methods 
which do not need to take T1 relaxation into account, T1 dependent methods, 
which include simultaneous mapping of T1, and simulation based methods. 

Methods Assuming Complete T1 Relaxation 

The simplest approach to determine the B1+ field is to perform a flip angle 
sweep experiment. If the repetition time is sufficiently long to prevent signifi-
cant T1 saturation and the RF-power used for the excitation pulse is varied 
around the power needed to create a π/2 RF-pulse, the RF-power needed to 
create π/2 flip may be determined. This power is proportional to the B1+ field 
strength. This approach is used in several methods, e.g. (Helms 2000; Kreis et 
al. 2001) and also in Paper I and III. A different variant to this version has been 
proposed in (Dowell and Tofts 2007) where the signal minimum is identified 
when the amplitude of a π excitation pulse is varied, the advantage of the lat-
ter version is that the signal minimum is independent of T1 saturation. 

Another method is the so called double angle method (DAM), proposed by 
Stollberger and Wach. In this method, two spin echo images, I1 and I2, are ac-
quired with different excitation pulse angles, α1 and α2=2*α1. If complete T1 
relaxation between the image acquisition is assumed, (TR > 5 T1), then the α1 

flip angle is given by: 
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By inserting an additional compensating RF-pulse after the spin echo read out 
less sensitivity of this relation to violation of the TR > 5 T1 condition causes less 
error on the flip angle estimate; this method is called CDAM (Stollberger and 
Wach 1996). A further improvement on this method was recently published; it 
replaces the compensating RF-pulse with an optimized train of RF-pulses to 
effectively spoil the remaining magnetization, thus completely removing the 
T1 dependency of the method (Wang et al. 2009). 

Methods Compensating Bias Caused by T1 Relaxation 

Faster methods for B1+ field estimation usually include a strong T1 dependency 
of the estimated B1+ field, for which a correction has to be applied. Therefore, 
simultaneous measurement of T1 or the T1 saturation effect must be per-
formed. The simplest version of such a method is the flip angle sweep method, 
where the TR >> T1 condition is violated. Here the flip angle is varied and B1 
and T1 are estimated by fitting the obtained signal to the equation describing 
the pulse sequence, i.e. the signal equations (Eq. 13 and 20).  

An example of such an implementation is the “Driven Equilibrium Single 
Pulse Observation of T1 with High-speed Incorporation of RF Field Inhomoge-
neities“, DESPOT1-HIFI method. In this method, T1 is obtained using two dif-
ferent B1 dependent techniques, first using a short echo time spoiled gradient 
(SPGR) echo read out at two different flip angles with constant TR to determine 
a T1 estimate followed by a Lock-Looker based acquisition scheme to deter-
mine another B1 dependent T1 estimate. By minimizing the recalculation from 
T1* to T1 with the flip angle deviation, αeff/αnom, and corrected T1 as variables for 
both methods simultaneously, a B1 estimate was obtained (Deoni 2007). 

Simulation Based Methods 

Another possibility to determine the B1-field is to either simulate the RF-field, 
based on electromagnetic field theory or to determine the B1-field distribution 
in a calibration experiment. Such calibration experiments may either be per-
formed using a phantom in the MR-scanner or by a setup consisting of a tiny 
search probe and a network analyzer measuring the transfer function between 



Introduction 

16 

the RF-coil and the search coil (Dahlqvist et al. 2005). Later, during the in vivo 
experiment a general scaling factor for the B1-field map has to be determined 
preferably using an external reference. 

The advantage of simulation based methods is that no additional calibration 
measurement is needed during the examination to determine the B1-field. The 
obvious disadvantage is that the method cannot correct the influence from the 
specific geometry of the imaged anatomy. 

A New Approach for Rapid B1 Field Mapping 

Recently our research group suggested a new approach for B1-field mapping, 
which is compatible with T1 quantification methods such as the Look-Locker 
method (however, with the inversion pulse replaced by a saturation pulse), 
and with saturation recovery based methods (Dahlqvist Leinhard et al. 2008c; 
Warntjes et al. 2007a). The main idea in this method is to estimate the satura-
tion flip angle of the saturation pulse (θeff) by relating the magnetization at the 
end of a turbo field echo (TFE) read out ( **M ) (or a saturation recovery mea-
surement) just before the saturation pulse ( +=0tM ) to the magnetization just af-
ter the saturation pulse. Assuming a short delay before and after the saturation 
pulse in comparison to T1, θeff may be calculated by 







= +=

**
0cos M

Ma t
effθ .  Eq. 33 

To increase the robustness of the θeff estimated, the whole curve estimated us-
ing the TFE read out can be fitted according to Eq. 27, assuming a mono-
exponential T1 relaxation. Finally, a B1 field estimate may be determined by 

nom

effB θ
θ

∝1 ,  Eq. 34 

where θnom is the nominal flip angle used in the scan prescription. 

The major advantage of this method is that the B1-field may be determined si-
multaneously as a T1 map in one single scan, thereby enabling T1 mapping 
with intrinsic B1 correction. It is also extremely fast; a whole brain T1 map may 
be determined in less than 10 seconds, see Fig. 6, (Dahlqvist Leinhard et al. 
2008c). However, the formation of stimulated echoes is one problem limiting 
the dynamic range of the method when it is combined with TFE read outs. 
Similar to methods such as Look-Locker, the initial RF-pulses applied on a 
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non-zero longitudinal Mz cause stimulated echoes, thus changing the initial 
amplitude of the measured time series. 

 
Fig. 6. A. A B1 field map generated using the reference flip angle sweep method, α = [30 50 70 90 110 
130 150] degrees, TR=10 s. Total scan time 14 minutes for a single slice. B. B-D. Three orthogonal 
views of B1, acquired using the method estimating the B1-field based on the effectiveness of a saturation 
pulse during a TFE read out in just 10 seconds. (The figure is reprinted from (Dahlqvist Leinhard et 
al. 2008c)). 

1.2.5 Simultaneous Rapid Mapping of Proton Den-
sity (PD), T2 or T2*, T1 and B1 

The final part of the development of a qMRI scan is to map all parameters in a 
single session, to enable a quantitative mapping of the MR-visible PD. To 
achieve this, not only T1 and T2(*) are needed but also knowledge of the read 
out flip angles, and the sensitivity of the experiment, which also includes a 
global scaling factor. The process to rescale the measured signal intensity (SI) 
to PD might be concluded in the following formula; 

( )21hom
hom

,, TTffCCCC
f
CSIPD inSeqarbtempvolload

in

Coil ⋅⋅⋅⋅⋅⋅= .  Eq. 35 

CCoil refers to a scaling factor needed if a separate coil is used for signal recep-
tion. If so, a reference scan providing a signal intensity (SIT/R), using the RF 
transmission coil as reception coil is needed, together with an identical scan 
using the intended RF coil for signal reception, providing a signal intensity 
(SIR).  

CCoil = SIT/R/SIR   Eq. 36 

CLoad/finhom refers to a reciprocity scaling factor. The reciprocity principle states 
a proportionality of the transfer function describing the B1 field during signal 
transmission and the transfer function describing the B1 field during signal 



Introduction 

18 

reception. This is under the condition that the same RF coil is used for both 
signal transmission and reception (Hoult 2000; Hoult and Richards 1976). The 
CCoil factor corrects sensitivity differences between the different coils in the ex-
periment, and therefore the reciprocity principle is also applicable in situations 
when separate coils are used. One important condition for using the reciproci-
ty correction is that the RF-coil for signal transmission is impedance matched 
to the RF-amplifier and the RF-reception preamplifier at the Larmor frequency 
(Hoult 2000; Hoult and Richards 1976). This condition is important because the 
B1-field transfer function describes the proportionality between induced B1 in 
the sample and the voltage at the RF-amplifier for signal transmission, or the 
RF-preamplifier for signal reception. The separation of the reciprocity scaling 
factor into CLoad and finhom is introduced to enable an easy notation. finhom denotes 
the local amplitude of the B1 field which usually can be estimated from the 
deviation from the nominal flip angle caused by B1 inhomogeneity, in such 
case finhom = αeff/αnom.  CLoad is usually set to a value proportional to the RF-pulse 
amplitude scaling factor obtained during the optimization where the optimal 
RF-pulse amplification for the scan is determined. 

CVol is a volume rescaling factor, CVol = 1 / voxel volume. 

CTemp is a factor for the correction of temperature differences, which cause dif-
ferences in the thermal equilibrium magnetization. 

Carb is a scaling factor describing the receiver and image reconstruction chain 
amplification. This factor might be determined for every scan if a reference 
signal source is included in the experiment. This signal source could be an ex-
ternal reference phantom or an intrinsic reference signal in the tissue. 

( )21hom ,, TTff inSeq  describe the pulse sequence specific attenuation and scaling of 
the signal, caused by differences in T1, T2 and excitation flip angles. For a 
SPGR pulse sequence these constants are: 
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There are a few published approaches to rapidly perform a quantitative multi-
parametric mapping of PD, T2 or T2*, T1, and B1 simultaneously.  Neeb et al. 
have proposed a method aimed at achieving highly accurate PD images of the 
brain. In this method, T2* is estimated by a modified echo-planar imaging 
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(EPI)-type read out scheme measuring 64 points in the T2* curve, with an echo 
spacing of 15 ms. T1 is estimated using a Look-Locker scheme, and B1 was de-
termined, either through relating the observed SI in the T2* experiment and the 
SI from the Look-Locker experiment, or by using a modified version of the 
DAM method. Flip angle and reciprocity based sensitivity correction was ap-
plied, followed by a global sensitivity correction obtained from an external 
reference in the experimental setup. The temperature of the external reference 
was monitored during the experiment (Neeb et al. 2008; Neeb et al. 2006). 

Deoni et al. have developed a method for the simultaneous mapping of T1 and 
T2 corrected for B1 inhomogeneities. The methods are called DESPOT1 for T1 
mapping, DESPOT2 for T2 mapping and DESPOT1-HIFI for B1 corrected T1 
mapping respectively. The main concept of these methods is to determine T1 
via the acquisition of two SPGR images, using different flip angles, followed 
by a determination of T2 by a steady state free precession (SSFP), or ‘balanced’ 
image acquisition of two images with a short constant TR and different flip an-
gles. B1 is determined via the combination of the two SPGR acquisitions and 
Look-Locker acquisition, as described in the chapter on B1 mapping (Deoni 
2007; Deoni et al. 2003). 

Our research group has developed a novel approach for simultaneous B1, T2* 
and PD mapping. The method is called Quantification of Relaxation times and 
Proton density by Twin-Echo Saturation-recovery Turbo-field echo, or 
QRAPTEST.  In this method, a 3D Look-Locker like acquisition is used, with 
the inversion pulse replaced by a saturation pulse, and with simultaneous ac-
quisition of a dual echo SPGR read out. The Look-Locker scheme is performed 
without a delay at the end of the readout train, enabling B1 mapping according 
to the earlier description (see chapter on B1 mapping). Knowledge of the B1 
field enables recalculation of the fitted apparent T1 relaxation, T1*, to T1, and 
also flip angle and reciprocity correction of the measured magnetization at the 
end of the read out train to an estimate of the MR-visible PD. This PD estimate 
is further corrected for T2* relaxation, estimated from the two gradient echo 
images. To improve the accuracy of the estimated signal at the end of the rea-
dout train, an additional image was acquired without a saturation pulse, mea-
suring only the steady state SPGR signal intensity (Warntjes et al. 2007b). In 
Fig. 7 an example of QRAPTEST images are shown. 
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Fig. 7. Results of the QRAPTEST method. a, Quantitative longitudinal relaxation time (T1) is shown 
with scaling running from 500 to 5000 ms. b, Quantitative transverse relaxation time (T2*) is shown 
with scaling running from 20 to 140 ms. c, Proton density (PD) is shown with a scaling from 550-
1000, where PD of 1000 corresponds to pure water at 310K. d, Calculated B1 map, expressed as a mul-
tiplication factor of the requested flip angle. The scale is from 90 to 110% of the intended flip angle. 
The image shows a single slice out of 60 with a scan resolution of 1x1 mm2 and a slice thickness of 1.5 
mm (overcontiguous). Reprinted with permission from (Warntjes et al. 2007b). 
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1.3 Proton (1H) MRS of the Brain 

 
Fig. 8. Human 1H MRS white matter spectrum acquired using PRESS with short echo time, 35 ms. 
The main metabolites in the spectrum are N-acetylaspartate (NAA), creatine and phosphocreatine 
(Cr), choline (Cho), glutamate (Glu) and glutamine (Gln), Glx = Glu + Gln, and myo-Inositol (myo-
Ins). In some spectra, mostly in pathologic situations, other metabolites may be observed, such as scyl-
lo-Inositol (scyllo-Ins) (see Fig. 24), lactate (Lac) and lipids (Lip). Also N-acetylaspartylglutamate 
(NAAG) is present in the spectrum but is not easily resolved due to strong spectral overlap with NAA 
(see Fig. 24). 

1H MRS of the human brain allows completely non-invasive investigation of 
important metabolites in brain tissue. In Fig. 8 an 1H MRS spectrum of the 
human brain is shown. N-acetylaspartate (NAA) is a metabolite which is gen-
erally considered to be neuron specific. Simmons et al. found in a histopatho-
logical study that the NAA concentration was high in all areas of the brain, but 
undetectable in non-neuronal tissue (Simmons et al. 1991).  

N-Acetylaspartylglutamate (NAAG) is the most abundant peptide neuro-
transmitter in the CNS. It is localized mainly in neurons, but also in glial cells 
(Neale et al. 2000). At 1.5 T the quantification of NAAG is troublesome, due to 

NAA 

Cr Cho 

myo-Ins 
Cr 

Lip Lac 
Glx 

NAA 



Introduction 

22 

a strong spectral overlap with NAA, which is therefore often expressed as the 
sum of both metabolites, tNA. Hence, this is often provided in this way as it 
can be determined with less uncertainty in the spectral analysis. 

The creatine (Cr) resonance consists of signals from creatine and phosphocrea-
tine and it is an important metabolite in the energy metabolism. Cr is much 
more concentrated in glial cells than in neurons (Brand et al. 1993), and is 
therefore an indicator suggestive of such cells. 

Inositol is an important dietary and cellular constituent participating in several 
physiological functions, and is present in five different isomers. In human 
brain 1H MRS spectra the isomers myo-Ins and scyllo-Ins have been found, and 
myo-Ins is the most abundant of the two, regulated at approximately the ratio 
12:1 (Michaelis et al. 1993).  Myo-inositol is seen as a glia cell specific marker 
(Brand et al. 1993) and serves as a precursor molecule for phospholipid synthe-
sis (Tzeng et al. 2007). 

The choline (Cho) resonance consists of signals from free Cho, phospho-Cho, 
glycerophosphoryl-Cho and possible taurine and betaine (Pagani Bizzi Di 
Salle Stefano Filippi 2008). Cho is sensitive to an altered turnover of cell mem-
branes, which occurs during demyelination and inflammation (Brenner et al. 
1993); thus they are indicators of such processes in the tissue. 

Glutamate (Glu) is the most common neurotransmitter in the human brain. It 
is primarily present within neurons and astrocytes. During neurotransmission 
there are transient increases of extracellular Glu concentrations, with a subse-
quent increase of extracellular Glu. The extracellular Glu is taken up by the 
astrocytes, where it is converted into glutamine (Gln) before it is released into 
the extracellular space. Gln is taken up by the neurons and converted to Glu, 
and for reuse in the synapse (Nedergaard et al. 2002). The neurotoxity or exci-
totoxity of Glu has been implicated in a wide range of neurodegenerative dis-
eases, including MS (Matute et al. 2006; Sailasuta et al. 2008). In 1H MRS at 1.5 
T, the separation of Glu and Gln is difficult, due to a strong spectral overlap, 
see Fig. 24. Using advanced spectral quantification methods, such as LCModel 
(Provencher 1993), it is possible to detect and to separate Glu and Gln, but this 
is associated with relatively high uncertainty (Vrenken et al. 2005). 
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Lactate (Lac) is a product of anaerobic glycolysis and the concentrations are 
often below the detection limit in a healthy brain; under ischemic conditions, 
an increase in Lac is often observed. 

Although the lipid (Lip) concentration is high in the human brain in the form 
of myelin and cell membranes, it is usually not present in brain spectra. How-
ever, certain pathologic conditions may induce increased concentrations of 
MR-visible lipids. 

1.4 Phosphorus (31P) MRS of the Liver 

 
Fig. 9. Proton decoupled in vivo 31P spectrum acquired from human liver at 1.5 T. Assignments of 
the different resonances: 1. Phosphomonoesters (PME), consisting of phosphoethanolamine (PEth) and 
phosphocholine (PCho). 2. Inorganic phosphate (Pi). 3. Phosphodiesters (PDE), consisting of glycero-
phosphoethanolamine (GPEth), glycerophosphocholine (GPCho) and unspecified ‘membrane phospho-
lipids’ (MP). 4. Phosphocreatine (PCr) contamination from other tissues. 5. Adenosine triphosphate 
(ATP)-γ. 6 ATP-α and NAD(H)  7. ATP-β. The minor resonances on the upfield side of resonance 6 
originate from NAD(H), UDPG etc. 
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31P NMR spectroscopy provides a non-invasive way of gaining information 
about the biochemical state of the tissue and especially about the energy meta-
bolism. There are seven different resonances/groups of resonances present in 
an in vivo 31P spectrum, Fig. 9. 
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Fig. 10. The ATP-γ, α and β resonance originates from the ATP molecule. The ADP molecule is iden-
tical to the ATP molecule, except for the terminal γ moiety.  

Adenosine triphosphate (ATP) 

Through the breakdown of glucose via the glycolytic pathway and the citric 
acid cycle, metabolic fuel is stored chemically as ATP. The NMR signal of ATP 
consists of three different resonances originating from the three different 
phosphorus groups in the ATP molecule, see Fig. 10. 

During cellular work, the ATP molecule is transformed into an adenosine di-
phosphate (ADP) molecule and inorganic phosphate. ADP has two resonances 
originating from the β and α groups. The resonances overlap the ATP-β and 
ATP-α resonances (or more strictly NTP) and are indistinguishable in in vivo 
spectra, but the relative resonance intensity can be calculated through compar-
ison of the intensity of the ATP-γ with the intensities of ATP-β and ATP-α.  

Binding of divalent metal ions in vivo, mainly including Mg2+, gives a consi-
derable shift of the ATP resonances. The amount of free Mg2+ in the tissue is 
therefore determinable through measurement of the chemical shift. (The chem-
ical shift is compared to the shift of PCr, and a relationship similar to the one 
used when pH is estimated gives the concentration of free Mg2+.) Free Mg2+ 
levels are valuable because it is Mg-ATP, rather than free ATP, that is the sub-
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strate for most reactions involving ATP. Moreover, many enzymes require 
Mg2+ ions for activity (Gadian 1995; Lundberg et al. 1990). 

Phosphocreatine (PCr) 

PCr should not be present in liver 31P MRS spectra, as PCr is a metabolite 
unique to muscle and brain tissue. However, muscle tissue close to the recep-
tion RF-coil causes signal contamination, and therefore low amplitude PCr re-
sonance is usually found in 31P MRS spectra. In muscle and brain tissue PCr 
plays an important role in the regulation of the energy metabolism. At rest, 
some cells produce more ATP than they need for their resting metabolism. 
Some of the excess ATP is used to create PCr, which is an energy rich mole-
cule. PCr is formed from creatine and ATP, the reaction is catalyzed by the en-
zyme creatine kinase, and leaves an ADP molecule as a by-product. In situa-
tions when more energy is needed for the metabolism, the reaction is reversed; 
then PCr and ADP are transformed into ATP and creatine. (Tortora and Gra-
bowski 2000) The PCr resonance has a chemical shift (= - 2.35 ppm), using 85% 
H3PO4 as primary shift reference (assigned to 0.00 ppm). It is relatively insensi-
tive to pH changes in the physiological range and it is therefore used as an ex-
cellent in situ chemical shift reference standard during in vivo measurements.  

Phosphomonoesters (PME)  

The PME resonance(s) are composed of signals from several glycolytic inter-
mediates, such as glucose-6-phosphate and fructose-1-6-diphosphate, as well 
as AMP (Lundberg et al. 1990). They also represent phosphorylcholine and 
phosphoethanolamine (Gadian 1995). The spectral resolution and amplitude of 
the PME resonances are improved by proton decoupling, see Fig. 18. 

Phosphodiesters (PDE) 

The PDE-resonance(s) correspond to glycerophosphocholine (GPCho) and 
glycerophosphoethanolamine (GPEth), which are catabolic products originat-
ing from phosphocholine and phosphoethanolamine. In the PDE resonance, 
mobile (and therefore MR-visible) membrane phospholipids (MP) are usually 
also included on the upfield side of the main resonances (Gadian 1995) (Mur-
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phy et al. 1992). However, by using proton decoupling, the spectral resolution 
of the three different spectral components may be improved, see Fig. 18. 

Inorganic phosphate (Pi) and pH 

The Pi resonance originates from free inorganic phosphate in the tissue. Pi, to-
gether with PCr and ATP, plays a central role in tissue energetic. Pi exists 
mainly as −

42 POH  and −2
4HPO around a physiological pH. In the absence of 

chemical exchange, these two species would give rise to two signals separated 
from each other by about 2.4 ppm. However, due to rapid chemical exchange 
the observed spectrum consists of only one signal, where the observed chemi-
cal shift depends on pH. This dependency follows the relationship (Gadian 
1995) 
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where pKa corresponds to the pH where the −
42 POH  and −2

4HPO  concentrations 
are equal, and σ1 and σ2 represent the chemical shifts of the different species. 
This relationship provides a means for pH calculation based on the chemical 
shift of Pi, as long as a useful chemical shift reference is available. In 31P muscle 
and brain spectroscopy, PCr works well as a reference when present in the 
spectrum. PCr has a pKa of 4.6, and it is therefore insensitive to pH changes in 
the normal physiological range (Gadian 1995). In 31P liver spectroscopy other 
metabolites present in the spectrum have to be used as a chemical shift refer-
ence. 

1.5  Water and Fat Imaging Methods 

Besides water, fat is the only compound in the body giving rise to strong pro-
ton signals. Proton density is approximately equal in adipose tissue and in wa-
ter (Longo et al. 1995), with the effect that adipose appears clearly in MR-
images acquired without fat suppression. Other important characteristics of 
the fat signal are the extremely short T1 and also the chemical shift difference 
between the main components of the signal from lipids. In Fig. 11 a 1H MRS 
spectrum of water and fat from human liver is shown. 



Introduction 

  27 

 
Fig. 11. A human liver spectrum where the water resonance (left) and the main fat resonance (right) 
are visible. The fat spectrum also contains resonances with a lower amplitude on both sides of the main 
fat resonance and one small resonance with a slightly higher frequency than the water resonance. 

Fatty infiltration in the tissue and fat surrounding organs may obscure under-
lying pathology such as edema, inflammation, or contrast enhancing tumors. 
For this reason fat suppression methods are needed to obtain images free from 
fat contribution. Furthermore there are other pathologies, such as fatty tumors 
of different forms, which are better visualized using imaging methods capable 
of imaging a pure fat signal (Bley et al.). 

There are several different categories of fat suppression methods that rely on 
different characteristics of the fat signal. There are also several different ap-
proaches to direct imaging of either the water or the fat signal, or both simul-
taneously (and separately). 

Spectral-Selective Saturation 

The first category is chemical shift selective fat suppression, where the fat (or 
water) signal is saturated during the read out period of the pulse sequence. 
The advantage of such methods is that they are applicable to most pulse se-
quences. They are, however, also associated with relatively low efficiency and 
sensitivity to B0 and B1 inhomogeneity (Bley et al.). 

Chemical shift [ppm] 
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Spectral-Selective Excitation 

The second category avoids excitation of the compound that is not desired in 
the image. This method may be applied to most pulse sequences, but it is sen-
sitive to B0 inhomogeneities, and long excitation pulses (or binomial pulses) 
are needed to obtain the narrow band excitation (Bley et al.). 

Short T1 Inversion Recovery (STIR) Imaging 

Short T1 inversion recovery (STIR) imaging is based on the application of an 
inversion pulse approximately 200 ms before the signal readout, leading to a 
signal nulling of the fat signal. The major advantage of this method is that an 
effective fat suppression may be obtained independent of B0 and B1 inhomoge-
neities. The drawbacks of STIR are that it cannot be combined with T1 
weighted imaging and it has a low SNR efficiency. Furthermore the inversion 
pulse affects the acquired image contrast of the water signal (Bley et al.). 

Chemical Shift Based Water-Fat Separation 

The last major class of methods discussed here is chemical shift based water-
fat separation, or so called Dixon imaging. In 1984 Dixon proposed a pulse se-
quence enabling the reconstruction of pure water and fat images based on one 
gradient echo image acquired with the fat and water signal in opposite phase 
(or out-of-phase), and one image with both water and fat signals in-phase. The 
acquisition was followed by a signal addition or subtraction to obtain a pure 
water and fat image (Dixon 1984). Unfortunately B0 inhomogeneities cause the 
phase of the images to vary over the FOV, leading to phase wraps, which 
makes fat and water separation impossible just through simple addition or 
subtraction. In the resulting water and fat images, the encoding of each com-
pound is swapped in regions with a different phase field. This problem was 
partially solved by Glover et al. (Glover and Schneider 1991), who developed a 
method in which three separate echoes (out-of-phase, in-phase, and out-of-
phase) were acquired and used together with a phase unwrapping algorithm 
to estimate the influence of B0 inhomogeneities on the signal. This kind of 
phase unwrapping procedure for reconstruction of the correct phase field, 
with respect to phase field inhomogeneities (caused by undesired effects such 
as B0 inhomogeneities), will from here on be referred to as ‘phase-sensitive re-
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construction’. Later on, further improvements to the original acquisition 
scheme and reconstruction techniques of the three point method were pro-
posed (Reeder et al. 2004; Xiang and An 1997). The major advantage of the Di-
xon imaging methods is that they provide a perfectly registered reconstruction 
of both water and fat images. The methods are also independent of B1 and B0 
inhomogeneities and are SNR effective. The drawback is that they require long 
scan times (at least with the three-point methods), and they also involve a 
complex image reconstruction. In 2004, Ma proposed a region growing based 
solution to reconstruct images acquired using the original two-point Dixon 
method (Ma 2004). This method provided a relatively robust phase-sensitive 
reconstruction of the out-of-phase image in 2D. Unfortunately, this method 
cannot easily be extended to 3D, although Ma (Ma et al. 2008) has proposed 
preprocessing steps capable of correcting large phase gradients over the FOV 
in 3D. In Fig. 12, examples of reconstructed abdominal images are shown us-
ing Dixon imaging and spectrally selective saturation methods, respectively. 

 
Fig. 12. Abdominal image acquired using conventional spectrally selective fat saturation (A), and two 
point Dixon imaging (B and C). Using the Dixon acquisition technique a fat image is also obtained. 
Note the superior fat suppression used in image B compared to image A. The image acquisition time, 
FOV and resolution were identical for both acquisitions. 

The Inverse Gradient Method 

At CMIV we have developed a novel solution to the phase unwrapping prob-
lem of out-of-phase images, first in 2D and later on also in 3D (Rydell et al. 
2008; Rydell et al. 2007). The out-of-phase image (OP) and the in-phase image 
(IP) may be expressed, based on the major water (w) and fat (f) signal compo-
nents, as: 

1)( φiefwIP ⋅+=   Eq. 39 

and 

2)( φiefwOP ⋅−= .   Eq. 40 
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where Φ denotes the phase field caused by B0 inhomogeneities etc, at the two 
different echo times. The phase field of the IP image can be easily removed, as 
both the w and f images are positive. Removing the phase term in the out-of-
phase image is not easy, since OP can be positive or negative depending on 
the dominance of the two constituents. The phase-sensitive reconstruction 
scheme then follows this sequence: 

1. Calculate a synthetic in-phase image OP* = | OP |· ei2arg(OP) from the out-
of-phase image by doubling the phase. This removes the water/fat do-
minance sign, which means that water and fat signals are in phase and 
the phase errors due to magnetic field inhomogeneities are twice as 
large as in OP.  

2. Find the gradient fields of OP*, describing the phase changes in x-, y- 
and z-directions respectively. 

3. Multiply the gradient fields with a factor of 0.5, as they vary twice as 
fast in OP. 

4. Use normalized convolution (Knutsson and Westin 1993) for interpola-
tion in uncertain regions, where the phase values are expected to be noi-
sy. 

5. Compute an estimated phase field by integrating the gradient fields 
with the use of a Poisson solver described in (Farnebäck et al. 2007). 

6. Apply the estimated field to the out-of-phase volume to obtain a cor-
rected volume. 

Repeat all steps and iterate a solution until a specific criterion is met or a de-
fined number of iterations is reached.  

In Fig. 13 an example of phase sensitive reconstruction using the 2D method 
suggested in (Rydell et al. 2007) is compared to the 3D method proposed in 
(Rydell et al. 2008) and the region growing based method proposed in (Ma 
2004). 
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Fig. 13. The images represent cases that the 3D phase unwrapping algorithm successfully solved while 
the 2D algorithms failed. The complex in- and out-of-phase images are shown, where intensity corres-
ponds to magnitude and color represents phase. In the first row subcutaneous fat has been misclassi-
fied due to a too small phase difference between subcutaneous fat and underlying tissue. In the second 
row a fast phase leap has introduced an erroneous classification of the stomach. Arrows indicate the 
misclassified areas. As can be seen in the in- and out-of-phase images, the phase variations are small 
across the images, but still contain troublesome areas, with an uncertain phase leading to misclassifi-
cations. This problem was encountered in several of the studied subjects, especially in the thoracic 
region. 

The chemical shift artifact 

 
Fig. 14. Simulation illustrating the water fat shift (WFS) artifact. 2a, simulated water and fat signals. 
2b, the effect of limited resolution; the WFS usually is in the range of 0.4-0.5 pixels. 2c, acquired in-
phase and out of-phase signals. 2d, reconstructed water and fat signals without WFS correction. Note 
the distortions compared to panel 2b. 2e, water and fat signals after iterative correction. The figure is 
reproduced from (Dahlqvist Leinhard et al. 2008a). 



Introduction 

32 

An important problem in the imaging of regions with mixed tissue of water 
and fat is the chemical shift displacement artifact. Due to the chemical shift of 
the fat signal a displacement of the fat signal occurs in the frequency encoding 
direction, or ‘read out’ direction of the acquired images. If bi-polar gradients 
are used in the read out of the Dixon images, this artifact occurs in different 
directions in the IP and OP images, causing subtraction artifacts; see Fig. 14 
and Fig. 15. This problem might be solved by using a so called ‘flyback gra-
dient’ protocol, as proposed by Cunningham et al. (Cunningham et al. 2005), 
where both echoes are acquired using an identical gradient by inserting a 
strong rewinding gradient between the two echoes. This approach, however, 
limits the SNR in the image because a higher bandwidth is needed during the 
echo read outs. There are two different methods suggested to correct this arti-
fact, one frequency domain based approach (Yu et al. 2004) and one spatial 
domain based iterative method, proposed by our research group (Dahlqvist 
Leinhard et al. 2009; Dahlqvist Leinhard et al. 2008a). In Fig. 15 an example of a 
water image acquired using the two point Dixon imaging method, with and 
without water fat shift (WFS) correction, together with an image acquired us-
ing the ‘flyback’ method, are shown. 

 
Fig. 15. Upper row: Images acquired using the “Fly back” gradient method (left panel), the bi-polar 
method before (center panel) and after (right) WFS correction. Lower row: Difference images compar-
ing the “Fly back” method with the original method before (left panel) and after (center panel) correc-
tion. Note the significant reduction of differences after correction along vertical fat structures. The 
images were acquired in two subsequent breath holds and are therefore not perfectly aligned. In the 
right panel, the difference image between the uncorrected and the corrected image is shown.  
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1.6 Quantification of Adipose Tissue 

Abdominal obesity has been referred to as ‘the cholesterol’ of the 21st century. 
Body fat distribution, especially visceral adipose tissue accumulation, has been 
found as a major correlate to a cluster of diabetogenic and atherogenic abnor-
malities, described as the ‘metabolic syndrome’ (Despres et al. 2008). There-
fore, there is an increasing interest in imaging methods capable of quantifying 
the amount of adipose tissue and also the distribution of such tissue.  

An MRI based method for volumetric measurement of adipose tissue with se-
paration of the adipose tissue into different compartments (i.e. visceral, intra-
abdominal or subcutaneous adipose tissue) generally involves a number of 
steps. First an image, or image volume, with high specificity for adipose tissue 
is needed, either through the acquisition of strongly T1 weighted images, or by 
imaging techniques providing fat only images (see previous chapter). The 
second step classifies each voxel in the image volume as belonging to different 
compartments. The third step is the integration of the observed fat volume 
within the different compartments, leading to a volumetric estimate of total fat 
volume. The third step depends on a nominal or continuous determination of 
the fat content in each voxel, something that generally is performed using var-
ious thresholding techniques. Several approaches presenting such procedures 
have been suggested (Armao et al. 2006; Fishbein et al. 2006; Kullberg et al. 
2009b; Thomas et al. 2005). However, the resolution in abdominal MRI is li-
mited, due to the application of breath hold techniques which limits the acqui-
sition time to one breath hold. Due to this relatively low resolution, all me-
thods based on simple thresholding are prone to systematic errors caused by 
ignoring the partial volume effects, which leads to an underestimation of the 
adipose tissue volumes (Donnelly et al. 2003; Kullberg et al. 2009a). 

1.7 Diffuse Neurological Diseases 

It is difficult to provide a definition of the term diffuse neurological disease. In 
this thesis, the term indicates neurological disease processes in which most 
CNS nervous tissue is affected globally, or in which it is unclear whether the 
focal changes, which can be depicted using imaging techniques, have a diffuse 
origin in surrounding tissue or whether the focal changes themselves 
represent the pathological process leading to a cascade of effects and symp-
toms. In neurological diseases, several processes may occur simultaneously, 
and it is a challenging task to separate different effects using MRI. Examples of 
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factors that are important for the understanding of diffuse neurological dis-
eases are the degree of myelination of the axons, gliosis where the glia cell 
concentration increases in the nervous tissue, atrophy or loss of white and 
gray matter tissue, inflammatory processes in the tissue, ischemic processes, 
iron accumulation, and metabolic abnormalities. 

Myelination, Gliosis, and Atrophy 

Imaging of nerve tracts and myelination of axons may be performed using dif-
fusion tensor imaging, which can be used to characterize the main directions 
of the nerve fibers in the tissue. Demyelinating processes cause a decrease in 
fractional anisotropy (FA) of the diffusion and an increase in apparent diffu-
sion coefficient (ADC) values, effects that are attributed to increased diffusion 
across the main nerve fiber direction (Pagani et al. 2008). Magnetization trans-
fer imaging is another technique that can characterize the water bound into 
macromolecules. Approximately 25% of white matter consists of macromole-
cules (including 55% lipids and 39% proteins), and the decrease of lipids in the 
tissue caused by demyelination decreases the percentage of bound water in 
the tissue (Pagani et al. 2008).  

Gliosis is not easily characterized using MRI. However, 1H MRS offers insights 
into the gliosis process from the concentrations of myo-Ins and Cr, which are 
present in much higher concentrations in glia cells than in neurons (Brand et 
al. 1993). 

White and gray matter atrophy and volume are important variables in the cha-
racterization of the disease progression of MS (Filippi and Rocca 2005). Several 
methods for such segmentation have been suggested (Davatzikos and Prince 
1995; Nakamura and Fisher 2009). One problem concerning more simple ap-
proaches to characterizing and segmenting the tissue volume is white matter 
lesions, which, in certain image weightings, resemble those of gray matter. To 
overcome this problem, multi-parametric methods utilizing different contrast 
weightings have been developed, e.g., segmentation of brain magnetic reson-
ance images for the measurement of gray matter atrophy in multiple sclerosis 
patients (Nakamura and Fisher 2009; Sajja et al. 2006). 
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Inflammation and Ischemia 

MRI has a relatively high sensitivity to inflammation, as edema associated 
with inflammatory processes leads to long T2 values in the tissue (Hesselink 
2006). Furthermore, Cho is a marker of membrane turnover, which is often in-
creased in tissue affected by inflammation (Brenner et al. 1993). 

Ischemia is a chronic demyelinating process that results from arteriosclerosis 
and the narrowing of nutrient arteries and arterioles. Typically, such a process 
leads to hyperintense lesions on T2-weighted images and a subtle hypointense 
appearance on T1-weighted images (Hesselink 2006).  

Metabolites and Iron Deposition 

Metabolic abnormalities may, in specific cases, be effectively characterized us-
ing 1H or 31P MRS, depending on whether or not the involved metabolites are 
present in sufficiently high concentrations and have resonances visible in the 
spectrum. Examples of such diseases are Canavans disease, which results in 
elevated NAA concentrations, and Sjögren-Larsson syndrome, which results 
in lipid accumulation in periventricular white matter (Engelke et al. 2007). 

Iron deposition has been observed both in normal aging and in various chron-
ic neurological diseases, including multiple sclerosis, Alzheimer’s disease, and 
Parkinson’s disease. Excessive iron accumulation is relatively well characte-
rized using quantitative T2* imaging and R2 and R2* relaxometry where iron 
deposition leads to shortened transverse relaxation times (Brass et al. 2006). 

1.7.2 Multiple Sclerosis (MS) 

MS is an inflammatory disease of the central nervous system that causes de-
myelination, gliosis, and loss of neurons, mainly involving white matter. The 
lifetime risk of MS is 1 of 400; MS is the most common cause of neurological 
disability in young adults in the Western world (Compston and Coles 2002). A 
major difficulty with the characterization of the disease is the large variety of 
symptoms, in combination with large variations in disease activity. Another 
major variable in the course of the disease in different patients is the ability to 
heal, or to compensate for, acquired neurological deficits. This has led to the 
characterization of MS-patients into relapsing remitting (RR), primary pro-
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gressive (PP), or secondary progressive (SP), a classification which depends on 
the patient’s ability to recover from bouts. 

The most commonly used measure for MS-patients, in addition to the above-
mentioned classifications into (RR-MS, SP-MS, or PP-MS), is the Expanded 
Disability Status Score (EDSS) (Kurtzke 1983). EDSS describes the accumulated 
neurological disabilities at a specific point in time. However, an EDSS score at 
a single point in time does not, unfortunately, reflect disease activity, and 
therefore, it cannot be used alone in a prognosis for disease progression. To 
overcome this problem, the Multiple Sclerosis Severity Score (MSSS) was re-
cently proposed (Roxburgh et al. 2005). Based on a database containing the 
EDSS scores and disease durations (in years) of 9,892 MS-patients in 11 coun-
tries, an algorithm relates a patient’s EDSS to the distribution of EDSS in pa-
tients with the same disease duration. The MSSS has also been shown to have 
a predictive value for disease severity (Pachner and Steiner 2009). 

MRI is the most powerful modality for diagnosing MS; more than 95% of pa-
tients with MS have white matter lesions appearing as hypo-, iso-, or hyperin-
tense spots in T2-weighted MR-images (Compston and Coles 2002). MRI-based 
measures show a high correlation between clinical symptoms and disability on 
one hand, and between lesion load and atrophy on the other. The relationships 
between T2 lesion load and black hole lesion (BHL) load and MSSS have re-
cently been investigated by Minneboo et al. (Minneboo et al. 2009), and a link 
between MSSS and the development of BHL load and atrophy was concluded. 
In contrast, no correlation between MSSS and T2 lesion load was observed. In 
addition, the baseline T2 lesion load and the BHL load did not depend on 
MSSS. Similarly, Martola et al. (Martola et al. 2009) found a relationship be-
tween atrophy development and MSSS. 

Only through observation of the disease history, the formation of lesions and 
atrophy measured with MRI, the bout frequency, and the progress of disability 
or ability to heal bouts, etc., can one predict the disease progression. However, 
this prediction is only valid for groups of patients. It is still not possible to reli-
ably predict disease progression for individual subjects (Pachner and Steiner 
2009). 

Treatment of MS is generally immunomodulary, either through suppression of 
the immunoresponse or by blocking the cells of the immune system from en-
tering the blood brain barrier. No therapy has shown major effects on primary 
progressive MS or secondary progressive MS without bouts (Compston et al. 
2006). 
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The cause of MS is unknown, although the disease is histopathologically rela-
tively well described. Common features of the disease are demyelination, gli-
osis axonal loss, and focal lesions, especially in certain areas of the brain. It is 
unknown whether the immune response that causes the MS lesions is a sec-
ondary effect of the disease progress or the primary process, the latter indicat-
ing that the disease is autoimmune in nature. Zamboni et al. have observed a 
relationship between venous insufficiency and MS (Zamboni et al. 2009a; 
Zamboni et al. 2009b). Other studies have proposed disturbed glutamate me-
tabolism as an important mechanism in the disease (Fu et al. 2009) (Srinivasan 
et al. 2005) (Matute et al. 2006) 

1.7.3 Using 1H MRS in MS 

Proton (1H) Magnetic Resonance Spectroscopy (MRS) is important in MS re-
search, as it provides a noninvasive method for assessing metabolic changes 
quantitatively over time and for comparing the metabolic patterns of different 
patient groups (Filippi and Grossman 2002). Interpretations of 1H MRS results 
for the diseased MS-brain varies widely in the literature, typically a result of 
small patient and control groups, as well as the unfortunate and widespread 
usage of metabolite ratios in the analyses, obtained using a wide range of data 
acquisition parameters. When using a metabolite ratio, one obviously cannot 
determine which metabolite in the ratio has changed, unless there is a known 
specific metabolic relationship between the metabolites.  

The most common observation in MS-patients, using absolutely quantified 1H 
MRS of normal appearing white matter (NAWM), is a stable, or slightly de-
creased, concentration of NAA (Caramanos et al. 2005), a metabolite that is 
generally believed to be a neuron-specific metabolite (Simmons et al. 1991), or 
a marker. Other common observations are increases in myo-Ins, which is a glia-
specific marker (Brand et al. 1993), and an increase in the Cr concentrations 
(Caramanos et al. 2005). The latter compound (Cr) is much more concentrated 
in glial cells, than in neurons (Brand et al. 1993) and, therefore, is an indicator 
of such cells. 
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Fig. 16.  1H MRS spectra from normal controls (NC) and MS-patients. Fplaque denotes the estimated T2 
lesion contamination, and it is provided together with the classification of the multiple sclerosis severi-
ty status scale (MSSS) and the expanded disability status score (EDSS) for each spectrum. The inten-
sity scaling of each spectrum is in arbitrary units. 

Choline-containing compounds (Cho, or tCho) are sensitive to an altered turn-
over of cell membranes, which occurs during demyelination and inflammation 
(Brenner et al. 1993); thus, they are indicators of such processes in the tissue. 
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The concentration of these compounds is often reported to be constant in 
NAWM. The NAWM concentrations of scyllo-Inositol (scyllo-Ins) and Lactate 
(Lac) are usually low, making detection difficult in 1H MRS spectra at 1.5 T, 
but has been reported to be slightly elevated in MS-subjects (Vrenken et al. 
2005). 

Glutamine (Gln) and glutamate (Glu) metabolism has recently been identified 
as an important factor in demyelinating diseases of the central nervous system 
(CNS). Excessive extracellular concentration of Glu has been shown to induce 
apoptosis or necrosis of the oligodendrocytes, which are the myelinating cells 
of the CNS (Matute et al. 2006). Srinivasan et al (Srinivasan et al. 2005) found a 
significant increase of Glu in NAWM in combination with a non-significant 
increase of Gln in MS-patients, using a TE-varied PRESS technique at 3 T. Us-
ing short echo time single-voxel spectroscopy (SVS) at 1.5 T, the detection of 
Glu and Gln is more difficult, due to the strong spectral overlap of the metabo-
lites. Therefore, the sum of the concentrations of both metabolites (Glx, or Glu 
+ Gln) is often determined instead. However, in 1.5 T short echo time SVS 
spectra of high quality, it is possible to assess Glu with reasonable certainty 
(Vrenken et al. 2005).  

The concentration of the MR-visible and highly abundant tissue water, exclud-
ing the myelin water fraction, has been observed to increase in NAWM of MS-
patients, compared with the water concentration in normal controls (NC). In 
one report, the visible water in NAWM was quantified using the water con-
centration in putamen as a reference (Laule et al. 2004). 

The relationship between disease progression rate as characterized by MSSS 
and the metabolite concentrations measured using 1H MRS of white matter has 
previously not been reported. Fig. 16 shows typical MRS spectra in NC and in 
MS-patients with varying disease severity and degrees of T2 lesion contamina-
tion in the MRS-voxels. 

1.8 Diffuse Liver Diseases 

Liver disease is common among the general population. Five to eight percent 
of the population has elevated levels of ALT (alanine aminotransferase), which 
is the most sensitive marker of liver pathology (Simonsson et al. 2004). The in-
creased number of pathological liver blood tests may be related to an in-
creased occurrence of non-alcoholic fatty liver disease. Chronic liver diseases, 
independent of etiology, often do not display any symptoms until very late 
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stages in the disease process, when hepatic function is compromised as a re-
sult of parenchymal destruction, the development of fibrosis, or the appear-
ance of cirrhosis. A variety of serious complications, such as ascites, esopha-
geal varices, encephalopathy, and hepatocellular cancer then appear (Schup-
pan and Afdhal 2008). In cases of manifest decompensated hepatic disease, the 
liver disease is irreversible and the prognosis very poor. Treatment is therefore 
typically focused on relieving symptoms or performing liver transplantation. 

Many patients have abnormal liver blood tests at an early stage. In such cases, 
various noninvasive tests including history, physical examinations, blood 
tests, and imaging procedures are usually performed to obtain a clinical diag-
nosis. Frequently, these investigations do not reveal the etiology of the disease 
and the extent to which it has progressed. A liver biopsy is often recommend-
ed in order to arrive at a definite diagnosis. However, liver biopsy is an inva-
sive procedure, and it has been associated with severe complications (Janes 
and Lindor 1993). Moreover, obtaining a liver biopsy allows the clinician to 
histologically assess only a focal part of the liver, leading to sampling variabili-
ty (Regev et al. 2002); this is a major disadvantage when diagnosing diffuse 
liver disease. Thus, there is a great need for replacing invasive liver biopsy 
with a method that is completely noninvasive and also provides information 
about a large fraction of the liver parenchyma. 

The most important factor in the characterization of a patient with suspected 
diffuse liver disease is the degree of fibrosis, which is a common feature of al-
most all causes of chronic liver disease. Fibrosis, or infiltration of connective 
tissue in the liver, is an important prognostic factor in liver disease; early de-
tection of fibrosis, coupled with subsequent intervention, may lead to regres-
sion of the fibrosis (Wallace et al. 2008). In addition to fibrosis, inflammation or 
liver hepatitis, the regenerative capacity of the liver tissue and the presence of 
necrosis are other important prognostic factors (Marti-Bonmati 2010). In the 
early stage of liver disease, iron overload, steatosis, and prominent vascular 
abnormalities are other important factors in the clinical characterization. They 
are all associated with the development of liver fibrosis; therefore, early detec-
tion and follow-up make it possible to monitor the disease and to begin treat-
ment before liver damage becomes irreversible (Marti-Bonmati 2010). Histo-
logically, fibrosis is divided into five different stages of severity: F0 (no fibro-
sis), F1 (portal fibrous expansion), F2 (periportal fibrosis), F3 (bridging fibro-
sis) and F4 (cirrhosis). Depending on the etiology of the fibrosis, the different 
stages represent slightly different histopathological changes  (Faria et al. 2009). 
Another important clinical practice is to monitor the patient’s liver function in 
order to find the optimal time for liver transplantation, as well as to predict 
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whether, after partial liver resection during liver cancer treatment, the remain-
ing liver function will be sufficient (Mullin et al. 2005).  

1.8.1 A Short Review of MR-Based Characterization 
of Diffuse Liver Diseases 

Conventional MR and 1H MRS 

 
Fig. 17. In-phase (IP) and out-of-phase (OP) images of one subject with approximately 20% liver fat 
and one subject with approximately 1% liver fat. Note the considerably lowered signal intensity in the 
OP image of the subject with 20% liver fat. 

A conventional liver MR protocol involves a number of different pulse se-
quences to allow accurate morphologic characterization and to depict diffuse 
changes present in the tissue. Liver steatosis may be characterized using in- 
and out-of-phase gradient echo imaging (see Fig. 17). This characterization is, 
however, sensitive to T2* relaxation, which makes grading of steatosis with 

OP IP 

Approx. 20% steatosis 

Approx. 1% steatosis 
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this technique inaccurate. More accurate grading of liver steatosis may be per-
formed using 1H MRS (Longo et al. 1995; Szczepaniak et al. 2005) or in- and 
out-of-phase gradient echo imaging with a multi-echo read out, allowing si-
multaneous characterization of T2*, fat, and water, respectively (Yu et al. 2007). 
The liver iron concentration may be determined with relatively high accuracy 
using quantitative R2 or R2* mapping (Anderson et al. 2001; St Pierre et al. 2005), 
although increased concentrations of tissue water caused by inflammation 
may be a confounding factor (Marti-Bonmati 2010). Presently, no direct MRI 
techniques exist for quantifying the degree of inflammation. By comparing the 
STIR signal intensity with the signal intensity of muscles, one might be able to 
use increased tissue water content as an indirect marker of inflammation and 
necrosis (Marti-Bonmati et al. 1993).  

Conventional MR-techniques are capable of separating cirrhosis (F4) from 
mild or no fibrosis (F0-F1) based on macroscopic morphological changes in the 
cirrhotic liver, but they have low sensitivity for staging liver fibrosis over its 
entire spectrum (Faria et al. 2009). More recently, MR-techniques such as MR-
elastography, double contrast enhanced MR-imaging, diffusion weighted im-
aging, and 31P MRS have been proposed as promising tools for more accurate 
noninvasive staging of liver fibrosis.  

MR-elastography 

MR-elastography noninvasively quantifies the stiffness of the organ by analyz-
ing the propagation of a mechanical wave through the tissue. Recent studies 
have shown that liver stiffness increases as the fibrosis advances, especially in 
the higher stages (F2-F4) (Yin et al. 2007).  

Dual Contrast Agent Enhanced MRI 

Dual contrast agent enhanced MRI-based characterization of fibrosis involves 
one injection of superparamagnetic iron oxide (SPIO) contrast agent, followed 
by an injection of gadolinium (Gd)-based contrast agent. The SPIO particles 
accumulate in the Kupffer cells and shorten the T2* relaxation time (leading to 
signal loss in T2*-weighted images), and the Gd contrast agent causes a de-
layed enhancement of the fibrotic tissue, which has a low concentration of 
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Kupffer cells. By acquiring images with optimal timing with respect to the 
contrast agent injections, and with the proper combination of T1 and T2* 

weighting using a fat-suppressed pulse sequence, it may be possible to obtain 
an image depicting the fibrotic tissue which separates mild from advanced fi-
brosis with high accuracy (Baumuller et al. 2009).  

Diffusion Weighted MRI 

Reports based on diffusion weighted imaging have shown reduced ADC val-
ues in fibrotic livers (Lewin et al. 2007). The interpretation of ADC values as an 
indirect marker of fibrosis is, however, problematic, as there are several con-
founding factors, such as steatosis, inflammation, and perfusion effects (Faria 
et al. 2009). 

31P MRS 

31P MRS provides both an in vivo evaluation of energy metabolism and intra-
cellular compartmentation of the liver tissue through the different metabolites 
in the spectrum (Bonekamp et al. 2009). Fig. 18 shows 31P MRS spectra from a 
human liver. Several studies have investigated the use of 31P MRS in the stag-
ing of hepatic fibrosis and diffuse liver disease (Menon et al. 1995; Munakata et 
al. 1993). The most common observations are increased PME concentrations 
together with decreased PDE concentrations in cirrhotic patients although 
most studies related the amplitude of the resonances to the sum of all phos-
phorus resonances in the liver spectra (Ptot).   

The observed increased PME concentrations have been associated with in-
creased hepatic glyconeogenesis or increased glucose metabolism that occurs 
as a result of reduced glycogen stores, a defect of the glyconeogenesis or alte-
ration in the insulin/glucagon ratio (Changani et al. 2001). This is supported by 
a finding in a study by Corbin et al. (Corbin et al. 2004), in which patients with 
compensated and decompensated cirrhosis (a classification based on whether 
or not the remaining liver function is sufficient) were compared using abso-
lutely quantified 31P MRS. The study found a trend of increased PME concen-
trations in compensated cirrhosis compared to healthy controls, in contrast to 
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decompensated cirrhosis, in which concentrations were found to be compara-
ble with the healthy subjects.  

 
Fig. 18. Averaged 31P MRS spectra acquired from four healthy subjects using ISIS volume selection 
and a repetition time of 7 s. Left panel: a spectrum acquired without proton decoupling. Center panel: 
a spectrum acquired using 1H decoupling. Right panel: a spectrum acquired using 1H decoupling and 
nuclear Overhauser enhancement (NOE). Assignments of the different resonances: 1. Phosphomo-
noesters (PME) consisting of phosphoethanolamine (PEth) and phosphocholine (PCho). 2. Inorganic 
phosphate (Pi). 3. Phosphodiesters (PDE) consisting of glycerophosphoethanolamine (GPEth), glyce-
rophosphocholine (GPCho), and unspecified “membrane phospholipids” (MP). 4. Phosphocreatine 
(PCr) contamination from other tissues. 5. Adensine triphosphate (ATP)-γ. 6 ATP-α and NAD(H). 
7. ATP-β. Note how the spectral resolution, especially in the PME and PDE regions, is improved us-
ing proton decoupling and the increased amplitude of the PDE, PME, and Pi resonances due to NOE. 
The graphs are reproduced from Forsgren et al. (Forsgren et al. 2010). 

The interpretation of decreased PDE concentrations is unclear. The two main 
components of the PDE signals observed at low field strengths are the metabo-
lites of phospholipid metabolism (GPCho and GPEth) and contributions from 
the endoplastic reticulum (ER) (Murphy et al. 1992). Corbin et al. suggest that 
the decrease of PDE is mainly due to decreased ER; this interpretation is fur-
ther supported by studies of fibrotic rat liver at high field strength, in which 
no correlation could be found between PDE metabolite concentrations and dif-
ferent stages of fibrosis (Corbin et al. 2003).  

The most common approach in 31P MRS of the liver is to relate observed meta-
bolite concentrations to the total (MR-visible) phosphorus content, of which 
the ATP and Pi resonances are major constituents. This approach makes inter-
pretation of the ATP and Pi resonances difficult. However, a few studies have 
determined the actual ATP and Pi concentrations in diffuse liver disease, and 
the most common finding is decreased concentrations in advanced fibrosis, 
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both in human and rat livers (Corbin et al. 2003; Corbin et al. 2004). One inter-
pretation is that this decrease reflects decreased concentrations in viable hepa-
tocytes (Corbin et al. 2003); this is probably also the reason for increased 
PME/Ptot in several reports. 

DCE Imaging of Liver Specific Contrast Agents 
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Fig. 19. The chemical structures of the two liver specific contrast agents Gd-BOPTA (left) and Gd-
EOB-DTPA (right), respectively. 

Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) methods 
using both Gadoxetate (Gd-EOB-DTPA; Primovist;) and Gadobenate dimeg-
lumine (Gd-BOPTA; Multihance;) have been proposed as promising methods 
for the characterization of liver function and the staging of liver fibrosis (Plan-
champ et al. 2005; Tsuda et al. 2008).  

Except for the hepatocyte uptake of Gd-EOB-DTPA and Gd-BOPTA, these 
contrast agents (CA) may be regarded as extracellular. Upon injection, the CA 
is quickly and freely distributed to the extracellular space and is then excreted 
from the plasma via two different excretion routes: the renal pathway into 
urine and the hepatobiliary pathway, through which the CA enters the hepa-
tocytes and is subsequently transported via the biliary system to the gall blad-
der and the intestines (Aime and Caravan 2009). Fig. 19 shows the molecular 
structures of the CAs. 

Based on studies of a rat model, Tsuda et al. have shown that characterization 
of both the early and the late uptake of Gd-EOB-DTPA make it possible to 
separate rats with non-alcoholic fatty liver disease (NAFLD) from rats with 
non-alcoholic steatohepatitis (NASH) (Tsuda et al. 2007a; Tsuda et al. 2008). In 
a study by Planchamp et al., pharmacokinetic parameters describing the Gd-
BOPTA uptake in rat liver were similarly shown to correlate with the degree 
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of liver fibrosis (Planchamp et al. 2007; Planchamp et al. 2005). Recently, a re-
trospective study on patients by Motosugi et al. described a relationship be-
tween liver signal intensity (SI) in late phases after Gd-EOB-DTPA injection 
and liver function measured with Indocyanine Green (ICG) clearance and ac-
cording to the Child-Pugh class (Motosugi et al. 2009a).  

 
Fig. 20. Pre-contrast and late enhancement of Gd-EOB-DTPA in one patient with no known impair-
ment of the liver function and one patient with biliary stasis. Note the strong liver enhancement in the 
patient with normal uptake compared to the biliary stasis patient. Also note the higher splenic en-
hancement in the biliary stasis patient probably due to decreased blood plasma clearance caused by the 
limited hepatobiliary elimination of the contrast agent. 

However, a major problem in the utilization of models developed on rats for 
human investigations is the very slow pharmacokinetics of Gd-EOB-DTPA 
and Gd-BOPTA in humans; this makes it difficult to characterize the contrast 
kinetics in a standard clinical setting. To overcome the problem of a short ob-
servation time in combination with the low excretion rate of the contrast agent, 
different approaches have recently been proposed. Nilsson et al.  proposed a 
method for relating the signal enhancement in liver images to the arterial in-
put function (AIF) obtained using a deconvolution method, together with im-
age sampling using a high temporal resolution (Nilsson et al. 2009). In another 
report, Motosugi et al. used a semi-quantitative approach in which the liver 
signal enhancement (SI) was compared with the corresponding splenic en-
hancement; the ratio of SILiver/SISpleen was then used for the evaluation (Motosugi 
et al. 2009b). Fig. 20 shows an example of one patient with normal late hepato-
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biliary uptake of Gd-EOB-DTPA and one patient with reduced uptake caused 
by biliary stasis. 

1.9 A Description of the Projects and the 
Timeline of the Included Papers 

The starting point for the work presented in this thesis was three studies aim-
ing to quantify metabolite concentrations in diffuse diseases: one study inves-
tigating the NAWM in MS-patients without MR-visible lesions or plaques us-
ing 1H MRS (Paper I), one longitudinal study of the effect of betainterferon 
treatment in MS-patients, and one study investigating 31P as a tool for staging 
fibrosis in diffuse liver disease (Paper IV). The quantification methods used in 
these studies are relatively complicated, with time-consuming calibration 
measurements that do not provide much additional pathophysiological infor-
mation. Furthermore, the techniques were sensitive to difficulties associated 
with external reference phantoms, such as degradation of reference solutions, 
and hardware and software updates. Fig. 21 shows schematic overviews of the 
part of the project that concerns diffuse neurological disease; Fig. 22 shows the 
part of the project that concerns diffuse liver disease. 
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1.9.1 Projects in Quantitative MR of Diffuse Neuro-
logical Disease  

 
Fig. 21. Projects in quantitative MR of diffuse neurological diseases discussed in this thesis 

1.9.2 A qMRI Pulse Sequence for Quantification of 
T1, T2

*, PD, and B1 (Warntjes et al. MRM 2007) 

To enable more rapid spectroscopic quantification, a new project was started 
to develop a novel qMRI method. The method should be capable of determin-
ing the necessary calibration parameters for 1H MRS investigations, providing 
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absolutely quantified metabolite concentrations and, also enabling quantita-
tive clinical evaluation of relaxation parameters. At this point in time there ex-
isted no such multi-parametric qMRI methods for providing simultaneous, 
reliable estimates of T1, T2, or T2*, PD, and B1 within a clinically acceptable time 
frame. The research resulted in a multi-parametric method (QRAPTEST) for 
simultaneous determination of T1, T2*, PD, and B1 (Warntjes et al MRM 2007). 
Although the QRAPTEST method provided much of the necessary informa-
tion, it is associated with three major drawbacks. First, the method suffers 
from an optimization dilemma: the B1 field estimate, which is extremely im-
portant for both the T1 and PD determination in this method, can be achieved 
with high accuracy in long T1 and T2 tissue (i.e., CSF) only if low readout flip 
angles are used. However, low flip angles in methods such as the QRAPTEST 
limits the SNR; therefore, extensive optimization is needed in order to find op-
timal settings, making the method difficult to use. Second, QRAPTEST only 
provided estimates for T2*, not T2. T2 estimates are desirable if the method is to 
be used in combination with 1H MRS, in which a quantification procedure 
ideally involves water quantification of the spectra, with subsequent quantifi-
cation (including T2 relaxation correction) of the water signal in the qMRI im-
age volume. 

1.9.3 A qMRI Pulse Sequence for Quantification of 
T1, T2, PD, and B1  

To overcome the problems related to QRAPTEST a new spin-echo-based me-
thod called QRAPMASTER (Paper II) was developed to acquire T2, T1, PD, and 
B1. This method not only solved the problem of acquiring T2 rather than T2*, 
but it also solved the optimization dilemma concerning the B1 field estimation. 
In general, the acquisition technique is similar to the QRAPTEST method; T1 

and T2 estimates are acquired simultaneously but independently from each 
other, using saturation recovery for the T1 relaxation together with a multi-
echo readout for the T2 (or T2*) relaxation. Using QRAPMASTER, the B1 esti-
mate did not suffer from spurious echoes caused by the low flip angle turbo 
field echo (TFE) train that occurred with the QRAPTEST method. This method 
also solved problems originating from slice profile effects, as QRAPMASTER 
is a 2D method using slice selective RF-pulses, as opposed to QRAPTEST 
which is a 3D method using slab selective RF-pulses. In general, QRAPMAS-
TER solved most problems regarding spectroscopy quantification, with the 
exception of the global scaling of the quantitative PD estimate. To obtain the 
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global scaling of the PD value an accurate reference signal is needed, either 
from an internal signal in the tissue or from an external substance with known 
concentration and temperature. 

1.9.4 A Pooled MS Study 

During the development period of the qMRI pulse sequences, data acquisition 
continued in the longitudinal beta-interferon treatment study of MS-patients. 
Furthermore, a third longitudinal 1H MRS study was started, investigating the 
treatment effect of glatiramer acetate on white matter metabolism in MS-
patients. In this study, the data acquisition protocol was compatible with the 
acquisition protocol used in the first two 1H MRS studies. To allow in-depth 
quantitative analysis of these two longitudinal studies, two problems had to 
be solved. The majority of the patients had white matter lesions contaminating 
the MRS voxels, and in the course of the studies, there had been two major 
MR-scanner system upgrades involving both hardware and software. Both of 
these factors can influence the estimate of metabolite concentrations. This was 
the major motivation for the study presented in Paper III, which pooled all MS-
patients and controls examined in the three studies to investigate the influence 
of, and to correct for, lesion contamination and to enable longitudinal correc-
tion of data acquired using different scanner releases. 

In this study, we also decided to include and analyze the available clinical cha-
racterization of the MS-patients, as the accumulated number of patients and 
examinations was substantial. The characterization included not only the most 
frequently used variables—the Expanded Disability Status Score (EDSS) and 
disease duration—but also the number of bouts since disease onset and a new 
scoring method called the Multiple Sclerosis Severity Score (MSSS), which es-
timates the progression rate of the disease rather than the accumulated disabil-
ity measured by EDSS.  
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1.9.5 Projects in Quantitative MR of Diffuse Liver 
Disease  

 
Fig. 22. Projects in quantitative MR of diffuse liver diseases discussed in this thesis. 

Study on NC showing that overeat-
ing causes increased liver blood 
values without strong correlation 
to liver fat accumulation 
Kechagias et al. GUT 2008 

Combined method to automatically 
quantify the visceral adipose tis-
sue  
(Paper V) 

Retrospective study of 31P MRS 
applied on NC and patients with 
NAFLD and fibrosis  
(Paper IV) 

Study characterizing the hepatobi-
liary uptake of Gd-BOPTA and Gd-
EOB-DTPA in NC  
(Paper VI) 

Study investigating the effect of 
biliary stasis on hepatobiliary 
Gd-EOB-DTPA uptake 
(ODL ISMRM 2009) 

Image registration and 
segmentation 
(Paper V) 

Project investigating 
31P MRS as tool to 
stage liver fibrosis 

1H MRS of liver steatosis 

Phase-sensitive recon-
struction in 2D and 3D 
(Rydell J. MICCAI 2007, 
Rydell J. ISMRM 2008) 

Intensity inhomogeneity 
correction 
(Paper V, ODL ISMRM 
2008, ODL PCT 2009) 

Quantitative pharmacoki-
netic analysis of DCE MRI 
(Paper VI) 

The fast food study 

Clinical studies inves-
tigating liver specific 
contrast agents 

Correction of the water 
fat chemical shift artifact 
(ODL ISMRM 2008, ODL 
PCT 2009) 

Clinical study  
or project 

Methodological de-
velopment 

Application/ 
outcome 

Quantitative 31P MRS us-
ing DRESS 
Norén et al. Eur Rad 2005 

Study showing strong gender dif-
ferences in fat accumulation pat-
terns during overeating 
(ODL ISMRM 2009, Erlingsson S. et 
al. Metabolism 2009) 
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1.9.6 The Fast Food Study 

The next project was an interventional study concerning the metabolic syn-
drome that is one of the major risk factors for developing liver disease. Here, 
18 healthy subjects were followed extensively throughout a four-week inter-
vention, during which they doubled their caloric intake mainly through fast 
food and simultaneously stopped exercising. For this study, we wanted to de-
velop a research protocol that was capable of accessing the degree of liver stea-
tosis (or fatty infiltration in the liver tissue) (Kechagias et al. 2008). Further-
more, we wanted to characterize the adipose tissue accumulation patterns dur-
ing the intervention, as intra-abdominal visceral adipose tissue is associated 
with more health risks than subcutaneous adipose tissue. At this point, there 
was no technical solution for such an investigation; consequently, we devel-
oped a technique for automatic quantification and segmentation of abdominal 
adipose tissue (Paper V).  

In order to develop an automatic method for quantification of adipose tissue, 
we identified five major methodological steps. First, a method for phase-
sensitive reconstruction of in- and out-of-phase images (or two-point Dixon 
images) (Dixon 1984) was developed for the purpose of producing pure water 
and fat images (Rydell et al. 2008; Rydell et al. 2007). The second step included 
an iterative correction method for the water and fat chemical shift artifact1

                                            
1 The method for correction of the chemical shift artifact was not included in Paper V 

 
(Dahlqvist Leinhard et al. 2009; Dahlqvist Leinhard et al. 2008a). The third step 
was a new method for correction of intensity inhomogeneities in fat (and wa-
ter) images. This method utilizes the relatively well defined signal characteris-
tics of pure adipose tissue to estimate an intensity correction field for the com-
plete imaging volume (Dahlqvist Leinhard et al. 2009; Dahlqvist Leinhard et al. 
2008b); and Paper III). After this correction, the adipose tissue volume in an 
image volume is estimated using integration (rather than the routine thre-
sholding, which most previously described techniques have used) to avoid 
systematic errors in the fat volume estimate (Donnelly et al. 2003). The fourth 
step was the development of a user-independent image segmentation tech-
nique based on 3D non-rigid registration of an image prototype (i.e., one 
unique, healthy volunteer) to the image volume. For this prototype, a radiolo-
gist manually defined different tissue compartments, which were registered to 
the image volume using the same deformation field as in the registration of 
the prototype. After this procedure, the labels of the different compartments 
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were used to identify the belonging of each voxel in the patient’s image vo-
lume. 

1.9.7 Quantification of the Liver Specific Uptake of 
Contrast Agents  

Paper VI describes a procedure to quantitatively investigate the contrast agent 
dynamics of the liver specific contrast agents Gd-EOB-DTPA and Gd-BOPTA. 
The motivation for developing this procedure was the fact that recent publica-
tions have shown great potential for using liver specific contrast agents to eva-
luate liver fibrosis in animal models (Tsuda et al. 2007b; Tsuda et al. 2008). It 
has also been suggested that liver function is well represented by the uptake of 
Gd-EOB-DTPA (Motosugi et al. 2009a).  

In 2005 a study was conducted at CMIV examining 10 healthy volunteers be-
fore and after a bolus injection of Gd-EOB-DTPA and Gd-BOPTA, using a 
standard clinical dynamic contrast enhanced (DCE) MR protocol. Further-
more, the local ethics committee approved a retrospective study on consecu-
tive patients examined using Gd-EOB-DTPA. With this as a starting point, a 
new method was developed that aimed at describing the specific uptake of the 
contrast agent by the hepatocytes. The method consists of two main steps. 
First the signal intensity curve in regions of interest placed in the liver and the 
spleen were recalculated to longitudinal relaxation rate values. Second, the 
increase in relaxation rate during the time series is interpreted as proportional 
to the contrast agent concentration and analyzed using a simple pharmacoki-
netic model to enable estimation of the contrast agent concentration in the he-
patocytes (or the hepatobiliary compartment).  

1.10 Contributions by the Author 

Paper I 

In this paper I participated in the data acquisition, performed the spectral 
analysis and the quantification procedures, and participated in the statistical 
analysis and the writing of the manuscript. The design of this study and the 
majority of the data acquisition had been performed prior to my joining the 
project. 

Paper II 
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In this paper Marcel Warntjes and I designed the data acquisition method, the 
procedures for obtaining quantitative parameters from the measurement data, 
and the validation procedures. I also participated in the writing of the manu-
script. 

Paper III 

In this paper I developed the retrospective design, did approximately 40% of 
the data acquisition, designed the methods for analysis of plaque contamina-
tion and systematic errors in the quantification, designed and performed the 
statistical analysis, and wrote the first draft of the manuscript. 

Paper IV 

In this paper I participated in the data acquisition, performed the spectral 
analysis and the quantification procedures, and participated in the statistical 
analysis and the writing of the manuscript. The design of this study and 50% 
of the data acquisition had been performed prior to my joining the project. 

Paper V 

In this paper I developed the measurement protocol, performed all data acqui-
sition, contributed to the development of the phase-sensitive reconstruction, 
developed the method for intensity correction, contributed to the development 
of the method for image registration for adipose tissue segmentation, designed 
the validation procedures, and wrote parts of the manuscript. 

Paper VI 

In this paper I designed the procedures for quantitative data analysis, per-
formed the analysis of the data with the exception of the image analysis, and 
wrote the first draft of the manuscript. The design of this study and the data 
acquisition had been performed prior to my joining the project. 

1.11 Aims 

The aim of this work was to improve and when possible also to speed up the quanti-
fication methods as much as possible, thereby enabling accurate quantification of 
MR parameters in clinically feasible scan times. The developed techniques 
should be applied in diffuse diseases where conventional imaging methods are una-
ble to perform accurate staging, or to reveal metabolic changes associated with 
the disease development. 
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2 MATERIALS AND METHODS 

2.1 1H MRS of NAWM in MS-Patients  

2.1.1 Subjects and Clinical Characterization 

In this thesis, data are presented from three completed or ongoing 1H- MRS-
studies. All patients were examined using an identical MR protocol on a GE 
1.5 T scanner at our department. 

The first study included investigated the NAWM in MS patients who lack 
brain lesions (Paper I). The intention was to determine whether the same pa-
thological changes were observed in this group as in MS patients with brain 
lesions. The study consisted of two groups: one group of 18 patients with clin-
ically definite MS (CDMS) and a normal MRI scan, identified from a group of 
350 MS-patients registered at the Neurological Clinic, and one group of 18 
healthy controls. The MRI scans were evaluated by a neuroradiologist for the 
presence of MS lesions, as the intention of the study was to include only pa-
tients with a normal MRI scan of the brain. Four of these patients had devel-
oped brain lesions in the follow-up and were therefore excluded.  

In the second study, the effect of interferon beta treatment was investigated. 
Fourteen CDMS patients were investigated three times. The first examination 
was performed before initiation of interferon beta treatment, the second after 3 
months of treatment, and the third after 12–38 months of treatment. The 
treatment consisted of interferon beta-1b (Betaferon®; 250 μg every second 
day) or interferon beta-1a (Avonex®; 33 μg once per week). In addition, one 
CDMS patients without treatment and three CDMS patients who had not ful-
filled their treatment or who had chosen not to participate in the follow-up 
exam were included in the study.  

In the third study, 1H MRS was used prior to and during treatment with glati-
ramer acetate (Copaxone®). Eleven patients with relapsing-remitting CDMS 
were enrolled from a clinical cohort. All patients were examined prior to the 
start of therapy with glatiramer acetate. According to the study design, a 
second 1H-MRS examination was performed or will be performed after one 



Materials and Methods 

56 

year of therapy. In addition, one patient was examined after two years and 
four years.  

Paper III included all patients and controls from the studies described above. 
Table 1 provides clinical data for all subjects. 
Table 1. Detailed description of the study groups. ∆EDSS indicates the change of EDSS since the 
first MRS of each CDMS patient. ** Untreated CDMS patient after a wash-out period of at least two 
months after last treatment. Values given as mean and range unless otherwise stated. 

 

2.1.2 Data Acquisition Protocol 

The MRI and the 1H-MRS examinations were performed on a GE Signa Hori-
zon Echospeed Plus 1.5 T MR scanner (General Electric, Milwaukee, Wiscon-
sin, USA) using a standard quadrature head coil. Axial scans for evaluating 
the presence of lesions (approximately 40 slices) were obtained using a double-
echo Fast Spin Echo (FSE), with 5 mm slice thickness. This provided both pro-
ton density (PD), (TR = 2300 ms, TE = 14 ms), and T2-weighted images (TR = 
2300 ms, TE = 98 ms). The matrix and field of view were 256 x 192 and 24 x 18 
cm2, respectively. Coronal T1-weighted scans for placement of spectral voxels 
were acquired using a 3D Fast Spoiled Gradient Recalled acquisition in steady 
state sequence (SPGR), (TR = 14.1 ms, TE = 5.4 ms, FOV = 35 cm), with 4 mm 
slice thickness, using a flip angle of 20°.  

PRESS (Point Resolved Single Voxel Spectroscopy) was used to obtain 1H-MRS 
spectra at 63.87 MHz, using TR = 6.0 s, TE = 35 ms, with voxel dimension ca. 
17x17x17 mm3 (ca. 4.91 mL) with a shape adjusted against the anatomy of the 
WM, and 64 transients. Four voxels of interest (VOI) — two frontal (L/R) and 
two parietal (L/R) — were identified in NAWM for the MRS examination, Fig. 
23. From the first acquired voxel (parietal right) additional spectra were ac-
quired without water suppression using different transmitter amplitudes (TA) 
and TE (TE = 35, 45, 67, 100, 200, 500, 800 and 1000 ms) to enable more accurate 
sensitivity correction and correction of extracellular long TE water in the vox-
el. The RF-pulse amplitude needed to obtain a π/2 flip angle resulting from the 
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scanner's built-in optimization scan was also recorded for each voxel. Gray 
matter and lesions visible in the T1-weighted scans were avoided as much as 
possible.  

 
Fig. 23. Example of MRS voxel placement in an MS-patient with plaques (Paper III) and correspond-
ing spectra from frontal right (FR), parietal right (PR), frontal left (FL), and parietal left (PL) posi-
tion. In this particular examination, the volume fraction of plaque contamination, fplaque, was rated at 
5% in the FR voxel and 0% in the other voxels. Note that only one of the slices covering the MRS 
voxels is shown. 

2.1.3 Absolute Quantification of Metabolite Concen-
trations  

The methodology for spectral acquisition and quantification was based mainly 
on the work by G. Helms (Helms 2000). The main steps in the quantification 
chain were as follows: 

• Spectral quantification 

• Reciprocity correction and external phantom calibration 
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• Estimation of partial volume effects of extracellular long TE water (see 
Paper I for details). 

Spectral Quantification 

The amplitude of each metabolite in the 1H MRS spectra was quantified using 
an LCModel (Linear Combination of Model spectra, S Provencher, Canada) 
(Provencher 1993). 

In LCModel an optimized linear combination of different basis spectra is fitted 
to the measured spectrum. Each basis spectrum is either measured in vitro 
from a calibration phantom or simulated based on known properties of the 
NMR-signal of the metabolite. Fig. 24 shows some of the most important me-
tabolite basis spectra and their linear combination fit to an in vivo spectrum.  

The output of the LCModel analysis consisted of three main parts: a printout 
showing the estimated linear combination of the basis spectra, which was used 
for visual interpretation of the quality of the fitting procedure; a table of esti-
mated metabolite amplitudes in a scale determined by the user; and a table 
describing the statistical certainty of the fitting of each basis spectrum, ex-
pressed as standard deviation (SD) for estimated amplitudes (SD%).  

To enable exclusion of spectra with insufficient quality from subsequent ana-
lyses, criteria were defined for objective exclusion of observations. In this 
study only visual inspection by an observer of the LCModel output was used. 
The observer was blinded for the group belonging of each spectrum and 
screened for abnormal residuals and incorrect zero order phasing of the spec-
tra. Other studies (Srinivasan et al. 2005) have used exclusion criteria’s based 
on the SD% in LCModel output. That approach was not used in this study, as 
it may introduce a bias towards higher concentrations. Low concentrations of 
metabolites are associated with higher SD%, but a high SD% does not neces-
sarily indicate a higher SD of the metabolite amplitude estimate. Fig. 25 shows 
histograms of the estimated standard deviation (SD), expressed both in mM 
and percent of estimated concentration from the LCModel fit (SD%) for Cho, 
Cr, Gln, Glu, myo-Ins, NAA and Glx. The histograms represent all voxels in-
cluded in Paper III:  
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Fig. 24. Metabolite basis spectra and their corresponding fit to an in vivo spectrum from NAWM after 
LCModel analysis. 
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Fig. 25. Histograms showing the estimated SD% (upper row) and SD (lower row) from the LCModel 
analysis for all voxels included in the study. N.B., in the histogram for Gln estimates with SD% high-
er than 100 were set to 100. Similarly, metabolite observations with SD = 0 correspond to metabolites 
not found in the LCModel analysis. 

The amplitude of the water resonance of each in vivo MRS voxel was deter-
mined from the unsuppressed water spectra acquired prior to acquisition of 
the water suppressed spectra. The amplitudes of the water resonance from the 
in vivo voxel and the voxel placed in the external water reference were ana-
lyzed using the linear prediction and singular value decomposition (LPSVD) 
algorithm (Barkhuijsen et al. 1985) in the jmrui software package (Naressi et al. 
2001). 

Reciprocity Correction 

Signal reception and transmission in MR is performed using RF-coils, creating 
a radio-frequency magnetic field that matches the Larmor frequency of the 
spins. In the 1H MRS studies presented in this thesis, a quadrature head coil 
was used for both signal transmission and reception, enabling reciprocity cor-
rection. When a single coil is used for signal excitation and reception, the reci-
procity principle states a proportionality of the transfer function describing the 
transmission B1-field (B1+) and the transfer function describing the reception B1-
field (B1-) (Hoult 2000; Hoult and Richards 1976). The amplitude of the B1+ va-
ries due to differences in coil loading (i.e., depending on the size of the head 
within the coil) and geometrically due to the shape of the head in relation to 
the coil. There exist several methods for estimating the B1+ field (see introduc-
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tion); the most common approach, which also was used in the 1H MRS studies 
presented here, is to estimate the RF-pulse transmitter amplitude, CLoad, (see 
introduction) needed to create a π/2 RF-pulse (Helms 2000; Kreis et al. 2001). 
Using the reciprocity principle, which assumes proportionality between B1+ 

and B1- and that 
LoadCB 1

1 ∝+
 the metabolite signal (Smet) rescaling in an 1H MRS 

experiment may be expressed similar to Eq. 35: 

( )metmetinSeqmetLoadmetTempmetvolmetmet TTffCCCSConc ,2,1hom,,, ,,⋅⋅⋅⋅= ,  Eq. 41 

where Concmet is the concentration of the metabolite, Carb is a B1-field indepen-
dent constant describing the sensitivity of the signal reception chain, 

( )metmetinSeq TTff ,2,1hom ,,  describes the signal attenuation due to imperfect flip an-
gles and relaxation effects, and CVol is 1 / (voxel volume).  

The Carb constant may not in general be constant between different examina-
tions; the most important condition that need to be fulfilled is that the RF-coil 
is properly matched to the impedance of the RF-amplifier at the Larmor fre-
quency (Hoult 2000). Another important condition is that the system provides 
equal amplification of the detected signal in different examinations, because 
any changes in the signal reception chain will cause alterations in the Carb con-
stant. Changes in the method that estimates the CLoad factor (e.g., system up-
grades) may also cause errors for which the Carb constant must compensate. 

Absolute metabolite concentrations were then achieved by performing a refer-
ence experiment on a solution with a known concentration of Cr or by the sig-
nal from an external water reference included in the experimental setup to de-
termine the Carb constant, 

( )refrefinSeqrefLoadrefTemprefvolref

ref
arb TTffCCCS

Conc
C

,2,1hom,,, ,,
1

⋅⋅⋅
⋅= . Eq. 42 

2.1.4 Statistical Method for Absolute Quantification 
over Long Periods of Time and Between Dif-
ferent MR-Systems 

There are major methodological problems when carrying out large and/or lon-
gitudinal MRS studies with extended follow-up periods (up to several years) 
with a maintained quantitative signal scaling of the metabolites, including wa-
ter. Several factors affect the obtained signal strength and, probably also intra-
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subject metabolic ratios within the same examination; these factors are not eas-
ily corrected for. The most easily identified factors are the substantial replace-
ment of MR-scanner software, which may include developments in the design 
of optimization pre-scans and new pulse sequence design, as well as hardware 
updates (especially in the RF-excitation, the spatial selection gradient, and the 
RF-reception chains); aging of/malfunction of components (including com-
promised linearity of the RF-amplifier); using MR scanners made by different 
manufacturers; and moving to a different field strength. In addition, calibra-
tion reference phantoms may degrade over time causing unexpected scaling 
differences between observations that occur at different times. The tempera-
ture difference between a cold reference phantom and the subjects is another 
factor that may introduce additional noise in the quantification procedure.  
Table 2. Estimated effect on acquired metabolite concentrations for different scanner versions. *The 
water concentration was normalized to the level of normal controls (NC). **The mean value represents 
the mean concentration of all groups included in the model. ***The estimated effect normalized by the 
mean effect of all groups. The p-value for effects on the metabolites in the table was less than 0.0001. 
****In the calculation of the mean scanner version effect, the calculation based on the water signal was 
excluded. 

 
Within the time frame of the MRS studies presented here, we identified three 
major events that could significantly influence the scaling of the metabolites; 
these were system upgrades that caused scaling differences, which might not 
easily be corrected using the MRS-calibration phantom. These events were ac-
counted for as a nominal fixed model effect in a mixed linear model (MLM), 
(Paper III). Using this approach, a scaling factor for each metabolite was identi-
fied for each time period. The consistency of the results across the different 
major metabolites showed that a single factor could indeed be used for all me-
tabolites, except water. This approach may also be used to compensate for 
scaling differences between different MR-scanners, field strengths, pulse se-
quences, and manufacturers, as well as for site-specific differences. In 1H MRS 
of MS, large patient groups are required in order to identify important meta-
bolic relationships between clinical and bio-chemical markers; these relation-
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ships are impossible to identify through meta-analyses of published data in a 
more traditional manner.  

Table 2 presents the estimated model effect of the different scanner versions 
for the subjects in Paper III, and Fig. 27 presents the estimated metabolite con-
centrations of Glu, NAA and water vs. time for all examinations in the study.  

This method made it possible to compare the metabolite concentrations of dif-
ferent scanner versions; nevertheless, it is still important to ensure proper 
matching of the different groups of patients in the different time periods. Fig. 
26 shows EDSS and MSSS vs. time for the subjects in Paper III. 

 
Fig. 26. The distribution of MSSS and EDSS vs. time of all examinations in Paper III. Note that there 
is no obvious unbalance in the distribution.  
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Fig. 27. Estimated metabolite concentrations of Glu, NAA, and water (normalized to the level of NC) 
vs. time before and after scanner version and plaque contamination correction. Estimated SD% for the 
metabolites before the correction: NAA 14.4%, Glu 19.5%, Water 22.6%. After the correction: NAA 
11.4%, Glu 16.9%, Water 7.7%.  
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2.1.5 Statistical Method for Plaque Contamination 
Correction 

 
Fig. 28.  A regression plot of estimated metabolite concentrations before and after plaque contamina-
tion or lesion load correction. Data is shown for all MRS voxels acquired from MRI-positive MS-
subjects after correction of the scanner version effect and the voxel position effect. Note that this re-
gression plot does not directly illustrate the statistical effect of fplaque estimated using the mixed linear 
model (MLM) analysis. In the MLM analysis only intra-examination effects were analyzed by using 
each examination as a random model effect. The regression analysis showed no significant regression 
between fplaque and the metabolites after the correction. In the plots the confidence interval for the re-
gression fits is shaded. 

One of the most important causes of bias in the study of NAWM metabolism 
in MS-patients is the contamination of MS-lesions in the MRS-voxels. In a rela-
tively large number of patients, it is more or less impossible to place voxels 
with sufficient volume in WM unaffected by lesions. Furthermore, voxels 
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placed near MS-lesions are extremely sensitive to patient movement during 
the relatively long examination, and it is extremely difficult to discern the ex-
act border of a lesion. Therefore, an approach was selected whereby MRS-
spectra were acquired from WM, including both NAWM and T2-lesions and 
avoiding T1-lesions. The planning of the data MRS voxels was done only on T1-
weighted images, and PD- and T2-weighted images were acquired to enable 
retrospective correction of lesion effects.  

To enable this correction, a voxel registration procedure was developed to au-
tomatically show the position of the MRS voxels in the T2-, PD- and T1-
weighted image volumes. The images were reviewed by a radiologist who vi-
sually rated the volume fraction, fplaque, occupied by plaques in each individual 
MRS voxel.  

The correction of plaque contamination was performed within the MLM anal-
ysis. In the model the estimated fplaque was used as a continuous fixed effect; the 
estimated fplaque was used together with the scanner version (described above) 
as a nominal fixed effect; the voxel localization as a nominal fixed effect (right 
parietal, left parietal, right frontal and left frontal); and the group belonging to 
each subject as a nominal fixed effect (NC, MRI-neg MS, and MRI-pos MS). 
Furthermore, each examination was treated as a random effect to allow the 
plaque correction to affect only intra-examination differences.  

The advantage of this procedure was not only that the MRS planning was 
more easily performed but also that patient movement was now equally likely 
to cause more or less plaque contamination of the voxel. When plaque conta-
mination is avoided during the planning of the voxel, movement is more likely 
to increase the plaque contamination and, therefore, cause a bias effect. Fig. 28 
shows regression plots of estimated metabolite concentrations in the MRI-
positive subjects before and after the correction of plaque contamination. 

2.1.6 Correlation Analysis of Metabolite Concentra-
tions to Clinical Parameters 

The effects of differences in scanner version, voxel localization, and plaque 
contamination were corrected in each voxel prior to obtaining the mean value 
of all four voxels in each subject for further analysis. The basis for this ap-
proach, as opposed to including the clinical parameters in the MLM analysis, 
was that most of the clinical parameters are ordinal scale parameters. The 
MLM analysis is well suited to handle continuous and nominal model effects 
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but ordinal variables are more easily analyzed using parametric and non-
parametric correlation analysis. 

A one-way ANOVA analysis was used to test whether there were differences 
in metabolite concentrations between (1) NC and CDMS patients, (2) NC, MRI-
negative CDMS-patients, and MRI-positive CDMS-patients, and (3) RR-MS 
and SP-MS. The analysis was divided into two parts; the first included only 
the first examination of all subjects, and the second included all subsequent 
observations of all subjects. The rationale behind using only the first observa-
tion in the initial analysis was to limit the accumulated impact of disease 
treatment before the inclusion of patients in the various studies, as well as to 
reduce the statistical complexity of using the same subject several times in the 
statistical analysis. However, to increase the power of the analysis, a follow-up 
test of all observations was included. For statistically significant t-tests of me-
tabolites, for which some observations were not found by the LCModel analy-
sis (i.e., SD% = 999%), a second test was performed using a Wilcoxon rank sum 
test, because we could not assume a normal distribution of the concentrations 
(see Fig. 29).  

 
Fig. 29. Histograms showing the distribution of estimated concentrations after scanner version and 
voxel position correction for some of the metabolites, including all examinations in the study. Note 
that Gln, Scyllo-Ins, and Lac have a certain population of observations for which the resonances were 
not found in the LCModel analysis. 

The parametric correlation and non-parametric Spearman´s correlation were 
calculated between metabolite concentrations, EDSS, MSSS, number of bouts 
since disease onset, and years since disease onset.  

2.1.7 Use of the fplaque Factor as Estimate of the T2 
Lesion Load 

In this study, the mean value of the fplaque factor estimated in the acquired MRS 
voxels was used as a measure of the lesion load in the analysis of correlations 
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with the clinical parameters. By measuring the lesion load in exactly the same 
volume of interest as the MRS voxels, both the observed correlations between 
metabolites and clinical parameters and the corresponding correlations to the 
lesion load reflected the same tissue. In the planning of the MRS voxel, only 
hypointense T1 lesions were avoided (i.e., all MRS planning was performed on 
T1-weighted images.) If the volumes did not match, the estimated lesion load 
included parts of the brain that were not included in the MRS voxels, and one 
could therefore argue that the cause of the clinical symptoms was not detecta-
ble in the MRS voxels. This could explain a lack of observed correlation to the 
metabolite concentrations. Moreover, the relationship between the lesion load 
measured in the whole brain and the clinical parameters has already been in-
vestigated in detail (Martola et al. 2009; Minneboo et al. 2009). As long as ob-
served correlations agreed with previous observations, it was assumed that 
this local lesion load estimate was preferable for comparison to the MRS con-
centrations. 

2.1.8 Analysis of the Effects of Age, Plaque Conta-
mination, and Scanner Version on Observed 
Clinical Correlations 

To ensure a low probability that age, plaque contamination and the scanner 
version correction-related effects had not caused the most important observed 
clinical correlations, several additional statistical tests were performed.  

 
Fig. 30. Correlation plot showing the distribution of MSSS characteristics of the patients vs. age of the 
patients. No strong correlation was observed. 
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Age and Scanner Version 

An MLM-analysis was performed to investigate the influence of age on corre-
lations with clinical measurements. The following factors were included: scan-
ner version (nominal effect), voxel position (nominal effect), individual exami-
nations (random effect), age (continuous effect), and fplaque. Finally, each one of 
the following clinical parameters was included separately as a model effect: 
EDSS (continuous effect), MSSS (continuous effect), number of bouts since dis-
ease onset (continuous effect), disease duration (continuous effect), NC or 
CDMS (nominal effect), or RR-MS or SP-MS (nominal effect). In contrast to the 
earlier MLM analysis, this analysis did not use the mean scanner version. The 
rationale behind this approach was to ensure that no scanner version effects 
were present that could not be assumed to be valid for all metabolites. Fur-
thermore, the clinical parameters were treated as continuous effects within the 
model, correcting possible biases due to unbalanced inclusion of patients with 
different disease characteristics. Fig. 30 shows the MSSS vs. age for all patients. 
To verify that the observed correlations of NAA, Cr, and Glu was not caused 
by the scanner system upgrades, a regression analysis of NAA, NAA/W, 
Cr/W, NAA/Cr, Glu/W, Glu/NAA, Glu and Cr to EDSS and MSSS was per-
formed. In this analysis the metabolite ratios were calculated based on the fpla-

que corrected metabolite concentrations. 

Plaque Contamination 

To investigate whether the most important previously undescribed findings of 
correlation between Glu, Cr, and MSSS, were sensitive to plaque contamina-
tion, a subsequent analysis was performed excluding all voxels with estimated 
fplaque >5%, without fplaque as a model effect.  

2.2 Rapid Quantitative MRI of the brain  

Paper II presented a new pulse sequence for rapid qMRI of the brain, called 
Quantification of Relaxation times And Proton density by Multiecho Acquisi-
tion of a Saturation-recovery using Turbo spin-Echo Readout (QRAPMAS-
TER). QRAPMASTER made possible simultaneous mapping of T1, T2, PD, and 
B1 was possible within a clinically acceptable scan time. 
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Fig. 31. Schematic representation of a single block of the QRAPMASTER quantification sequence. 
Shown are the measurement (Gm), phase-encoding (Gp), and slice-selection (Gs) gradients and RF-
pulse amplitude over time. There are two phases in each block. In phase 1 (saturation), the 120° satu-
ration pulse θ and subsequent spoiling acts on a slice a slice m. In phase 2 (acquisition), the multiecho 
spin-echo acquisition is performed on slice n, using the 90° excitation pulse α and multiple 180° refo-
cusing pulses. The spin-echo acquisition is accelerated with an EPI readout scheme. 

2.2.1 Sequence Design 

A basic block of the quantification sequence is shown in Fig. 31, with two 
phases in each block, repeated over the complete measurement. In the first 
phase a slice-selective saturation pulse θ acts on a slice n, followed by spoiling 
of the signal (“saturation”). In the second phase a slice-selective spin-echo ac-
quisition of another slice m (“acquisition”), consisting of multiple echoes that 
are acquired to measure the transverse relaxation time T2, is performed. The 
acquisition can be accelerated through an EPI technique that acquires several 
k-space lines per spin-echo (gradient spin-echo or GRaSE). The advantageous 
effect of this technique is to simultaneously reduce the specific absorption rate 
(SAR) of the measurement. The number of echoes and the spacing of echoes 
can be freely chosen to accommodate any dynamic range for the measurement 
of T2. 

By shifting the order of the slices n and m, one can set the desired delay time 
between saturation and acquisition of a particular slice. Using different delay 
times allows the longitudinal relaxation time T1 after a saturation pulse to be 
retrieved from multiple scans. Because the number of scans and the delay 
times can be freely chosen, the dynamic range of T1 can also be set as desired.  
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The sequence results in black-blood imaging due to the constant saturation of 
flowing blood. A regional saturation (REST) pulse was added, parallel to the 
imaging volume, to avoid a difference in behavior of the first and last slices. 

2.2.2 Quantitative analysis of data 

The introduction discussed the following equation describing the magnetiza-
tion in an inversion recovery pulse sequence at the time point TD after the in-
version pulse, which in QRAPMASTER is replaced by a 120° saturation pulse 
(Eq 25): 
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By fitting the measured signal intensities at different TD, both T1 and M0 may 
be retrieved. Also from this relaxation curve, the effective saturation pulse an-
gle (θeff) may be found via the estimated magnetization just before the satura-
tion pulse (MTR) and just after the saturation pulse (MT0), similar to Eq. 34: 

( )TRTeff MMa 0cos=θ .   Eq. 43 

The T2 relaxation was estimated by least square fitting of the measured SI from 
the multi-echo readout. Finally, the PD was estimated according to Eq. 35. The 
fitted SI (SM0) corresponds to M0 in Eq. 25 (corrected for T2 relaxation): 
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finhom was determined from the estimated θeff/θnom after correction of nonli-
nearity effects caused by non-ideal RF-pulse excitation and saturation profiles. 
Details are given in Paper II. 

2.2.3 Method Evaluation 

The method was applied on 10 healthy volunteers to enable comparison to pa-
rameter values obtained using other methods. In addition, in one subject the 
QRAPMASTER method was compared to the golden standard methods for 
determining T1 (inversion recovery, TR = 10 s, TI = 100, 400, 700, 1500, and 5000 
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ms), T2 (3D multi-spin echo, TR = 3 s and 15 spin echoes using an echo spacing 
of 15 ms), and B1 (flip angle sweep method, TR = 10 s, α = 30, 50, 70, 90, and 
120°). Furthermore, one CDMS patient was examined using QRAPMASTER 
before and after Gd contrast injection. Also in this patient, a FLAIR image (TR = 
6000 ms, TE = 120 ms, TIR = 2000 ms), a T2 weighted image and a T1 weighted 
post contrast image were acquired. For more sequence details, see Paper II. 

2.3 31P MRS for Staging of Liver Fibrosis  

2.3.1 Subjects 

In this study one group with steatosis (NAFLD) and no to moderate inflamma-
tion (n=13), one group with severe fibrosis or cirrhosis (n=16) and one group of 
healthy volunteers (n=13) were included. All patients underwent liver biopsy 
to histologically stage the degree of steatosis, inflammatory activity, and fibro-
sis. 

2.3.2 Data acquisition 

The subjects were examined using a 1.5 T MR-scanner (Signa LX Echospeed 
Plus, version 9.1, General Electric Medical Systems Inc., Milwaukee, WI, USA). 
Both patients and control subjects were examined, after four hours of fasting, 
in the right recumbent position, with the liver close to the centre of the surface 
coil, in order to reduce respiration-related smearing artifacts. The body coil 
was used to obtain 1H localizer images, 20 axial 10-mm slices across the ap-
propriate section of the subject. 31P-MRS was acquired using a flat, non-flexible 
(flat geometry) circular single tuned surface coil (transmit 8 in., receive 5 in., 
General Electric, Waukesha, Milwaukee, WI). A depth resolved spectrum 
(DRESS) of liver tissue was acquired using a slice thickness of 30 mm (Noren et 
al. 2005) (TR 2 s, 1024 transients, 1024 data points, 2048 Hz spectral width, 
dead time 2.76 ms, total acquisition time was c. 35 min). For more details see 
(Noren et al. 2005). 
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2.3.3 Quantification 

jMRUI, (Naressi et al. 2001) was used to process the in vivo MR data in the time 
domain incorporating biochemical prior knowledge using the AMARES algo-
rithm (Vanhamme et al. 1997). The absolute quantification was performed as 
previously described (Noren et al. 2005), except that a constant average value 
of reference signal amplitude was used in the analysis. The reason for this 
modification was the observation of a slow degradation of the reference com-
pound in the course of the present study. 

2.3.4 Statistical analysis 

Non-parametric tests were used in order to localize the significant differences; 
Kruskall–Wallis test to evaluate differences between three groups and Mann–
Whitney U-test for comparisons between two groups. Kruskall–Wallis test was 
also used to evaluate differences between different stages of fibrosis. In addi-
tion, spectroscopic data, histopathological findings, and liver function tests 
were correlated with the Spearman rank order correlation coefficient (rho). To 
compare histopathological grading of fibrosis (using the entire five-grade fi-
brosis scale) with MRS data, ordinal logistic regression and Wilcoxon un-
paired test were used, as well as sensitivity and specificity calculations, with 
95% confidence intervals computed exactly from the binomial distribution.  

2.4 Automatic Quantification of Visceral Adi-
pose Tissue  

2.4.1 Subjects 

Twelve males and six females were recruited as volunteers for a study investi-
gating the effects of intense over-eating in relation to risk factors of the meta-
bolic syndrome. All participants had to be willing to accept a twofold increase 
in daily caloric consumption, with the goal of increasing their weight by 5-
15%. The subjects were asked to eat at least two fast-food-based meals a day, 
preferably at well-known fast food restaurants such as McDonald's and Burger 
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King. Physical activity was not to exceed 5000 steps per day. If a study subject 
reached the maximum weight-gain of 15%, he or she terminated the study as 
soon as possible and re-performed the same study investigations that had 
been performed at baseline (Kechagias et al. 2008).  

2.4.2 Data Acquisition 

Images were acquired before and after the intervention period from the level 
of the diaphragm to the bottom of the pelvis using a 1.5 T Philips Achieva MR-
scanner (Philips Medical Systems, Best, The Netherlands). A four-element sen-
sitivity encoding (SENSE) body coil was used to obtain magnitude and phase 
images from two different stacks with a field of view (FOV) of 290 x 410 x 200 
mm3, 5 mm slice thickness and 2.14 x 2.16 mm2 in-plane resolution recon-
structed to 1.6 x 1.6 mm2. In cases where two stacks in the superior-inferior 
direction provided insufficient volume coverage, an extra image stack was ac-
quired using the quadrature body coil (QBC, integrated in the bore) with an 
FOV of 290 x 410 x 50 mm3. The images were obtained at two different echo 
times (TE:s) using a dual echo, multi slice, spoiled, fast gradient echo pulse 
sequence. The first echo was obtained at TE1 = 2.3 ms with the water and fat 
signals out of phase, and the second at TE2 = 4.6 ms with the water and fat in 
phase. The repetition time (TR) was 286 ms. Data was collected using breath-
hold technique (28 s using the SENSE body coil and 8 s using the QBC) with 
CLEAR reconstruction. Finally phase-sensitive reconstruction was used to ob-
tain fat and water images (Rydell et al. 2007). See introduction for more details. 

2.4.3 Intensity Normalization 

Intensity inhomogeneity in MR imaging is due to factors such as static field 
inhomogeneity, RF excitation field nonuniformity, inhomogeneity in reception 
coil sensitivity, and patient movement. The effect of the inhomogeneity is 
usually a slow variation of non-anatomic intensity over the image. Although it 
can be difficult to detect the intensity inhomogeneity through visual inspec-
tion, it can significantly decrease the accuracy of segmentation and registration 
results, because many medical imaging techniques are based on the assump-
tion that the same tissue has the same intensity throughout a volume. More 
importantly, it affects the linear quantification of the MR-signal. A voxel con-
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taining a certain amount of fat should always have the same signal strength, 
independent of where it is located in space. This is not true in cases where in-
tensity inhomogeneity occurs. A simple but efficient way to correct for intensi-
ty inhomogeneity in image volumes acquired with a two-point Dixon tech-
nique would be to locate voxels corresponding to pure adipose tissue and es-
timate a correction field from these points. Based on this idea, a method was 
developed. 

A model for describing the intensity inhomogeneity effect in MR images is as 
follows (Hou and San Koh 2005): 

 x = ax' +e,     Eq. 45 

where x' is the true signal, a denotes the inhomogeneity effects, and e is noise.  

To find the slow varying multiplicative field, the following steps were pro-
posed: 

The intensity nonuniformity in the in-phase volume, IP, and the extracted fat 
volume, F, are close to equal. By calculating the F/IP ratio an estimate of fat 
content relative to water content is obtained without the impact of intensity 
inhomogeneity. Because pure adipose tissue consists of about 93% fat and 7% 
water (Querleux et al. 2002), a simple thresholding can be made to collect pure 
adipose tissue voxels. An additional masking is needed to account only for 
values in human tissue. This is made through an initial thresholding operation 
with an empirically determined threshold for background values, followed by 
bimodal segmentation.  

When the adipose tissue voxels have been identified, the correction field is 
created through normalized convolution (Knutsson and Westin 1993) in which 
pure fat voxels are weighted as 1 and remaining voxels as 0. Convolving with 
a Gaussian smoothing kernel suppresses noise while interpolating a field from 
the collected points. Fig. 32 shows an example of the different steps of the in-
tensity correction procedure. 

 



Materials and Methods 

76 

 
Fig. 32. Fat, F/IP, intensity correction field and the corrected fat image obtained during the intensity 
correction.  

2.4.4 3D Non-Rigid Registration of Visceral and 
Subcutaneous Tissue 

Morphon registration and segmentation 

The morphon is a non-rigid registration method (Knutsson and Andersson 
2005). It registers a prototype image to a target image by iteratively deforming 
the prototype. The method is initiated on a coarse resolution scale and then 
proceeds to finer scales. On each scale a number of iterations are performed, 
each consisting of the following steps: deformation field estimation, deforma-
tion field accumulation, deformation field regularization, and prototype de-
formation. Similar to other registration methods, the morphon can also be 
used for atlas-based segmentation. This is done by associating each voxel of 
the prototype image with a label and, after the registration is complete, de-
forming the labels according to the resulting deformation field.   

The deformation estimate is calculated by maximizing the similarity between 
the prototype and the target. The similarity measure can be based on, for ex-

A. Original fat image  B. F/IP ratio 

 C. Intensity correction field  D. Corrected fat image 
 0 

 
0.5 

 1 
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ample, image intensity or local phase information. The latter has the main ad-
vantage of being invariant to intensity variations between images. Here we 
used a phase-based approach. A set of directional quadrature filters was ap-
plied to the prototype and target data. The local phase difference between the 
prototype and target filter response in each direction was proportional to the 
local displacement estimate in the same direction. A least square minimization 
function was then applied to calculate a single deformation field based on the 
collection of displacement estimates. The calculated deformation fields were 
accumulated over the iterations, and the accumulated deformation field was 
then regularized using normalized convolution. At the end of each iteration, 
the original prototype was deformed according to the accumulated deforma-
tion field after regularization. For more details see,  for example (Knutsson 
and Andersson 2005). 

Abdominal registration 

In this application, the morphon was used to segment the abdominal adipose 
tissue into three types: subcutaneous, visceral, and internal non-visceral. This 
was done by registering a manually segmented prototype to the target image 
of interest. Registration of an abdominal prototype to a fat image in the abdo-
minal region can be difficult, due to the high variability in fat accumulation 
between different subjects. A significant advantage of the phase-sensitive Di-
xon reconstruction was therefore that separate fat and water images were ob-
tained, yielding additional valuable information. Because the water image con-
tains structures with less variability than adipose tissue structures, it was a 
preferable to the fat image for registration intents. The water image, however, 
also contained troublesome areas with high variability. Normalized convolu-
tion with a certainty mask decreased the influence of these regions and im-
proved the registration.  

To strengthen the process of finding the internal and visceral masks, the regis-
tration was divided into two steps. The first step registered a binary prototype 
to a binary mask of the internal region in the target image. The mask was cal-
culated using local thresholding. This registration was applied on a coarse 
scale to provide a good initial estimate of the global deformation. When the 
first step was finished, the resulting deformation field was applied on the 
second prototype, created from the water image, before proceeding to the finer 
resolution scales. 
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An additional certainty mask, covering the muscle and bone structures in the 
abdominal region, was created to reduce the effects of uncertain regions on the 
registration result. Finally, masks of the visceral and non-visceral regions were 
defined for the prototype image according to the classifications suggested by 
Shen et al. (Shen et al. 2003). These were used in the segmentation step to label 
the different compartments of the target image. 

In preparation for the initial registration step, the target image was subjected 
to initial pre-processing steps to create binary masks of the body and of the 
internal region. Local thresholding made it possible to efficiently remove the 
arms and background of the target image from the rest of the body. A local 
minimum can be expected between the body and the arms, and this was used 
for segmentation of the body. The largest connected component left a body 
mask that was further processed by morphological operations to produce a 
dense mask. 

 
Fig. 33. The different steps of the registration process in two subjects. A and B show the water image of 
the target and the prototype. C shows the resulting prototype after the initial deformation of the binary 
masks. The final result of the deformation of the prototype is given in D. E shows the different labeled 
fat compartments in the target fat image. Cyan corresponds to visceral fat, yellow to internal non-
visceral fat and white to subcutaneous fat. The figure is reprinted with permission from Paper V. 

After the registration had been performed, the calculated deformation field 
was applied to the labels associated with the prototype image. Hence, the fat 
in the target image was labeled as visceral or internal non-visceral. Any adipose 
tissue not associated with these labels belonged to the subcutaneous fat. Since 
Dixon imaging provides separate water and fat images, no segmentation was 
required to distinguish between these types of tissue. The sole purpose of the 
segmentation process was to divide the adipose tissue into different types. 
Two examples of the registration and segmentation procedure are shown in 
Fig. 33.  

A. Water target B. Water prototype C. Initial deformation D. Resulting prototype E. Labeled fat target 
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2.4.5 Method Validation  

In nine different randomly selected examinations, the automatic segmentation 
procedure was compared with the results using manual segmentation. The 
intensity normalization was evaluated for 49 examinations. A fat signal inten-
sity histogram was extracted before and after correction in the two upper-
image stacks from a body mask. The full width half maximum (FWHM) was 
estimated from the upper-half maximum signal intensity; and the fat peak sig-
nal intensity was also estimated. A corresponding analysis was also performed 
on voxels extracted from a subcutaneous mask. 

2.5 DCE-MRI of Gd-EOB-DTPA and Gd-
BOPTA in Healthy Subjects 

2.5.1 Subjects 

Ten healthy volunteers were examined: five women with an age range of 22–
33 years (mean age, 25 years), and five men with an age range of 23–27 years 
(mean age, 25 years). In order to exclude unknown liver and renal dysfunc-
tion, total serum bilirubin and creatinine were evaluated prior to MRI.  

2.5.2 Data Acquisition 

All volunteers were examined on two occasions at least three weeks apart us-
ing two different liver-specific contrast agents: 0.025 mmol/kg of Gd-EOB-
DTPA (Primovist® 0.25 mmol/mL, Schering, Berlin, Germany), and 0.05 
mmol/kg of Gd-BOPTA (MultiHance® 0.5 mmol/mL; Bracco Imaging, Milan, 
Italy). The contrast bolus was injected manually at 1 mL/s, immediately fol-
lowed by an equal amount of saline. The arterial phase data acquisition started 
15-20 seconds post-injection, and the venous phase started approximately 60 
seconds post-injection.  

All examinations were performed on a 1.5 T magnetic resonance system 
(Achieva, Philips Medical Systems, Best, The Netherlands), using a four-
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channel phased-array SENSE body coil. The examinations were performed 
after at least seven hours of fasting. 

The study protocol contained a total of one pre-contrast and six post-contrast 
acquisitions of an axial breath-hold gradient-echo fat-saturated T1-weighted 
3D sequence (THRIVE, TR = 5.2 ms, TE = 2.6 ms, α = 10°, scan time 30-40 s, FOV  
350-400 × 250-280 mm2, matrix 256×115, reconstructed voxel size 1.6×1.6×1.6 
mm3). The post-contrast acquisitions took place at arterial and portal venous 
phases, and 10, 20, 30 and 40 minutes after injection. 

2.5.3 Signal Rescaling 

The SI time series (SI(t)) from each individual ROI was then normalized by 
dividing it by the pre-contrast signal intensity (SI(0)). The signal normalization 
removed constant background effects that occurred throughout the time se-
ries, resulting from differences in image sensitivity, proton density, transverse 
relaxation, and fatty infiltration. Thus, 

 

S(t) =
SI (t)
SI (0)

                       Eq. 46 

The normalized SI values were then recalculated to relaxation rate values, as-
suming fixed pre-contrast T1 values, T1pre = T1(0), (these were 586 ms for the 
liver, 1057 ms for the spleen, and 1200 ms for the vessel ROIs (de Bazelaire et 
al. 2004; Simonetti et al. 1996). Correction was also made for nonlinear effects 
from the chosen TR, and α in this procedure. The approximate signal intensity 
in a gradient echo sequence is as follows: 
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where ξ is a constant describing the sensitivity of the MR-scanner, and E(t) is 
equal to 
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where SI(t) is the signal intensity at time t, and SI(0) at pre-contrast time-
points. Rearrangement of this equation leads to the following nonlinear ex-
pression for T1(t): 

set 
)0()cos(1

)0(1
E

EA
⋅−

−
=

α
    Eq. 50 

)()cos(1
)(1

)0(
)(

tE
tE

SI
tSIA

⋅−
−

=
α

   Eq. 51 

1
)0(
)()cos(

1
)0(
)(

)(
−

−
=

SI
tSIA

SI
tSIA

tE
α

    Eq. 52 

Taking the logarithm of both sides gives 
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Finally, by reinsertion of the expression A, 
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R1(t) was obtained from R1(t) = 1/T1(t). A step-by-step illustration of the process 
is provided in Fig. 34, where the effects of different pre-contrast T1 and of 
noise are also demonstrated.  
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Fig. 34. Modeling of the behavior of the SI to relaxation rate (R1) rescaling procedure. UPPER PAN-
EL: the nonlinear SI response according to Eq. 2 to the contrast concentration in liver (BLACK line) 
and splenic (RED line) tissue, respectively, for a R1 increase from zero to 0.020 (ms)-1. UPPER MID-
DLE PANEL: After application of Eq. 54 the increase in normalized SI was recalculated to an increase 
in R1 values. The yellow area indicates the R1 increase observed in this study. LOWER MIDDLE 
PANEL: The effect of pre-contrast values deviating from the expected by ±50 ms. LOWER PANEL: 
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the sensitivity of the R1 recalculation to noise was investigated by adding Gaussian noise (10% of the 
pre contrast SI) to the normalized SI values. 

2.5.4 Simplified Pharmacokinetic Analysis 

 
Fig. 35. A schematic illustration of the pharmacokinetics pathways, biodistribution, and the source of 
signal in liver and splenic tissue of intravenously administered metal complexes such as Gd-BOPTA 
and Gd-EOB-DTPA. In this model v1 indicates the transport of the contrast agent (CA) from hepato-
cytes to canaliculi, v2 and v3 the transport from plasma to the intracellular hepatocytes compartment, 
v4 the renal excretion pathway, v5 and v6 the CA transport to and from the plasma to the extracellu-
lar compartment (EES), and v7 the flow-mediated transport of the CA from the canaliculi to the 
gallbladder and the intestines. The contribution of the different compartments to the liver and spleen 
signal is indicated. Spleen tissue refers to the intracellular splenic tissue inaccessible by the CA. 

The pharmacokinetic analysis of the time series was based on a two-
compartment model of the liver and spleen. The splenic tissue was represented 
by one compartment, consisting of splenic blood and extracellular fluid (ECF), 
that was exposed to the blood contrast concentration, and one intracellular 
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compartment that was inaccessible by the contrast agent. The liver tissue was 
similarly described using one blood and ECF compartment exposed to the 
blood contrast concentration and one hepatobiliary compartment accessible to 
the contrast agent via its transport over the basolateral membrane of the hepa-
tocytes. The model did not distinguish between hepatocytic intracellular con-
trast and contrast transported into the biliary ductules, Fig. 35. 

The volume fractions of the combined blood and ECF compartments to the to-
tal tissue water content in the liver (φLiver) and spleen (φSpleen) were used to ad-
just for the different signal contributions from the different compartments. In 
this model the total increase in R1 in the liver (∆R1Liver) is given by 

∆R1Liver = (1-φLiver) ∆R1Hepatobiliary + φLiver ∆R1Blood and ECF .    Eq. 55 

The corresponding R1 increase in the spleen (∆R1Spleen), assuming no contribu-
tion from the intracellular splenic compartment, is 

∆R1Spleen = φSpleen ∆R1Blood and ECF.                    Eq. 56 

From these equations the increase in hepatobiliary R1 (∆R1Hepatobiliary) was de-
fined as follows: 
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The conversion of ∆R 1Hepatobiliary to contrast concentration was not straightfor-
ward, due to uncertainty about the exact values of φLiver and φSpleen, and the tis-
sue-specific relaxivity in hepatocytes and bile. Furthermore, the comparison of 
∆R1Hepatobiliary between different subjects was sensitive to a number of different 
factors that are not easily corrected, such as the patient's specific liver volume, 
renal function, and the injected dose in comparison with the blood plasma vo-
lume. To minimize the influence of such interexamination effects, the relative 
hepatobiliary accumulation of the contrast agent (FHepatobiliary) was calculated by 
dividing the hepatobiliary R1 increase by the liver blood and the ECF-
concentration obtained from the measurements in the spleen, thus: 
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The exact value of the volume fraction factors are not very critical in the mod-
el, but may be approximated according to the values of a “standard human 
subject” using φLiver = 0.23 and φSpleen = 0.3 (Levitt 2003); therefore, 
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After inspection of the dynamics of FHepatobiliary following the arterial phase mea-
surement, it was proposed that a linear increase of FHepatobiliary occurred in most 
subjects. Consequently, a least square regression analysis was used to obtain 
the slope (KHepatobiliary) from the following relation: 

 

KHepatobiliary =
FHepatobiliary

t .       Eq. 60 

Here, t is the contrast agent exposure time. The major advantage obtained of 
introducing such a procedure (Eq. 60) was that all observations in the time se-
ries after the arterial phase could be used to improve SNR. In late time phases 
using EOB, the estimation of FHepatobiliary was more sensitive to noise in the esti-
mated CSpleen due to blood concentrations near the detection limit. Therefore, 
only observations of up to 20 minutes were used in the fitting procedures of 
the individual data series. 
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3 RESULTS 

3.1 NAWM Metabolism in MS 

Table 3 gives estimated NAWM metabolite concentrations in NC and CDMS 
patients, together with the results reported by Vrenken et al. in a similar study 
(Vrenken et al. 2005). The results from both studies are in agreement, with the 
exception of increased NAAG in the findings of Vrenken et al. No significant 
differences in NAA or tNA concentrations between NC and CDMS patients 
were observed. A significant increase of myo-Ins, Cr, and Glx and a significant 
decrease in NAA/Cr ratio were observed in the CDMS patients. Although 
Vrenken et al. did not found any significant increase in Gln and Glu, the ob-
served differences are in agreement with the results from Paper III. 
Table 3. Estimated NAWM metabolite concentrations in NC and MS-patients in comparison to 
the results of Vrenken et al. The patient group in the study of Vrenken et al. is a combination of 
PP/RR/SP (14/42/20) MS with mean age 42.5 ± 10.9 years, mean disease duration 11.2 ± 7.5 years 
and median EDSS 3.0 (1.0-8.0). P-values from student's t-test of differences between NC and pa-
tients. Bold and italic markings indicate significant differences between the groups. †Indicates com-
parison that was significant after age correction (Paper III). 

 
A comparison of NAWM metabolite concentration in NC, MRI-negative 
CDMS-patients, and MRI-positive CDMS-patients is given in Table 4. A Tur-
key-Kramers post hoc test did not show any significant differences between 
MRI-negative and MRI-positive MS-subjects. In contrast to the results in Paper 
I, lowered Cho, NAA, and Cr concentrations in MRI-negative CDMS subjects 
could not be verified in this analysis including different scanner versions as 
nominal effect in the MLM analysis. 
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Table 4. Estimated metabolite concentrations in NC, MRI-positive, and MRI-negative patients. P-
values are from one-way ANOVA of differences between the groups. Post hoc test using Tukey-
Kramers correction showed no significant differences between MRI-negative and MRI-positive sub-
jects. 

 

3.1.1 Plaque Metabolism in MS 

The observed model effects of visually rated plaque contamination (fplaque) on 
the metabolite concentrations are shown in Table 5. The strongest effects were 
seen in the axonal markers NAA and tNA (negative effect), the glia cell mark-
ers myo-Ins and scyllo-Ins (positive effect), the membrane turnover marker Cho 
(positive effect), Glu (negative effect), and water concentration (positive ef-
fect). Fig. 28 shows regression plots of estimated metabolite concentrations vs. 
fplaque before and after plaque contamination correction for all MRI-positive 
subjects. 
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Table 5. Estimated effect of plaque contamination (fplaque) on metabolite concentrations in CDMS-
patients. *The water concentration was normalized to the level of normal controls (NC). 

Correlations Between Clinical Parameters and 
NAWM Metabolism 
Fig. 36 shows regression plots of plaque-corrected metabolite concentrations 
vs. EDSS and MSSS. Cr and Cr/W showed a significant positive correlation to 
EDSS. NAA/Cr showed a significant negative correlation to EDSS, in contrast 
to NAA, which did not show a significant correlation to either EDSS or MSSS. 
Cr, Cr/W, Glu, Glu/W, and Glu/NAA all showed a significant positive correla-
tion to MSSS. Note that the metabolite ratios are independent of the statistical 
correction for differences in scanner version. The lesion load, measured as the 
mean value of fplaque in each examination, was positively correlated to EDSS 
and number of bouts since disease onset but did not show any tendency of 
correlation to MSSS. None of the metabolites tended to correlate to the number 
of bouts since disease onset. For more details see Table 6 in Paper III.  

The additional MLM-analysis, including age and EDSS as continuous model 
effects verified the observed correlations between Cr and EDSS, Cr/NAA and 
EDSS, Cr and MSSS, and Glu and MSSS. Furthermore, the MLM-analysis, us-
ing only voxels with low lesion contamination (fplaque ≤ 5%) without fplaque as a 
model effect, again verified the observed correlations of Cr and Glu to MSSS. 
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Fig. 36. Plots showing fitted regression slope and confidence interval for estimated correlations of 
NAA, NAA/W, Cr/W, NAA/Cr, Glu/W, Glu/NAA, Glu, and Cr to EDSS and MSSS. Note that 
Cr/W, Glu/W, and Glu/NAA all showed significant positive correlation to MSSS, as did Cr and Glu, 
indicating robustness of the results against scaling errors in the absolute quantification procedures. W 
is the T2-relaxation-corrected water concentration. All metabolites, including water, were plaque-
corrected prior to this analysis, which includes all examinations of the MS-patients. 

EDSS EDSS MSSS MSSS 

NAA 

NAA/W 

Cr/W 

Glu/W 

Glu/NAA 

Glu 

n.s p<0.05 

n.s 

n.s n.s n.s 

p<0.001 

p<0.05 p<0.05 

p<0.05 

p<0.03 

n.s n.s 

NAA/Cr Cr 

p<0.02 p<0.001 n.s 

p<0.03 
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3.2 qMRI of the Brain  

 
Fig. 37. Application of the QRAPMASTER method on the brain. In-plane resolution = 0.8 mm, slice 
thickness = 5 mm, and 20 slices were acquired in a scan time of 5.14 min. The values of the longitu-
dinal T1-relaxation (ms) obtained (a) by QRAPMASTER and (b) by the reference standard inversion-
recovery. (c): The comparison of the two methods on all pixels inside the indicated ROIs. (d-f): similar 
to the transverse T2-relaxation compared to a standard 3D multi-echo sequence; (g-i): similar to the B1 
field compared to the standard flip angle sweep method; and (j-i) similar to the PD compared to all 
reference methods combined. (m-p): Application of the quantification method on a patient with MS. 
Reprinted with permission from (Warntjes et al. 2008b). 

Absolute quantification of T1, T2, and PD was performed on 10 healthy volun-
teers. The obtained values corresponded well with values from literature (see 
Table 1 in Paper II). For validation the QRAPMASTER results of a single slice 
of the brain was compared to the golden standard methods for T1, T2, and B1. 
In Fig. 37a the T1 relaxation measured by QRAPMASTER is displayed and in 
Fig. 37b the T1 relaxation measured by the reference standard inversion-
recovery is displayed. The scaling is 0 ms to 2000 ms. There is clearly a signifi-
cant blurring in Fig. 37b caused by movement of the volunteer over the total 
acquisition time of 19 min of the inversion-recovery images. The cortex ap-
pears thicker and the ventricles show an edge artifact. Regions of interest 
(ROIs) were placed at various locations. The measured values of all pixels 
within the ROIs of the reference T1 measurement were plotted in Fig. 37c as a 
function of the measured values using QRAPMASTER. The scale for the relax-
ation times is logarithmic. Most regions are in excellent agreement. 

For CSF, there is a significant spread of measured values. This is caused by 
partial volume effects at the tissue interface of CSF with WM, where values are 
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sensitive to the slightest, subpixel-sized, misregistration between the two se-
quences. To avoid this effect, most ROIs were placed in more or less homoge-
neous regions. Similarly, the results of the same QRAPMASTER measure-
ments were compared to the multiecho sequence (scan time = 5 min) in Fig. 
37d–f. The scaling is 0 ms to 200 ms. The T2 values obtained by both methods 
were very similar, with a mean difference of 5.2% (excluding CSF), mainly 
caused by the difference in the values of subcutaneous fat (42 ms using 
QRAPMASTER vs. 51 ms for the reference method). A comparison with the 
flip angle sweep method is shown in Fig. 37g–i. Both images were median 
smoothed over 10 mm. Still, movement artifacts in the 13-min scan time and 
insufficient magnetization-recovery in the 8-s repetition time led to incorrect 
values for CSF using the flip angle sweep method, as seen from the large cloud 
of data points to the right side of the plot in Fig. 5i. It is also clear that the SD 
of the values from the reference method is much larger than those of the 
QRAPMASTER method, despite a longer scan time. 

All reference methods were combined to calculate the proton density of the 
axial slice. The comparison is displayed in Fig. 37j–l. The scaling is 500–1000 
for PD, where 1000 corresponds to pure water at 37 °C. All errors in the pre-
vious parameters propagate to PD and the combined reference methods, with 
a total scan time of 37 min, result in only a moderately accurate image (Fig. 
37k). 

In Fig. 37m-p T1, T2, B1 and PD images from an CDMS patient are shown. A 
comparison of synthetically reconstructed images based on the quantitative 
data in Fig. 37m-p to conventionally acquired images are shown in Fig. 43. In 
Fig. 44 a scatter plot from a ROI placed in an image of healthy volunteer and a 
scatter plot from a ROI placed in a CDMS patient are shown. 
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3.3 Relationship between 31P MRS and Fibro-
sis 

 
Fig. 38. Left panel: estimated mean metabolite concentrations in controls, non-alcoholic fatty liver 
disease (NAFLD) patients, and advanced fibrosis patients. Significant differences between the groups 
are indicated by *. Right panel: estimated metabolite concentrations in the NAFLD group vs. controls 
and the advanced fibrosis group vs. controls. Note the trend toward lower metabolite concentrations in 
the advanced fibrosis group, possibly indicating lower concentration of viable hepatocytes. The error 
bars indicates the standard deviation (SD). The figures are adapted from Table 1 in Paper IV. 

The cirrhosis group had significantly lower PDE (p=0.001) and higher AC 
(p=0.001) compared to controls. Comparing the NAFLD group and the con-
trols, no significant differences were observed. The cirrhosis group had signif-
icant differences compared to NAFLD patients in PDE (p=0.010) and AC 
(p=0.009). A trend towards lower total MR-visible phosphorus content (ex-
cluding PME) was also observed in the cirrhosis group in comparison to the 
NAFLD patients (see Fig. 38). 

Investigation of the MRS findings to different stage of fibrosis obtained at liver 
biopsy showed significant differences between stage F0-1 and stage F4 in PDE 
and between stage F0-1 and F2-3 in AC (see Fig. 39). A tendency of increased 
PME in fibrosis stage F2-3, and decreased PME in stage F4 was observed in 
comparison to stage F0. A tendency of decreased ATP-beta concentrations 
with higher fibrosis stage was also observed (see Fig. 39). 

Controls 

NAFLD 

Advanced fibrosis/ cirrho-
sis 
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Fig. 39. Left panel (A): absolute mean concentrations (mM) and standard deviation (SD) of PME, Pi, 
PDE and ATPβ in relation to biopsy findings. Right panel (B): anabolic charge (AC) in relation to 
biopsy findings. * denotes significant difference (p<0.05). The figure is reprinted with permission from 
Paper IV. 

3.4 Validation of Visceral Adipose Tissue 
Quantification 

 
Fig. 40. Fat signal intensity histograms extracted from the subcutaneous mask before and after intensi-
ty correction. Note the significant reduction of the fat peak line width. 

The typical process and final results of the morphon registration are illustrated 
by Fig. 33. The morphon based segmentation showed high correlation with 
manual segmentation. In addition, 96.0 ± CV 1.5% of the manually classified 
subcutaneous fat was classified as subcutaneous fat using the automatic pro-
cedure, as was 87.7 ± CV 5.3% of the visceral fat. The histograms extracted 
from the fat image under the body mask had a detectable fat peak in 35 of 49 
histograms prior to the intensity normalization. The histograms without iden-
tifiable fat peaks occurred only in lean subjects. After intensity normalization, 
46 histograms showed a detectable fat peak. The corresponding values from 
the subcutaneous mask were 48 before and 49 after correction. The estimated 

Before correction After correction 
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FWHM (extracted from examinations where a detectable fat peak was ob-
served both before and after intensity normalization) decreased from 57 ± CV 
14% (measured relative estimated fat peak intensity) to 17 ± CV 4% within the 
body mask. In the subcutaneous mask, the FWHM decreased from 59 ± CV 
16% to 19 ± CV 6% (see Fig. 40). The CV of the estimated fat peak signal inten-
sity decreased from 9.5% to 1.3% of the mean fat peak signal in the body mask 
and from 12.2% to 2.3% in the subcutaneous mask. 

3.5 Hepatocyte Specific Uptake of Gd-EOB-
DTPA and Gd-BOPTA 

Mean and standard errors of SI, normalized SI and dose normalized increase 
in relaxation rate in the splenic and liver ROIs for all ten subjects using Gd-
EOB-DTPA and Gd-BOPTA are shown in Fig. 41, panel A-C. In panel D the 
time series of FHepatobiliary is shown together with the ratios of FHepatobiliary deter-
mined using Gd-EOB-DTPA and Gd-BOPTA respectively. Mean values and 
SD of fitted KHepatobiliary were 0.0315 ± 0.017 min-1 and 0.37 ± 0.19 min-1 for Gd-
BOPTA and Gd-EOB-DTPA respectively. The pairwise correlation between the 
fitted KHepatobiliary to each subject using Gd-EOB-DTPA and Gd-BOPTA was sig-
nificant (p<0.05) with rho = 0.64, see Fig. 42.  

The fitted regression slope was (estimate ± standard error) 7.42 ± 3.66, and the 
fitted intercept was 0.14 ± 0.12. If a constrained intercept (equal to zero) was 
used in the regression the estimated slope was 11.0 ± 1.65. No strong correla-
tion was observed between the hepatic uptake of Gd-EOB-DTPA and Gd-
BOPTA using Q-LSR, see Fig. 42, or between Q-LSR and KHepatobiliary for Gd-
BOPTA. A significant correlation, p<0.05 and rho = 0.64, was observed be-
tween Q-LSR and KHepatobiliary for Gd-EOB-DTPA. 
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Fig. 41. UPPER PANEL: signal intensities measured in liver (solid lines) and spleen (dotted lines) for 
Gd-EOB-DTPA (blue lines) and Gd-BOPTA (red lines) from 0 to 40 minutes. UPPER MIDDLE 
PANEL: Normalized SI (S) (normalized using the pre contrast agent injection SI) (Eq. 46). LOWER 
MIDDLE PANEL: estimated increase in relaxation rate (∆R1). LOWER PANEL: FHepatobiliary for Gd-
EOB-DTPA and Gd-BOPTA and the ratio between these estimates (black dotted line). The curves 
represent mean value and standard error (SE) for all subjects. 
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Fig. 42. PANEL A. Correlation plot of the estimated KHepatobiliary for all ten subjects using Gd-EOB-
DTPA and Gd-BOPTA respectively. The correlation was significant (p<0.05), with rho = 0.64. Fitted 
regression slope was (estimate ±standard error) 7.42 ± 3.66 and fitted intercept was 0.14 ± 0.12. If the 
intercept was constrained to zero, the estimated slope was 11.0 ± 1.65. The results from the pre clinical 
studies on Gd-EOB-DTPA and Gd-BOPTA indicate an expected slope of 10. PANEL B. Correlation 
plot of the quantitative Liver to Spleen ratio, Q-LSR, for all ten subjects. No correlation between the 
contrast agents was observed. Note that the Q-LSR values cannot be interpreted into physical proper-
ties of the contrast uptake. 
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4 DISCUSSION 
Absolute quantification of the physical parameters describing the signal inten-
sity and relaxation characteristics of the MR-signal is extremely difficult. Two 
major questions regarding quantitative MR are whether it is worth the extra 
effort to obtain quantified MR-parameters and whether the results are reliable. 
To answer these questions, one must understand the different aspects of quan-
tification and interpretation of quantitative results. 

The two major disadvantages of absolute quantification techniques are that the 
techniques are sensitive to systematic errors due to a range of different factors, 
which all have to be controlled, and that the measurements, in most cases, are 
time consuming. 

The obvious advantage of describing metabolite and water concentrations and 
relaxation in terms of their physical properties is that the observations are in-
dependent of the surrounding tissue and/or other metabolites. It is therefore 
possible to interpret the findings without any physiological or biochemical as-
sumptions concerning constant concentrations or relaxation characteristics. 
Besides this, quantitative determination of parameters makes objective inter-
pretation of results more feasible, and the results are, therefore better suited 
for inclusion in statistical models. 

4.1 Metabolite Concentrations in MRI-
Negative MS-Patients 

The results in Paper I and Paper III concerning metabolite concentrations in 
MRI-negative MS-patients are not in agreement. The finding of low Cho and 
NAA concentrations could not be verified when a more sophisticated statistic-
al model including more subjects was used. The reason for the disagreement 
in the observed metabolite concentrations between the two papers was a sys-
tematic difference in the calibration phantom measurements after a scanner 
system upgrade. In Paper III, which included more patients (and controls) ex-
amined before and after the system upgrade, it became clear that systematic 
scanner effects had probably influenced the results. By incorporating the sys-
tem upgrades as a nominal fixed effect in the MLM analysis, it was possible to 
estimate and correct for this error in Paper III. Another shortcoming in Paper I, 
leading to an over-interpretation of the observed differences between MRI-
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negative MS-patients and controls, was that the statistical model did not cor-
rectly account for the number of observations in each patient. The calibration 
procedure causes a dependency between observed metabolite concentrations 
in different parts of the brain, which limits it usage in the statistical model. 
One should include the fact that not only do the observations belong to the 
same subject, but also that an unknown systematic effect is affecting all four 
observations equally. A new statistical analysis of the results in Paper I, only 
using the mean value of the four voxels, would not cause statistical signific-
ances as high as those observed. Such an approach was suggested and used by 
Vrenken et al. (Vrenken et al. 2005) in a study similar to Paper III. 

In Paper III we chose not to discuss these issues further for two reasons.  The 
patient group matching for this analysis was stronger in Paper I compared to 
Paper III. Furthermore, we are currently completing the process of acquiring a 
prospective study investigating the differences in NAWM concentrations be-
tween normal controls, MRI-negative MS-subjects, and MRI-positive MS-
subjects, in combination with qMRI acquisition. We believe a re-evaluation of 
the findings in Paper I should be based on this study, possibly supported by 
the results obtained through the improved statistical analysis in Paper III. 

4.2 Is MS a Primary Neurodegenerative Dis-
ease Or a Primary Autoimmune Disease? 

The course of MS may be considered as the expression of two clinical pheno-
mena; relapse and progression. Relapse is defined as clinical symptoms with an 
onset > 24 h and < 1 months, and progression is defined as the steady worsen-
ing of symptoms over > 6 months. The interaction of these two processes is 
usually considered an interplay between two biological activities: inflamma-
tion (focal, disseminated, acute, and recurrent) and degeneration (diffuse, ear-
ly chronic, and degenerative) (Compston et al. 2006). 

The cause and pathophysiology of MS is unknown. Observations in histopa-
thological studies show an involvement with axonal damage, gliosis, and de-
velopment of atrophy of the complete CNS, including both white and gray 
matter not only in focal lesions (Bjartmar et al. 2003; Kutzelnigg et al. 2005). It is 
not clear whether the widespread axonal damage is caused by so-called Walle-
rian degeneration or by local processes in the tissue, with MR-visible lesions 
representing foci where the process, for some reason, is more intense. Walle-
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rian degeneration is a process by which neurons/axons are damaged in lesions, 
with subsequent injuries in axons connected to the primary injured part.  

The clinical symptoms are relatively well described by a combination of MRI-
measures, with T1 lesions and gray and white matter atrophy as the strongest 
correlates. However, none of these measures are capable of predicting the pro-
gression rate of the disease without taking clinical and/or previous MRI ex-
aminations into account (Filippi and Rocca 2005; Martola et al. 2009; Minneboo 
et al. 2009). Furthermore, contrast-enhancing lesions, which are generally 
strong indicators of an active disease process, have in several studies shown 
no or low correlation to brain tissue loss (Filippi and Rocca 2005). These results 
are in agreement with results showing that, even if the amount of contrast-
enhancing lesions can be effectively decreased via different treatment ap-
proaches, this does not halt the progressive development of brain atrophy (Fi-
lippi and Rocca 2005). Together, these findings give certain evidence for the 
interpretation that Wallerian degeneration is not responsible for most wide-
spread axonal injuries. 

There is an intense ongoing search for parameters capable of predicting the 
disease progression of MS, especially to identify patients experiencing their 
first clinical symptoms, which may indicate MS or so-called clinically isolated 
syndrome (CIS), which will develop into MS. If CIS-patients who will develop 
into MS-patients are identified in an early stage, early treatment of those pa-
tients is possible. Generally, treatment of MS-patients is regarded as most ef-
fective in the early stages of the disease, because an early start slows down the 
long-term progress of the disease (Compston et al. 2006). In Paper III Cr and 
Glu were observed to be positively correlated to MSSS, indicating a predictive 
value of those metabolites for the disease progression rate.  

The Glu correlation to MSSS is particularly interesting, as it may be connected 
to the theory of excitotoxity of Glu as a possible pathophysiological mechan-
ism capable of causing the tissue injuries seen in MS (Matute et al. 2006). These 
results, together with other findings of low correlation between inflammatory 
activity and atrophy development, suggest that Wallerian degeneration is not 
the main cause of the observed altered metabolism. It should also be noted 
that no study has found significant correlation between lesion- or atrophy-
based measures and MSSS. 

The study in Paper III was not originally intended to investigate such aspects 
of disease progression. Even if additional investigations of confounding fac-
tors have strengthened the observations of Cr and Glu as positive correlates to 
MSSS, the accuracy of the Glu quantification is limited. This study should be 
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seen as a strong indication of such correlations, but considering the impor-
tance of the findings, the results should be validated using alternative tech-
niques for improved Glu characterization (e.g., spectral editing) at higher field 
strengths (Hurd et al. 2004; Srinivasan et al. 2005). Furthermore, longitudinal 
investigations are required to verify whether there is a predictive value of Cr 
and Glu concentrations and whether the specific chain of events with in-
creased Glu as a pathophysiological mechanism causing gliosis measured us-
ing Cr, can be verified. Another aspect of this is that the inclusion of patients 
in the treatment studies generally is biased towards certain categories of MS-
patients. Patient with a more active disease, either characterized by more 
bouts or by a sudden increase in disease progression, and patients who need 
to change treatment strategy due to adverse effects, are more likely to be in-
cluded in treatment studies than patients with a pure progressive disease 
(without bouts), and patients with benign MS. 

A final remark regarding this issue concerns the MS-population showing no 
MS-lesions. MS-patients without any brain MS-lesions, which also have a se-
vere disease development, prove that there is no strong correlation between 
disease severity and T1 and T2 lesion load. The MRI-negative MS-patients in 
this study had a median MSSS of 2.1 range 0.2–8.2, while the MRI-positive MS-
patients had a median MSSS of 3.5 range 0.3–9.5. Even if the MRI-negative MS-
patients tend to have a more benign disease course, there are MRI-negative 
MS-patients with a high disease progression rate. 

4.3 Internal or External Referencing? 

The use of external references for the calibration of parameters in MR is ex-
tremely difficult for a number of reasons. The degradation of the quality of a 
reference over time is problematic. In Paper IV we had to exclude calibration of 
each examination based on the external reference, due to a gradual degrada-
tion of the signal over time. Instead, we had to rely on to the stability of the 
RF-chain of the MR-scanner, assuming similar load, and tuning, and matching 
of the coil in all patients. Another major problem concerning external refer-
ences is signal dependency on temperature. A reference stored at 4 °C and 
used directly in a calibration experiment provides a signal 6% higher than a 
reference stored at room temperature. In order to adjust for such differences, 
Neeb et al. used an optical fiber thermometer to monitor the temperature dur-
ing an imaging experiment to adjust for such differences (Neeb et al. 2008), but 
such an approach is relatively complicated.  
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An important limitation of the use of external references in a clinical setting is 
that the reference, which is usually placed outside the body, makes other im-
age acquisition more complicated. Optimized scan protocols utilizing parallel 
acquisition techniques and limited FOV are sensitive to objects outside the 
anatomy. Furthermore, the reference scans that provide information for opti-
mized reconstruction of images are not optimized for small objects outside the 
body, leading to unreliable signal scaling. To develop a more clinically accept-
able scanning protocol in absolutely quantified 1H MRS and qMRI, therefore, a 
quantification protocol based on internal referencing is preferable. One should 
search for signals that can safely be assumed to be independent of pathological 
processes within the body. Two such tissues are CSF and adipose tissue which 
both has MR-visible PD close to pure water (Longo et al. 1995). Such method is 
presented in Paper V where the adipose tissue fat signal intensity is used to 
scale other areas of the image to allow the measurement of voxels affected by 
partial volume effects, see also Fig. 32. The CSF referencing approach may suf-
fer from artifacts due to the extremely long T2 and T1 of the CSF together with 
partial volume effects in subjects with small ventricles. Another option for ob-
taining a reference PD is to study cluster positions and appearance in the PD-
R1-R2 space in which also voxels suffering from partial volume effects may be 
included. This is an attractive solution to solve the PD scaling issue in qMRI of 
the brain as such an approach is independent of segmentation procedures. To 
solve the qMRI PD scaling problem at low field strengths only one single scal-
ing parameter is required for the whole image. The unscaled PD estimated is 
corrected for T2, T1 and B1 inhomogeneities and even if there is pathology 
present in the image no tissue will have a PD that is higher than pure water.  

Another commonly used approach to obtain absolute metabolite concentra-
tions is simply to relate the estimated metabolite signal amplitudes to the 
integral of an unsuppressed water spectrum acquired from the same VOI 
(Barker et al. 1993; Raininko and Mattsson 2010). The advantage of such me-
thods is from a biochemical perspective that the metabolites is dissolved in the 
tissue water and by such correction a concentration estimate relative the tissue 
water is therefore obtained. To improve the accuracy relaxation correction of 
the water resonance should be applied to compensate the signal loss especially 
due to T2 of the water signal. The normal inter subject variability of water T2 
values in NAWM from typical white matter MRS voxels in young healthy vo-
lunteers are typically2

                                            
2 Unpublished data obtained in NAWM from 14 MRS voxels in 7 healthy controls. 

  in the range of mean 95.6 ms range 86.4 – 121 ms lead-
ing to a spread in determined metabolite concentrations of ± 6% if an echo 
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time of 35 ms is used. Brief et al recently proposed a method where the meta-
bolite concentrations were corrected using water scaling based on a three 
compartment water relaxation model including myelin water, in-
tra/extracellular water and CSF water. The T2 and the relative amplitudes of 
the three compartments were separated by a multi echo spin echo method us-
ing a ∆TE = 10 ms to a maximum TE = 320 ms (Brief et al. 2009). 

4.4 Investigating MS Using a Combination of 
MRS and qMRI 

The obvious next step in the 1H MRS research, which actually was the original 
motivation for the development of the rapid qMRI imaging sequences, is the 
possibility to produce quantitative measures of both metabolism and MRI pa-
rameters with high geometrical correlation. qMRI can not only be used for bet-
ter calibration of 1H MRS data, it may also be used for gaining a better under-
standing of the relationship between contrast changes in MR-images and un-
derlying metabolism detected using 1H MRS. The implementation of the 
qMRI-based 1H MRS quantification can be based on internal water calibration, 
followed by correction of T1, T2, and B1 effects on the unsuppressed water sig-
nal. It can also include correction for observed partial volume effects of CSF, if 
such are identified in the qMRI image volume. This methodology could pre-
sumably also be used in more sophisticated tissue models in which signal 
changes of the water signal are induced by changes in the relative volume of 
myelin-, intracellular, and extracellular water and differences in exchange 
rates of tissue water, imaged using qMRI and MT.  

4.5 New Possibilities for Disease Characteri-
zation using qMRI 

In Paper II a rapid technique that enabled accurate mapping of PD, T1, and T2 
was demonstrated. Using this imaging method, high-resolution whole brain 
coverage of quantitative multi-parametric images can be acquired in a clinical-
ly acceptable scan time. This opens a whole new range of possibilities for cha-
racterizing disease progression and facilitating analysis of very large amounts 
of data, with a focus on finding pathologies based on their characteristic relax-
ation and PD properties.  
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Synthetic MRI is one such application, involving a technique that is based on 
the quantitative multi-parametric dataset. The expected appearance of images 
acquired with different contrast weightings is calculated and used to present 
conventional radiological images. This is possible because most of the images 
acquired using MR is based on contrast mechanisms that are limited to the T1, 
T2 and PD properties of the tissue. Even though the SNR-per-unit time is 
usually higher for direct conventional acquisition of a specific contrast image, 
the retrospective synthetic image generation may provide all possible contrast 
weightings. It is possible that such an approach will be sufficient for a great 
range of routine image-contrast-based clinical screenings for pathology. Fig. 43 
shows examples of synthetically reconstructed images, compared with the cor-
responding conventionally acquired images from an MS-patient. 

 
Fig. 43. Conventional MR-images vs. synthetically reconstructed MR-images acquired for MS-
patient. The top row was acquired conventionally; the bottom row was synthesized based on QRAP-
MASTER data. (a,d) T2-weighted image (TR = 4400 ms, TE = 100 ms, α = 90°), (b,e) T2-weighted 
FLAIR image (TR = 6000 ms, TE = 120 ms, TIR = 2000 ms, α = 90°), and (c,f) T1-weighted image 5 
min, after the administration of Gd contrast media (TR = 550 ms, TE = 15 ms, α = 90°). The figure is 
reprinted with permission from (Warntjes et al. 2008b). 

Automatic tissue classification is another very important application of the 
technique. Using multi-parametric clustering methods, one can classify each 
individual voxel in the image volume based on its own intrinsic relaxation and 
PD properties (see Fig. 44). Furthermore, the distance in parametric space for 
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specific voxels from normal tissue cluster positions may be used to estimate 
the probability of a pixel of being abnormal. If this operation is performed in 
an image region where the variability of all voxels in some unspecific meaning 
is well behaved (e.g., voxels inside the brain excluding the skull and voxels 
suffering from partial volume effects of fat and air), the probability estimate 
can be used to detect abnormal suspected pathologic tissue. The technique can 
therefore be used for automatic classification of CSF, WM, GM, and suspected 
pathologic tissue. Such measurements would be extremely valuable for cha-
racterization of neurological disease processes; they can also be used to detect 
GM and WM atrophy if reference material or a previous examination of the 
patient is available. The technique can also be used to assist the radiological 
interpretation of an MRI dataset by highlighting suspected pathology. 

 
Fig. 44. Left panel: projected scatter plot of the absolute values of a small part of the brain of a healthy 
volunteer indicated by the ROI in the T2-weighted image (inset). The relaxation rate R2 is shown as a 
function of R1. The cluster positions of WM, cortex, and CSF, are highlighted. Right panel: similar 
scatter plot applied on a patient with MS. The apparent two phases of MS lesion development are in-
dicated by the two gray lines separated by dots. Reprinted with permission from (Warntjes et al. 
2008b) 

The possibility of extracting observations based on a well-defined ratio scale of 
the underlying physical entities leads to new approaches for the design and 
analysis of clinical MRI studies. Especially as the qMRI image volume is ac-
quired with a sufficiently high resolution to be useful for traditional clinical 
characterization of the tissue. This can be done either through manual ROI ex-
traction or by using a completely automatic atlas-based analysis method (Ash-
burner and Friston 2005). Moreover, it makes possible a detailed statistical 
analysis of group differences of the quantitative parameters in different brain 
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structures. This is particularly important, because there is a large variation in 
the normal relaxation values of different brain structures. 

4.6 How Should 31P MRS Liver Spectra in Dif-
fuse Liver Disease Be Interpreted? 

The results of the study in Paper IV did not initially not meet our expectations 
based on the pilot study presented in (Noren et al. 2005), as well as several 
other previous reports (Menon et al. 1995; Munakata et al. 1993) that suggested 
a relatively strong predictive capability of the PME and PDE resonance for 
staging fibrosis. However, a number of reports in the literature have reported 
similar signal dependency in different stages of liver fibrosis (Corbin et al. 
2004) (Changani et al. 2001). The study by Changani et al. suggests that an in-
creased PME resonance should be viewed as an indicator of gluconeogenic 
onset associated with a liver metabolism working close to its maximum capac-
ity. This has also been observed as a trend in our study in patients with inter-
mediate fibrosis (Paper IV), and in patients with compensated fibrosis (Corbin 
et al. 2004). In the case of decompensated liver disease, similar trends towards 
lowered PDE concentration have been observed. In our study there was no 
difference in the PDE concentrations between NAFLD patients and controls, 
and there was a large variability in PDE concentrations in the intermediate fi-
brosis group. In the study by Corbin et al., a decrease in PDE was only ob-
served in patients with decompensated cirrhosis. Finally, the observed ATPβ 
concentrations in our study supported other findings by Corbin et al. of lo-
wered ATP concentrations in decompensated liver fibrosis, indicating reduced 
viable hepatocyte volume. This correlation has also been observed in a rat 
model of liver fibrosis, in which a decrease in ATP concentrations correlated 
with the severity of fibrosis (Corbin et al. 2003). 

If these interpretations of PME, PDE, and ATP are correct, the anabolic charge, 
AC=PME/(PME+PDE), may not be an optimal combination for accessing sever-
ity in diffuse liver disease. A new interpretation could be that PME reflects 
gluconeogenic onset, PDE is an indicator that the disease has reached a manif-
est stage, and ATP is an estimate of the viable hepatocyte cell mass. 
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4.7 An MR-Based Non-Invasive Liver Biopsy 
(NILB) – Is It Possible? 

A major aim in the development of new MR-techniques is the ability to replace 
a majority of liver biopsies. To be viable, the MR-technique should at least ac-
complish accurate staging of steatosis, depict and stage inflammation, separate 
mild from intermediate fibrosis and quantify excess iron accumulation. Final-
ly, the technique should be able to quantify liver function, something that is 
not possible with a conventional liver biopsy.  

It seems that parts of this aim are within reach. Fat/water imaging techniques 
and 1H MRS have performed satisfactorily in determining steatosis (Longo et 
al. 1995; Szczepaniak et al. 2005), quantitative T2 and T2* mapping shows high 
correlation to liver ferritin (Anderson et al. 2001; St Pierre et al. 2005), and MR-
elastography (Yin et al. 2007) and, possibly, 31P MRS can be used to character-
ize liver fibrosis, in addition to providing data on the energy status. The re-
cently published study of Motosugi et al. indicates that the hepatic uptake of 
Gd-EOB-DTPA reflects liver function, as determined using ICG15 and the 
Child Pugh scoring system (Motosugi et al. 2009a), although the contrast agent 
uptake only provides one perspective of functional characterization. If one 
could extend the interpretation of 31P MRS to include such aspects of liver dis-
ease as gluconeogenic capacity and hepatocyte mass, closing the remaining 
gaps to provide a sufficient description of the state of the liver may be possi-
ble.  

4.8 Toward Whole Body Adipose Tissue 
Quantification 

From an engineering perspective, developing a whole body examination for 
simultaneous assessment of adipose tissue volume and water imaging 
presents an interesting challenge. There are several important physiological 
and clinical aspects that would benefit substantially from an extension of re-
gional abdominal adipose tissue quantification methods to encompass global 
whole body methods. Using datasets in which only the abdominal region is 
acquired, one always ends up having difficulty determining the amount of 
subcutaneous adipose tissue. A much more logical approach would be to inte-
grate the subcutaneous adipose tissue from the whole body, rather than defin-
ing an arbitrary limit within the abdominal region. It would also be advanta-
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geous if (i) the complete body volume, (ii) the adipose tissue volume and (iii) 
the visceral adipose tissue could be determined within a single examination. 
The quantification of whole body muscle volume would also be useful in fur-
ther quantifying intervention effects, both clinically and as a research tool. 

 
Fig. 45. Fat signal histograms from a whole body dataset, acquired using the two-point Dixon tech-
nique. Upper left panel: voxels automatically identified as pure adipose tissue prior to the intensity 
normalization procedure. Upper right panel: all voxels prior to correction. Lower left panel: voxels 
identified as pure adipose tissue after intensity normalization. Lower right panel: all voxels after in-
tensity correction. Note that the pure adipose tissue peak in the histograms was automatically adjusted 
to 1.0 and the strong reduction in fat peak full width at half maximum height after the intensity cor-
rection. A coronal slice from the same dataset is shown in Fig. 46. 

Imaging-based whole body screenings have become more common, both as 
part of a clinical evaluation of patients (e.g., for monitoring cancer therapy) 
and for unspecific screenings for pathological lesions, abnormalities, and un-
healthy adipose tissue accumulation patterns in healthy subjects. Once such 
examinations can be performed in a rapid and simple manner, MRI-based 
screening will be widely used, because MRI does not expose the patient to io-
nizing radiation.  
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Fig. 46. One coronal slice of a whole body dataset acquired using two-point Dixon imaging after 
phase-sensitive reconstruction, water fat shift artifact correction, intensity inhomogeneity correction, 
and segmentation of visceral adipose tissue (cyan), internal non-visceral adipose tissue (yellow), and 
subcutaneous tissue (white). Left panel: water image, Center panel: fat image. Right panel: fat image 
with the segmentation as overlay. In Fig. 45 the corresponding fat signal histograms are shown. 

The two-point Dixon acquisition technique, as described in Paper V, genera-
lized to 3D acquisition and followed by (i) chemical shift artifact correction, (ii) 
intensity normalization, and (iii) non-rigid registration procedures (used both 
for adjusting different image stacks to each other, thereby reducing the effect 
of patient movement and inhomogeneities, and for providing automatic tissue 
segmentation) makes it possible to achieve high-quality whole body T1 weighted 
fat and water imaging within clinically acceptable scan times. Fig. 45 and Fig. 46 
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show fat signal histograms, reconstructed water and fat images, and segmen-
tation results from a whole body data set acquired using the scanner system's 
built in body coil within 10 minutes with 3x3x3 mm3 resolution. Such protocol 
would, if optimized RF-coils were used for the whole body, provide at least 
1.5x1.5x1.5 mm3 resolution within 10 minutes. With such a resolution, a rapid 
whole body water and fat imaging examination makes it possible to screen for 
several risk factors. 

4.9 Water and Fat Imaging as Quantification 
Method in DCE MRI 

The quantitative analysis method presented in Paper VI makes it possible to 
scale the signal intensity values to estimates of increased tissue relaxation rate 
caused by contrast agent accumulation. However, this method is sensitive to 
scaling differences in the different images in the time series, caused by patient 
movement and other unexpected effects. The intensity normalization method 
in Paper V may also be used to correct the water signal (see Fig. 46). The adi-
pose tissue signal is not affected by contrast agent accumulation in the tissue, 
as there is no rapid chemical exchange between the triglyceride molecules and 
the extracellular water. This means that the intensity normalization field calcu-
lated in the pre-contrast agent injection image has the same physical proper-
ties as the post-contrast agent images. The intensity correction method could 
therefore be used as a means for obtaining an intensity reference for DCE im-
aging. Moreover, the two-point Dixon acquisition schemes allow breath hold 
image acquisition with equal image resolution as conventional fat saturated 
breath hold imaging (see Fig. 12). By developing such technique, DCE imaging 
which is robust with respect to signal scaling errors may be achieved in near 
future. 
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5 CONCLUSIONS 
In this work several applications have been shown through which quantitative 
MR improves the interpretation of observed signal changes in MRI and MRS 
in relation to underlying differences in physiology and pathophysiology.  

Using absolutely quantified 1H MRS, the NAWM of MS-patients was investi-
gated, and a significant positive correlation between the tissue concentrations 
of Cr and Glu on the one hand and the disease progression rate on the other, 
as measured using MSSS was observed. This indicates a possible link between 
the neurotoxicity of Glu and development of gliosis in the NAWM. This may 
be a more important pathophysiological mechanism in MS than inflammatory 
processes in MR-visible plaques. 

A new rapid method for simultaneous quantitative measurement of T2, T1, PD 
and B1 was demonstrated. The acquisition of quantitative MR-parameters 
supports reconstruction of synthetic MR-images and characterization of dif-
fuse changes in the tissue. Future applications of this method include automat-
ic tissue classification and automatic measurement of gray and white matter 
atrophy. 

In diffuse liver disease, 31P MRS provides important information about 
changes in the metabolic state of the liver, which is associated with different 
aspects of liver disease. It may also be useful for differentiating patients with 
mild fibrosis from patients with severe fibrosis. 

An automatic method was demonstrated for quantitative measurement of vis-
ceral adipose tissue; this method was based on a new phase-sensitive recon-
struction method for fat and water imaging, a new intensity inhomogeneity 
correction method, and the application of non-rigid 3D registration methods. 
It may be used to characterize the compartmentalization of adipose tissue ac-
cumulation.   

A signal rescaling procedure to correct for the nonlinear SI response of T1-
weighted images acquired using a standard clinical abdominal DCE-imaging 
protocol was demonstrated. Moreover, by utilizing simple pharmacokinetic 
modeling, the hepatobiliary uptake of Gd-EOB-DTPA and Gd-BOPTA was 
shown to correlate well in healthy subjects. The ratio of the hepatobiliary up-
take measured using Gd-EOB-DTPA and Gd-BOPTA was in agreement with 
pre-clinical studies. 
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