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Introduction 
 

 

ince its discovery in the early 70s, Magnetic Resonance Imaging (MRI) has become the 

most powerful tool to explore the anatomy non-invasively. Imaging the body in vivo and 

diagnosing a large range of diseases in almost all parts of the human body has become pos-

sible. Standard MRI is based on the detection of protons (1H) present in water, lipids and 

macromolecules in the body. It employs a powerful magnet which produces a strong mag-

netic field of fixed strength (typically 1.5 or 3T) that forces protons in the body to align with 

that field called B0. The application of a radiofrequency field using a dedicated coil will stim-

ulate protons. Their spins will dephase from their natural position from an angle, called the 

flip angle, and they will strain against the pull of the magnetic field. The time it takes to 

realign with the magnetic field, as well as the amount of released energy, can change depend-

ing on the environment and the chemical nature of the molecules. This spin behavior can be 

investigated using the spin-lattice relaxation, denoted T1, corresponding to the magnetization 

aligned with the main magnetic field, and the spin-spin relaxation, denoted T2, corresponding 

to the transverse magnetization, in the orthogonal plane to B0. Other parameters such as 

diffusion and proton density can reflect the way the molecules will propagate in their envi-

ronment and supplement this tissues’ characterization.  

From these different nuclear magnetic resonance (NMR) properties, a wide range of different 

contrasts can be generated in MRI, giving different anatomical or structural information on 

the tissues under investigation (Haacke et al., 2014). Conventional MRI exams performed in 

clinics are usually qualitative and based on weighted imaging, evaluating the relative contrast 

from neighboring tissues. The retrieved signal is related to the above tissue properties in a 
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nonlinear manner, and depends on acquisition conditions and external factors that cannot 

be reproduced over time. It does not provide direct biochemical information on tissue via-

bility, depends on the clinician expertise to interpret images and cannot be used properly for 

medical follow-up. Obtaining quantitative information would be of upmost importance for 

diagnosing and prognosing diseases, or for assessing the effect of treatments and new drug 

tests as it is more objective, traceable and reliable. 

With the aim of continuously improving MRI and associated medical diagnoses, higher main 

magnetic field strengths have been explored. Indeed, the application of a higher magnetic 

field strength B0 increases the available Signal-to-Noise ratio while exacerbating contrasts. 

Hence, for the same acquisition time, image quality will be improved. The trend to go toward 

higher magnetic field strengths is a global phenomenon observed not only in research, but 

also in clinics. Since its FDA approval in the 2000’s, the selling of 3T scanner are widely 

increasing. The very recent FDA approval and CE marking of the Siemens 7T Terra scanner 

in 2017, during the time-course of this thesis, is another demonstration of this upscaling 

trend. Currently, the three major vendors of human MRI systems, Siemens, Philips, and 

General Electric have together installed more than 70 7T scanners around the world (Poli-

meni and Uludağ, 2018), taking 7T one step closer to becoming a platform for advanced 

clinical imaging. However, the use of such strong magnets is tainted by heterogeneity in both 

static magnetic field and radiofrequency (RF) fields. Indeed, when increasing B0, the RF 

wavelength is decreased and human body size becomes non negligible compared to the as-

sociated wavelength, ending up in shaded areas and corrupted contrasts on images. Some 

solutions are being developed and will be discussed in this manuscript. 

This PhD thesis aimed at implementing a fast and reliable MR method to retrieve simulta-

neously 3D quantitative maps of T1, T2, proton density and flip angle, with the objective to 

eventually apply it in clinical routine for population imaging at ultra-high field. This manu-

script is divided into 5 chapters.  

In the first chapter, we will develop how current literature highlights the clinical interests of 

quantitative MRI, and show how UHF imaging can be a precious tool to obtain images of 

higher quality.  

In the second chapter, we will present the different existing ways to measure parameter of 

interests using MR sequences: first, in a conventional way using a classic spin-echo sequence, 

and then using more rapid methods based on steady-state free precession sequences. We will 

then review some existing simultaneous multi-parametric methods in literature.  

In the third chapter, we will implement the method to perform Quantitative Imaging using 

Configuration States (QuICS). We will optimize it to provide unbiased and accelerated multi-

parametric extractions on phantom and ex-vivo tissues at 7T.  
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In chapter 4, we will examine the sensitivity of QuICS to flip angle heterogeneity encoun-

tered at UHF. We will focus on a solution to mitigate the RF field using metamaterials at 7T. 

QuICS will be applied using the most advanced and efficient solution to obtain an adjusted 

flip angle, namely the parallel transmission. A protocol validating the quantitative extraction 

in vivo at 7T in a clinically-relevant time will be presented. 

Finally, in the last chapter, we will apply this method to an exotic nucleus of interest for the 

community, namely the sodium (23Na). Its total concentration, T1, T2 and ADC will be re-

trieved. This work will be the occasion to show the ability of the method to probe different 

molecular environments with very short relaxation times. It is also the first time that 23Na 

MRI of diffusion imaging will be performed. 
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Chapter 1. Towards ultra-high field quantitative magnetic resonance imaging 

 

 

 

  

Chapter 1. 

 Towards ultra-high field  
     quantitative magnetic  

       resonance imaging 

 
 

omputed Tomography (CT), Positron Emission Tomography (PET) and Magnetic 

Resonance Imaging (MRI) are the most well-known three-dimensional imaging tech-

niques used in clinical routine. Although each of them has its merits, CT and PET both 

involve ionizing radiation and offer either limited soft tissue contrast or a relatively coarse 

resolution. On the contrary, MRI allows images to be resolved down to a sub-millimeter 

voxel size, while facilitating multiple contrast mechanisms that can be exploited to differen-

tiate tissues and/or indicate various pathological conditions. Currently, clinical MR imaging 

diagnoses are mainly based on qualitative weighted images, where the signal is related to 

tissue properties in a nonlinear manner, and depends on external factors, such as the scanner 

used for acquisition for example. Quantifying the different physical parameters available in 

NMR has been demonstrated to have many clinical interests, as will be presented in this 

chapter. Such a quantification would help to go further in tissue characterization and thus in 

radiological diagnoses, moving from lesion detection and characterization to a better grada-

tion of pathology, and even the possibility of a proper therapeutic follow-up. Moving towards 

ultra-high fields (B0>3T) would bring an undeniable gain in signal and contrast to noise ratio, 

that could be profitable to enhance sensitivity and specificity of these measurements. Unfor-

tunately, these benefits are hampered by several challenges that need to be tackled to take 

maximum advantage of such powerful tools. Some solutions are currently being developed 

in the MR community to facilitate their use, and will be presented in this chapter.  

C 
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1.1.  Quantitative MRI and clinical interests  

1.1.1.  NMR parameters to investigate 

1.1.1.1.  Introducing Bloch equations 

Magnetic resonance imaging is based on the exposure of tissues to a uniform static magnetic 

field, called B0. During the exposure to B0, the spins of the nuclei of the studied atom, here 

hydrogen, adopt a precession frequency 𝜔0, called the Larmor frequency, defined by the 

equation: 

 𝜔0 = 𝛾𝐵0 (1.1) 

Where 𝛾 is the gyromagnetic ratio of the considered nucleus (
𝛾1𝐻

2𝜋
=42,576 𝑀𝐻𝑧/𝑇). 

When a set of ½ spin nuclei is immersed in a static magnetic field, it can be perceived as a 

macroscopic entity where the magnetization is described by the Boltzmann relation: 

 
𝑀0 = 𝑁

𝛾2 ħ2

4 𝑘𝐵𝑇
𝐵0 (1.2) 

Where 𝑁 is the number of nuclei present in the considered sample, ħ the Planck constant 

divided by 2π, and 𝑘𝐵𝑇 represents the thermal energy, with 𝑘𝐵 the Boltzmann constant.  

To obtain a signal, it is necessary to apply an oscillating radiofrequency field, called the B1 

field, lying in the transverse plane, orthogonal to the magnetic field B0, lying in the longitu-

dinal axis. This B1 field results from the radiofrequency (RF) pulse having a precession of 𝜔0 

induced by an electrically resonating circuit integrated in an antenna, also called a coil. This 

B1 field will provoke the excitation of the spins of the atoms that will resonate and absorb 

its energy. The spins then reach a higher energy level which, macroscopically, will flip M0 by 

an angle of α, depending on B1 intensity and application time.  

When perturbed by this B1 field, the energy absorbed by the system makes it unstable, and it 

immediately starts to move, or “relax”, back to a state of equilibrium, releasing the energy 

that had been put into it. This energy is dispersed by a number of processes, such as relaxa-

tion mechanisms or diffusion. Relaxation mechanisms can be grouped into the ones that 

transfer energy away from the spins to ‘the lattice’, contributing to spin-lattice relaxation (T1); 

and the ones that redistribute it within the spin system, contributing to the spin-spin relaxa-

tion (T2). The temporal evolution of the magnetization vector �⃗⃗� = {𝑀𝑥(𝑡),

𝑀𝑦(𝑡),𝑀𝑧(𝑡)}
𝑇 can be described by the Bloch-Torrey equations (Bloch, 1946; Wangsness 

and Bloch, 1953; Torrey, 1956), Eq. (1.3).   
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 𝜕�⃗⃗� 

𝜕𝑡
=  −𝛾�⃗� × �⃗⃗� + 

1

𝑇1

(𝑀0 − 𝑀𝑍)𝑒𝑍⃗⃗⃗⃗ −  
1

𝑇2
 𝑀𝑇
⃗⃗ ⃗⃗  ⃗ +  𝐷∇2�⃗⃗�  (1.3) 

Where �⃗� = {𝐵𝑥(𝑡), 𝐵𝑦(𝑡), 𝐵𝑧(𝑡)}
𝑇 is the magnetic field which may depend on time and 

whose static main component is oriented along the z-axis, 𝑀𝑇
⃗⃗ ⃗⃗  ⃗ = 𝑀𝑥

⃗⃗ ⃗⃗  ⃗ + 𝑖𝑀𝑦
⃗⃗ ⃗⃗  ⃗ is the transverse 

magnetization, D is the free diffusion coefficient. The time it takes for the protons to realign 

with the magnetic field as well as the way they diffuse and the amount of energy released 

change depending on the environment and the chemical nature of the molecules, leading to 

different contrasts. These different mechanisms are therefore tissue-specific characteristics 

and are fundamental to MRI as they affect any NMR experiment. 

1.1.1.2.  Longitudinal relaxation time (T 1) 

Longitudinal relaxation time, T1, is an intrinsic biophysical property of the tissue. It is related 

to the time required for the substance to recover its net equilibrium magnetization on the z-

axis. When considering the immersion of the object into the main magnetic field and per-

turbed by a 90° RF pulse, Bloch equations show: 

 𝑑𝑀𝑍

𝑑𝑡
=  

1

𝑇1

(𝑀0 − 𝑀𝑍) (1.4) 

which has the solution: 

 
𝑀𝑍(𝑡) =  𝑀0(1 − e

−
t
𝑇1) (1.5) 

Graphically, T1 can be viewed as the time required for Mz to reach 1 − e−1 or about 63% of 

its maximum value, M0, after a 90° flip angle, as shown in Figure 1.1.  In biological materials, 

T1 values ranging from a few tenths of a second to several seconds are typically found. 

 

Figure 1.1 : T1 recovery after the application of a 90° RF pulse. The z-magnetization is shown as a 
function of time for different tissues such as fat, muscle or fluid, which exhibit different T1 values. 
From (Ridgway, 2010) 
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Longitudinal relaxation is due to energy exchange between the spins and surrounding lattice. 

Spins go from a high energy state back to a low energy state and RF energy is released back 

into the surrounding lattice. Therefore, T1-relaxation is simply an energy flow between spins 

and their external environment through collisions or rotations. This energy loss represents a 

heat transfer, and the system is said to re-establish “thermal equilibrium”. Fluctuating fields 

are local, random in magnitude, and affect only a few spins. Hence, the amount of energy 

transferred from the nuclei is very small and goes largely unnoticed at body temperatures. 

In 1948, Nicolaas Bloembergen, Edward Mills Purcell, and Robert Pound proposed the so-

called Bloembergen-Purcell-Pound theory (BPP theory) (Bloembergen et al., 1948) to explain 

the relaxation constant of a pure substance in correspondence with its state, taking into ac-

count the effect of tumbling motion of molecules on the local magnetic field disturbance. 

From this theory, one can get (Nelson and Tung, 1987):  

 1

𝑇1
= 𝐶(

2𝜏𝑐

1 + 𝜔0
2𝜏𝑐

2
+

8𝜏𝑐

1 + 4𝜔0
2𝜏0

2) (1.6) 

Where 𝐶 is a constant depending on the gyromagnetic ratio and the inter-nuclear distance 

for proton, and 𝜏𝑐 represents the correlation time with 𝜏𝑐 =
4𝜂𝑏3

𝑘𝑇
, where 𝜂 is the viscosity, 

𝑏 the radius of the molecule treated as a sphere, 𝑘 is the Boltzman’s constant, and T is the 

absolute temperature. T1 evolution as a function of correlation time is displayed in Figure 

1.2. It is now evident from Eq. (1.6) and Figure 1.2 that T1 depends on the molecular envi-

ronment considered, temperature, but also the magnetic field strength B0. If B0 increases, T1 

values will increase as well, in a non-linear manner. 

Much of the relaxation in biological systems takes place at relaxation sites. These are locations 

where magnetization energy is easily and quickly dissipated. A prime example of a relaxation 

site is a metal nucleus such as gadolinium (Gd). Often used as a contrast‐agent in MRI, it 

allows for significant shortening of the T1 by supplying a relaxation site to many spins. Other 

metals such as iron (in hemoglobin) and zinc (present in many proteins) similarly act as nat-

urally occurring relaxation sites (Tofts, 2005). 
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Figure 1.2 : Log-log representation of T1 depending on correlation time (which is proportional to vis-
cosity and inversely proportional to temperature). Different magnetic field strengths are considered 
(line: 7T, dotted-line: 3T and dashed line: 1.5T). The T1 value depends on the molecular environment, 
reflected by the correlation time, 𝜏𝑐. The minimum values of the curves corresponds to 𝜔0𝜏𝑐 =1. The 
shaded area corresponds to 𝜔0𝜏𝑐 < 1 at 7T, where the molecular environment is non-viscous. There-
fore, the interactions are restrained and T1 does not depend on field strength. In viscous environments, 
T1 varies with magnetic field strength in a non-linear manner. 

Biological basis of T1 

As described above, the T1 recovery is caused by the fluctuating magnetic fields arising largely 

from the motion of molecules in the neighborhood of the magnetic moments. Therefore T1 

relaxation is often associated with water mobility and structural density, reflecting binding of 

water molecules. In the brain, it has been shown to be highly correlated with myelin or mac-

romolecular volume content, both in grey (Stüber et al., 2014) and white matter (Mezer et 

al., 2013; Yeatman et al., 2014). That is why T1 contrast is generally used in brain exams: 

myelin causes white matter to have a shorter T1 than grey matter, leading to a clear contrast.  

T1 can change due to pathologies. For instance, edema around tumors or inflammatory acute 

MS lesions leads to an increase in T1 (Brück et al., 2004). T1 is also increased in chronic MS 

lesions, probably as a result of the reduction in myelin and increase in water content. But at 

the rim of active MS lesions, T1 is reduced because of the presence of cellular debris which 

constitute extra-relaxation centers in the fluid. Other changes, such as myelination of devel-

oping brain (Paus et al., 2001), or decrease of myelination due to aging (Cho et al., 1997) can 

benefit from T1 quantification. An extensive review of T1 values in normal and pathological 

tissues across a range of field strengths can be found in (Bottomley P. A. et al., 1998).  
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1.1.1.3.  Transverse relaxation time (T 2) 

The transverse relaxation time, T2, is related to the magnetization decay on the transverse 

plane. Considering a simplified model where only the transverse component is considered, 

the Bloch equations show that after a 90° pulse, it can be expressed as: 

 𝑑𝑀𝑇

𝑑𝑡
=  −

𝑀𝑇

𝑇2
 (1.7) 

Therefore, it is found that it takes the form of an exponential decay, described by: 

 
𝑀𝑇(𝑡) =  𝑀𝑇(0) e

−
t
𝑇2 (1.8) 

Where 𝑀𝑇(0) is the transverse component at t = 0. T2 is the time required for the transverse 

magnetization to fall to approximately 37% ( e−1) of its initial value, as shown in Figure 1.3.  

 

Figure 1.3 : a) Precession of the magnetization vector and b) corresponding signal, showing the T2 
relaxation mechanism. 

The resulting decay in transverse magnetization is due to magnetic field interactions occur-

ring between protons (spin-spin interaction), slightly modifying their precession rate. For 

example, neighboring protons bound to macromolecules locally change the magnetic field 

sensed by the free protons. These local field non-uniformities cause the free protons to pre-

cess at slightly different frequencies. Thus, following an excitation pulse, the protons lose 

phase coherence and the net transverse magnetization is gradually lost resulting in transverse 

magnetization decay.  

As for T1, its expression can be derived from its correlation time, 𝜏𝑐, and a constant C de-

pendent on the gyromagnetic ratio and the inter-nuclear distance for proton (Nelson and 

Tung, 1987): 

 1

𝑇2
= 𝐶(3𝜏𝑐 +

5𝜏𝑐

1 + 𝜔0
2𝜏𝑐

2
+

2𝜏𝑐

1 + 4𝜔0
2𝜏0

2) (1.9) 
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Figure 1.4 shows the T2 sensitivity on the correlation time, which is linked to the viscosity of 

the environment and temperature. As illustrated, T2 values will be less sensitive to the field 

strength than T1. 

 

Figure 1.4 : Log-log representation of T1 (black lines) and T2(blue lines) depending on correlation time 
(which is proportional to viscosity and inversely proportional to temperature) for different magnetic 
field strength. Here, the dependence of T2 on magnetic field strength is less important than for T1. The 
molecular environment plays a pivotal role in T1 and T2 values, showing their sensitivity to probe such 
information. 

Off-resonance effects such as imperfections in the main magnetic field, susceptibility differ-

ences among various tissues or at tissue-air interfaces, and chemical shift lead to an additional 

dephasing of the spins and thus to a faster decay of the transverse magnetization MT. The 

overall transverse relaxation time T2
* , taking into account this additional reduction in trans-

verse magnetization, is determined by (Chavhan et al., 2009):  

 1

𝑇2
∗ =

1

𝑇2
+ 𝛾∆𝐵𝑖𝑛ℎ𝑜𝑚 (1.10) 

Where ∆𝐵𝑖𝑛ℎ𝑜𝑚 is the magnetic field inhomogeneity, sensitive to paramagnetic mesoscopic 

particles such as iron or amyloid plaques. Even with a perfect B0 shimming, T2
* contains 

external effects (e.g. susceptibility variations within the patient or chemical shift effects). As 

such, T2
* is always lesser than T2. The dephasing induced by the second term of Eq (1.10) 

can be eliminated by the application of an appropriate pulse (180° pulse in a spin-echo MR 

sequence as seen in section 2.1.2.1) which cause a reversal of the initial dephasing. In contrast, 

the T2 losses internal in the proton system and characteristic of the tissue are maintained as 

they are caused by local, random, and time-dependent field variations. 
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Biological basis of T2 

In the brain, T2 reflects the degree of binding and water compartmentalization. This was 

evident in studies on human preterm neonates where T2 showed a decrease with brain mat-

uration (Ferrie et al., 1999). During brain maturation, tissue water decreases, myelin precur-

sors such as cholesterol and proteins appear, glial cells proliferate and differentiate, and a 

number of biochemical cell membrane changes occur. These changes increase the proportion 

of bound to free water and thus shorten the T2 relaxation time (Dobbing and Sands, 1973). 

T1 relaxation times also decrease with cerebral maturation, particularly with the onset of my-

elination. However, T2 decreases more rapidly. Therefore, T2 has been suggested as a partic-

ularly interesting biomarker of the developing brain (Tofts, 2005). 

A number of studies have shown that GM possesses a longer T2 relaxation time than WM. 

This is thought to be due to differences in water compartmentalization, vascularity and iron 

concentration. The paramagnetic property of iron produces a shortening of the proton re-

laxation times. (Vymazal et al., 1999) reported shorter T2 in regions like substantia negra, in 

globus pallidus and putamen in Parkinson’s patients for example. 

1.1.1.4.  Proton Density  

Proton density (PD) refers to the concentration of protons that resonate and give rise to the 

NMR signal in the tissue. It is expressed as a percentage of the proton concentration in water, 

in percentage unit (pu). Thus, CSF is 100pu, WM is about 70pu and GM 80pu (Tofts, 2005; 

Whittall et al., 1997). All images have intensity proportional to PD. Therefore, all images are 

PD-weighted, in addition to the influence of any other parameter such as T1 or T2 for exam-

ple. PD is sometimes called ‘spin density’ and abbreviated ρ. 

Since most visible tissue protons are resident in water, it is often seen as a short-hand way of 

looking at water content. But PD slightly differs from water concentration. Indeed, water 

content would include protons that have short T2, not visible in the usual imaging process. 

Significant numbers of protons are resident in non-water environments (e.g. lipids or mac-

romolecules), although most of these have short T2 and are therefore MRI-invisible. But in 

practice, the effect of these factors seems to be small, especially in the brain, where most 

mobile protons (with a long T2) are in water. (Tofts, 2005). Therefore, PD is often approxi-

mately the same as the mobile water content of the tissue.  

Biological basis 
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PD is the essence of MR imaging, as it directly reflects water content as discussed above. 

Yet, we have little experience to measure it, and even less experience of using it clinically. 

PD measurements can be used to infer water content, its change in disease like inflammation 

and edema, and its response to treatment (e.g. mannitol to reduce edema). Changes in PD 

often correlate closely with T1 changes, and may provide no extra information, if T1 has 

already been measured. But PD does has the advantage that its biological interpretation is 

unambiguous and specific. In contrast, the parameters T1 and T2, although sensitive, produce 

changes that are harder to interpret. PD maps are also used to aid segmentation and tissue 

classification schemes, in conjunction with T1, T2 and sometimes diffusion maps (Tofts, 

2005). 

1.1.1.5.  Diffusion 

Every fluid has a characteristic intrinsic self-diffusion constant, D, which reflects the mobility 

of the molecules in their microenvironment. MRI can be made sensitive to dynamic displace-

ments of water molecules between 10-8 and 10-4 m in a timescale of a few milliseconds to a 

few seconds. Each molecule within the sample behaves independently from the others. Since 

these displacements are of the same order of magnitude as cellular dimensions within bio-

logical tissues, MRI diffusion measurements can provide a unique insight into tissue structure 

and organization. Some applications like Diffusion Tensor Imaging can be used to perform 

fiber tracking, for example, or Intra-Voxel Incoherent Motion (IVIM) to quantitatively assess 

all the microscopic translational motion that could contribute to the acquired signal. Here, 

we will consider the mean diffusion signal encountered at the scale of a voxel.  

In a free environment such as CSF, water can diffuse isotropically in all directions. In bio-

logical tissues, there are barriers, such as cells and nerve fibers, which reduce the ability of 

water to diffuse. In the adult brain, WM and GM are characterized by structural complexity, 

which affects the measurements of the water diffusion coefficient in tissues. The collision 

between molecules provokes a random displacement of each one, with no preferred direc-

tion.  

When considering the NMR imaging experiment, diffusion adds a random drift to the con-

sidered spins between the processes of dephasing and rephasing from gradients. The loss of 

phase coherence leads to a signal attenuation. The amount of diffusion attenuation depends 

on two factors. First, the sample structural characteristics determine the motion of the spins. 

Secondly, sequence parameters, where the diffusion time, td, determines the time during 

which the diffusive motion takes place. Indeed, the measured diffusion depends on the time 

for molecules to diffuse, td, relative to the average time between two successive collisions of 

a molecule and a boundary, τ. If td<<τ, most of the molecules behave as if no boundaries 

were present and the molecular motion appears unrestricted with a diffusion coefficient Dfree. 
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If the td >>τ, any molecule is likely to encounter a boundary. This will affect the displace-

ment, and a completely restricted diffusion regime is reached. In the intermediate regime, an 

Apparent Diffusion Coefficient (ADC) can be estimated. Because of the dependency to the 

diffusion time used td, a ‘true absolute’ value of diffusion is not retrieved, but only an appar-

ent coefficient of the system under investigation, for the chosen acquisition parameters.  

The contrast of the diffusion-weighted images is specific to the diffusion direction investi-

gated, and can change with patient orientation. To remove these dependences, three diffu-

sion-images can be obtained, each looking at diffusion along one of the three orthogonal 

directions (Readout, Slice and Phase encoding, respectively denoted x, y and z here). In that 

case, the anisotropic diffusions 𝐷𝑥, 𝐷𝑦 and 𝐷𝑧 can be retrieved, and ADC is defined as the 

geometric mean of these three diffusions (Bernstein et al., 2004): 

 
𝐴𝐷𝐶 =

𝐷𝑥+𝐷𝑦 + 𝐷𝑧

3
 (1.11) 

This ADC value is sometimes called the “trace ADC”, as it can be considered as the trace of 

a diffusion tensor matrix. 

Biological basis 

In biological tissues, diffusing molecules are surrounded by a complex microstructural envi-

ronment, unknown in detail and difficult to model, where elements such as cell membranes 

create partial barriers or obstacles to the molecular motion. These barriers or obstacles can 

restrict diffusion. The destruction of such biological barriers in disease is seen by an increase 

in ADC.  Changes due to pathological process can modify the molecular environment and 

affect ADC, such as inflammation, edema, cell swelling or necrosis, membrane damage, de-

myelination, and others (Tofts, 2005).  

1.1.2.  Clinical interests of quantitative MRI 

In 1971, Damadian (Damadian, 1971) attracted the attention of the medical community by 

his work on tumor detection in animals using relaxation time measurements based on NMR. 

He was the first to report that normal and pathological tissues can be distinguished by means 

of relaxometry. Ever since, relaxometry has gained paramount importance and proved to 

fundamentally advance the diagnostic power of MRI. Indeed, abnormalities observed on 

weighted-imaging can be associated with multiple biological disorders. To attain a greater 

understanding of the natural history of the disorder, characterize the extent of tissue injury, 

and monitor the temporal evolution of both individual lesions and the overall disease activity, 

additional quantification techniques need to be employed (Tofts, 2005).  
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Better characterization of tissues and pathologies 

The intrinsic multiparametric-dependence of MRI signal, reflecting the interactions of water 

molecules on a cellular level, can provide such in vivo tissue characterization. As discussed 

in the previous sections, the direct link between the retrieved signal and tissue properties 

such as PD, T1, T2 and diffusion can reflect tissue composition, allowing a direct characteri-

zation of tissues. Hence, tissue alterations can be detected with high specificity and sensitiv-

ity. Quantification, being objective and bias-free, has attracted increased interest as a poten-

tial biomarker for the detection of even subtle or diffuse pathological changes.  

Earlier detection of pathological changes 

In several studies, relaxation time measurements have demonstrated potential impact for the 

early diagnosis and progression monitoring of diseases in the human brain, body, and heart. 

Relaxation time variation in the brain has been reported in numerous contexts to improve 

the detection and staging of various diseases, e.g. in studies concerning autism (Deoni, 2011), 

dementia (Erkinjuntti et al., 1987), Parkinson’s disease (Baudrexel et al., 2010; Vymazal et al., 

1999), multiple sclerosis (Larsson et al., 2005; Odrobina et al., 2005), epilepsy (Townsend et 

al., 2004; Liao et al., 2018), stroke (Bernarding et al., 2000), and tumors (Badve et al., 2016; 

Just and Thelen, 1988). Quantitative MRI can have considerable clinical value, as interven-

tion or treatment could occur before neurons were irreversibly damaged or lost (Helpern et 

al., 2004). 

In the body, measurements of transverse relaxation times (T2 and T2
*) have proven value for 

the assessment of iron accumulation occurring in many pathologies, e.g. in pancreas, spleen 

(Schwenzer et al., 2008), kidney (Schein et al., 2008), and the liver, where quantitative T2 and 

T2
* relaxometry has proven to be an accurate noninvasive means to measure absolute iron 

content and has replaced gold-standard biopsy procedures in many centers (Cheng et al., 

2012). T1 has also been investigated in the lung (Arnold et al., 2004; Jakob et al., 2001). Fur-

thermore, relaxometry is an established method for the evaluation of cartilage disease and 

has shown ability to detect early biochemical changes before gross morphological alterations 

occur (Recht and Resnick, 1998). In muscle, diffuse lesions, hardly detectable with weighted 

imaging become clear with quantitative MRI, comparing with normal tissues references val-

ues (de Sousa et al., 2011). In cardiac applications, relaxation time measurements are benefi-

cial for assessing cardiac iron overload (Ghugre et al., 2006), myocardial infarction (Van de 

Werf et al., 2008), edema (Giri et al., 2009), and hemorrhage (Bradley, 1993). Characterization 
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of atherosclerotic plaques in the main vessels has been shown to be improved when quanti-

fication of T1, T2 and PD replaces qualitative assessment of the vessel walls (Yuan and Ker-

win, 2004) 

Quantitative MRI has been shown necessary to improve diagnosis or prognosis, and maybe 

to optimize therapy planning (Higer and Bielke, 2012). Recent studies investigate the possi-

bility of predicting response of tumor to treatment using tissue relaxation times; e.g. the T1 

relaxation time can potentially be an indicator of chemotherapy response (Jamin et al., 2013; 

Weidensteiner et al., 2014). Several studies have demonstrated the utility of ADC and T2 

mapping in the quantitative evaluation of prostate cancer (Boesen et al., 2015; Hambrock et 

al., 2011). Currently, ADC mapping is the most widely used quantitative property in the im-

aging-based diagnosis and characterization of prostate disease (Yu et al., 2017). A compre-

hensive review of the medical relaxometry applications is given in (Cheng et al., 2012). 

Longitudinal follow-up and Multi-centric evaluations 

qMRI is a promising tool to isolate particular tissue properties without the confounding in-

fluence of other MR parameters. Indeed, accurate and precise measurements are made using 

careful techniques that take full account of all processes affecting the measurement.  Deter-

mination of tissue-specific parameters in a quantitative way enables to directly compare MR 

images across subjects for a proper follow-up. For example, in addition to providing early 

diagnosis, quantitative relaxometry has been used to follow cartilage repair treatment 

(Trattnig et al., 2011). 

The quantitative results can also be compared between scanners for multi-centric evalua-

tions, facilitating group comparisons. A recent example in the literature has shown that using 

the same sequence on different scanners with the same subject can lead to a variability of 

0.8% within the human brain (Voelker et al., 2016). 

1.1.3.  Conclusion  

We now understand the mechanisms that allow an ensemble of spins immersed in a magnetic 

field and excited by a RF pulse to relax back to equilibrium. These mechanisms reflect tissues 

properties. PD corresponds to the water content, and varies significantly in disease, although 

less than other parameters. More knowledge of its behavior may give important insights into 

biological processes underlying diseases. T1 and T2 can vary dramatically depending on pa-

thology. The possibility to perform quantitative MRI opens the possibility of an earlier de-

tection of pathological changes, through a better tissue characterization of tissues. It would 

also make possible longitudinal intra and inter-individual follow-up, as well as multi-centric 
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evaluations on different scanners. Retrieving such information with a high resolution would 

allow a better tissue characterization and would give more insights to the clinicians to pin-

point the exact diagnosis. 

1.2.  Enhancing MR signal using ultra-high fields strengths 

With the aim of continuously improving MR images, higher magnetic field strengths are 

explored to obtain higher Signal-to-Noise Ratio and Contrast-to-Noise Ratio. Nevertheless, 

the use of these tools comes with physical constraints. Some solutions are being developed 

to tackle these limitations and are presented in this section. 

1.2.1.  The benefits to go towards higher field strengths 

Signal-to-Noise Ratio 

The signal in a voxel is generated from the total magnetic moment of the spins. There are 

different ways to enhance this signal, as shown in Equation (1.2). The inverse proportionality 

of M0 to the temperature T indicates that sensitivity can be enhanced at lower sample tem-

peratures. Obviously, it is unrealistic for in vivo applications. The other obvious solution 

comes from the linear dependence of M0 on the magnetic field strength B0. It directly implies 

that higher magnetic fields improve the signal detected by the MR coil. 

In the meantime, no direct relationship exists between noise and magnetic field strength. 

Therefore, based on Eq.(1.2), the Signal-to-Noise Ratio is expected to increase with B0. The 

theory indicates that it is true in a range of intermediate field, typically around 1.5T, but seems 

to deviate substantially from this rule with a very high magnetic field, evolving rather supra-

linearly as predicted by Ocali (Ocali and Atalar, 1998) and confirmed experimentally by 

Pohmann in recent works, where SNR~B0
1.65 (Pohmann et al., 2015).  

Contrast-to-Noise Ratio 

As important as having a high signal is the possibility to differentiate different neighboring 

tissues. Going towards more intense fields also influence relaxation times in a non-linear way, 

as shown in Figure 1.4. The susceptibility effects are exacerbated with magnetic field, leading 

to an increased sensitivity to T2
* contrasts. T1 also increases in tissues with field strength, but 

remain stable in liquids, as observed in Figure 1.2. Applications such as MR angiography 

benefits from this property, as the difference between the short T1 of blood, and the longer 

T1 of tissues is increased with field strength.  
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Physicians have adopted the high-field imaging technology and joined in to actively partici-

pate in its progress. Currently, the three major vendors have together installed more than 70 

7T around the world (Polimeni and Uludağ, 2018). Siemens obtained the U.S. Food and 

Drug Administration (FDA) clearance as well as CE marking for a clinical 7T MRI device in 

October 2017, taking 7T one step closer to becoming a platform for advanced clinical imag-

ing. Their installation and use for research purposes as well as clinical practice are expected 

to dramatically increase, as observed for 3T in the 2000’s. The objectives of such an upmarket 

move are multiple in radiology, ranging from a better delimitation of lesions to the demon-

stration of lesions, invisible otherwise (Ge et al., 2008). Unfortunately, alongside the oppor-

tunities provided by UHF MRI, several challenges arise. 

1.2.2.  Challenges from ultra-high field MRI 

B0 heterogeneity 

In areas where the difference between tissues’ susceptibility is large, such as the air-tissue 

interface, substantial fluctuations are introduced into the static field observed by the spins, 

resulting in overall image degradation. Due to the dependence of magnetization M0 on the 

external field B0, these non-uniformities become more pronounced in UHF MRI, as shown 

in Figure 1.5. Although these effects can be compensated with the aid of first and second-

order shim coils, residual variations typically remain near intracranial cavities. These unde-

sired disparities in the main field not only result in signal loss due to intra-voxel dephasing, 

but also in geometrical distortions originating from the bias introduced in the frequency en-

coding.  

Different methods are developed to mitigate these undesirable effects, in particular by the 

use of additional shim coils to homogenize the B0 up to higher orders. However, these are 

generally not sufficient. Indeed, at 7T, the slightest respiratory or pulsatile movement can 

cause large fluctuations in B0, going as far as the brain. For this reason, more and more 

research centers using UHF are moving towards “dynamic shimming” techniques, for exam-

ple, with field probes that measure and correct these variations in real time. This subject was 

not in the scope of this work, but more information can be found in literature (Aghaeifar et 

al., 2018; Vannesjo et al., 2014). 
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Figure 1.5 : ΔB0 maps (in Hz) acquired at 3T (a, b) and simulated for 7T (c, d).  

B1 heterogeneity 

UHF MRI benefits in terms of SNR and CNR are undermined by the huge disadvantage of 

the inhomogeneous propagation of the radiofrequency field in the human body at 297MHz. 

Indeed, the RF excitation of spins should be as uniform as possible to obtain a consistent 

contrast. The homogeneity of the B1 field comes from several elements, from which the 

architecture of the coil constitutes a first factor. In addition, the electromagnetic behavior of 

tissues constitutes a second factor. It is mainly characterized by two properties. First, the 

relative permittivity of tissues, εr, characterizes the ability of atoms to move and orient under 

the effect of an electric field. Secondly, their conductivity, σ, affects the resulting current 

density during free charge transport. It defines their ability to let electric charges move under 

the effect of the electric field. These quantities are related to the magnetic field and the elec-

tric field by the Maxwell’s equations, governing the laws of electromagnetism (Maxwell, 

1865). David Hoult (Hoult, 2000a) has shown that these dielectric properties of the human 

tissues are modified from 3T and above. This impacts the Maxwell equations and will affect 

the B1 excitation field. 

Figure 1.6 illustrates the electromagnetic problem encountered at 297 MHz on a sphere as 

well as on the head. The B1 fields retrieved from a classic birdcage coil at this frequency in 

the presence of a human head or a sphere of same permittivity show the B1 heterogeneity 

that needs to be tackled.  
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Figure 1.6 : B1 field resulting from a 16-leg birdcage coil at 297MHz using CST software a) on a 
sphere b) on a specific anthropomorphic phantom, both filled with same permittivity and conductivity 
material of εr =42 and σ=0.99 S/m.  

These different factors result in cancellations in certain regions during RF transmission. This 

leads to dark areas in the image, revealing interference phenomena called “dielectric arti-

facts”(Hoult, 2000a), even when the desired flip angle α is locally attained in other regions 

(Van de Moortele et al., 2005) (see Figure 1.7). 

 

Figure 1.7 : Simulated gradient echo images as a function of the magnetostatic field B0 using a bird-
cage coil with ideal current distributions in the rungs. From (Webb, 2011). 

Specific Absorption Rate (SAR) 

For a given pulse and flip angle α, an increased energy deposition is encountered at UHF 

(Bottomley and Andrew, 1978; Hoult, 2000a). For a conPducting sphere of radius 𝑏 and of 

specific resistance 𝑅𝑆, the power dissipated in a homogeneous way is (Hoult and Lauterbur, 

1979): 

 
𝑃 =

𝜋𝜔0
2𝐵1

2𝑏5

15𝑅𝑆
 (1.12) 

We can observe the quadratic relation of the power dissipated in the object with the magne-

tostatic field B0 and with the field B1. This has two consequences: first, it is necessary to send 

more power to obtain a sufficient field B1 at any point in the region to be imaged. Second, 

more power is absorbed by the body, resulting in a rise in temperature that could lead to 

tissue damage. 
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Since the equipment is not able to directly measure the temperature generated by the coil in 

the tissues, limitations on the power of the transmitted RF have been established, based on 

the Specific Absorption Rate (SAR). International standards (IEC 60601-2-33) provide 

guidelines for the maximum energy deposition in human subjects to provide sufficient safety 

with respect to the induced temperature. These recommendations are based on the one hand 

on the measurement of the global SAR, that is to say the SAR induced in all the considered 

volume (here, the whole head) and on the other hand on the local SAR, induced in 10g of 

tissue. The recommendations of this standard for SAR for a human head are presented in 

Table 1.1. 

These values are based on various scientific studies (Athey, 1989; Athey and Czerski, 1988; 

Barber et al., 1990) stating that temperatures of 38 °C located in the head, 39 °C in the trunk 

and 40 °C in the extremities, are not likely to have harmful effects. Therefore, for the head, 

these standards are established so that the temperature rise in the eye, an unperfused ana-

tomical part, does not exceed 2°C. 

 10s 6min 

Local SAR (10g) 20W/kg 10W/kg 

Global SAR (whole head) 6,4W/kg 3,2W/kg 

Table 1.1 : International SAR standards for acceptable limits for a human head based on two scales 
(spatial and temporal) 

It turns out that, according to Hoult, (Hoult, 2000a), the evolution of the SAR as a function 

of the frequency and as a function of the distance in the sample is not linear. Figure 1.8 

shows that for any fixed distance z, when the frequency increases, the SAR reaches a maxi-

mum and then decreases. The same goes for a fixed frequency. 

 

Figure 1.8 : Absolute value of SAR in a sphere of 10cm radius, for a B1 field applied by a quadrature 
coil of 5.87uT (v = 250Hz), depending on the frequency and depth in the load. (Hoult, 2000a) 
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Therefore, to obtain images only depending on the relaxation properties of the tissue to be 

analyzed, it is essential to mitigate the B1 field locally at 7T, to homogenize the spins’ flip 

angle at every pixels, while taking care to not exceed SAR limitations.  

1.2.3.  Solutions 

1.2.3.1.  Dielectric pads and meta-materials 

As seen in simulations (Figure 1.6 and Figure 1.7) and confirmed by images obtained on 

human brain in vivo at 7T, dark areas appear in the temporal lobes and in the cerebellum 

area when using a standard birdcage. It is necessary to modify the B1 field locally to homog-

enize the flip angle at any point in the image.  

One way to do this would be to better adapt the coils to the medium to be imaged by adding 

materials in the coil. The study of the literature shows that this adaptation can be achieved 

by applying pads composed of a mixture of water and high permittivity materials on the skin 

of the patient (Brink and Webb, 2014; Yang et al., 2006), near the temporal lobes or in front 

of the cerebellum. The permittivity of the air is close to that of the vacuum whereas that of 

the water is much higher (≈80 at 20 °C). Replacing the air with a high permittivity material 

makes it possible to carry out an impedance adaptation, thus avoiding electromagnetic losses. 

Quantitative measurements have shown that these high permittivity pads introduced into the 

coil do not increase global or local SAR (Teeuwisse et al., 2012a), while significantly increas-

ing the quality of the image, particularly in the temporal lobes and the cerebellum, as shown 

in Figure 1.9. 

 

Figure 1.9: Images from a Turbo Spin Echo sequence (T2-weighted), without dielectric pads (first line) 
and with dielectric pads (second line). The white arrows show the areas particularly improved by the 
dielectric pads, from (Teeuwisse et al., 2012a). 
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Unfortunately, dielectric pads are not entirely fulfilling the requirements to be used in UHF 

clinical routine. They represent an important bulk in the coil, they reduce patient’s comfort, 

and they degrade rapidly. Some materials can be expensive and others like barium titanate 

(BaTiO3), referenced as toxic. To foster the RF transmission and avoid these inconveniences, 

a solution based on the use of Meta-Material structures, acting like a magnetic resonators in 

the RF coil, has been proposed by the Institut Fresnel in collaboration with Neurospin and 

is currently being studied. It will be discussed in more details in Chapter 4 

1.2.3.2.  Parallel transmission 

RF static shimming 

To address the origins of the problem, another solution adopted in the community is the use 

of parallel transmission (pTx). The coil remains a birdcage, but each rung is powered by 

separate amplifiers instead of a single one. The interferences of these 𝑛𝑇 transmission chan-

nels are then optimized to produce a more homogeneous RF field. In RF static shimming, 

the same RF pulse waveform, 𝑝(𝑡), is transmitted on each channel, scaled by a channel-

specific complex weight, 𝑤𝑐, so that the sum of the fields is as homogeneous as possible, 

according to the following equation:  

 

𝐵1
+(𝑟, 𝑡) = 𝑝(𝑡)∑𝑤𝑐𝑆𝑐(𝑟)

𝑛𝑇

𝑐=1

 (1.13) 

Where 𝐵1
+(𝑟, 𝑡) is the resulting field in position 𝑟 of the volume at time 𝑡, 𝑆𝑐(𝑟) is the spatial 

transmit sensitivity produced by each channel, and 𝑤𝑐 is the complex coefficient (magnitude 

and phase) applied to each transmitting coil to obtain a 𝐵1
+(𝑟, 𝑡) as close as possible from 

the targeted value in every point of the region of interest. 

To estimate the coefficients 𝑤𝑐, a calibration of the system is necessary. It consists in the 

acquisition of B1
+ maps from each of the 𝑛𝑇 channels separately, to perform an adjustment 

to optimize the different 𝑤𝑐. This new degree of freedom given by such technology makes 

possible the correction of a large part of the problems encountered at 3T on large organs. At 

higher fields, this approach unfortunately only partially solves the problems encountered. 

RF dynamic shimming 

Another more complex solution is to determine individually the excitation that will be ap-

plied in each region of the space. Yip and colleagues have proposed a method to design 

pulses that satisfy this query (Yip et al., 2005). The counterpart is in very long pulses that are 

difficult to use in a conventional sequence pattern. Thus Grissom (Grissom et al., 2006) and 
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Katscher (Katscher and Börnert, 2006) have proposed an extension of this approach by tak-

ing advantage of multichannel transmission systems. 

In that case, it is not a static complex coefficient 𝑤𝑐 that is optimized for each transmission 

channel but rather a pulse specific to each channel, 𝑝𝑐, taking into account their respective 

behavior 𝑆𝑐(𝑟). We then speak of a “dynamic B1
+ shimming”. This can be written:  

 

𝐵1
+(𝑟, 𝑡) = ∑𝑝𝑐(t)𝑆𝑐(𝑟)

𝑛𝑇

𝑐=1

 (1.14) 

Like static shimming, it is necessary to make a specific calibration of each of the channels 

according to the patient placed in the coil. To further reduce the pulses durations, more 

effective strategies have been proposed in recent years as was able to synthesize Padormo in 

a review article on the subject (Padormo et al., 2016). These solutions are very elegant but 

require computing time during the exam and are very complex. More recently, (Gras et al., 

2017a) came up with a solution taking advantage of the reproducibility of the brain shape to 

provide a push-button solution, called “Universal Pulses”. Given a coil and a sequence, this 

solution provides a pulse applicable to any patient in the scanner, avoiding such loss of time 

and efficiency in clinical routines for the brain. These solutions will be discussed in more 

details later on in this manuscript. The application of such techniques allows to make the 

most of UHF, in order to obtain high-resolution quantitative images, to go further in the 

quantification of tissues and possible diagnosis. To perform such quantification, different 

strategies can be adopted, as will be presented in the next chapter. 
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Chapter 2. Measuring NMR parameters 
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uantitative MRI relies on measurement of NMR parameters of interest listed in Chapter 

1 in a robust manner. The measurement must not depend on any external factor, but 

only reflect tissue properties and environment. Different approaches have been studied to 

retrieve such information. In this section, we will first describe the Spin-Echo sequence, used 

for gold-standard measurements, and show how it is used to properly retrieve quantitative 

measurements. Although some acceleration strategies can be adopted, these spin-echo based 

solutions are still long and can hardly be applied in clinical routine at UHF. Another strategy 

is to use Steady-State Free Precession (SSFP) sequences, described later on in this section.  

As the correlation of multiple complementary NMR parameters could help in the interpre-

tation of the physio-pathological events, strategies for implementing multi-parametric simul-

taneous measurements in a single sequence are currently being developed in the literature, 

usually based on such SSFP sequences. A brief and qualitative overview of these methods 

will also be presented in this chapter, discussing the feasibility to apply each strategy at 7T. 

Finally, the objectives and challenges of this PhD thesis will be described. 

 

Q 
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2.1.  Measuring NMR parameters of interest 

2.1.1.  Spatial encoding 

To perform imaging, the vast majority of sequence consists of a train of excitation pulses 

that are separated by a constant repetition time (TR). A specificity of MRI is that the images 

are acquired in the Fourier domain, by filling the “k-space”. This k-space encoding is per-

formed between consecutive excitation pulses by means of switched magnetic gradient 

pulses, oriented along arbitrary X, Y and Z logical directions, called read, phase, and slice-

selection directions. Their intensities vary over time in order to spatially encode the signal 

coming from the spins. Indeed, when considering a cluster of spins that precess with the 

same frequency (called an isochromat), these gradients will induce local magnetic field vari-

ations, leading to a unique precession frequency for each isochromat at a distinct spatial 

location. This precession frequency, depending on the spatial coordinates of the spins, allows 

to retrieve their location. Figure 2.1 illustrates a basic chronogram of a sequence and the 

associated k-space sampling pattern. Different gradient-switching patterns can be used to 

encode the image. The most widespread sampling strategy is the use of Cartesian encoding, 

where regularly spaced lines (frequency encoding or readout) are acquired each TR, the or-

thogonal coordinates corresponding to the incremental phase encoding steps. Other non-

Cartesian methods can be applied to reduce acquisition time, but are out of the scope of this 

manuscript. Information can be found in (Lauterbur, 1973; Ahn et al., 1986; Pipe, 1999).  

 

 

Figure 2.1: a) Chronogram of a 3D Gradient Recalled Echo (GRE) sequence and b) associated sche-
matic sampling pattern in k-space. RF: Radiofrequency emission, RO: Readout gradients, SS: Slice 
Selection gradients, PE: Phase-Encoding gradients. Colors in the chronogram corresponds to associated 
displacement in the k-space. 

By applying an inverse Fourier transformation, the matrix of NMR signals is reverted into 

an MR image in the space domain and an image is retrieved, as shown in Figure 2.2.  
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Figure 2.2 : Logarithm of the modulus of complex k-space NMR data (a) and the magnitude of the 
associated reconstructed image through 2D discrete inverse Fourier transform (b) 

We now understand pulse sequence diagrams, and how images can be retrieved using MR. 

The very basic pulse sequence is called the “Spin-Echo” (SE) experiment, originally discov-

ered by (Hahn, 1950) in spectroscopy. It is now used to perform imaging and has many 

variations, as described in the following section. 

2.1.2.  Spin-Echo sequences 

2.1.2.1.  Spin-echo 

In the Spin-Echo experiment, a first flip angle 𝛼1 is applied to the system. Once this excita-

tion has been applied to the system, because of the presence of imaging gradients, these spin 

isochromats have a range of precession frequencies. Some precess faster than the Larmor 

frequency, while others precess slower. This produces a phase dispersion among the spin 

isochromats. The application of a “refocusing RF pulse” of flip angle 𝛼2 will rotate the dis-

persing spin isochromats about an axis in the transverse plane so that the magnetization 

vector will rephase (or refocus) at a later time (Haacke et al., 2014). Figure 2.3 presents a 

simplified picture of the behavior of the individual spins during the experiment. 
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Figure 2.3 : Description of spins behavior during a spin echo experiment. a) Spins are along z-axis, 
forming M0 vector. b) A 90° pulse rotates the spins around the x’-axis, into the transverse plane where 
they begin to precess. c) The spins accumulate extra phase, until d) this accumulation is inverted by 
the 180° refocusing pulse. The spins continue to collect extra-phase at the same rate and, at a later 
time, e) all spins return to the positive y’-axis together, forming a spin echo. The echo amplitude is 
reduced by the intrinsic T2 decay. From (Haacke et al., 2014) 

An expression for the retrieved signal can be derived (Bernstein et al., 2004): 

 

𝑆 =  𝑀0 sin 𝛼1 sin2(
𝛼2

2
)
1 + (cos 𝛼2 − 1)𝑒

−
𝑇𝑅−

𝑇𝐸
2

𝑇1 − cos 𝛼2 𝑒
−

𝑇𝑅
𝑇1

1 − cos 𝛼1 cos 𝛼2 𝑒
−

𝑇𝑅
𝑇1

 (2.1) 

If 𝑇1 ≪ (𝑇𝑅 −
𝑇𝐸

2
) , then the signal in Eq. (2.1) is maximized by setting 𝛼1 =90° and 

𝛼2=180°, leading to:  

 

𝑆 ∝  𝑀0 𝑒
−

𝑇𝐸
𝑇2 (1 − 2𝑒

−
𝑇𝑅−

𝑇𝐸
2

𝑇1 + 𝑒
−

𝑇𝑅
𝑇1 ) 

(2.2) 

Therefore, to refocus transverse magnetization optimally, refocusing RF pulses commonly 

have a flip angle of 𝛼2 = 180°. Other values of the flip angles can be used with shorter TR 

to increase the signal or to maximize the contrast between a particular pair of tissue types. 

Sometimes, a lower value of the flip angle of the refocusing pulse is used to reduce SAR, 

particularly at 3.0T and above. 
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Spin-Echo sequences are usually obtained in 2D mode. Figure 2.4 shows a typical 2D Spin-

Echo pulse sequence diagram, with the RF excitation, Readout (RO), Slice-Selection (SS) and 

Phase-Encoding (PE) gradients used for Fourier encoding.  

 

Figure 2.4 : Spin-Echo sequence diagram. The Readout (RO), Slice-Selection (SS) and Phase Encoding 
(PE) axis contain gradients to encode the k-space from one TR to the other. 

As shown in Eq. (2.2), the signal of a SE sequence depends both on T1 and T2. To produce 

T1- or T2- weighted contrasts, there are many variants to this basic SE pulse sequence. Mainly, 

they consist in the addition of a “magnetization preparation” block to the sequence, or in the 

modification of the applied RF pulse or imaging gradients, or even TE and TR, thus probing 

the signal differently. Some of the possibilities, used for quantitative MRI, are described here. 

2.1.2.2.  Spin-Echo Echo-Planar imaging (EPI) 

Echo-Planar Imaging (EPI) is a way to encode the k-space in order to accelerate MRI acqui-

sitions. It can be applied in multiple sequences. In a Spin-Echo EPI sequence, the readout 

gradient encoding is applied, after the combination of 90° and 180° pulses, alternating quickly 

and therefore probing a spin echo for each oscillation, as shown in Figure 2.5. Each oscilla-

tion corresponds to a given line of the k-space. Phase-encoding blips are then applied for 

each echo, moving from one line to the next. Thus, each k-space line along the phase-en-

coded direction is acquired at a different TE. The effective TE of the sequence, TEeff, is 

defined as the TE when the central line is acquired. The TE of the spin echo may or may 

not correspond to this TEeff. When they both coincide, the image becomes predominantly 

T2-weighted, instead of T2
*-weighted.     
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Figure 2.5: a) Spin-echo EPI sequence scheme. b) Illustration of an EPI k-space trajectory. From 
(Hammer, 2013)  and (Elster, 2018) 

This sequence scheme is very sensitive to refocusing pulse inaccuracies, but has the ad-

vantage to use only one 180° pulse. Therefore, no stimulated echoes are generated. However, 

the number of useful echoes is limited, to reduce the T2
*-weighting of the acquisition, as 

illustrated in Figure 2.5a.  

2.1.2.3.  Multi-Echo Spin Echo and Carr-Purcell-Meiboom-Gill (CPMG) 

In a SE sequence, the transverse magnetization that forms a SE can be repeatedly refocused 

into subsequent SEs by playing additional 180° RF refocusing pulses. The use of such strat-

egy is called “Multi-Echo Spin Echo”, and allows the acquisition of several echoes with var-

ying TEs.  The series of echoes obtained with this process is called an echo train. The series 

of SE are refocused at times TE1, TE2, TE3, and so on. Each echo number fills its own 

independent k-space, which is reconstructed with 2D Fourier transform. 

 

Figure 2.6 : Excitation scheme of conventional Spin Echo and Multi-echo spin echo (adapted from 
(Elster, 2018)) 

This strategy seems interesting, but two images produced from echoes with the same TE 

value may differ, depending on the number of preceding refocusing pulses. Indeed, errors in 

the 180° pulse are cumulative. Therefore, the magnetization will rotate out of the transverse 

plane. In addition, the T2 exponential decay of the signal influences the contrast, but also 
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limits the number of useful echoes possible to acquire. Finally, contributions from stimulated 

echoes can introduce unwanted T1-weighting variations into the echo-train signals (Bernstein 

et al., 2004).  

The Carr-Purcell-Meiboom-Gill (CPMG) sequence (Carr and Purcell, 1954; Meiboom and 

Gill, 1958) is an enhancement of this approach in which the phase of the RF pulses is mod-

ulated to compensate for small deviations in the refocusing efficiency. In other words, if the 

90°-pulse is applied along the x-axis, the 180°-pulses are applied alternately along the ±y-

axes. Timings and gradients shapes of this CPMG sequence must be studied cautiously to 

avoid the superposition of stimulated echoes to the echoes of interest, based on the Extended 

Phase Graphs (EPG) theory (Weigel, 2015). 

2.1.2.4.  T2 measurement  

The goal of T2 mapping is to provide a calculated image in which each pixel value quantita-

tively represents the average T2 of the tissue within that voxel. In Eq. (2.2), SE sequences 

show a clear dependence on T1, T2, TE and TR. To assess T2 properly, it is necessary to null 

the TE dependence on the longitudinal magnetization, which will introduce an unwanted T1 

dependence into the SE signal. 

It is possible to reduce Eq. (2.2) to the simple form of Eq. (2.3) by setting TR to be much 

greater than T1 and therefore TE (see Eq. (2.2)). It is much longer, but in this case, SAR 

should not exceed limits, even at UHF.  

 
𝑆 ∝  𝑀0 𝑒

−
𝑇𝐸
𝑇2 (1 − 𝑒

−
𝑇𝑅
𝑇1 ) (2.3) 

As TE is extended, the signal intensities in the images decrease in an exponential manner as 

described by Eq. (2.3). As any echo has the same TR/T1 dependence, assuming constant spin 

density, a series of images 𝑆𝑖 is generated so that: 

 
𝑆𝑖(𝑡) ∝ 𝑆0 𝑒

−
𝑇𝐸𝑖
𝑇2  (2.4) 

Where the subscript i is used to denote the i-th image with echo time TEi and S0 is propor-

tional to the PD. The acquisition of these multiples TE can be performed using a simple SE 

sequence repeated several times, but acquisition time can be prohibitive. In this case, spin-

echo EPI is often preferred, using a short train of echoes to reduce T2
* effects. T2 CPMG, 

cautiously applied considering stimulated echoes as mentioned above, can also be used. A 

voxel-wise mono-exponential fitting procedure is performed on the dataset using least 

squares minimization, so that a value for T2 is calculated for each voxel over the region of 

interest. In order to measure an accurate T2, a sufficient number of TE must be sampled to 
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define an exponential function. However, acquiring too many time points takes time, thus 

limiting the applicability in clinical routine.  

2.1.2.5.  T1 measurement 

To exacerbate T1 weighting in Spin-echo images, contrast can be manipulated using a mag-

netization preparation module. It consists in flipping the longitudinal magnetization from 

the +Z to –Z axis using an “inversion pulse”. A time delay, TI, called the inversion time, is 

then provided to allow the inverted magnetization to recover towards its equilibrium value 

before applying the pulse of the subsequent spin-echo sequence, as shown in Figure 2.7. 

Tissues with different T1 will recover at different rates, creating a T1 contrast among them. 

The next RF excitation pulse will convert the differences in the longitudinal magnetization 

into differences in the transverse magnetization. Pulse sequences with an inversion pulse 

followed by a time delay prior to an RF excitation are known as “inversion recovery” (IR) 

sequences. 

 

Figure 2.7 : Inversion Recovery Spin-Echo sequence diagram. A first inversion pulse of 180° is applied 
with a delay time of TI before the application of a Spin-Echo sequence. 

Following an IR pulse of 180°, the available magnetization at the time of excitation is: 

 
𝑆(𝑇𝐼) =  𝑆0 (1 − 2𝑒

−
𝑇𝐼
𝑇1) (2.5) 

Where 𝑆(𝑇𝐼) is the signal measured at time TI, and is proportional to the T1-magnetization 

at that time, and S0 is the signal that would be acquired from the equilibrium longitudinal 

magnetization.  

IR pulse sequences have many applications and are widely used in clinical practice. In addi-

tion to producing images with a broad range of T1-weighted contrast, IR is also used to 
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generate selective signal attenuation, such as lipid suppression, fluid attenuation, and blood-

signal nulling in black-blood angiography. IR sequences are also used to perform conven-

tional T1 mapping. 

To map quantitatively T1, a series of IR images followed by a SE sequence are acquired from 

the same location, each with a different TI while keeping all other parameters identical. To 

avoid signal saturation, a long TR>5T1 must be used. The pixel intensity of the image is then 

plotted as a function of TI as shown in Figure 2.8. In this way, the recovery curve can be 

sampled and T1 can be estimated by fitting Eq. (2.5) to the data.  

 

Figure 2.8: IR magnetization before excitation according to the inversion time. WM, GM and CSF 
exhibit different relaxation times. The fitting of this curve with Eq. (2.5) leads to an estimation of the 
corresponding T1 of the tissue. 

Provided that the inversion pulse is perfect across the whole sample, this will give an accurate 

measurement of T1. Of course, this inversion pulse combined with the very long acquisition 

time constitute limiting factors for an application in clinical routine at UHF. 

2.1.2.6.  Diffusion-weighted Spin-Echo  

Diffusion imaging tracks the movement of water molecules in the presence of tissue micro-

structure, which hinders and restricts the natural tendency of water to diffuse freely in all 

directions. To increase the sensitivity to diffusion, all diffusion imaging pulse sequences con-

tain a diffusion-weighting scheme. In principle, diffusion weighting gradients can be incor-

porated into any pulse sequence, although sequences employing RF spin echoes are more 

popular than those based solely on gradient echoes.  

To obtain diffusion-weighted imaging, the historical sequence of Stejskal-Tanner (Stejskal 

and Tanner, 1965), as described in Figure 2.9a, is usually used. It is a SE sequence, in which 

strong gradients are played in the readout direction, to encode and then decode spatial posi-

tions at a very fine scale.  
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Figure 2.9 : (a) Diffusion-weighted spin echo scheme (Stejskal-Tanner sequence). A pulsed gradient, g, 
is introduced in the sequence, either side of the 180° refocusing pulse. The amplitude G, duration 𝛿 
and timing of g determine the amplitude of the spin echo, while the inter-pulse delay ∆ and the dura-
tion of the pulse define the diffusion time td=∆ −

1

3
𝛿. (b) Diffusion-Weighted Stimulated Echo Ac-

quisition Mode (DW-STEAM) pulse sequence. The diffusion-weighting gradient can be applied to any 
axes. (c) Twice-refocused SE sequence showing added 180° refocusing pulse and gradients 

In practice, other sequences can be used, such as STEAM (STimulated Echo Acquisition 

Mode) and Double Spin-Echo. STEAM consists in the application of three 90°-pulses with 

the same phase to produce a stimulated echo. The first two pulses are separated by a time 

delay τ, as shown in Figure 2.9b. After the same delay τ following the third pulse, a stimulated 

echo is produced. Two identical diffusion gradient lobes are applied during these τ intervals 

to obtain a diffusion weighting. This technique allows to retrieve high b-values with low TE 

compared to the method described above. However, as this method relies on the acquisition 

of a stimulated echo, the SNR is less than what would be expected for a primary echo.  
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While the usual SE diffusion sequence introduced by Stejkal and Tanner uses a single refo-

cusing RF pulse, many SE diffusion sequence variants can be created. Adding RF refocusing 

pulses and splitting the gradients into shorter pulses of alternating polarity allows the reduc-

tion of residual fields during the on and off gradient transitions. It was originally proposed 

by (Reese et al., 1998) and is now very often used, usually built into an EPI k-space trajectory 

to reduce the acquisition time. 

2.1.2.7.  ADC measurement 

In the presence of a gradient, molecular diffusion attenuates the MRI signal exponentially 

(Bernstein et al., 2004) : 

 𝑆 = 𝑆0𝑒
−𝑏𝐷 (2.6) 

Where 𝑆 and 𝑆0are the voxel signal intensity with and without diffusion respectively, 𝐷 is 

the diffusion coefficient along the direction of the applied diffusion gradient, and 𝑏 is called 

the 𝑏-value, that controls the degree of diffusion weighting in the image. The b-value is re-

lated to an arbitrary single axis gradient waveform G(t) by (Le Bihan et al., 1986): 

 
𝑏 = 𝛾2 ∫ [∫ 𝐺(𝑡′)𝑑𝑡′

𝑡

0

]

2𝑇𝐸

0

𝑑𝑡 (2.7) 

For rectangular lobes in a spin-echo pulse sequence used in the Stejskal-Tanner sequence, 

Figure 2.9, 𝑏 is: 

 
𝑏 = 𝛾2𝛿2𝐺2 (∆ −

𝛿

3
) (2.8) 

To measure the diffusion coefficient, different acquisitions with different diffusion weight-

ings 𝑏 will be used. A least-squares fit can then be implemented to solve Eq. (2.6). In the 

simplest case where two acquisitions 𝑆(𝑏1) and 𝑆(𝑏2) with different diffusion weightings 𝑏1 

and 𝑏2 are used, diffusion can be retrieved using: 

 
𝐷 =

1

𝑏1 − 𝑏2
ln (

𝑆(𝑏2)

𝑆(𝑏1)
) (2.9) 

2.1.2.8.  PD measurement 

All images acquired in MR are PD-weighted. Therefore, PD values can be measured from 

the image intensity in the absence of any T1 or T2 contrast. Practicalities from B1 or B0 het-

erogeneities may prevent this from being possible, and suitable corrections for T1 and T2 

losses need to be made. Extracting such information using multiple Spin Echoes may be 

nonviable. Thus, Spin-Echo sequences are usually disregarded and replaced by Steady-State 

Free Precession (SSFP) sequences to perform several individual acquisitions for mapping all 

parameters influencing signal amplitudes, followed by correction of measured image intensi-

ties (Neeb et al., 2006, 2008).  
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2.1.3.  Steady-State Free Precession (SSFP) sequences 

When TR becomes significantly lower than T1 and TE is lower than T2, a transverse magnet-

ization remains at the end of TR after the application of a certain flip angle. Therefore, the 

next excitation pulse will act on the modified magnetization. To obtain images, this process 

of rotation and relaxation is repeated again and again. It can be shown that a steady state of 

the magnetization will be established after several TR periods (~5T1). That means that the 

values of the magnetization magnitude from corresponding time points in adjacent TR in-

terval will be the same. This situation is called steady-state free precession (SSFP) and was 

formally first described by Carr (Carr, 1958). 

Different steady states are established for different gradient switching patterns. SSFP tech-

niques can be divided into two groups. First, “refocused” or “balanced” steady-state se-

quences, where both longitudinal and transverse magnetization are allowed to reach steady 

state; and second “spoiled” steady-state sequences, where the transverse magnetization is 

made zero, or spoiled, prior to every RF pulse, so that only the longitudinal magnetization 

attains steady state, at least theoretically. 

2.1.3.1.   Balanced SSFP 

Balanced SSFP (b-SSFP) is a special type of SSFP sequence where each applied gradient 

pulse is compensated by a gradient pulse with opposite polarity within TR, to make sure that 

no uncontrolled transverse magnetization remains, as shown in Figure 2.10. In other words, 

the gradient-induced spins’ dephasing within TR is exactly zero. The only source of phase 

accrual is due to off-resonance precession, coming for example from field variations reflect-

ing an imperfect shim. The well-shimmed voxels will be roughly characterized by a single 

resonance frequency, creating image contrast that reflects the local magnetic field in addition 

to T1 and T2 (Oppelt et al., 1986). This sequence goes by the name of “TrueFISP” on Siemens 

scanners, “FIESTA” for General Electrics and “Balanced FFE” for Philips equipment. 

 

Figure 2.10 : 3D Balanced Steady-State Free Precession (b-SSFP) sequence diagram. Each axis dis-
plays compensated gradients areas at the end of a TR. 
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In typical applications, the achievable field homogeneity is approximately 50 Hz for the brain. 

A frequency offset ν (frequency difference between radiofrequency synthesizer of scanner 

and local precession frequency of the magnetization) results in a dephasing of θ=2πνTR 

within TR. It is obvious that this additional dephasing leads to a modification of the resulting 

steady state, and hence to a certain deviation from the ideal oscillation around the Z-axis. 

This leads to the well-known “banding artifacts”, characterized by strong signal drops at 

regions where 𝜃 = ±𝜋 (or when 𝜈 = ±
𝑇𝑅

2
) (Scheffler and Lehnhardt, 2003), shown in Fig-

ure 2.11. 

 

Figure 2.11 : (a) ΔB0 map (in Hz) and (b) Balanced SSFP sequence applied at 7T on a phantom 
containing water and 1% of agar, with TR/TE=10/5ms and Flip Angle=20° with no phase offset. 
Banding artefact can be observed as highlighted by white arrows. 

These banding-artefacts can be addressed by performing an alternation of the sign of the 

phase given to the RF pulse, as shown in Figure 2.12. As the accumulated phase is propor-

tional to the repetition time TR, shortening the TR in the range of 7ms or less can also be 

done, especially because susceptibility variation is inevitable and can rarely be shimmed out 

completely. Work was done to combine multiple images with the bands shifted, which can 

be accomplished through alterations of the phase given to the RF pulse (Vasanawala et al., 

2000).  

 

Figure 2.12 : Plot of a b-SSFP signal as a function of phase precession per TR of the transverse 
magnetization. When the RF pulses are sign alternated (solid line), strong signal results on resonance 
with phase precession of 0 and a minimum of the signal (a band) occurs at ±180°. When the RF 
pulses are not sign alternated (dashed line), the curve is shifted so that the minimum occurs on reso-
nance. Both curves repeat with a period of 360°. From (Bernstein et al., 2004) 
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If 𝑇𝐸 =
𝑇𝑅

2
, bSSFP signal can be derived (Bernstein et al., 2004): 

 
𝑆𝑏𝑆𝑆𝐹𝑃 =

𝑀0 sin𝛼 (1 − 𝐸1)

1 − (𝐸1 − 𝐸2) cos 𝛼 − 𝐸1𝐸2
 (2.10) 

For 𝑇𝑅 ≪ 𝑇2,  

 
𝑆𝑏𝑆𝑆𝐹𝑃 =

𝑀0sin𝛼

(
𝑇1

𝑇2
) (1 − cos 𝛼) + (1 + cos 𝛼)

 (2.11) 

Because of this T1/T2 ratio, bSSFP sequences is said to have “T2/T1” contrast weighting. 

There is a fairly complicated dependence of the signal on flip angle 𝛼, making it hard for 

clinicians to interpret such images. Moreover, high flip angles between 50–80° are required 

to generate the highest possible signal. This can easily exceed the SAR limits, especially in 

UHF applications. 

2.1.3.2.  Gradient spoiling 

In a SSFP pulse sequence, a train of RF pulses is applied to the spin system, with time interval 

TR shorter than T2 to accelerate acquisition time. Therefore, at the end of a TR, if not bal-

anced, a residual transversal magnetization can remain. This residual will be subjected to the 

next RF pulse, and will produce a spurious signal that interferes with the desired signal, caus-

ing image artefacts, leading to potential errors on quantitative measurements (Haacke and 

Frahm, 1991; Haase et al., 1986), as shown in Figure 2.13a).  

 

Figure 2.13 : SSFP sequence applied at 7T on a phantom containing water and 1% of agar, with 
TR/TE=10/5ms and FA=20° with no phase offset and a) no gradient rewinder after readout, b) no 
gradient rewinder after readout and ‘natural spoiling’ with TR=1s and c) TR=10ms with a spoiling 
gradient in the readout direction. In a), signal interferences are clearly depicted in the phantom, from 
unspoiled transverse magnetization. In b), the transverse magnetization naturally attains its stationary 
state, at the cost of a long acquisition time. In c), the transverse magnetization is spoiled, thus accel-
erating acquisition time, at the cost of a loss of signal. 
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To eliminate the contribution of the various echoing pathways to the voxel signal, their 

phases need to be scrambled in such a manner that they add together in a destructive fashion 

and do not contribute to the signal following the RF pulse. This elimination of the transverse 

magnetization before each RF pulse is called “spoiling” the signal.  

There are several ways to spoil a signal. The first way would be to use a TR long enough to 

naturally attain the steady state (see Figure 2.13 b)). But this technique is very long and not 

applicable in clinical routine. The second technique consists in adding a “spoiling gradient”, 

as shown in the sequence diagram Figure 2.14. 

 

Figure 2.14 : SSFP sequence diagram with the use of a readout spoiling gradient. 

If the same gradient pulses are applied during each TR, and magnetic field inhomogeneities 

are neglected, the phase 𝜑 of a spin at position 𝑧 is given by Equation (2.12) (Bernstein et 

al., 2004). 

 
𝜑(𝑧) = 𝛾 𝑧 ∫ 𝐺(𝑡)𝑑𝑡 

𝑇𝑅

0

= 𝛾 𝑧 𝑀𝑅𝑂 ,              0 ≤ 𝑡 ≤ 𝑇𝑅 (2.12) 

Where 𝐺(𝑡) is the applied gradient at time t and 𝑀𝑅𝑂 the total readout gradient moment 

within a TR. Under the influence of a spoiling gradient, the transverse magnetization will 

thus dephase along the direction of the gradient, according to their location, leading to signal 

cancellation. The overall phase dispersion ∆𝜑 across the voxel is determined by the product 

of the gradient area 𝑀𝑅𝑂 and the voxel dimension across the gradient direction ∆𝑧, as shown 

in Eq.(2.13) .  

 ∆𝜑 = 𝛾 ∆𝑧 𝑀𝑅𝑂  (2.13) 

If the gradient area or the voxel dimension is sufficiently large, the phase dispersion will 

result in a greatly reduced net vector sum and consequently a decreased or nulled transverse 
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magnetization. Within an arbitrary voxel, the residual magnetization that remains in the trans-

verse plane at the end of a pulse sequence can be expressed as (Bernstein et al., 2004):  

 
𝑀𝑋𝑌 = 𝑀𝑋𝑌0

|sinc
∆𝜑

2
|  (2.14) 

It is interesting to note that when ∆𝜑 = ±2𝑚𝜋 (𝑚 = 1,2, … ), the residual magnetization 

becomes zero. Equation (2.14) also indicates that either a positive or negative spoiler gradi-

ents can be used to dephase the magnetization because the sinc is an even function. The 

minimal phase dispersion required to spoil the unwanted transverse magnetization is typically 

determined by experiments. Here, the metric NRO, defined in Eq. (2.15) will allow us to esti-

mate the number of 2𝜋 dephasing along the RO direction. 

 
𝑁𝑅𝑂 =

∆𝜑

2𝜋 
 (2.15) 

Figure 2.13c) depicts the acquisition of a SSFP sequence with a spoiling gradient correspond-

ing to NRO=1. Therefore, using this metric, a balanced SSFP corresponds to a NRO of 0, and 

the higher the NRO, the more the sequence will be spoiled. 

It is important to note here that the application of such spoiling gradient can increase the 

diffusion sensitivity of SSFP imaging, as demonstrated by (Buxton, 1993). Diffusion sensi-

tivity increases with shorter TR, resulting in a signal attenuation of up to 50%, leading to a 

lower SNR, as well as an unwanted diffusion-weighting of the images. 

These spoiling gradients do not destroy the transverse magnetization, but simply suppress 

its signal contribution. If the same spoiling gradient is used every TR, a fraction of the 

dephased magnetization will be rephased to form a signal echo in later TRs. Proper gradient 

spoiling requires a randomized gradient each TR to avoid this rephasing (Darrasse et al., 

1986). But achieving a broad range of variable areas requires either very strong gradients or 

long TR, making this impractical under most circumstances, leading to severe image distor-

tions due to eddy current problems (Frahm et al., 1987; Crawley et al., 1988).  

Therefore, spoiling using a spoiling gradient with identical momentum from one TR to the 

other needs to be used in combination with a second spoiling method, called “radiofrequency 

spoiling”.   

2.1.3.3.  Radiofrequency spoiling 

Radiofrequency spoiling uses the phase of the B1 field to lead to an incoherent dephasing of 

the spins from one TR to the other. The transverse magnetization that is excited in one TR 

will therefore have a phase angle that is offset relative to the magnetization that persists from 

prior excitations. If the tip axes are chosen appropriately, fresh signal from the most recent 
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RF pulse will dominate, while residual transverse components will phase cancel. The RF 

excitation is then phase-cycled to a predetermined schedule. (Miller et al., 2011; Zur et al., 

1991) 

This solution was introduced in 1991 by Zur et al. (Zur et al., 1991). Let Φ𝑗 be the phase of 

the B1 field for the j-th RF pulse. One method is to use randomized phases Φ𝑗 . But the 

effectiveness of the spoiling can fluctuate from TR to TR interval, leading to signal instability 

(Freeman and Hill, 1971). In practice, a quadratic schedule of phase angles has been shown 

to provide a stable signal. At each time interval TR, a phase is given to the RF pulse, Φ𝑗 such 

that: 

 Φ𝑗 = Φ𝑗−1 + 𝑗Φ0, 𝑗 = 1,2,3, … (2.16) 

Where Φ0 is a constant called the “phase increment”. Because Φ𝑗 − Φ𝑗−1 in Eq. (2.16) is 

linearly proportional to j, the phase Φ𝑗varies quadratically with j. The phase for the j-th RF 

pulse is given in Eq.(2.17) by solving the difference equation (2.16). (Bernstein et al., 2004)   

 
Φ𝑗 =

1

2
Φ0(𝑗

2 + 𝑗 + 2), 𝑗 = 0,1,2, … (2.17) 

The phase increment Φ0 is an adjustable parameter. The SSFP contrast, and effectiveness of 

RF spoiling is critically dependent on its value. In order to find the optimum value of Φ0, 

the steady-state signal can be simulated as a function of its phase increment, and compared 

to the expression of the ideal steady-state signal, given in Eq. (2.18), considering a perfect 

spoiling is obtained. 

 

𝑆𝐺𝑅𝐸 = M0 sin 𝛼
1 − exp (−

𝑇𝑅
𝑇1

)

1 − cos 𝛼 exp (−
𝑇𝑅
𝑇1

)
exp (−

𝑇𝑅

𝑇2
∗ ) (2.18) 

where 𝛼 is the RF flip angle. A simulation of the signal as a function of Φ0 was performed, 

as shown in Figure 2.15.  
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Figure 2.15 : Plot of the modulus of the transverse magnetization after 500TR as a function of phase 
increment 𝛷0, for TR=5ms, 𝛼=30°, T1=1100ms, T2 =55ms and a gradient spoiling such that NRO=1. 
The simulated Mxy shows high dependence on phase increment. It is very close to the ideal spoiled 
signal (dashed line) for different phase increment values. 

Peaks in the amplitude of this signal are observed for certain values of phase increment. 

Crawley et al. (Crawley et al., 1988) have shown that these peaks occur when Φ0 is a rational 

fraction of 360° because of an incomplete destruction of the transverse residual magnetiza-

tion. It varies according to the considered T1, T2 and TR considered. The steady state signal 

is very close to the theoretical ideally spoiled signal for different Φ0. In practice, Φ0 = 117° 

was proposed by Zur et al., and different values are implemented on different scanner brands 

(e.g. Φ0= 117°, 150 or 50°), explaining some of the variability that may be encountered be-

tween scanners. 

Figure 2.16 sums up the different cases of spoiling from a SSFP sequence with no rewinder 

in the readout direction. It can be seen that both spoiling gradient and radiofrequency spoil-

ing are needed to spoil the signal from transverse magnetization. 

In the literature, SSFP sequences using both spoiling gradient and radiofrequency spoiling 

are called “FLASH” (Fast low-angle shot), or GRE (gradient echo) sequences under Siemens 

environment, “SPGR” (spoiled gradient echo) in General Electrics and “FFE” (fast field 

echo) in Philips scanners. 
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Figure 2.16 : SSFP sequence applied at 7T on a phantom containing water and 1% of agar 
(T1=3000ms, T2=150ms), with TR/TE=10/5ms and FA=20° and a) with no phase offset and no 
gradient rewinder after readout, b) no gradient rewinder and a phase increment of 50° c) with a 
spoiling gradient in the readout direction of NRO=1 and no phase offset and d) with a spoiling gradient 
in the readout direction of NRO=1 and a phase increment of 50°. In a), signal interferences are clearly 
depicted in the phantom, from unspoiled transverse magnetization. In b), these interferences are still 
visible, although the phase increment reduce them. In c), the transverse magnetization is partly spoiled 
by the use of a spoiling gradient. In d), the transverse magnetization is completely spoiled, from both 
spoiling gradient and radiofrequency spoiling. This is the “FLASH” or “GRE” sequence case. 
 

2.1.3.4.  Quantification using SSFP 

One can notice that conventional methods to measure T1, T2 and ADC based on Spin-Echo 

adaptations, although accurate and unbiased, are quite long and not suitable for UHF appli-

cations. SSFP techniques show potential for rapid relaxometry with good spatial coverage 

and high resolution, as required for clinical acceptance and practice. 

Relaxometry  

Using a variable flip angle technique, the feasibility of high-resolution T2 mapping was 

demonstrated in vivo based on two b-SSFP scans, however, requiring prior knowledge of 

the longitudinal relaxation (T1) for accurate T2 estimations (Deoni et al., 2003, 2005). Fur-

thermore, bSSFP suffers from off-resonance related banding artifacts as discussed above, 

hampering its applicability at UHF. 

Steady-state imaging methods are more generally used to achieve rapid T1 mapping in the 

brain. The degree of T1-weighting of the images depends on the flip angle and TR of the 

pulse sequence, as shown in Eq. (2.18). So any of these can be altered to create a set of images 

with which T1 measurement becomes possible. The most widespread method is called 

“VFA” for Variable Flip Angle, also known as DESPOT1. It involves the acquisition of 

multiple spoiled-GRE images at varying flip angle, enabling T1 to be fitted in each voxel 

(Fram et al., 1987).  

The extraction of T1 using VFA is based on the expression of the steady state signal acquired 

in GRE (Eq. (2.18)) using a non-linear fitting. But the data are usually rearranged to fit a 
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linear form. Indeed, 
𝑆𝐺𝑅𝐸

tan𝛼
 and 

𝑆𝐺𝑅𝐸

sin𝛼
 are related by a linear relationship, allowing fitting with 

simple least squares linear regression (Deoni et al., 2003): 

 𝑆𝐺𝑅𝐸(𝛼)

sin 𝛼
= E1

𝑆𝐺𝑅𝐸(𝛼)

tan𝛼
+ M0(1 − E1) (2.19) 

Where E1 = exp (−
𝑇𝑅

𝑇1
). Fram et al. (Fram et al., 1987) have shown that the acquisition of at 

least three signals corresponding to different flip angles provides enough data points to make 

a linear regression and deduce T1 from the slope of the straight line. More recently, it has 

been shown that using VFA with two optimal flip angles gives good results too (Hurley et 

al., 2012), using a very simple expression of T1 depending on their respective signals, 

𝑆𝐺𝑅𝐸1and 𝑆𝐺𝑅𝐸2 and corresponding flip angle, 𝛼1and 𝛼2: 

 
T1 = −𝑇𝑅 (ln (

𝑆𝐺𝑅𝐸2 sin𝛼1 − 𝑆𝐺𝑅𝐸1 sin𝛼2

𝑆𝐺𝑅𝐸2 sin𝛼1 cos 𝛼2 − 𝑆𝐺𝑅𝐸1sin𝛼2 cos 𝛼1
))

−1

 (2.20) 

The two optimal angles for VFA acquisitions can be determined analytically using the theory 

of propagation of errors. Minimization of the variance of T1 gives two optimal angles: 

 
α𝑜𝑝𝑡1,2 = arccos(

E1 ± √2(E1
2)

2 − E1
2 ) (2.21) 

Flip angles of 5 and 20° are generally used. Such method is very sensitive to B1 variations. As 

RF inhomogeneities cause the achieved flip angle to vary across the brain at UHF, the acqui-

sition of additional scans to estimate flip angle maps has been proposed (Yarnykh, 2007). 

Parker et al. (Parker et al., 2001) showed that, by integrating over the slice profile and using 

a flip angle map, it was possible to obtain accurate multi-slice T1 measurements using this 

approach, in times of the order of a few minutes.  

Such method also requires complete spoiling of transverse magnetization. The effect of RF 

spoiling increment is therefore crucial in the accuracy of T1 estimations and was studied by 

(Preibisch and Deichmann, 2009). Figure 2.17 highlights the necessity to correct for both B1 

inhomogeneities and incomplete spoiling to obtain an accurate T1 estimation.  
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Figure 2.17: Central slice of a phantom T1 map acquired with a phase increment of 50° and corre-
sponding histogram  of T1 values inside the rectangular ROI : without any corrections (a and b), with 
correction for B1 inhomogeneities (c and d), and with correction for incomplete spoiling (e and f). The 
dashed vertical line indicates the reference value. From (Preibisch and Deichmann, 2009) 

Another possibility to assess T1 using SSFP methods is to monitor the longitudinal relaxation 

after spin preparation by rapid acquisition of an image series. Several T1 mapping techniques 

are based on this concept (Deichmann, 2005; Deichmann and Haase, 1992; Henderson et 

al., 1999; Shah et al., 2001; Steinhoff et al., 2001; Scheffler and Hennig, 2001), using a spoiled 

or balanced SSFP readout. Since these readouts continually excite the magnetization recov-

ery, fresh magnetization is mixed and must be accounted for. 

Proton Density 

PD mapping is challenging, and great care has to be taken to correct for any image intensity 

bias that may impair the accuracy of measured results. PD can be expressed from 𝑀0 as 

(Volz et al., 2012): 

 
𝑀0 = 𝑃𝐷 ∙ 𝐶 ∙ 𝑅𝑃 (2.22) 

Where RP is the profile of the receiver coil sensitivity and C is a constant scaling factor 

without spatial variation that depends on a variety of parameters such as the receiver gain 

setting and the scaling parameters used for image reconstruction. 

From Eq. (2.18) and (2.22), it is clear that biases can be due to variations of T1, T2, T2
*, 

inhomogeneities of the radiofrequency field B1, distortions of the static magnetic field B0, 

and intensity nonuniformities imposed by spatial variations of the receiver coil sensitivity 

profile. Thus, PD mapping methods usually comprise several individual acquisitions for map-

ping all the parameters influencing signal amplitude. The bias-free images are then converted 

into quantitative PD-maps by suitable normalization, where a value of 100 percent units (pu) 

corresponds to a PD of pure water at 37°C. 
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(Volz et al., 2012) proposed a PD-maps extraction of the whole-brain using three different 

sequences in 18 minutes. Variable Flip Angle, described above, was used for T1 mapping. B1 

mapping described in (Volz et al., 2010) was used for flip angle correction of the T1 maps. 

T2
* mapping was acquired with two gradient echo data sets with different TE. Furthermore, 

the acquisition with the short TE was repeated once using the Body Coil (BC) for signal 

reception on the 3T scanner. This additional scan is required for obtaining the Head Coil 

(HC) receive profile (RP) according to: 

 
𝑅𝑃(𝐻𝐶) =

𝑆(𝐻𝐶)

𝑆(𝐵𝐶)
 𝐵1 (2.23) 

M0 can also be determined from the image intensity (𝐼) of a GRE image according to: 

 
𝑀0 =

𝐼

𝑆𝐺𝑅𝐸 exp (−
𝑇𝐸
𝑇2

∗)
 

(2.24) 

Where 𝑆𝐺𝑅𝐸is defined in Eq. (2.18). Substituting Eq. (2.24) into Eq. (2.22) leads to the pos-

sible estimation of unbiased PD, given T1, T2
* and RP determined pixel-wised using the above 

acquisitions. 

In the absence of body coil, the RP can be derived from spoiled SSFP images with low flip 

angle chosen to minimize image contrast, and using the low-pass-filter method (Wang et al., 

2005; Lecocq et al., 2015). 

Diffusion 

As explained by Buxton (Buxton, 1993), the SSFP signal is very sensitive to molecular diffu-

sion because it is a sum of many echo paths, where most of these echoes are stimulated 

echoes that were generated by previous RF pulses in the SSFP pulse train. Hence the signal 

attenuation due to diffusion is larger than for Spin-Echo based diffusion sequences. The 

signal attenuation caused by diffusion in brain tissue was shown to be practically independent 

of T1 and T2, enabling the determination of the diffusion constant D for any region in the 

image from a calculated lookup table (Zur et al., 1997). This method was used to measure 

diffusion constants in the brain. Results are shown in Figure 2.18.  
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Figure 2.18 : Diffusion sensitive coronal head images: (b) and (c) were acquired by the pulse se-
quence in (a). In (b), the diffusion sensitizing gradient was normal to the image plane. In (b) the dif-
fusion sensitizing gradient was oriented horizontally within the image plane. Imaging parameters for 
both images: TR = 100ms, TE = 8ms, FA = 50°, τ3 = 2ms, τ2 = 39ms, τ4 = 2ms, G =0.8 
Gauss.cm-1, G1 = 0.4 Gauss.cm-1, FOV = 22 x 22 cm, matrix 120 x 130, NEX = 32. From (Zur 
et al., 1997). 

2.1.4.  Conclusion 

This section highlighted the possibilities to measure NMR parameters of interest such as PD, 

T1, T2 and ADC in a robust manner. The measurement must not depend on any acquisition 

factor, but only reflect tissue properties and environment. The gold-standard measurements 

are performed using different variations of Spin-Echo sequence, but remains very long and 

hardly applicable in clinical routine at UHF. Steady-State Free Precession sequences have 

also been studied to provide fast imaging. The spoiling of the transverse magnetization re-

mains an important factor to obtain unbiased measurements. These strategies seem more 

rapid, but maybe less rigorous with regards to biases that may occur.  

These methods allowed to retrieve each quantitative parameter separately. Ideally, one would 

like to retrieve every available NMR parameter for a proper tissue characterization. It would 

help clinicians to provide better diagnostics, using cross-information and correlations be-

tween these parameters. However, obtaining such parameters with the conventional tech-

niques presented above requires too much time to be applicable in clinical routine. For this 

reason, new approaches, measuring simultaneously several parameters are currently being 

developed, and attract considerable interest in the MR community.  
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2.2.  Simultaneous multi-parametric mapping methods 

One may expect that in many circumstances the combined measurement of several MR pa-

rameters during an exam would lead to a better diagnostic accuracy. The correlation of the 

multiple complementary NMR parameters could help in the interpretation of the physio-

pathological events. Such strategy has already been demonstrated successfully with other 

simultaneous multi-parametric method (Warntjes et al., 2008; Yu et al., 2017). A first possi-

bility is to perform a sequential acquisition of the distinct parameters using different methods 

for each quantitative parameter extraction, but acquisition time can be very limiting. Moreo-

ver, motion and rescaling between acquisitions can render such approaches infeasible 

(Warntjes et al., 2007). In addition, interpolations between different scans with different 

voxel size or different bandwidth per pixel could lead to image deformations, further com-

plicating such strategy. Another option is to perform a single acquisition and make the most 

of the different weightings information available in the complex signal. In this section, a brief 

and qualitative review of some simultaneous solutions proposed in the literature is presented 

chronologically. The feasibility of each method at 7T will also be discussed. 

2.2.1.  Inversion-Recovery TrueFISP 

In 2004, (Schmitt et al., 2004), proposed an approach implementing an Inversion Pulse, fol-

lowed by the acquisition of a train of bSSFP images. In this technique, the k-space encoding 

of the shots is arranged such that images are reconstructed at increasing time after the inver-

sion pulse, to measure the evolution of signal intensity of tissue over a certain time.  

 

Figure 2.19 : Completely balanced TrueFISP sequence. The signed gradient areas of slise-select GS, 
phase-encoding GP, and readout-gradient GR are zero within one TR. Due to the complete refocusing 
of transverse magnetization, the longitudinal magnetization oscillates between ±α/2. From (Scheffler 
and Hennig, 2001) 
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Analytical expressions of the subsequent signal are proposed for the direct calculation of T1, 

T2, and relative PD from a IR-bSSFP signal time course. The signal of an IR-bSSFP for the 

n-th acquired TR is derived:  

 
𝑆(𝑛𝑇𝑅) = 𝑆𝑠𝑡𝑠𝑡(1 − 𝐼𝑁𝑉 ∙ exp (−

𝑛𝑇𝑅

𝑇1
∗ ) (2.25) 

Where 𝑆𝑠𝑡𝑠𝑡is the bSSFP steady-state signal defined in Eq. (2.10). 𝑇1
∗is an apparent T1 time, 

depending on the flip angle 𝛼 , T1 and T2, derived for TR<<T1,2 as : 𝑇1
∗ =

(
1

𝑇1
cos2 𝛼

2
+

1

𝑇2
sin2 𝛼

2
)
−1

 and 𝐼𝑁𝑉 is an inversion factor indicating the ratio between the in-

itial signal 𝑆0 and the steady-state signal 𝑆𝑠𝑡𝑠𝑡 such as: 𝐼𝑁𝑉 = 1 +
𝑆0

𝑆𝑠𝑡𝑠𝑡
= 1 +

sin
𝛼

2

sin𝛼
((

𝑇1

𝑇2
+

1) − cos𝛼 (
𝑇1

𝑇2
− 1)).  

The acquired IR-bSSFP magnitude image series are fitted voxel-wised to the three-parameter 

function given in Eq. (2.25) using a least-squares fitting routine described in (Nekolla et al., 

1992). From the resulting fit parameter maps, T1, T2 and relative M0 maps can be retrieved. 

In this method, the measurements are sensitive to off-resonant spins as a bSSFP sequence is 

used. To reduce this effect, very short TR of 6ms was needed in the study. Such TR com-

bined with the use of an inversion pulse makes this method incompatible with an application 

at UHF. Moreover, high dependence on flip angle distribution is encountered, and biases in 

T1, T2 and M0 are very likely to occur with B1
+ heterogeneity.  

2.2.2.  QRAPTEST and QRAPMASTER 

QRAPTEST 

A quantification method called “Quantification of Relaxation times and Proton density by 

Twin-echo Saturation-recovery Turbo-field echo” (QRAPTEST) was introduced by 

(Warntjes et al., 2007) to determine simultaneously B1
+, T1, T2

* and PD. This method is com-

parable to IR-TrueFISP, with two main modifications. First, a 90° saturation pulse is used 

instead of a 180° inversion pulse. Second, a spoiled SSFP sequence is implemented instead 

of a bSSFP and each excitation is followed by the acquisition of two separate echo acquisi-

tions. T1 is extracted from a mathematical derivation similar as in §2.2.1. and T2
* can be 

obtained from the two intensity values (𝐼𝐸1
 and 𝐼𝐸2

 at 𝑇𝐸1and 𝑇𝐸2 respectively):  
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𝑇2

∗ =
𝑇𝐸2 − 𝑇𝐸1

ln (
𝐼𝐸1

𝐼𝐸2

)

 
(2.26) 

T1 reliability is determined by the accuracy of flip angle. Therefore, the saturation pulse is 

seen as a variable to determine in the model, in order to correct for B1 inhomogeneities. A 

factor of inhomogeneity is thus computed voxel-wised, and re-introduced in the problem to 

extract accurate parameters. Once T1 and T2
* are known, they can be combined with the 

absolute signal intensity of the image to calculate the PD, by correcting the signal with mul-

tiple weighting parameters. 

In this approach, the estimation of T1, T2
* and PD is performed, with less sensitivity to B1 

inhomogeneities than in the method presented in §2.2.1. Although small flip angles (4-8°) 

can be used, the need for a saturation pulse might still represent an issue for clinical imple-

mentation at 7T, as this saturation will be spatially variable. 

QRAPMASTER 

A following work from the same research group presented an evolution of the method, called 

QRAPMASTER, standing for “Quantification of Relaxation Time and Proton Density by 

Multiecho acquisition of a saturation-recovery using Turbo spin-Echo Readout” (Warntjes 

et al., 2008). The acquisition is very similar to QRAPTEST described above. But in this case, 

a saturation pulse of 120° is used, followed by a SE acquisition of multiple echoes instead of 

a gradient-echo, leading to the estimation of T2 instead of T2
*.  

 

Figure 2.20 : Schematic representation of a single block of the QRAPMASTER quantification se-
quence. Shown are the measurement (Gm), phase-encoding (Gp), and slice-selection (Gs) gradients 
and the RF pulse amplitude over time. There are two phases in each block. In phase 1 (saturation), 
the 120° saturation pulse and subsequent spoiling acts on a slice m. In phase 2 (acquisition), the 
multiecho spin-echo acquisition is performed on slice n, using the 90° excitation pulse and multiple 
180° refocusing pulses. The spin-echo acquisition is accelerated with an EPI readout scheme. From 
(Warntjes et al., 2008). 
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The complete quantification measurement consists of numerous scans with different delay 

times after the saturation. Hence, from the measured intensity at various delay times, a fit 

can be performed to retrieve T1, M0, and the effective local saturation flip angle. It is im-

portant to note that the local excitation flip angle estimation is not a straightforward estima-

tion from this saturation angle map because it requires knowledge of the RF pulse profiles 

and the actual spin behavior in a particular B1 field.  

Applications 

This quantitative MRI method is commercialized by a company called SyntheticMR. In 2014, 

a license agreement has been signed with GE Healthcare to make it available on SIGNA 

scanners under the name of “MAGiC” (Magnetic resonance Image Compilation). A cooper-

ation and co-marketing agreement was signed with Philips Healthcare to provide this method 

in Philips 1.5 and 3T under the name of SyntAc. 

Several studies have been done on the brain, studying peritumoral edema in malignant glio-

mas (Blystad et al., 2017), multiple sclerosis (Hagiwara et al., 2017) and brain development 

(Kim et al., 2017; McAllister et al., 2017). These studies were performed under 1.5 and 3T 

environments, but the method was never applied under UHF constraints. 

2.2.3.   Double Echo Steady-State (DESS), Diffusion-weighted DESS 

(DW-DESS) and Triple Echo Steady-State (TESS) 

Double Echo Steady-State (DESS) 

The Double-Echo Steady-State (DESS) method was originally published by (Welsch et al., 

2009). Based on the theory of Bruder (Bruder et al., 1988), the simultaneous acquisition of 

two separate SSFP echoes allows the formation of two MR images with clearly different 

contrasts : S+, also called “FISP” (Fast Imaging Steady Precession), and S- also called “PSIF” 

as it is a reversed FISP, shown in Figure 2.21a. The PSIF part of the sequence leads to a high 

T2 contrast, whereas the FISP part provides images with a contrast dominated by T1/T2 ratio. 

The different T2-weighting of both echoes allows the calculation of quantitative T2 maps 

based on their ratio. The ratio of these two signals becomes independent of T1 if α~90°. 

Therefore, T2 values will have a certain dependence on T1, depending on the applied flip 

angle. 
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Figure 2.21 : a) DESS sequence acquisition, showing the acquisition of S+, corresponding to a “FISP” 
(Fast Imaging Steady Precession) acquisition, and S- called “PSIF” as it is a reversed FISP. b) Illus-
tration of a TESS sequence. The center free induction decay F0 is flanked by a higher order FID to the 
left (F1) and by the lowest order Echo (F-1) to the right, with echo times TE0, TE1 and TE-1, respectively. 
From (Heule et al., 2014) c) A repetition of the DW-DESS sequence. In the frequency direction Gx, 
this consists of two fully rewound readout gradients separated by a spoiler gradient, which can then 
be combined with the preparatory gradients to save scan time. The duration (τ) and the amplitude 
(G) of the spoiler gradient (shaded area, Diffusion Kernel) can be set for each axis independently of 
the other imaging parameters. The signal from the first readout is referred to as the S+ echo (or FID) 
and signal from the second readout as the S- echo (or echo). The unbalanced spoiler gradient separates 
the two echoes in time and affects the diffusion weighting of the images. From (Bieri et al., 2012) 

Triple Echo Steady-State (TESS) 

As mentioned above, DESS sequence becomes independent of T1 only in the limit of α~90°. 

Unfortunately, SNR in especially poor in this limit, requiring considerably lower α in practice, 

leading to a systematic T1-related bias in the estimated T2 values. To tackle this dependence, 

the “Triple Echo Steady State” method, proposed by (Heule et al., 2014), adapted a DESS 

sequence to acquire three echoes within every TR, as displayed in in Figure 2.21b. As pro-

posed in DESS, the dependencies of the echoes on relaxation to quantify T1 and T2 is ex-

ploited. The following ratios are investigated:  

 
𝑆𝑇2

(𝑇1) =
𝐹1

𝐹0
, 𝑆𝑇1

(𝑇2) =
𝐹−1

𝐹0 − 𝐹1
 (2.27) 

Where the use of subscript 𝑇2(𝑇1) means that the considered value is seen as a bound vari-

able in the iterative procedure to extract T2 and T1. Therefore, the signal ratio then only 

depends on one running variable, naming T1 or T2. An iterative procedure is then imple-

mented to extract T2 and T1 by performing golden section search (Press et al., 2007) until the 

calculated signal ratios converge to the actual measured ones, without the confounding in-

fluence of T1 or T2 respectively. 

Results obtained on phantom at 1.5T and on cartilage at 3T exhibit unbiased T2 estimations, 

whereas T1 estimates show prominent sensitivity to transmit-field errors. Therefore, this 
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technique would not be suitable for UHF implementation. Also, acquisition time might be-

come an issue as three echoes are needed to extract the information. 

Diffusion-Weighted Double Echo Steady-State (DW-DESS) 

The estimation of a supplementary parameter was introduced by the work of (Staroswiecki 

et al., 2012). The DESS sequence described above was modified by adding a diffusion-

weighting gradient to improve control and flexibility of the diffusion sensitivity of the se-

quence. In the work of (Staroswiecki et al., 2012), a total of four magnitude images were 

retrieved from a pair of DW-DESS acquisitions shown in Figure 2.21c : one with low FA 

and large spoiler gradient area (high diffusion sensitivity) and a second with high FA an small 

spoiler gradient area (low diffusion sensitivity).  

The simultaneous assessment of T1, T2 and ADC for each voxel was performed by a fit that 

minimizes the sum of the squared errors between measured and modeled values for the three 

ratios 𝑆1
−/𝑆1

+, 𝑆2
−/𝑆2

+ and 𝑆1
+/𝑆2

+. Although the fit should also be able to estimate T1, the 

values were not reported in the paper because the imaging parameters were not optimized 

for T1 estimations. Also, diffusion effects show a prominent sensitivity on relaxation times. 

To tackle this issue, (Bieri et al., 2012) have demonstrated that in the rapid pulsing regime 

(TR ≪ T2), the diffusion-weighted signal reduction for the 𝑆+/𝑆−signal ratio is to a high 

degree relaxation-insensitive. Thus, using a second-order Taylor series expansion of the 

equation for 𝑆+/𝑆−, the authors were also able to estimate relaxation-insensitive diffusivity. 

(Gras et al., 2017b) proposed a general framework for the optimization of the DW-DESS 

sequence protocol. The solution ensures that the signal dependence with diffusion coeffi-

cient and the relaxation times can be disentangled in an optimal way, provided that an addi-

tional transmit field B1 is acquired. An extension of the protocol exploring three orthogonal 

gradient directions, thereby giving access to the mean diffusivity in a medium with aniso-

tropic diffusion was also proposed. Through the reported acquisitions at 3T, in the brain, a 

certain bias was observed in the estimation of T2 values, and T1 to a lesser extent, compared 

to gold-standard acquisitions. It was attributed to physiological motion during the diffusion-

weighted scans, as well as B1
+ effects.  

2.2.4.  Magnetic Resonance Fingerprinting (MRF) 

Magnetic Resonance Fingerprinting (MRF) was originally published by (Ma et al., 2013). This 

technique aims at providing simultaneous measurements of T1, T2, relative PD, and off-res-

onance frequency. MRF relies on deliberately varying acquisition parameters such as flip an-

gle, TR and the trajectory in k-space, in a pseudorandom way such that each tissue generates 
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a unique signal evolution (see Figure 2.22). An inversion recovery pulse is played at the be-

ginning of the acquisition sequence to enhance T1 differences between tissues. Ideally, this 

acquisition strategy is supposed to generate uncorrelated signals for each tissue. For each TR, 

an undersampled image is reconstructed. Signal evolutions corresponding to acquisition pa-

rameters are simulated for a wide variety of tissue parameter combinations and collected in 

a database, called a dictionary. After the acquisition, a pattern recognition algorithm is used 

to find the dictionary entry that best represents the acquired signal evolution of each voxel. 

The parameters that were used to simulate the resulting best match are then assigned to the 

voxel. The base image series are not useful by themselves, but each voxel contains a signature 

fingerprint isolated from the undersampling artifacts that will be used later on for the dic-

tionary matching. The total number of time points can vary from acquisition to acquisition, 

ranging from 1000 (Ma et al., 2013) to 2500 (Chen et al., 2016) as function of the image 

resolution, the undersampling ratio or the matching approach used for example.  

 

Figure 2.22 : Simulation of signal evolution curves for FISP MR fingerprinting. A, B : Example of 
first 500 points of repetition time (TR) and flip angle patterns. C : Signal evolution curves for multiple 
tissues in the abdomen created by using the patterns in A and B. T1 and T2 values, respectively, used 
to generate the curves included 1140 and 75 ms for the renal cortex, 1540 and 80 ms for the renal 
medulla, 820 and 35 ms for the liver, 720 and 45 ms for the pancreas, and 400 and 70 ms for fat. 
Illustration from (Chen et al., 2016). 

The initial implementation of MRF (Ma et al., 2013) was based on a bSSFP because of its 

sensitivity to T1, T2 and B0 heterogeneity. The MRF framework has also been applied to other 
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sequence such as FISP or “Quick Echo Splitting NMR Technique” (QUEST) to avoid the 

banding artifacts, while still sensitive to T1 and T2 components (Jiang et al., 2015, 2017). 

The brain and abdominal MRF framework has been tested a clinical environment. Data were 

acquired with FISP acquisitions on patients with a brain tumor and breast cancer metastatic 

to the liver. Longer T1 was observed in the metastatic lesions compared to the surrounding 

tissues. It has been shown in six patients with metastatic adenocarcinoma that the mean T1 

and T2 values in the metastatic adenocarcinoma are significantly higher than the ones of the 

surrounding tissues (Chen et al., 2016).  

MRF needs to be associated with a B1 map, unless added to the dictionary. In the latter case, 

the reconstruction strategy becomes undermined by the large database needed for high di-

mensional multi-parametric data (Cloos et al., 2016). Furthermore, the accuracy of the dic-

tionary simulations is crucial for a correct estimation of the parameters. Even a slight modi-

fication of a sequence requires a new computation of the corresponding dictionary.  

The uniqueness of the different signal components is also essential. Otherwise, MRF can be 

subjected to biases in the ‘Fingerprints’, coming from magnetization transfer (Hilbert et al., 

2017) or the used gradients area (Anderson et al., 2017). Early motion during the acquisition 

was also found to lead to severe errors in parameters quantification (Xu et al., 2017). There-

fore, this technique seems very powerful and attracted a lot of attention from the community, 

but many parameters remain to be untangled for accurate estimations. The time efficiency 

of the method also remains unclear compared to other existing methods. 

2.2.5.  MR-Spin TomogrAphy in Time domain (MR-STAT) 

The work of (Sbrizzi et al., 2015, 2018), published a quantification method called MR-Spin 

TomogrAphy in Time domain (MR-STAT). Here, a 2D balanced gradient-echo sequence is 

used, using Cartesian encoding. A total of 32 full k-spaces are acquired, with no waiting times. 

The flip-angles are chosen randomly between 5° and 75°, as shown in Figure 2.23. The ex-

citation phases alternate between 0 and 180°, and the sequence is preceded by an inversion 

pulse. First applications have shown results obtained at 3T assessing T1 and T2 (van der Heide 

et al., 2017; Sbrizzi et al., 2018). 
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Figure 2.23 : Fragment of a MR-STAT data acquisition sequence. The spatially selective RF pulse is 
called by the flip angle θj. Gx and Gy are encoding gradients. Gz is the slice-selective gradient. Note 
that the excitation (Exc) and acquisition (Acq) intervals follow one another without interruption, that 
is, the fixed echo and repetition times are the shortest possible. From (Sbrizzi et al., 2018) 

In this method, the quantitative MR problem is treated as a dynamic system identification 

process, used in seismology. The system equations are inverted to match the response of the 

MR scanner to the data in time domain, thus the intermediate FFT step is not necessary. 

This approach has become possible thanks to advances in numerical optimization and com-

puting power. In MRF, incoherent aliasing artifacts in the images add a large stochastic com-

ponent to the measured signal. MR-STAT method wants to eliminate this stochastic com-

ponent by treating the entire problem (signal localization and parameter estimation) as one 

large-scale inversion problem. Relationship between sequence parameters and accuracy of 

reconstruction is explicit and can be exploited for optimal sequence design. 

This emerging method would thus theoretically be able to consider the systems imperfections 

together with relaxation times to estimate. MR-STAT is dictionary-free, and the model does 

not require knowledge of RF transmit fields, off-resonance or PD. However, the accuracy 

and reproducibility of the extracted results still need to be studied, as well as time efficiency.  

2.2.6.  Quantitative Imaging using Configuration States (QuICS) 

2.2.6.1.  Acquisition strategy 

As described in the preceding section, SSFP signal depends on many parameters, such as T1, 

T2, flip angle, and diffusion. Quantitative Imaging using Configuration States (QuICS), pub-

lished and patented by Ludovic de Rochefort in 2015 (de Rochefort, 2015, 2016), is based 

on the sequential and/or periodically interleaved acquisitions of several k-space with differ-

ent contrasts obtained by varying radiofrequency spoiling, flip angle, and/or spoiling gradient 

area. With the proper tools to understand the very complex underlying signal behavior, 
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QuICS makes the most of this complicated dependence to unambiguously interpret the sig-

nal in steady-state images. It provides an efficient algorithm allowing to compute the mag-

netization after repeated pulses of any amplitude, phase and gradient spoiling. 

2.2.6.2.  Signal modelling in the configuration state formalism 

Introducing a spoiling gradient G generally produces a dephasing such that all phases be-

tween 0 and 2π are present within each voxel. Let’s denote z as the spoiling gradient axis. 

The gradient waveform 𝐺(𝑡) is chosen such that a constant area remains between two TRs. 

This area is proportional to a spatial frequency shift ∆𝑘𝑧, and equivalently inversely propor-

tional to a distance 𝑎 corresponding to a 2π dephasing between two TRs (Eq. (2.28)). 𝑎 will 

be referred to as the “spoiling distance” in this context, and TR appears as the diffusion time. 

 
∆𝑘𝑧 =

1

𝑎
=

𝛾

2𝜋
∫ 𝐺(𝑡)𝑑𝑡

𝑇𝑅

0

 (2.28) 

To study this constant area while accounting for the pixel size along the readout direction, 

∆𝑧, “NRO” was used, reflecting the number of 2𝜋 dephasing as defined in Eq.(2.15), page 47. 

In that framework, magnetization can be described in space or in spatial frequencies. The 

latter description was proposed long ago and originally referred to as the configuration states 

description (Pauly et al., 1991; Roux and Hinks, 1993), similar to the extended phase graph 

description (Hennig, 1991a, 1991b; Scheffler, 1999; Weigel, 2015), and in which only discrete 

spatial frequencies are needed due to the constant dephasing between TRs. The longitudinal 

and transverse magnetization, 𝑀𝑍 and 𝑀𝑋𝑌, can respectively be decomposed into discrete 

Fourier series, as described in Eq. (2.29) and (2.30). 

 
𝑀𝑍 = ∑ 𝑚𝑧𝑘

𝑍−𝑘

∞

𝑘=−∞

 (2.29) 

 
𝑀𝑋𝑌 = ∑ 𝑚𝑥𝑦𝑘

𝑍−𝑘

∞

𝑘=−∞

 
(2.30) 

where 𝑘 corresponds to the configuration state or “order”, also called “coherent” states in 

literature linked by “pathways” determined by the gradient dephasing. The complex expo-

nential 𝑍 = exp(−𝑖2𝜋. 𝛥𝑘𝑧 . 𝑧) is introduced as a base function to describe the spatial mod-

ulations between two excitations. 𝑚𝑧𝑘
 and 𝑚𝑥𝑦𝑘

 represent the coefficients of the discrete 

Fourier series. 

In this framework, magnetization components for each configuration state 𝑘 can be com-

puted and the action of RF pulses, modulated in amplitude and phase, with relaxation and 

diffusion effects can be modeled using three numerical operations: linear filtering, linear 
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combinations and index shifting. Indeed, the application of a spoiling gradient after the n-th 

excitation will leads to a coefficient shift of the transverse magnetization 𝑀𝑥𝑦𝑛
 before the 

next excitation as described in Eq. (2.31): 

 𝑀𝑋𝑌𝑛+1
= 𝑍−1 × 𝑀𝑋𝑌𝑛

 (2.31) 

Similarly, the relaxation can be modeled as an attenuation of the signal (Eq. (2.32) and (2.33)) 

(Scheffler, 1999). 

 𝑀𝑧𝑛+1
= (1 − 𝐸1) + 𝐸1 × 𝑀𝑧𝑛

 (2.32) 

 𝑀𝑋𝑌𝑛+1
= 𝐸2 × 𝑀𝑋𝑌𝑛

 (2.33) 

where 𝐸1 = exp (−
𝑇𝑅

𝑇1
) and 𝐸2 = exp (−

𝑇𝑅

𝑇2
). 

Free diffusion can be seen as Gaussian filtering of the components, as shown by Eq.(2.34) 

and (2.35) (Freed et al., 2001; Kaiser et al., 1974). 

 𝑀𝑍𝑛+1
= 𝐷𝑧 ∗ 𝑀𝑍𝑛

 (2.34) 

 𝑀𝑋𝑌𝑛+1
= 𝐷𝑥𝑦 ∗ 𝑀𝑋𝑌𝑛

 (2.35) 

Where 𝐷𝑧 = ∑ exp (−𝐷. 𝑇𝑅. (
2𝜋

𝑎
)
2

)
𝑘²

𝑍−𝑘𝑘=∞
𝑘=−∞  and 𝐷  is the free diffusion coefficient, 

and 𝐷𝑥𝑦 = ∑ 𝑒𝑥𝑝 (−𝐷. 𝑇𝑅. (
2𝜋

𝑎
)
2

)
𝑘²+𝑘+

1

3

𝑍−𝑘 𝑘=∞
𝑘=−∞  for a constant gradient.  

Finally, RF spoiling with a quadratic phase increment Φ0 can be modeled as a convolution 

of the longitudinal and transversal polynomials, as explained in Eq. (2.36) and (2.37). 

 𝑀𝑧𝑛+1
= 𝑆 ∗ 𝑀𝑧𝑛

 (2.36) 

 𝑀𝑋𝑌𝑛+1
= 𝑆 ∗ 𝑀𝑋𝑌𝑛

 (2.37) 

Where 𝑆 = ∑ 𝑌−𝑘𝑍−𝑘𝑘=∞
𝑘=−∞ , with Y = exp(−𝑖Φ0) where the description is done in a de-

modulated rotating frame with the apparent RF frequency (as a quadratic phase cycling is 

equivalent to a linear frequency sweep). Considering the expression of 𝑆, the convolutions 

from Eq. (2.36) and (2.37) are equivalent to a multiplication of each term of index 𝑘 by a 

different phase term 𝑌−𝑘. The effect of the flip angle in this demodulated frame is to mix 

(rotate) terms depending on the current flip angle with then same index between longitudinal 

and transverse components. 
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The magnetization expressed in this constantly evolving frame reaches a steady state for each 

order of coherence 𝑘. Then, a second order recurrence relation on 𝑚𝑥𝑦𝑘
can be derived 

where three consecutive orders are linked, in Eq. (2.38), from which 𝑚𝑧𝑘
 will be deduced in 

Eq. (2.39) using a fast tridiagonal matrix inversion algorithm, leading to an efficient SSFP 

complex signal calculation for a given set of acquisition parameters (de Rochefort, 2016): 

 −𝑎𝑘𝑚𝑥𝑦𝑘−1
+ 𝑏𝑘𝑚𝑥𝑦𝑘

 −𝑐𝑘𝑚𝑥𝑦𝑘+1
= 𝑟−1𝛿𝑘+1 + 𝑟0𝛿𝑘 (2.38) 

 𝑑𝑘𝑚𝑧𝑘
= 𝑒𝑛𝑚𝑥𝑦𝑘

− 𝑑𝑛𝑚𝑥𝑦𝑘−1
 (2.39) 

where 𝑎𝑘, 𝑏𝑘, 𝑐𝑘, 𝑑𝑘, 𝑒𝑘, 𝑟−1, 𝑟0 can be expressed as a function of 𝑌, 𝐸1, 𝐸2, 𝐷𝑧 , 𝐷, 𝑇𝑅, 𝐹𝐴 

and 𝛿 is a Dirac delta function. This tridiagonal linear system can be solved efficiently to 

calculate the steady-state with relaxation and diffusion effects.  

To illustrate the sensitivity of the model to the parameters in realistic experimental condi-

tions, let’s consider the simplest case of constant RF amplitude and spoiling gradient for 

several contrasts. Only quadratic phase cycling will be used to vary the signal, and only the 

first echo will be considered, corresponding to the configuration state 𝑘 = 0, leading to a 

measured steady-state magnetization of 𝑚𝑥𝑦0
. The sensitivity of the SSFP signal to phase 

cycling is illustrated in Figure 2.24, which provides a representation of real and imaginary 

parts of 𝑚𝑥𝑦0
 depending on the spoiling phase increment value. 

 

Figure 2.24. Real (a) and imaginary (b) part of the theoretical transverse magnetization signal for a 
voxel resulting for T1/T2=60/50ms, ADC=1.3x10-3mm²/s, and acquisition parameters TR=10ms, 
FA=45°, resolution of 6mm3 and a constant spoiling gradient NRO=47 corresponding to a spoiling 
distance of a= 0.128mm. The associated complex plane is also displayed (c), where each cross corre-
sponds to a different RF spoiling increment, sampled for each degree of from 0 to 360°. The maximum 
real value with null imaginary part corresponds to RF spoiling increment of 0°/360°. 
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As explained above, T1 and T2 relaxations induce an attenuation of the magnetization com-

ponents (Scheffler, 1999), while diffusion acts as Gaussian filtering (Freed et al., 2001; Kaiser 

et al., 1974). Figure 2.25 provides complex representations of signals obtained with different 

T1, T2, and ADC values for the same acquisition parameters, indicating that the SSFP model 

is sensitive to any variation of one of these NMR physical parameters. Therefore, choosing 

wisely the applied NRO, phase increments and flip angle(s) will allow a proper sensitivity to 

the NMR parameters of interest PD, T1, T2 and ADC using this complex signal behavior. 

 

Figure 2.25. Complex representation of simulated signals sampled for each degree of RF spoiling in-
crement from 0 to 360°, TR=10ms, FA=20°, resolution of 1mm3 and NRO=4 varying T1(a), T2(b) 
and ADC(c), otherwise fixed to respectively 1.2s, 50ms and 0.8x10 -3mm²/s.  This figure highlights 
the contrast variations that can be obtained depending on the relaxation times and diffusion. 

2.2.6.3.  Quantitative extraction 

To perform the quantitative extraction from the multiple SSFP contrasts, post-processing is 

performed using Matlab (The Mathworks, Natick, USA) and DICOM complex images. Here, 

we will also consider the simplest case where only the 𝑘 = 0 configuration state is acquired.  

- Off-resonance removal 

First, the acquired contrasts are grouped into a single measurement vector, de-

noted 𝑚𝑥𝑦0,𝑚𝑒𝑠
. Global phase drifts are removed, assuming a linear temporal evolution be-

tween the first and last volumes that need to be acquired in the same conditions. A phase 

map is estimated using the complex sum of volumes with 0°, 360° and 180° RF phase incre-

ments, in which off-resonance effects as well as motion during scanning induce phase dis-

persion: 

 φTE = φ1 + 𝛾∆𝐵0𝑇𝐸 + φv (2.40) 
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Which includes a potential dephasing φ1between emission and reception, field inhomoge-

neities ∆𝐵0 and possible velocity encoding φv. It is then subtracted from all volumes provid-

ing the SSFP phase-induced maps corrected for the phase at echo time, and thus for B0 

inhomogeneities. 

- Inverse problem formulation 

To perform the quantitative extraction of the different NMR parameters, the Gaussian noise 

statistics allows us to express our inverse problem in terms of a least-square minimization of 

the complex measured signal to the complex signal model:   

 min
𝑀0,𝑇1,𝑇2,𝐴𝐷𝐶,𝛼

‖𝑚𝑥𝑦0,𝑚𝑒𝑠
− 𝑀0 × 𝑚𝑥𝑦0

(𝑇1, 𝑇2, 𝐴𝐷𝐶, 𝛼)‖
2

 (2.41) 

Where 𝑚𝑥𝑦0
 represents the complex signal at TE, including relaxation and diffusion atten-

uations. Multiple solutions can be used to solve this least-square problem. Here, an imple-

mentation based on the combination of a dictionary-comparison, followed by the application 

of Gauss-Newton algorithm is proposed. 

- Initialization step: dictionary comparison 

To have optimal initial values 𝑀0𝑖𝑛𝑖𝑡
, 𝑇1𝑖𝑛𝑖𝑡

, 𝑇2𝑖𝑛𝑖𝑡
, 𝐴𝐷𝐶𝑖𝑛𝑖𝑡, 𝛼𝑖𝑛𝑖𝑡, one could imagine to start 

the iterative algorithm with fixed values, close to what is expected in vivo. But this strategy 

might be sub-optimal and not universal for different tissues or phantoms to image. Another 

solution would be to perform a comprehensive research into a 4 dimensional dictionary, 

corresponding to T1, T2, ADC and α. 𝑀0𝑖𝑛𝑖𝑡
 could then be deduced from the retrieved initial 

values as it is a scaling factor (See Eq. (2.41)). But considering for example 32 possibilities 

for each dimension would lead to a comparison with a discrete grid of 324 = 1,048,576 pos-

sibilities. Comparing our signal with over a million values for each voxel would be very long 

and restrictive for a routine implementation. 

Therefore, for an initialization purpose, a non-exhaustive research into a 4-dimensional dic-

tionary can be considered sufficient. Different algorithms exist in literature and could be 

applied to achieve this task. Here, the employed strategy consisted in finding the best path 

in this dictionary until the best match with our signal is encountered. For a given location in 

the dictionary, 𝑀0is estimated with a least-square fit to the current dictionary model and the 

minimal norm from Eq.(2.41) is computed for the closest neighbors (two in each dimension). 

If the residual is smaller for a neighbor, the current point is updated and the process repeated. 

The algorithm ends when the central point is the smallest residual, as compared to its neigh-

bors. The corresponding coarse T1, T2, ADC, α and M0 estimates are noted 

 𝑇1𝑖𝑛𝑖𝑡
, 𝑇2𝑖𝑛𝑖𝑡

, 𝐴𝐷𝐶𝑖𝑛𝑖𝑡, 𝐹𝐴𝑖𝑛𝑖𝑡 , 𝑀0𝑖𝑛𝑖𝑡
 and are used for the following non-linear fit.  
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- Gauss-Newton least-square fitting algorithm 

This initialization step is followed by a Gauss-Newton least-square fitting algorithm. It is 

based on the Jacobian matrix, expressed as real and imaginary parts: 

J =

(

 
 

𝑟𝑒𝑎𝑙(𝑚𝑥𝑦0
) 𝑟𝑒𝑎𝑙 (

𝜕𝑚𝑥𝑦0

𝜕𝑇1
) 𝑟𝑒𝑎𝑙(

𝜕𝑚𝑥𝑦0

𝜕𝑇2
) 𝑟𝑒𝑎𝑙(

𝜕𝑚𝑥𝑦0

𝜕𝐴𝐷𝐶
) 𝑟𝑒𝑎𝑙(

𝜕𝑚𝑥𝑦0

𝜕𝛼
)

𝑖𝑚𝑎𝑔(𝑚𝑥𝑦0
) 𝑖𝑚𝑎𝑔(

𝜕𝑚𝑥𝑦0

𝜕𝑇1
) 𝑖𝑚𝑎𝑔(

𝜕𝑚𝑥𝑦0

𝜕𝑇2
) 𝑖𝑚𝑎𝑔(

𝜕𝑚𝑥𝑦0

𝜕𝐴𝐷𝐶
) 𝑖𝑚𝑎𝑔(

𝜕𝑚𝑥𝑦0

𝜕𝛼
)
)

 
 

 (2.42) 

From the previously extracted initial conditions vector 

[𝑀0𝑖𝑛𝑖𝑡
, 𝑇1𝑖𝑛𝑖𝑡

, 𝑇2𝑖𝑛𝑖𝑡
, 𝐴𝐷𝐶𝑖𝑛𝑖𝑡, 𝛼𝑖𝑛𝑖𝑡]

𝑇, the Jacobian matrix can be numerically computed. An 

update vector can then be obtained from:  

[𝑑𝑀0, 𝑑𝑇1, 𝑑𝑇2, 𝑑𝐴𝐷𝐶, 𝑑𝛼]𝑇 = (𝐽𝐻𝐽)−1𝐽𝐻

[
 
 
 𝑟𝑒𝑎𝑙 (𝑚𝑥𝑦0

) − 𝑟𝑒𝑎𝑙(
 𝑚𝑥𝑦0,𝑚𝑒𝑠

𝑆
)

𝑖𝑚𝑎𝑔 (𝑚𝑥𝑦0
) − 𝑖𝑚𝑎𝑔(

 𝑚𝑥𝑦0,𝑚𝑒𝑠

𝑆
)]
 
 
 
 (2.43) 

Where JH represents the Hermitian of the Jacobian matrix. The addition of this update vector 

to the preceding initial estimate refines the solution. 𝑀0 can then be re-estimated as 𝑀0 ×

(1 + 𝑑𝑀0) and used to normalize the signal for the next iteration. The procedure is repeated 

until the relative variation of the residual norm given by Eq. (2.41) is sufficiently small. Re-

peated voxel-wised, this iterative and non-linear method allows the retrieval of multiple quan-

titative maps of the proton density, T1, T2, ADC and flip angle.  

Considering the Gaussian nature of the noise in MRI, characterized by its identical variance 

σ2 on the real and imaginary parts, the Fisher Information Matrix (FIM) can be defined as in 

Eq. (2.44). 

 
𝐹𝐼𝑀 = (

𝜎

|𝑀|
)
2

(𝐽𝐻𝐽)−1 (2.44) 

Its inverse represents the covariance matrix of the noise, on the basis of which the Cramer-

Rao lower boundaries can be extracted in order to estimate the precision on the fitted pa-

rameters. This FIM will be crucial in QuICS method, both for fitting and for optimal acqui-

sition design, as will be discussed in Chapter 3. 

This generic fitting procedure can be adapted equally well to transient signal fitting or to 

include acquisitions obtained in an interleaved or sequential manner by varying the series of 

RF pulses, as described in (de Rochefort, 2016). So far, QuICS has been applied in the steady-

state regime, on a phantom at 1.5T on a Philips equipment. Data show promising results in 

the simultaneous estimation of M0, T1, T2, ADC and flip angle (de Rochefort, 2015). 
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Figure 2.26 : QuICS preliminary results at 1.5T on Philips equipment. (a) Sample locations and 
compositions, (b) R1 in s-1 (c) R2 in s-1 (d) ADC in 10-9m.s-1. Imaging was performed at 1.5 T (Philips 
Achieva) using a quadrature head coil for reception. Gd-chelate (10, 5, 2.5, 1.25, 0 mM, Dotarem, 
Guerbet) and iron oxide nanoparticle (0.32, 0.16, 0.08, 0.04, 0 mM, CL-30Q02-2, Molday ION, 
Biopal) solutions were prepared. Scan parameters were TR/TE=9.2/4ms, acquisition matrix 
168x84x9 and voxel size 0.5x1x8mm, reconstructed voxel size 0.47x0.47x8mm, bandwidth 
217Hz/pix, Tacq=21min, α=45°, 180 RF spoiling steps with 2° phase increments, acquisition of 
the k=0 state. Flip angle was set to 45° to accelerate reconstruction. 

Although a flip angle 45° was used in this publication, small flip angles should be sufficient 

to extract information. As FA can be considered as a variable to estimate, the method has 

the possibility to be robust to B1
+ inhomogeneities. B0 heterogeneities are also taken into 

account in the signal model, as shown in Eq. (2.40). Therefore, this method seems to be 

suitable for clinical UHF MRI. 

2.3.  Objectives and challenges 

Quantitative MRI offers the opportunity to get access to unique information. Its clinical 

potential has been demonstrated, mainly for tissue characterization, detection of pathological 

changes and medical follow-up. However, the clinical acceptance will only come with a rapid 

and accurate way to produce images. Many methods have been proposed to perform simul-

taneous multi-parametric mapping. Despite the growing interest in UHF to obtain better 

images, these in vivo quantitative mappings are virtually non-existent beyond 3T, as their 

implementation lies in the capacity to overcome a number of specific UHF MRI limits. 

Hence, finding the optimal strategy to provide fast and accurate quantitative results, compat-

ible at any field strength, remains an important and challenging question. A work of (van 

Valenberg et al., 2017) studied the time efficiency of different methods based on Bloch equa-

tions, and no direct conclusions were drawn. As it would be impossible to implement 

properly all of the methods mentioned above in the time course of a thesis to answer this 

question, a choice needed to be made on which method to apply at 7T, based on the existing 

tools, clues and intuitions we had in the laboratory. Given the advantages provided by QuICS 

for an UHF application, the objective of this PhD thesis was to implement QuICS to per-

form multi-parametric maps in vivo at 7T in a clinically-relevant time.  
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First, as clinical acceptance lies in the reproducibility of the data, Chapter 3 will be dedicated 

to the development of an appropriate acquisition strategy to avoid any instrumental or phys-

iological factor during the acquisition at 7T. The acquisition will also be optimized to fasten 

the acquisition time. Such sequence setup will be validated in vitro on phantoms. In Chapter 

4, we look for the best solution to limit B1
+ heterogeneities and demonstrate the possibility 

to apply QuICS in vivo on human brain in a clinically-viable time. Then, in Chapter 5, a first 

application of the method to a complex nucleus such as sodium nucleus will be performed 

in vitro. Different sodium molecular environments will be investigated to explore the ability 

of the method to probe varying properties with very different values from what can be en-

countered in proton. 

This work benefited from close collaborations with different research institutes. Dr. Ludovic 

de Rochefort (CRMBM, Aix-Marseille University) provided the developed tools to recon-

struct quantitative images and shared his work and knowledge about the method he patented 

during all the project. Dr. Mathieu Santin and Dr. Romain Valabrègue from Institut du 

Cerveau et de la Moelle Epinière (ICM, Paris) greatly helped in the research of an efficient 

and unbiased acquisition protocol, in the Chapter 3. Dr. Julien Lamy (ICube, Strasbourg 

University) provided a secured platform to share and exchange codes and data between part-

ners, and Dr. Paulo Loureiro de Sousa (ICube) provided insights about quantitative MRI. 

Dr. Redha Abdeddaïm and Dr. Marc Dubois (Institut Fresnel, Marseille) provided guidance 

to manipulate new materials for B1
+ mitigation.  

This project was also the occasion to form an internal collaboration at Neurospin, with the 

X-nuclei team, represented by Dr. Arthur Coste, Dr. Fawzi Boumezbeur and Dr. Cécile Ler-

man, as well as the coil team, with the objective to study the sodium properties. 

All these collaborations were greatly helped by the ‘Agence Nationale pour la Recherche’ 

(ANR) thanks to the grant ‘Infrastructure d'avenir en Biologie Santé - ANR-11-INBS-0006’.  

This thesis work was made possible thanks to the precious funding from Paris-Sud/Paris-

Saclay University and the additional support from H2020 project called “MCUBE”. This 

manuscript also contains some findings made during my master’s internship about dielectric 

shimming using new materials, financed by the French ANR through the “CODENUM” 

project. 
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Chapter 3. Implementation and validation of a multiple contrasts spoiled SSFP sequence for 

simultaneous multi-parametric extractions at 7T 

    

 

 

 

 

Chapter 3. 

  

 

 

 

 

 

This chapter contains methods & principles, in §3.1.1 and §3.1.3, that were  

accepted for publication as abstract in the proceedings of the European Society for Mag-

netic Resonance in Medicine and Biology 2016, and presented as a talk. 

L. Leroi, L. de Rochefort, M. Santin, F. Mauconduit, R. Valabregue, D. Le Bihan, C. 

Poupon, A. Vignaud, « Simultaneous multiparametric quantitative extraction at 7 Tesla 

using QuICS », proceedings of the European Society for Magnetic Resonance in Medicine 

and Biology 2016, Vienna, abstract # 272. 

Implementation and validation of 
a multiple contrasts spoiled SSFP 
sequence for simultaneous  
multiparametric extractions at 7T 
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erforming quantitative MRI can be achieved using different strategies, as described in 

Chapter 2. Our choice was made to perform simultaneous multi-parametric assessment 

using the QuICS method described in §2.2.6.  Indeed, it can simultaneously retrieve M0, FA, 

T1, T2 and ADC. It presents assets to be used at UHF as it includes B0 and B1
+ assessment 

to correct for their heterogeneities. It has been applied at 1.5T (de Rochefort, 2015), but 

never translated to ultra-high field MRI. 

In this chapter, we will first validate the proper functioning of the QuICS quantification 

process in the simplest conditions, using a 1Tx/Rx coil and agar phantom at 7T. Then, we 

will make the use of phased array coils possible, as they are commonly used in clinical routine 

at UHF. Such coils will allow us to accelerate acquisition time using clever imaging techniques 

such as GRAPPA (Griswold et al., 2002) or SENSitivity Encoding (SENSE) (Pruessmann 

et al., 1999). As quantitative MRI relies on reproducibility and accuracy, we will then check 

the performance of a simple protocol over time. Finally, to meet clinical needs, we will fur-

ther reduce acquisition time by developing an appropriate acquisition strategy using Fisher 

Information Matrix and Cramer-Rao lower bound, testing its efficiency on ex-vivo baboon 

brain. The objective of this chapter is therefore to be confident on the applicability of the 

method in order to translate it in vivo, in optimum conditions at 7 Tesla. 

3.1.  Materials and methods 

3.1.1.  Phantom validation using 1Tx/1Rx 

To ascertain the proper functioning of the QuICS at 7T, a first implementation of the 

method was performed on a 7T Magnetom MRI (Siemens Healthcare, Erlangen, Germany) 

using the simplest coil available, a birdcage head coil 1Tx/1Rx (Invivo Corp., Gainesville, 

USA), to assess the NMR properties of a spherical phantom filled with water, 1% agar and 

0.4%NaCl.  

A spoiled SSFP sequence was implemented to acquire 45 different contrasts sequentially, by 

varying only radiofrequency spoiling increments Φ0, sampled every 2° from 0 to 10° and 350 

to 360°, and every 10° from 20 to 340°, to probe the entire complex plane, as described in 

Figure 2.24, page 66. The spoiling gradient was restricted to the readout direction, with fixed 

NRO=1. The nominal flip angle was fixed as well, chosen arbitrarily at 45°. Scanning param-

eters were TR/TE 12ms/5.1ms, voxel size 1.3x1.3x5.0mm3, and a bandwidth=220Hz/pixel, 

leading to a total acquisition time of 32min15s.  

P 
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The data were fitted voxel-wised to the Bloch-Torrey equation to estimate M0, R1, R2, B1
+ 

and ADC using the calculation approach based on the configuration states formalism pre-

sented in Chapter 2.  

Actual T1, T2 and ADC of the phantom were assessed separately using respectively gold-

standard methods. For T1 assessment, an Inversion-Recovery Turbo Spin-Echo was repeated 

for different inversion times with TR/TE=10000/8.1ms, a resolution of 1x1x5mm3 and a 

turbo factor of 3, leading to an acquisition time of 14min32 per inversion time. Investigated 

inversion times ranged from 50 to 5000ms: [50 100 300 500 700 1000 3000 5000]ms.  

For the assessment of T2, a multi Spin-Echo sequence was used with a resolution of 

1x1x8mm3, a TR of 10s and varying TE=[14 20 28 40 56 79 112 158 224 316 500]ms. The 

total acquisition time for a volume with an EPI factor of 3 was 14min40.  

To measure the diffusion in the readout direction, double Spin-Echo diffusion EPI was ap-

plied with b-values of 0, 500 and 1000s/mm2. TR/TE were set to 5000/76ms. The use of 

an EPI factor of 80 lead to an acquisition time of 1min37 for a 2.4x2.4mm2 resolution and a 

slice thickness of 5mm.  

3.1.2.  Phantom validation using 1Tx/32Rx and phase combination  

3.1.2.1.  Phase incoherences: the need for an efficient phase combination  

In conventional MRIs with a 1.5T static field, the B1 field is created by whole-body coils 

embedded in the device. However, at UHF, birdcages of smaller sizes, organ-specific, are 

used to obtain an emission as homogeneous as possible, with acceptable SAR and SNR. But 

to recover an optimal SNR coverage of the entire region of interest, it is necessary to use 

several coils. We then speak of a phased array of reception coils inside the transmitting an-

tenna. 

When using such technology, each coil has its own RF signal reception channel and produces 

an image of the anatomical region close to it. The different images obtained are then com-

bined to form a composite image. Phase images combination usually relies on the sum of the 

spatial complex data (𝑝𝑗) for each coil 𝑗 as shown in Eq. (3.1). 

 

φI(𝑥, 𝑦, 𝑧) = arg(∑𝑝𝑗(𝑥, 𝑦, 𝑧)

𝑁𝑐

𝑗=1

)   (3.1) 

Where φI(𝑥, 𝑦, 𝑧) is the phase at (𝑥, 𝑦, 𝑧) coordinates, and 𝑁𝑐 is the number of receiving 

coils.  
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But this classic method is based on the assumption that all sensitivities are spatially uniform 

such that there are no spatially varying sensitivity weighting and identical phase. However, if 

the number of receiving coils increases, the decrease in their size induces a concentrated 

reception of the signal at the periphery of the area to be observed. This offers a very good 

SNR on the periphery, but the signal will be dramatically attenuated in the center of the image 

(see Figure 3.1). The heterogeneity of the signal intensity greatly complicates further analysis 

based on complex data, as this sensitivity profile variations will impair magnitude as well as 

phase images.  

 

Figure 3.1: (a) SNR maps for optimum SNR combination derived from gradient echo scans at 3T for 
96, 32 and commercial 12 channel coils. (b) SNR profiles through axial slices passing approximately 
through the corpus callosum for the 96-channel coil (solid line), 32-channel coil (dashed line), and 
commercial 12-channel coil (dotted line). From (Wiggins et al., 2009). 

Combining phase information using the classic summed complex data will therefore lead to 

interferences and regions of signal cancelation. Phase images calculated in this way frequently 

show wraps that terminate within the object, corresponding to a complete signal cancellation, 

known as “open-ended fringe lines”, or phase incoherencies, as shown in Figure 3.2. 

 

Figure 3.2: Axial Dicom phase image (in radians) of in vivo human brain acquired at 7T using a 
spoiled SSFP sequence and a 32-channel receiving coil. Several open-ended fringe lines can be observed, 
as highlighted by the white arrows. 

In QuICS, the phase variations are of great interest. Therefore, the relative receiver coils 

phases need to be corrected while images are combined, in order to obtain consistent data, 

avoiding any signal loss. 
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3.1.2.2.  Performing phase combination 

As the complex coil sensitivities (i.e. the relative phase and amplitude of each receiver coil 

throughout the imaging volume) are usually not known, some methods in the literature are 

trying to assess them directly from the complex images (Walsh et al., 2000). These self-cali-

bration methods typically result in optimal magnitude images, but still tend to experience 

inconsistencies and failures in phase determination (Robinson et al., 2011). Other methods 

implement phase filtering, with a high pass filter to eliminate the slowly varying receiver 

phase as in (Koopmans et al., 2008). Another strategy is to combine the multiple coils after 

adding a constant phase offset to each channel to equalize the phase at a point and yield 

approximate phase equalization throughout the image volume (Hammond et al., 2008).  

Here, an extension of the phase equalization technique, currently being patented by Dr. 

Mathieu Santin (Institut du Cerveau et de la Moëlle Epinière) was applied (Santin, 2018). In 

this method, a reference receiver coil, denoted 𝑅𝑒𝑓 is created, to which the measurements 

of each receiver coil are referenced and then combined to obtain an optimal phase distribu-

tion estimate. The different raw data of images obtained are thus rephased to be uncorrelated 

of the sensitivity of their own respective coil. 

To compute this reference coil, a first step of correction of phases from complex data is 

necessary. This step is intended to standardize each channel in terms of phase. The correction 

factor for the j-th coil, 𝜑𝑗 , is the phase of the sum of the complex acquired data 𝑝𝑗 :   

 

𝜑𝑗 = arg(∑ 𝑝𝑗(𝑥, 𝑦, 𝑧)

𝑥,𝑦,𝑧

)   (3.2) 

Where x, y and z vary to describe the volume of interest. The subtraction of this correction 

factor to the acquired data leads to the corrected signal 𝑝�̃� :  

 𝑝�̃�(𝑥, 𝑦, 𝑧) = 𝑝𝑗(𝑥, 𝑦, 𝑧)𝑒−𝑖𝜑𝑗   (3.3) 

The reference coil 𝑅𝑒𝑓, for the current time t, can then be computed by linear combination 

of the coils. Here, the linear combination comprises a weighting by the inverse of the sum 

of the modules of the set of data obtained: 

 

𝑅𝑒𝑓 =  ∑
𝑝�̃�(𝑥, 𝑦, 𝑧)

∑ |𝑝𝑘(𝑥, 𝑦, 𝑧)|
𝑁𝑐
𝑘=1

𝑁𝑐

𝑗=1

 (3.4) 

𝑅𝑒𝑓 is computed once and kept in memory for the series of different contrasts. The raw data 

acquired can then be rephased with respect to the reference coil determined, so that their 

phases no longer depend on their respective sensitivities. To do so, a phase difference 
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𝛿𝑗(𝑥, 𝑦, 𝑧) between the complex image and the corresponding complex data from the refer-

ence coil is computed:  

 𝛿𝑗(𝑥, 𝑦, 𝑧) = arg (𝑝𝑗(𝑥, 𝑦, 𝑧)) − arg (𝑅𝑒𝑓(𝑥, 𝑦, 𝑧)) (3.5) 

A 3D Hanning low-pass filter is applied to this difference to remove noise-related phase 

components, leading to the low-pass filtered difference 〈𝛿𝑗(𝑥, 𝑦, 𝑧)〉. Complex data for each 

coil, 𝑝�̂�(𝑥, 𝑦, 𝑧), are obtained by subtracting this filtered difference from the original data: 

 𝑝�̂�(𝑥, 𝑦, 𝑧) = 𝑝𝑗(𝑥, 𝑦, 𝑧)𝑒−𝑖 〈𝛿𝑗(𝑥,𝑦,𝑧)〉  (3.6) 

It is this operation that substitutes the sensitivity phase components of the different coils by 

the same phase component specific to the reference coil. Then follows the generation of a 

complex image 𝑝 by summing the data complex data 𝑝�̂�, weighted by the diagonal elements 

of its covariance matrix 𝑅. 

 

𝑝(𝑥, 𝑦, 𝑧) = ∑
1

𝑅𝑗,𝑗(𝑥, 𝑦, 𝑧)
𝑝�̂�(𝑥, 𝑦, 𝑧)

𝑁𝑐

𝑗=1

  (3.7) 

The implementation of this reconstruction makes the correction of this instrumental bias 

possible, leading to proper phase images to analyze.  

3.1.2.3.  Experimental application 

The above algorithm was implemented under Siemens ICE (Image Calculation Environ-

ment) programming environment to provide the reconstruction of the images on the MR 

console, in DICOM format. To validate the phase reconstruction algorithm, the acquisition 

of a spoiled SSFP was performed on a spherical oil phantom, using a 1Tx/32Rx head coil 

(Nova Medical, Wilmington, MA, USA).  

QuICS was then performed using same acquisition parameters as in §3.1.1. The only modi-

fication was the addition of a GRAPPA acceleration factor of 3, leading to a total acquisition 

time of 16min30sec instead of 32min15s, for the same field-of-view of 256x256x160mm3 

and resolution of 1.3x1.3x5.0mm3.  

3.1.3.  Reproducibility of the method 

As quantitative MRI relies on the reliability and reproducibility of the results, the same pro-

tocol as presented in §3.1.1. was repeated over 6 months using both a transceiver birdcage 

coil and a 1Tx/32Rx head coil, over the same spherical phantom containing 1% agar and 

0.4%NaCl. Some gold-standard measurements, described in §3.1.1, were performed to check 

for possible variations of the phantom properties over time. 
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3.1.4.  Accelerating acquisition time 

3.1.4.1.  Fisher information matrix and Cramér-Rao lower bound 

To optimize the acquisition time for clinical applications, the number of contrasts to acquire 

needs to be limited. The selection of the most informative flip angle, RF spoiling Φ0 and NRO 

steps can be performed using the Fisher Information Matrix (FIM) in the optimal experi-

mental design framework. Let’s denote the parameters to estimate 𝜃𝑘 , k=[1,2,3,4,5], corre-

sponding to PD, FA, T1, T2, ADC. One needs to consider the signal 𝑆𝑖, modeled by the Bloch 

equations corresponding to a set of acquisition parameters (prescribed FA, RF spoiling in-

crement, NRO, TR, resolution, etc.) with variance 𝜎. The FIM, for a number of observed 

data 𝑁𝑚𝑒𝑎𝑠, is defined in Eq.(3.8):  

 

𝐹𝐼𝑀𝑗𝑘 = ∑
1

𝜎2

𝑁𝑚𝑒𝑎𝑠

𝑖=1

𝜕𝑆𝑖

𝜕𝜃𝑗

𝜕𝑆𝑖

𝜕𝜃𝑘
 (3.8) 

It was also presented in §2.2.6.3. (see page 69), in Eq.(2.44). The FIM measures the infor-

mation one sample gives to estimate the parameter 𝜃𝑘 and therefore evaluates the quality of 

discrimination of the selected sample. A Fisher information close to zero indicates that a 

sample provides no clue for the estimation of the parameter 𝜃𝑘 . This FIM is closely linked 

to the Cramér-Rao lower bound (CRLB), defined in Eq. (3.9), which gives a lower bound of 

the error 𝜎𝜃𝑘
 made in the estimation of the considered parameter 𝜃𝑘 (Alexander, 2008; An-

astasiou and Hall, 2004).  

 
𝜎𝜃𝑘

≥ 𝐶𝑅𝐿𝐵𝑘 = √𝐹𝐼𝑀𝑘𝑘
−1 (3.9) 

To restrict the acquisition protocol to the most informative contrasts, the cost function to 

minimize, 𝐶𝐹, is defined as the sum of the normalized CRLB over the number of parameters 

to estimate, 𝑁𝑝𝑎𝑟 = 5 (Eq. (3.10)). 

 

𝐶𝐹 = ∑
𝜎𝜃𝑘

2

𝜃𝑘
2

𝑁𝑝𝑎𝑟

𝑘=1

 (3.10) 

Optimizing this FIM will therefore be a crucial element in QuICS method. It will both im-

prove the results from the Gauss-Newton fitting algorithm, partly relying on its assessment, 

thus obtaining accurate quantitative extractions, as well as help shortening the acquisition 

strategy.  

To perform the acquisition strategy optimization, a Self-Organizing Migration Algorithm was 

implemented (Zelinka, 2004) by Dr. Romain Valabrègue from Institut du Cerveau et de la 

Moëlle Epinière. 
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3.1.4.2.  SOMA algorithm 

The Self-Organizing Migration Algorithm (SOMA) is a general-purpose, stochastic optimi-

zation algorithm. The approach is based on the idea of a series of “migrations” by a fixed set 

of individuals. It can be applied to any cost-minimization problem with a bounded parameter 

space, and is robust to local minima.  

At first, a table containing all possibilities of RF increments, flip angles and NRO given the 

targeted ranges of PD, T1, T2, FA, and ADC is created and stored in computer’s memory. 

SOMA works on a population of candidate solutions, initialized randomly distributed over 

the search space at the beginning of the optimization process. First, the randomly generated 

population is evaluated and the solution with the highest fitness becomes “the leader”. Then 

all individuals will “migrate” towards this leader for a certain distance, called path length, in 

n steps of defined length, with a randomly perturbed path. The cost function defined in Eq. 

(3.10) will calculate the fitness of each individual during its migration and assign the best fit 

to the parameters. A new population is generated and this process is repeated until the num-

ber of given migration is over. The best solutions of all the migrations are then assigned to 

the parameters NRO, flip angle and RF increment to acquire the corresponding contrasts. 

3.1.4.3.  Experimental validation 

In order to assess this optimization process on a phantom closer to in vivo conditions where 

different T1/T2 pairs can be encountered, an ex-vivo baboon brain in FluorinertTM, a liquid 

with high dielectric strength and a magnetic susceptibility closer to that of water, was used.  

The SOMA algorithm was applied using 200 migrations. The targeted tissues parameters 

corresponded to the ranges expected in vivo at 7T : T1= [0.3; 3.5]s, T2= [0.01; 0.2]s and ADC 

was fixed to 0.8.10-9m².s-1 (Marques and Norris, 2018). The allowed FA varied from 1 to 25 

degrees to restrict SAR as much as possible, and NRO ranged from 1 to 11, where 11 was the 

maximum reachable gradient given the TR/TE of respectively 10/1.3ms. The resolution was 

set to 1.3x1.3x5.0mm3 in a field-of-view of 256x256x165mm3. A 1Tx/32Rx head coil was 

used, allowing to the application of a GRAPPA acceleration factor of 3, leading to an acqui-

sition time of 36sec per volume. The total acquisition time for 12 volume was therefore of 

7min12.  

Gold-standard acquisitions were also acquired as described in §3.1.1 to compare the con-

sistency of the quantitative results. 
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3.2.  Results 

3.2.1.  1Tx/1Rx application 

The measured signal of the central pixel for the 45 different RF spoiling increment Φ0, and 

the corresponding theoretical fit are shown in the complex plane in Figure 3.3. The fitting 

curve is very close to the measured values. Over the central slice, mean R1 was 0.297±0.018s-

1, R2 6.71±0.046s-1 and ADC 1.92±0.12x10-9m²/s (Figure 3.4). Compared to gold-standard 

measurements, it represents an under-estimation of respectively 10.8%(R1), 2.1%(R2) and 

4.0%(ADC). Standard deviation values over the slice indicate a limited spatial dependence 

regardless of the severe B1
+ inhomogeneity encountered at 7T using a 1Tx/1Rx coil. The R2 

map also shows the ability of the method to detect structures in the phantom, as heteroge-

neities are observed in the top of the agar phantom.  

 

Figure 3.3 : Measured signal for each RF increment (dots) and fit (curve) displayed in the complex 
plane for the central pixel of central slice of the phantom. Maximum real value corresponds to a RF 
increment of 0°. 

 

Figure 3.4 : QuICS quantitative multiparametric extraction on a 1Tx/1Rx birdcage coil. Fitted 
parameters maps for the central slice of the phantom are shown: M0 (a), flip angle in degrees (b), R1 
and R2 in s-1 (c, d), diffusion map in 10-9m2.s-1 (e). A higher density has been detected in the upper 
area in (d) and (e), showing the potential of the method to distinguish some heterogeneities of signal. 
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3.2.2.  1Tx/32Rx application 

The DICOM image displayed in Figure 3.5a shows a typical phase incoherence encountered 

at 7T using the classic reconstruction method of sum-of-square, available on scanner, with a 

1Tx/32Rx coil. The implementation of the phase combination algorithm described in 

§3.1.2.2 corrects this phase incoherence, as shown in Figure 3.5b. A remaining “wrap” jump 

of 2π remains, but can be easily removed using a phase unwrapping algorithm, as it does not 

constitute a signal cancellation.  

  

Figure 3.5 : 7T acquisitions of an oil phantom using a spoiled SSFP sequence on a 1Tx/32Rx coil. 
DICOM images of phase (in rad) with Siemens standard reconstruction (a) and using the algorithm 
described above (b) are shown. The phase in (b) is more homogeneous than (a), and discontinuities 
encountered in (a) have disappeared in (b). 

The application of QuICS on a 1Tx/32Rx coil using this reconstruction algorithm resulted 

in mean R1 was 0.345±0.032s-1, R2 6.73±0.575s-1 and diffusion 1.94±0.21x10-9m²/s over the 

central slice of an agar phantom (Figure 3.6). Compared to gold-standard measurements, it 

represents an over-estimation of respectively 3.6%(R1), 2.4%(R2) and 3.0%(ADC).  

 

Figure 3.6 : QuICS quantitative multiparametric extraction on a 1Tx/32Rx coil. Fitted parameters 
maps for the central slice of the phantom are displayed M0 (a), flip angle in degrees (b), R1 and R2 in 
s-1 (c, d), diffusion map in 10-9m2.s-1 (e). The reception profile can be seen on the M0 map. The same 
higher density has been detected in the upper area in R2 and ADC, showing the potential of the 
method to distinguish some heterogeneities of signal. 

These preliminary results validated the implementation of a QuICS protocol using 45 con-

trasts in 16min30 using a clinical 1Tx/32Rx coil.  
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3.2.3.  Reproducibility of the results 

Figure 3.7 shows the measurements of mean T1, T2 and ADC over the central slice made 

over approximately 6 months. These results present a very good accuracy over time, as the 

values are well-estimated and present no bias. These measures are also repeatable over the 

same day, as the experiment was reproduced five times on the 18/07/2016, leading to the 

same values. Finally, the low variability of estimations over time demonstrate the reproduci-

bility of the method for this acquisition protocol.  

 

Figure 3.7 : Reproducibility of the same repeated protocol in the estimation of T1 in seconds (a), T2 in 
seconds (b) and ADC in mm²/ms (c), with gold-standard measurements, using either a 1Tx or a 32Rx 
coil. Results show low variability over the large period of time. 

Altogether, this protocol respects the Quantitative Imaging Biomarkers specifications, de-

scribed by the Quantitative Imaging Biomarkers Alliance Metrology Working Group (Sulli-

van et al., 2015), to be applied in clinical routine. Unfortunately, its resolution of 

1.3x1.3x5.0mm3 in approximately 16 minutes remains too coarse and too long to be relevant 

on a human brain. In addition, for in vivo application on the whole brain at high isotropic 

resolution, the acquisition time is expected to be dramatically lengthened. Therefore, the 

acquisition strategy was optimized by selecting the most informative contrasts to determine 

the desired parameters.  
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3.2.4.  Optimized protocol 

The most informative NRO, flip angle and RF spoiling increment contrasts retrieved from the 

SOMA algorithm and are displayed in Table 3.1. 

Contrast # 1 2 3 4 5 6 7 8 9 10 11 12 

FA (°) 24 19 9 6 13 25 20 18 25 24 25 24 

RF incr. (°) 0 358 2 358 2 5 349 343 358 5 358 360 

NRO 2 11 11 11 11 2 2 3 11 11 2 2 

Table 3.1 : Acquisition setup resulting from the optimization process for an acquisition of 
1.3x1.3x5.0mm3 with 12 contrasts, leading to a total acquisition time of 7min12. 

The corresponding acquisitions, shown in Figure 3.8, exhibit substantial fluctuation in the 

signal intensity, both in magnitude and phase  

 

Figure 3.8: Normalized magnitudes (upper row) and phases (lower row) contrasts obtained on an ex-
vivo baboon brain in fluorinert at 7T when acquiring the acquisition setup from Table 3.1, at a 
1.3x1.3x5.0mm3 resolution. 

Results of the underlying quantitative extraction are shown in Figure 3.9, together with gold-

standard acquisitions for comparison purpose. Globally, a great consistency can be observed 

between gold-standard acquisitions and QuICS extractions. Unlike agar phantoms, a shorter 

T2 compared to the gold-standard Spin Echo method is reported using QuICS. The same 

trend is observed in the literature of multi-parametric quantitative mapping based on SSFP 

contrasts, and might be explained by magnetization transfer effects not encountered in the 

model (Hilbert et al., 2017), diffusive mechanisms (Anderson et al., 2017) or motion corrup-

tion (O’Halloran et al., 2015; Gras et al., 2017b), corrupting the steady-state by introducing 

additional phase to the transverse magnetization and leading to loss of signal and varying 

contrasts. 
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Figure 3.9: Quantitative maps obtained on an ex-vivo baboon brain in fluorinert at 7T. The first row 
shows results produced using gold-standard methods: Actual Flip Angle (AFI) for the flip angle assess-
ment in degrees (a), Inversion-Recovery for T1 in ms (b), Multi Spin-Echo (MSE) for T2 in ms (c) and 
Double Spin Echo Diffusion EPI for diffusion, in mm²/ms (d). The second row shows the QuICS 
extraction with same units. e) FA map, f) T1 map, g) T2 maps, h) mono-directional ADC maps in the 
readout encoding direction. 

The experiments carried out so far validated the QuICS extraction process at 7T on various 

phantoms, from pre-acquisition contrast optimization to MR acquisitions, images recon-

struction, and post-processing quantitative extraction.  

3.3.  Conclusion 

The method is now optimized to provide accelerated multi-parametric extractions at 7T in 

optimum conditions. First, we ensured that the images reconstruction were consistent and 

that a simple protocol was reproducible over time. Then, we accelerated the acquisition time 

by using the potential of multiple receiving coils, allowing the use of acceleration factors 

relying on parallel imaging such as GRAPPA. In addition, we significantly reduced the ac-

quisition time by optimizing the number of contrasts to acquire using Fisher Information 

Matrix and Cramer-Rao lower bound. We evaluated the protocol on an ex-vivo baboon 

brain, and were able to retrieve multiple parameters in a single acquisition, in agreement with 

gold-standard results. The quantitative extraction pipeline seems now ready for in vivo ap-

plications, under UHF constraints for accurate multiparametric mapping of tissue properties.

 

 

 

 



In vivo quantitative MRI 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

87 

Chapter 4. In vivo simultaneous multiparametric quantitative MRI under UHF constraints 
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4.1.  Introduction 

n the vast majority of clinical investigations, MRI has been used as contrast weighted-

imaging technique since such acquisitions are fast and compatible with clinical routine. 

Quantifying directly physical properties such as T1, T2, or PD is a main objective for the early 

detection of pathologies and their characterization, along with a proper patient's follow-up, 

becoming possible in multiple centers. The combined measurement of several MR parame-

ters during an exam is expected to lead to a better diagnostic accuracy. Indeed, the correlation 

of multiple complementary NMR parameters could help in the interpretation of physio-

pathological events. Such strategy has already been demonstrated successfully with other 

simultaneous multi-parametric methods (Warntjes et al., 2008; Yu et al., 2017).  

Originally, quantitative MRI required sequential implementation of PD, T1, T2, and B1
+ map-

ping methods, leading to long examination times. More recently, multi-parametric ap-

proaches have emerged to simultaneously map relaxation times and PD, as detailed in 

§2.1.3.4 and §2.2. However, so far, multi-parametric qMRI has shown limitations, particularly 

at UHF, where there are larger susceptibility effects and FA inhomogeneity. Some ap-

proaches use saturation pulses that increase the SAR and some require long and complex 

post-processing (Cloos et al., 2016). 

The objective of this study is to apply a qMRI technique based on a Steady-State Free Pre-

cession (SSFP) sequence at UHF, compatible with daily acquisitions conditions. This has two 

main consequences. Firstly, the sequence will need to be fast and to use low flip angles to be 

compatible with clinical routine. Secondly, results need to be unbiased and reliable in any 

situation.  

In this chapter, we will first study the sensitivity of QuICS to flip angle heterogeneity for in 

vivo acquisitions and show how the B1
+ heterogeneity is limiting the performances at 7T in 

the human brain. Then, we will present how to mitigate the B1
+ field using meta-materials. 

This work was initiated during my master’s internship and continued during the timeframe 

of this thesis. Finally, we will perform in vivo acquisitions using parallel transmission with an 

optimized and constrained protocol in order to provide fast and reliable multi-parametric 

extractions at 7T in a clinically relevant time.  

4.2.  Setup formulation for in vivo acquisitions in optimal 

conditions 

QuICS relies on multi-contrast images acquired with various spoiling conditions. Once in 

vivo, under low spoiling conditions, images can present blurring and ghosting coming from 

I 
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the motion of the CSF, induced by pulsatile flow, as can be seen in Figure 4.1a, pointed by 

the white arrow. The application of flow-compensation using gradient moment nulling in 3 

directions attenuates this artefact observed near the CSF (see Figure 4.1b). Unfortunately, 

new shadings appear in other parts of the brain, coming from higher orders of velocity that 

cannot be nulled within an adequate TE.  

 

Figure 4.1: (a) Low spoiled image, with flip angle = 19°, RF Increment = 1°, NRO = 2. Flow artefact 
can be seen near the CSF, as pointed by the white arrow. (b) Same contrast as a), with flow compen-
sation applied in three directions. The initial artefacts have disappeared, but residual artefacts coming 
from higher orders of velocity are still encountered as shown by the arrows. 

Experimentally, we could observe that the intensity of this flowing artefact varies depending 

on the subject, but that a value of NRO≥4 could prevent such artefact, for any chosen RF 

spoiling increment. In addition, in this first series of experiments, we noticed that different 

spoiling gradients led to different steady-state eddy currents and consequently slightly differ-

ent spatially inhomogeneous phase that needs to be accounted for. To avoid such effects, 

the choice was made to add a constraint to the optimization process, fixing the NRO values 

to 4. This new constraint restricts our capability to retrieve ADC easily, as diffusion weighting 

will be identical for all contrasts. 

To fit in our specifications to apply QuICS at UHF in a clinical environment, the technique 

needs to use low flip angle to keep SAR as low as possible while maintaining an acceptable 

SNR. Consequently, another constraint was added to the contrasts optimization, limiting FA 

to a maximum value of 30°. 

In addition, in these in vivo experiment, the one-dimensional diffusion that could be re-

trieved on phantoms in the previous chapter was discarded. Indeed, such estimation was 

relevant for isotropic phantoms, but would bring only little information to clinicians in ani-

sotropic media such as human brain (Basser et al., 1994). A proper trace ADC estimation 

would require multiple spoiling directions (NPE, NSS). More contrasts would therefore be 

needed, leading to a prohibitive acquisition time for clinical routine. Eddy currents would 

also need to be cautiously corrected in that situation to provide reliable results. 
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Considering these new constraints related to in vivo conditions, the optimized protocol de-

rived in the previous chapter for baboon brain scanning is not compatible with in vivo ac-

quisitions. The SOMA optimization algorithm based on Cramér-Rao lower bound presented 

in §3.1.4, page 80, was therefore used to select the 11 most informative contrasts, taking 

these constraints into account.  Resulting acquisition parameters are shown in Table 4.1. 

Considered scanning parameters were TR/TE=11ms/3.3ms, bandwidth=650Hz/px. The 

image resolution was set to 1x1x3mm3 in a 256x160x160mm3 field-of-view, leading to a total 

acquisition time of 16 minutes 36. 

Contrast # 1 2 3 4 5 6 7 8 9 10 11 

FA (°) 30 8 29 3 29 13 28 8 29 17 30 

RF incr. (°) 0 358 9 1 77 359 1 2 1 358 360 

Table 4.1: Acquisition setup resulting from the optimization process for an acquisition 1x1x3mm3 in 
16minutes, leading to 11 contrasts. 

To determine the sensitivity of such acquisition protocol to FA variations, in-silico simula-

tions using brute-force Monté-Carlo were performed. The acquisition setup presented above 

was simulated, varying the FA from 0 to 60° with a precision of 1°, using 10,000 samples per 

FA. Results of these simulations are displayed in Figure 4.2.  

 

Figure 4.2: Brute-force Monte-Carlo simulations of M0(a), FA(b), T1(c) and T2(d) estimations as a 
function of effective FA, in order to account for its variations at UHF, considering ADC fixed to 
0.8.10-3 mm².s-1. Targeted T1 and T2 are 1400ms and 55ms respectively, corresponding to human 
white matter. This figure illustrates that for a FA lower than αtarget/2 (shaded area), the quantitative 
extraction process will fail to obtain reliable values of T1, T2, FA and M0. 

These simulations show that the technique is robust to B1
+ heterogeneity only to a certain 

extent for most of the parameters. If the flip angle is lower than half of the targeted flip 

angle, NMR parameters will not be evaluated properly. In the human brain at 7T, such loss 

of B1
+ is expected to be encountered, especially in cerebellum and parietal lobes, as shown 

in §1.2.2. Applying such a protocol in vivo will probably lead to severe signal drops in areas 

where the B1
+ is too low. Therefore, to apply QuICS in optimal conditions, we need to find 

a solutions to tackle these B1
+ heterogeneities encountered in the human brain. 
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4.3.  Limiting B1
+ heterogeneities at 7T 

Large B1
+ inhomogeneities lead to substantial variations of the flip angle across the field-of-

view, resulting in variable SNR and image contrast. To globally restore B1
+ homogeneity in 

the volume would help obtaining unbiased contrasts in QuICS. But beyond this applicability 

for QuICS, finding an optimal solution to homogenize the flip angle distribution would more 

generally represent a game-changer in the development of 7T technology. Different strate-

gies, introduced in §1.2.3, can be used for that purpose. A first option is proposed in litera-

ture, called “dielectric shimming”, based on the addition of high dielectric constant materials 

in the coil. We will discuss our involvement in the development of an innovative solution in 

this context. A second proposition, more complex, is based on parallel transmission and 

relies on the interferences of multiple transmission coils to retrieve a homogeneous B1
+. We 

will then discuss the integration of such technique into the QuICS method.  

4.3.1.  B1
+ homogenization using meta-materials 

4.3.1.1.  Introduction 

The introduction of relative High Dielectric Constant (HDC) materials in radiofrequency 

(RF) coils has been shown to address efficiently the local B1
+ inhomogeneity in UHF MRI 

with limited SAR constraints (Teeuwisse et al., 2012a). HDC materials act as a secondary RF 

field source modifying the global RF distribution in the transmit coil (Brink et al., 2016; Yang 

et al., 2006). Literature reports that they can be made out of CaTiO3 (Teeuwisse et al., 2012a) 

or BaTiO3 (Teeuwisse et al., 2012b) powders mixed with de-ionized or deuterated water, or 

monolithic blocks of lead zirconium titanate (PZT) (Rupprecht et al., 2013). 

Unfortunately, none of the proposed compositions are really fulfilling the requirements to 

be used in high field clinical routine. HDC pads represent an important bulk in the coil, they 

reduce patient’s comfort, and they degrade rapidly. Some materials can be expensive and, 

like BaTiO3, referenced as toxic according to international regulation EC 1272/2008. To 

foster the RF transmission and avoid these inconveniences, Dr. Redha Abdeddaïm from 

Institut Fresnel proposed a solution based on the use of a metamaterial structure, acting like 

a magnetic resonator in the coil.  

Metamaterials are composite materials, whose effective properties mimic a material that is 

not available in nature. They are generally periodic structures, which can be dielectric or 

metallic, most often made of resonant cells. These materials can be considered as homoge-

neous, and investigated using usual electromagnetic characteristics. Their development 
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started from 1999, when Pendry demonstrated the possibility to obtain simultaneously a neg-

ative permittivity and permeability, never observed in natural materials (Pendry et al., 1999). 

Metamaterials are therefore currently the subject of many studies, whether in the field of 

imaging or telecommunications. 

Several existing implementations of metamaterials have already been proposed for moderate 

field MRI to homogenize the B1
+ field or enhance the SNR and the penetration depth (Freire 

et al., 2010; Holloway et al., 2012; Radu et al., 2009; Shchelokova et al., 2018; Wiltshire et al., 

2001) and to a lesser extent for ultra-high field MRI to enhance performance and decoupling 

of surface coils (Connell et al., 2015; Georget et al., 2017; Hurshkainen et al., 2016; Jouvaud 

et al., 2016; Slobozhanyuk et al., 2016). Here, the proposed solution is based on the intro-

duction of a passive metamaterial structure to locally enhance the B1
+ field of a conventional 

volume coil. 

However, the cautious study of scattering of the metamaterial needs to be undertaken. A 

crucial aspect for the control of radiation lies in the ability to tailor simultaneously the electric 

and magnetic response of a scatterer. This was first theoretically envisioned by Kerker et al. 

(Kerker et al., 1983), for a particle with specific values of permittivity and permeability, that 

the induced electric dipole and magnetic dipole radiation can strongly interfere, thus leading 

to strong scattering anisotropy. These effects were recently measured in the microwave re-

gime (Geffrin et al., 2012) and are referred to as “first” and “second” Kerker condition cor-

responding to a zero-backward scattering and a near-zero forward scattering depending on 

the excitation frequency. Taking advantage of this physical effect in the RF range would allow 

control of the RF field distribution in a MRI volume coil. 

In this work, we propose a new method based on metamaterial to improve the RF field 

homogeneity in UHF volume coils. We demonstrate that the RF field distribution of a bird-

cage coil can be controlled by inserting a “meta-atom” between the sample and the coil. A 

meta-atom can be designed using a single resonator element to build up more complex unit 

cell using coupling mechanism (Meinzer et al., 2014). The meta-atom considered here is 

based on a set of four hybridized resonant metallic wires. It will be referred as hybridized 

meta-atom (HMA) in the following. First, we will model the birdcage coil and HMA structure 

in order to study their effects in simulation. We will then experimentally validate both these 

simulations and an analytic approach developed to describe the interaction between the 

HMA and a birdcage coil depending on its length. Finally, we will demonstrate that the HMA 

can controllably redistribute and reshape the RF electromagnetic field within in a 7T MRI 

scanner with a better efficiency than conventional dielectric shimming. 
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4.3.1.2.  Materials and methods  

- Coil and metamaterials modeling 

The metamaterial used here was a set of telescopic resonators made of four 2mm diameter 

copper rods, placed at the four corners of a rectangle of sides 1.5cm and 2cm, forming a 

rectangular parallelepiped in order to create a magnetic mode (Abdeddaim et al., 2011; Kanté 

et al., 2009), as displayed in Figure 4.3a. The length of the HMA can be tuned between 20cm 

and 100cm, and was set to 41cm for this first experiment.  

To study the best location of the HMA in the coil, as well as the SAR induced to the patients, 

it is important to study the behavior of such a scatterer in simulations. Therefore, a birdcage 

coil 1Tx/1Rx, as well as the metamaterial were modeled using CST software (Computer 

Simulation Technology AG, Framingham, MA, USA). The coil was modeled according to 

the patent filed by Invivo Corporation in 2008 (Saylor, 2008).  

Simulations were compared to experimental validation experiments using a birdcage head 

coil 1Tx/1Rx (Invivo Corp., Gainesville, USA) and a Specific Anthropomorphic Mannequin 

phantom (SPEAG, Zürich, Switzerland) on a 7T Magnetom MRI (Siemens Healthcare, Er-

langen, Germany).  

B1
+ distribution at 7T were retrieved using an AFI sequence (Yarnykh, 2007) with a field-of-

view of 256x256x144mm3 and a resolution of 4mm isotropic. The target flip angle was fixed 

to 60°. TRs were chosen such as TR1+TR2=130ms and TR1/TR2=5. Echo time was 3.06ms 

and the BW fixed to 1560Hz/px. Such acquisition parameters allowed to retrieve an AFI 

images in 5 minutes. 

- Theoretical and experimental HMA length optimization 

MRI acquisitions can be affected by a combination of many parameters such as: the size, the 

shape and the relative permittivity of the subject. Dr. Marc Dubois from Institut Fresnel 

developed an analytic approach in order to derive the Kerker conditions depending on the 

HMA length (Dubois et al., 2018). The derived model was then used to describe the interac-

tion between the HMA and birdcage coil field excitation.  

An experimental validation of this theoretical model was performed. In order to quantify the 

effect of the HMA depending on its length, B1
+ maps were acquired for thirty different 

lengths of the HMA, from 40 to 60cm. An oil spherical phantom was used for that purpose, 

and the averaged flip angle values in a region of interest (ROI) depicted by a red circle in 

Figure 4.6d was investigated for each length. The experimental setup is displayed in Figure 

4.6c. 
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These thirty experimental B1
+ maps were acquired using an accelerated strategy, namely the 

XFL sequence (Amadon et al., 2010). Acquisitions were performed in the coronal direction, 

using a 5010µs 90° versed Shinnar-Leroux saturation pulse (Amadon et al., 2010; Pauly et al., 

1991) with a time-to-bandwidth product of 9. Sequence parameters for a 4mm in-plane res-

olution with a FOV of 256x256x176mm3 were TR/TE=20s/3.06ms, FA=3°, 

BW=1560Hz/px. The acquisition time was of 40 seconds with no acceleration factor.    

- Comparison with HDC pad in a realistic phantom 

The HMA placed at 2cm from the phantom has been compared to a BaTiO3 pad, currently 

one of the most efficient solution found in the literature (O’Brien et al., 2014; Teeuwisse et 

al., 2012b). The permittivity of the BaTiO3 mixture designed is close to εr= 220 which is 

optimal for a 1-cm thick pad (Neves et al., 2018). The mixture is sealed in a plastic box of 

dimensions 12x10x1cm3 and placed on the right side of the SAM phantom, as shown in 

Figure 4.3b and c.  

B1
+ maps were acquired using the same AFI sequence (Yarnykh, 2007) as described above. 

 

Figure 4.3 : (a) Sketch of the HMA configuration. Four copper rods are placed at the four corners of 
a rectangle of sides d1=1.5cm and d2=2cm. (b)Axial slice of the experimental scheme, showing the 
position of a metamaterial (red circles) and (c) a BaTiO3 pad next to the specific anthropomorphic 
phantom in the birdcage 1Tx/1Rx coil. 

- Signal to noise ratio evaluation 

In order to fully assess the performances of our RF shimming approach, we explore the 

effect of the HMA structure in terms of signal to noise ratio. The SNR obtained with the 

birdcage alone will be considered as a reference and we will observe the impact of the HMA 

when inserted within the coil. Every acquisition will be performed with the same input 

power. 

To do so, we obtained a PD-weighted image of the phantom using a gradient echo sequence 

with TR=5s, TE=1,9ms, FA=90°, BW=1563Hz/px, field of view of 256mm2 on 64x64 pix-

els with 4mm isotropic voxel size. For this PD weighting with TR>5T1, the signal SGRE ob-

tained in function of the position r is: 
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 𝑆𝐺𝑅𝐸(𝑟) = 𝑀0(𝑟)𝐸2𝑅(𝑟) sin(𝜃(𝑟)) (4.1) 

With 𝑀0(𝑟) the longitudinal magnetization available, 𝑅(𝑟) the reception profile, θ(r) the 

flip angle map and 𝐸2 = 𝑒−𝑇𝐸/𝑇2
∗
. This last factor has a reduced impact since TE is lower 

than T2
*. The excitation profile θ(r) is removed from the signal expression using an XFL 

acquisition as described above, in order to compute the corrected SNR maps as follows:  

 
𝑆𝑁𝑅(𝑟) =

〈𝑀0(𝑟)𝑅(𝑟)〉

𝑠𝑡𝑑(𝑆𝐺𝑅𝐸0𝑉
)

 (4.2) 

Where 𝑆𝐺𝑅𝐸0𝑉
 is a measure of real noise with no RF power during the sequence. 

4.3.1.3.  Results 

- Coil and metamaterials modeling 

The developed 1Tx/1Rx simplified coil model is shown in Figure 4.4.  

 

Figure 4.4: Coil model on CST software, showing power supply (in red) and capacities (in blue). 

The simulation study of a HMA placed at 2cm at the right of the phantom is displayed in 

Figure 4.5, first row. The empirical verification of B1
+ distribution, in Figure 4.5 second row, 

demonstrates both the consistency of the coil model, and the efficiency of the HMA struc-

ture to mitigate the B1
+ distribution on a phantom with a human geometrical shape. 

 

Figure 4.5. First row: Simulation of the B1
+ field (in Tesla) for a metamaterial placed as in Figure 

4.3. Second row: B1 field from AFI MRI acquisition corresponding to the above simulation (in Tesla). 
White arrows show enhanced regions. 
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- Length optimization 

Results of the obtained flip angle depending on the HMA length are displayed in Figure 4.6a. 

When the HMA is present we observe an increase of B1
+ field in the phantom near the HMA. 

This effect is related to the increase of the local magnetic field when a resonant mode is 

excited. When the length is further tuned, we are able to decrease drastically the B1
+ field 

when the backward scattering condition is reached at a length equal to 49 cm. Then, we 

observe an even stronger increase in the near B1
+ field at the forward scattering condition 

length (49.5 cm). The experimental and theoretical analytical results show a very good agree-

ment, which confirms our interpretation of the HMA behavior. 

 

Figure 4.6 : a) Average flip angle in a ROI in the peripheral region of the phantom close to the HMA 
(denoted in the schematic view of theory in (d)), as a function of the HMA length from MRI experi-
ments. The dotted line indicates the reference value (without HMA), the blue line shows analytical 
results, and the red line the experimental measurements. (b) Top: Normalized B1

+ maps measured for 
two lengths of interest namely 49cm and 49.5cm. Each corresponds to the Kerker conditions with an 
enhancement or cancellation of the B1

+ field close to the HMA. Bottom: Normalized field maps ob-
tained from the theoretical calculations for the two Kerker conditions. HMA length from left to right 
are 49.6cm and 49.8cm. (c) Pictures of the experimental setup showing the positioning of the HMA 
in the birdcage coil. (d) Schematic view of experimental configuration inside the MRI scanner: birdcage 
coil (dark gray), HMA (4 rods) and oil phantom, εr = 3.4 (light gray). The ROI investigated for mean 
FA is depicted in red. 
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- Comparison with HDC pad in realistic phantoms 

The results for the reference birdcage with no shimming material are presented in Figure 

4.7a. The characteristic inhomogeneous RF field pattern is observed. Adding a BaTiO3 pad 

in the coil, as presented in Figure 4.7b, leads to a strong amplitude increase in the area close 

to the pad. However, the pad configuration is not able to fill the gap between the side of the 

phantom and the central spot meaning that the dispersion of B1
+ amplitude values remains 

broad. A measurement performed with a 42cm long HMA placed at 2cm from the right side 

of the phantom, Figure 4.7c, provides a similar enhancement of the B1
+ amplitude on the 

right side of the SAM phantom. Nonetheless, the HMA configuration is such that we are 

able to merge the two high amplitude spots into one large area with low dispersion in terms 

of B1
+ amplitude values. These results clearly show the benefits of the metamaterial approach 

developed here compared to the actual benchmark in terms of RF passive shimming. 

 

Figure 4.7: Measured B1
+ coronal maps (in µT) of the SAM phantom: (a) with SAM only (b) in the 

presence of a BaTiO3 pad on the right side and (c) replacing the pad with a 42cm long HMA. HMA 
is located 2cm away from the phantom. 

- Signal to noise ratio evaluation 

PD-weighted images are presented in Figure 4.8a-b for the reference case and in the presence 

of HMA. SNR maps, independent from the flip angle heterogeneity, are shown in Figure 

4.8c-d. SNR enhancement map is shown in Figure 4.8e. 

Figure 4.8a-b demonstrate a local enhancement of the signal in the vicinity of the HMA. This 

is a consequence of the RF shimming observed in the previous results. Nevertheless Figure 

4.8c-d show that even at the same input power, and after correction for flip angle heteroge-

neity bias, receiving SNR is locally improved by the HMA insertion. This result can be inter-

preted through reciprocity principle (Hoult, 2000b) where a gain in transmission can also be 

observed in reception. We observe a maximum of 150% enhancement in the original dark 

spot produced by the birdcage alone. These results show that besides the clear advantage of 

local B1
+ enhancement provided by the HMA, the reception path benefit also from the pres-

ence of the HMA within the birdcage coil. 
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Figure 4.8: Measurements of SNR with and without HMA on SAM phantom. (a) Proton density 
weighted coronal image with birdcage and (b) with 42cm long HMA inserted (metamaterial along 
the right side of the phantom). Local enhancement can be visually identified by the white arrow along 
the HMA. (c) Corrected SNR maps (arbitrary units) obtained with the birdcage alone and (d) in 
presence of HMA. (e) Calculated SNR enhancement map in percentage. It confirms a strong SNR 
enhancement close to the HMA but also a slight improvement on a relatively large part of the phantom 
volume. 

4.3.1.4.  Discussion 

The results presented above demonstrate a strong impact of the HMA on the B1
+ field locally 

for UHF MRIs. Besides its clear effect on the RF field distribution, HMA structure has the 

potential to overcome limitations of dielectric pads: it has a smaller size, and can be set fur-

ther away from the patient. Contrarily to dielectric pads, metallic metamaterials are not sub-

ject to aging and thus will keep their performance along time. In addition, they are cost ef-

fective and very easy to manufacture. HMA equivalent dielectric constant is also tunable by 

simply modifying the length and the distance between the rods. Thus, in a first approach, 

HMAs could be used similarly to dielectric pads but accessing a higher degree of control in 

the RF field distribution. In addition, we have shown that we could strongly increase or 

reduce the B1
+ field when the Kerker scattering conditions are set.  

The realistic coil model developed in this study will be used in future work to optimize the 

location of several HMA to improve not only the local B1
+, but also the global B1

+ distribu-

tion in the whole brain at 7T. But before implementing such a solution in vivo, some ques-

tions need to be addressed and will be the topic of later work. First, we need to ensure the 

safety of the patient and compliance with the SAR standards. Simulations of an exact and 

mastered coil architecture will be needed to assess accurately the impact of HMA on the 

induced SAR. A human model for which the tissue properties exactly correspond to those 

of the human brain will be used for that purpose. Furthermore, the interferences of this 

HMA structure with a specific receiving phased array need to be examined before imple-

menting in a state-of-the-art routine clinical coil.  
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Obviously, this HMA structure cannot be adopted yet for QuICS in vivo acquisitions to 

homogenize the global B1
+ distribution. A cautious study on the induced SAR and B1

+ dis-

tribution optimization needs to be undertaken first. The current length of HMA represents 

a major impediment to use HMA in clinical routine as well. In the meantime, advances were 

made in the lab in the development of parallel RF transmission, especially improving its 

ability to address B1
+ heterogeneities using a plug-and-play solution. We decided to investi-

gate its potential for QuICS’ FA mitigation. 

4.3.2.  Parallel transmission: universal pulses for brain applications 

Parallel transmission (pTx), as introduced in §1.2.3.2, consists in placing several independent 

RF transmitters around the subject, instead of a single one on standard MR coils. A much 

more homogeneous excitation is obtained by taking advantage of RF interference and dy-

namic modulation during the excitation (Grissom et al., 2006). These additional degrees of 

freedom provide a better control of the magnetization but also raise challenging problems in 

terms of workflow and safety.  

PTx can be implemented using either static or dynamic shimming. In both cases, the B1
+ 

field and the static field (ΔB0) distributions of the subject must be known, as they show a 

strong dependence to the inserted load. To date, the measurement of those maps combined 

with data extraction, processing, and sophisticated pulse design can easily require 15 min or 

more (Cloos et al., 2012; Deniz et al., 2016), which decreases by the same amount the time 

available for acquiring clinically relevant data. However, in practice, for a given type of ex-

amination, for example on the brain, these variations in B1
+ and B0 can change only moder-

ately.  

Recently, the work of (Gras et al., 2017a) took advantage of this observation and described 

a strategy using the reproducibility of the brain shape to provide a plug-and-play solution, 

called “Universal Pulses”. Based on B1
+ and ΔB0 maps from 6 subjects at 7T, forming a 

representative database, a 3D nonselective Universal Pulse (UP) was derived to robustly mit-

igate the RF field inhomogeneity problem over a population of 6 other subjects. To general-

ize the FA homogenization simultaneously over multiple subjects, an optimal pair of RF 

coefficients (x) and trajectories (k) minimizing the maximum root mean square error over 

𝑁𝑠 subjects was derived, as described in Eq. (4.3).  

 
min
𝑥,𝑘

( max
1≤𝑖≤𝑁𝑠

‖𝐴𝑖(𝑥, 𝑘) − 𝛼𝑡‖2)  (4.3) 

with 𝐴𝑖 a Bloch operator that returns the FA generated by the corresponding RF and trajec-

tory pair (𝑥, 𝑘), and 𝛼𝑡 the target FA. 
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The results, displayed in Figure 4.9 for one subject, show the potential of the universal pulses 

to globally homogenize the B1
+ distribution.  

 

Figure 4.9 Native (no reception profile correction) 7T MPRAGE images for one subject, using (a) 
standard circularly-polarized rectangular pulse, (b) universal pulse and (c) subject-based tailored pulse 
on an 8Tx/32Rx coil. The universal pulses are able to greatly mitigate the RF field inhomogeneity 
problem without B1 and ΔB0 measurements (yellow arrows), while satisfying various hardware and 
safety constraints. From (Gras et al., 2017a). 

These results suggest that the use of parallel transmission could become completely trans-

parent to the user, thus simplifying considerably the workflow and offering a solution to 

make the great potential of UHF scanners more accessible to anyone. Indeed, for a given a 

coil and sequence, this solution provides a pulse applicable to any patient in the scanner, 

avoiding a great loss of time and efficiency in clinical routines for the brain. Thus, the appli-

cation of such technique would allow to easily apply QuICS at UHF with adjusted B1
+ maps 

to obtain accurate quantification of tissues in a clinical setting.  

4.4.  QuICS application in vivo using parallel transmission  

Universal pulses seem promising to obtain a homogeneous B1
+ while conserving clinically 

viable protocols. In this section, we will apply such 3D non-selective excitation and compare 

it with a rectangular pulse impulsion in circularly-polarized mode, corresponding to a classic 

pulse in single transmit systems. We will obtain in vivo results in a clinically-relevant time 

and compare our extractions with literature values and gold-standard measurements. 

4.4.1.  Materials and methods 

Acquisitions were performed at 7T using a 8Tx/32Rx head coil (Nova Medical, Wilmington, 

MA, USA) firstly with a non-selective 500µs rectangular pulse in circularly-polarized mode, 

corresponding to a classic single transmit experiment, and secondly with a non-selective Uni-

versal Pulse (UP) (Gras et al., 2017a) to obtain a very homogeneous flip angle distribution. 

The duration of the UP was adapted to 3.25ms in order to obtain the same mean input power 
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of 1.8W in both acquisitions. A schematic sequence diagram of the SSFP sequence with 

universal pulse implementation for one transmitting channel is shown in Figure 4.10. 

 

Figure 4.10: QuICS sequence diagram for 3D non-selective acquisition showing a schematic view of 
Universal Pulse with RF for one transmit channel. A spoiler in the readout direction corresponding to 
a NRO of 4 is implemented here. 

The applied QuICS protocol is the one derived in section 4.2. and displayed in Table 4.1, 

page 91, respecting the constraints of NRO=4 and FA≤30°, with TR/TE=11ms/3.3ms, 

bandwidth=650Hz/px. The image resolution was set to 1x1x3mm3 in a 256x160x160mm3 

field-of-view. Acquisitions were made in transverse orientation. To avoid aliasing artefacts, 

an oversampling of 100% was added in the phase direction, leading to a total acquisition time 

of 16 minutes 36. 

Gold-standard measurements were performed to compare T1 and T2 values. To retrieve T2, 

a multi Spin-Echo sequence was used with a resolution of 2x2x3mm3, a TR of 8s and three 

TE of 10, 30 and 50ms. The three corresponding images were acquired in 18 minutes with 

an EPI factor of 3. To retrieve T1, VFA was applied rather than an Inversion-Recovery Spin-

Echo, in order to reduce both acquisition time and SAR at 7T. Two GRE images with flip 

angles of 5 and 20° with TR/TE=14/3ms, a resolution of 1x1x3mm3, were acquired in 

3min17. To correct for B1
+ heterogeneity, the needed flip angle map was retrieved using an 

AFI sequence described in §4.3.1.2. at a 4x4x3mm3 resolution in 5min20. T1 mapping was 

therefore corrected for both B1 inhomogeneities and incomplete spoiling, as recommended 

in (Preibisch and Deichmann, 2009). 

4.4.2.  Results 

Quantitative extractions with rectangular pulse, mimicking the single transmit coil, shown in 

Figure 4.11a, display a very heterogeneous flip angle dispersion, as expected. A signal drop 
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is encountered in cerebellum as well as in temporal lobes for all the extracted parameters, 

confirming the above Monté-Carlo in-silico simulations from §4.2. On the contrary, when 

applying UP, results displayed in Figure 4.11b show a more homogeneous flip angle map, 

and acceptable quantitative results over the whole brain. 

 

Figure 4.11: 7T 3D QuICS (1x1x3mm3) quantitative extraction for PD, flip angle, T1 and T2 maps 
using (a) rectangular pulse (b) Universal Pulse excitation. Displayed slices are depicted in the 3 differ-
ent orientations by white dotted lines. In (a), QuICS fails to estimate properly the quantitative pa-
rameters in the cerebellum and parietal lobes, due to a to high FA heterogeneity, as highlighted by 
arrows. In (b), the flip angle distribution is much more homogeneous, and the QuICS extraction was 
successful in the whole brain, even in areas where there was a lack of signal in (a). 

To assess to which extent QuICS estimations are accurate, a comparison of the extracted 

quantitative maps was performed with gold-standard measurements and is displayed in Fig-

ure 4.12. Distributions of quantitative values over a slice show an overestimation of T1 values 
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of 20%. For T2, over the measured slice, QuICS estimations were in agreement with gold-

standard measurements. All these measured values are in the range of what is usually en-

countered in literature at 7T (Marques and Norris, 2018). 

 

Figure 4.12: T1 maps of an axial slice at 7T from VFA acquisition (a) and QuICS extraction (b) in 
ms. The corresponding distributions are displayed in (c). T2 map measured with multi Spin-Echo 
method (d) and QuICS (e) with an interpolated resolution of 2mm in-plane, to correspond to gold-
standard resolution. Distributions of T2 for the slices presented in (d) and (e) are presented in (f).  
For T1, QuICS curve seems shifted, showing the overestimation of T1. VFA T1 exhibits a peak at 
1200ms, whereas QuICS present the corresponding peak at 1500ms, demonstrating an overestima-
tion of 20% over the slice. For T2, values are very consistent. 

4.4.3.  Discussion 

This work is the first application of QuICS at UHF. 3D quantitative extraction of PD, FA, 

T1, and T2 was performed at 7T at a 1x1x3mm3 resolution in 16 minutes 36s over the whole 

brain. Such acquisition time is compatible with clinical routine and could be shortened easily 

by diminishing the acquisition oversampling and changing the acquisition orientation.  

The 3D preliminary results shown in Figure 4.11 confirmed the ability of the UP to efficiently 

mitigate the B1
+ field using an 8Tx/32Rx coil on a SSFP sequence. These results also con-

firmed the Monté-Carlo simulations, presented in §4.2, showing a relevant extraction when 

the effective FA was greater than half of the targeted FA. 
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Comparisons were made between QuICS and established methods. On the one hand, T2 

estimations were performed over a single slice in 18 minutes using multi Spin-Echo tech-

nique, with an in-plane resolution of 2mm2. Comparisons with QuICS demonstrate the abil-

ity of the quantification process to accurately measure different T2 relaxation times and dif-

ferentiate neighboring tissues.  

On the other hand, T1 maps were retrieved in 9minutes using VFA. Usually, T1 estimations 

from this technique are overestimating the real T1 values. Therefore, here, T1 maps were 

corrected for B1
+ heterogeneities and incomplete spoiling, to avoid this bias (Preibisch and 

Deichmann, 2009).When compared with QuICS, an overestimation of 20% was observed in 

our T1 quantification. This might be explained by some motion observed between the differ-

ent QuICS contrasts during the exam. A motion correction technique, applied to both mag-

nitude and phase images, could improve the results accuracy and maybe explain this discord-

ance. Moreover, residual CSF flow motion could also be corrupting the steady-state by in-

troducing additional phase to the transverse magnetization and leading to loss of signal (Gras 

et al., 2017b; O’Halloran et al., 2015). Finally, magnetization transfer effects, not considered 

in our QuICS model, might play a role in this issue (van Gelderen et al., 2016), as the pertur-

bation of the magnetization from protons of lipids and macromolecules might affect relaxa-

tion rates. Further study would be required to understand the underlying phenomenon, and 

more data would be needed to draw a meaningful conclusion about this QuICS T1 bias. 

Nevertheless, it does not invalidate the approach, because dictionary-based multiparametric 

methods come with a long post-processing step (Cloos et al., 2016). Here, the extraction of 

quantitative maps directly from DICOM images was achieved in approximately 1.5 minutes 

per slice, leading to a total of 82 minutes for the 56 slices of the 3D volume. This process 

could easily be improved using parallel computing, opening perspectives for a clinical work-

flow compatibility.  

QuICS has already proven to be able to retrieve a one-dimensional apparent diffusion coef-

ficient map, at the expense of a longer scan time on phantoms (Leroi et al., 2017; de Roche-

fort et al., 2016). The acquisition of more contrasts would allow such an extraction, but was 

not implemented in this experiment. Indeed, in anisotropic media such as human brain, such 

information would be of limited interest for clinicians. The addition of spoiling gradients in 

other directions using “NSS” and “NPE” additional degrees of freedom may lead to the ex-

traction of a trace ADC value. In such scenario, Eddy current will need to be carefully ex-

amined and compensated.  

In future work, non-Cartesian trajectories will also be implemented to reduce TA while ob-

taining high-resolution quantitative maps in a clinically-relevant time, with new patterns of 
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optimized k-space filling (Lazarus et al., 2017).  The method could also be applied using slice-

selective Universal Pulses (Gras et al., 2017c) to reduce head-foot oversampled coverage.

The next step of this work will be to evaluate the robustness and reliability of the approach 

over several healthy volunteers. Such quantitative method paves the way for clinical research 

studies at UHF. First, we can imagine studies scanning a specific cohort of patients with an 

identified disease and compare them with a healthy population of matched age and sex. For 

example, a pathology such as Parkinson reported shorter T2 in the brain. In advanced stage 

of the disease, this T2 shortening is exacerbated in certain regions (Vymazal et al., 1999). 

Differences in NMR parameters may therefore lead to potential new diagnosis triggers for 

physicians.  
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Chapter 5. 3Na quantitative MRI: an in vitro demonstration 
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n this chapter, we leave apart proton (1H) imaging to focus on sodium (23Na). Our interest 

in 23Na MRI originates from its involvement in cellular homeostasis and viability. Quan-

tifying physical properties of 23Na could be of benefit to assess more specifically pathological 

changes in cellular stability accompanying neuroinflammatory or neurodegenerative diseases. 

Due to its lower NMR sensitivity, 23Na MRI remains challenging, resulting in images with 

low SNR and poor resolutions. In addition, 23Na relaxation times are much shorter than the 

ones encountered in 1H. In this context, applying QuICS to sodium imaging represents a 

good demonstration of the potential of the method to retrieve different quantitative NMR 

parameters values. 

5.1.  Introduction 

Sodium (23Na) yields the second most NMR sensitive nucleus in biological tissues after Hy-

drogen (1H). 23Na MRI offers insights into pathologies through novel metabolic information 

that classic proton MR imaging cannot access, potentially improving patient care in this way. 

A wide literature deals with the investigation of sodium compartmentalization with the aim 

to separate intracellular 23Na from the total sodium content as a marker of cell viability in 

vivo. However, the complexity to untangle such information makes these results debatable 

(Thulborn, 2018). Indeed, most of the studies are currently focusing on Total Sodium Con-

centration (TSC) which, non-exhaustively, has been shown to be beneficial to study tissue 

viability after stroke, to detect malignant tumors and to assess drug resistance before chem-

otherapy, Huntington’s disease and multiple sclerosis in the brain, as well as acute myocardial 

infraction in the heart (Madelin and Regatte, 2013). In some studies, proton DWI or contrast-

enhanced MRI is also proposed and recommended to increase the sensitivity and specificity 

of the diagnosis (Jacobs et al., 2009). Thus, the opportunity to quantitatively retrieve 23Na 

TSC in addition to several other NMR properties such as T1, T2 or Apparent Diffusion Co-

efficient (ADC) specific to 23Na in a single experiment is of interest to improve the detection, 

the investigation of the physiopathology of various diseases and the evaluation of potential 

treatments, for an enhanced follow-up. 

 

To date, the precise determination of the above-cited quantitative parameters requires the 

sequential implementation of several methods, as was demonstrated in the past (Morrell et 

al., 2016; Staroswiecki et al., 2009; Zbyn et al., 2009). None of them addressed 23Na DWI so 

far. Sodium diffusion has only been assessed in rat brain (Goodman et al., 2005) and rat 

skeletal muscle using shift-reagent aided MR Spectroscopy (Babsky et al., 2008). Therefore, 

the simultaneous, fast and robust mapping of 23Na NMR properties constitutes a challenging, 

relevant and exciting prospect for biomedical research.  

  

I 
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The aim of this work was to demonstrate the experimental feasibility of the QuICS approach 

on 23Na to assess simultaneously in a single sequence total 23Na NMR properties in vitro. 

Although 23Na is usually modeled using a density operator evolution under the Liouville 

equation, the magnetization behavior will be approximated to follow a single-T2 simplified 

model weighted by its various contributions. It is performed at 7T to take advantage of the 

larger SNR (Pohmann et al., 2015). The robustness of the approach was evaluated in different 

physicochemical environments presenting variations of relaxation times, ADC and concen-

trations, corresponding to different in vivo tissues. To the knowledge of the authors, this 

phantom study is the first simultaneous multi-parametric quantitative extraction reported in 

the context of 23Na MRI, and in particular the first 3D mapping of its ADC. Applicability to 

clinical acquisitions will be also discussed. 

5.2.  Materials and methods 

5.2.1.  In-silico experimental setup formulation 

In this study, only phase cycling was used to modulate the SSFP contrast. Thus, to determine 

the most adequate NRO and FA to use to accurately assess the targeted sodium relaxations 

(T1=60ms, T2=50ms) and ADC properties (ADC=1.3x10-3 mm²/s) under the scanning con-

ditions described in the following section, simulations using brute-force Monte-Carlo SSFP 

were performed. The range of tested FA varied from 0 to 100° with a precision of 1°, using 

10,000 samples per FA. To account for the coil receiving profile and associated FA and SNR 

variations, the voxel magnetization at thermal equilibrium, M0, was proportionally adapted 

to the considered FA from empirical measurements. The range of tested  NRO varied from 1 

to 47, corresponding to a diffusion sensitivity of b=TR*(2π/a)2 ranging from 0.02 to 

48.4 s.mm-2 between two RF pulses. The latter was the limit of our system given the chosen 

TR of 20ms and pixel size of 6mm3 isotropic.  

5.2.2.  MRI acquisitions 

MRI acquisitions were performed on an investigational 7 Tesla MRI scanner (Siemens 

Healthineers, Erlangen, Germany) using a homemade hemi-cylindrical 1Tx/1Rx 23Na coil 

(Figure 5.2a). FA was calibrated assuming that the reference voltage would allow to get a 

global mean FA equal to the targeted FA in the whole phantom. Acquisitions consisted in a 

repeated 3D non-selective Cartesian unbalanced SSFP with different contrasts. Scanning pa-

rameters were TR/TE=20ms/3.2ms, bandwidth=220Hz/px. The image resolution was 

6mm3 isotropic in a 192x192x160mm3 field-of-view. FA and NRO were set respectively to 45° 



23Na quantitative MRI 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

111 

and 47, according to the results from the optimization process described above (Figure 5.1). 

11 contrasts were selected with RF spoiling increments = [0, 20, 100, 110, 130, 170, 190, 230, 

250, 340, 360]° to sample the complex plane. Using 25 averages, the acquisition time (TA) 

of a volume was 7 minutes, leading to a total TA of 1h18min.  

MR spectroscopic measurements of ground-truth T1, T2 and ADC were performed on a 7 

Tesla preclinical scanner (Pharmascan, Bruker, Ettlingen, Germany) using a small home-

made dual-resonance 23Na/1H birdcage coil and gold-standard methods. Single Voxel Spec-

troscopy (SVS) data were acquired from a large 30 mm3 voxel. For T1 assessment, an Inver-

sion Recovery (IR) LASER sequence (Garwood and DelaBarre, 2001; Slotboom et al., 1991) 

was used, varying the inversion time from 5 to 100ms by 10ms steps, with 

TR/TE=500/13ms, BW=4kHz and an inversion pulse of 2ms. Then, T2 and ADC were 

measured using a STEAM sequence (Moonen et al., 1992; van Zijl et al., 1989), acquiring 

respectively seventeen different TE from 2 to 120ms and five b-values from 0 to 1200 s/mm² 

with two diffusion gradient polarities to get rid of cross-terms with selection gradients. Ac-

quisition parameters were set to TR/TM = 500/10ms, TE=10ms, BW=4kHz and excitation 

pulse of 500µs. The consecutive SVS acquisitions for these three parameters took about 

1h35min. 

To test our method’s ability to probe sodium NMR properties, experiments were conducted 

on a series on phantoms using the setup shown Figure 5.2a. First, three phantoms (150mL 

glass containers, diameter=3cm) containing the same CSF physiological NaCl concentration 

of 150mM were investigated, with 0, 2 and 5% agar gel to reduce the relaxation times of 
23Na, to mimic brain or cartilage properties. Second, to test the quantification of sodium 

concentrations, phantoms of 30, 50 and 100 mM NaCl were imaged with a reference tube of 

150mM in the same configuration. Finally, to increase the viscosity of our saline solutions 

(Hara et al., 2014; Winfield et al., 2016) and probe varying apparent ADCs of 23Na, 5 to 15% 

w/w sucrose (Sigma-Aldrich, Saint Louis, USA) was added in the 150mL tubes. 

MRS measurements were performed using tubes filled with similar compositions, using a 

concentration of 150mM NaCl. One reference tube was assessed, in addition with one tube 

containing 5% of agar gel and one containing 15% of sucrose. 

5.2.3.  Data analysis 

Total sodium concentration maps were retrieved from the ratio between M0 and B1
-, where 

the sensitivity profile B1
- was estimated from the FA distributions, by applying the reciprocity 

principle (Hoult, 2000b). The concentrations were estimated for each adjacent tube using the 

tube of 150mM as an external reference for concentration.  
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Due to the hemi-volumic coverage of our coil (Figure 5.2.a), a substantial sensitivity bias was 

observed across our images. In order to limit the impact of this inhomogeneous SNR on the 

estimation of the NMR properties of 23Na, a region-of-interest (ROI) was defined in each 

phantom to keep the upper part, where the FA was systematically higher than 40° (Figure 

5.2.b-f), as observed in the experimental setup formulation results (Figure 5.1). Estimations 

were performed by assessing the mean over the pixels respecting this criteria over the whole 

phantom, leading to robust estimations. 

5.3.  Results 

Results of the protocol optimization process are presented in Figure 5.1. It shows that FA 

and NRO need to be respectively set to 45° and to 47, to get reliable estimations. As shown 

in Figure 5.2, regions of interests were also defined in each phantom to assess results where 

the FA was systematically higher than 40°. 

 

Figure 5.1: Brute-force Monte-Carlo simulations of 23Na T1(a), T2(b), ADC(c), M0(d) and FA(e) 
estimations as a function of spoiling gradient moment (NRO) applied in the readout direction and FA, 
in order to account for its variations due to the coil profile. TR was set to 20ms, RF spoiling increments 
= [0, 20, 100, 110, 130, 170, 190, 230, 250, 340, 360]°, pixel size Δz=6mm and expected 
T1=60ms, T2=20ms and ADC=1.3x10-3mm².s-1. To account for the coil receiving profile and associ-
ated FA and SNR variations, M0 varied with FA. On the one hand, this figure illustrates that choos-
ing a FA higher than 40° (shaded area) and the highest spoiling gradient momentum avoids bias and 
leads to the most accurate estimations for T1, T2 and ADC. In another hand, results obtained with 
FA below 40° and lower NRO cannot be considered because a large bias and uncertainty in the esti-
mations are observed. M0 and FA estimations are more robust to FA variations, as a FA of 20° seems 
sufficient to estimate these parameters. 
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As illustrated in Figure 5.3a, 23Na concentrations were accurately estimated, relative quanti-

fication errors being below 15%. Likewise, the ADCs were estimated for the sucrose-en-

riched (5-15%w/w) saline phantoms (Figure 5.3b). SVS measurements lead to very similar 

results for both the reference and the 15% sucrose tubes. 

To study the robustness of the method, different measurements were conducted varying the 

relaxation properties of the phantom using agar from 0 to 5%, to mimic different human 

tissue properties. Results displayed in Figure 5.3c show the consistency of the mean T1 and 

total T2 over the defined ROIs compared to SVS measurements. Similar values were also 

reported at 7T (Nagel et al., 2016).  

 
Figure 5.2 : Schematic of our hemi-volumic 23Na RF coil with positioning of phantoms (a) and multi-
parametric transverse maps obtained using the QuICS method: 23Na concentration (b), FA in degrees 
(c), T1 and T2 in ms (d, e) and ADC in 10-3mm².s-1 (f). The white ROI delimits the region where 
FA>40°, in agreement with results on experimental setup formulation, Figure 5.1. In this experiment, 
tube 1 (left) contained saline water with a physiological CSF concentration of 150mM with 2% agar 
and tube 2 (right) contained the same saline water without agar. Total sodium concentration map 
was retrieved from the ratio between M0 and B1

-, where the sensitivity profile B1
- was estimated from 

the FA distributions, by applying the reciprocity principle (60). The concentration for tube 2 was 
estimated using tube 1 as a reference. Over the ROI, results exhibit homogeneous and significantly 
different relaxation times between the two phantoms. 
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Figure 5.3 : a) Expected dilution and experimental estimations obtained with QuICS for realistic 
physiological total 23Na concentrations of gray matter and white matter (shaded area). Measured 
concentrations tend to align with the first bisector (dashed line). b) Estimated ADC values at 21°C 
for four phantoms of 150mM NaCl and various sucrose mass fractions, with associated standard 
deviations. Results show a decreasing evolution of diffusion depending on sucrose concentration, con-
firming observations from (Hara et al., 2014; Laubach et al., 1998a; Winfield et al., 2016) and 
DW-STEAM measurements. c)  Estimated T1 and T2 for three phantoms of 150mM NaCl and 
various agar concentrations. 

5.4.  Discussion 

In this work, 3D simultaneous multi-parametric extraction of total T2, T1, sodium concen-

tration, ADC and flip angle at 7T was performed at 6mm3 isotropic resolution in 1h18. To 

some extent, these maps are insensitive for B0 heterogeneity, as these variations are ac-

counted for in the model. Sodium concentrations corresponded to the preparations; relaxa-

tion rates were in agreement with MRS gold-standard measurements; ADC measurements 

were consistent with data and a measurable reduction in ADC was obtained while adding 

sucrose. The 23Na ADC maps were estimated along a single spoiling gradient direction, as-

suming the diffusion weighting of a single quantum coherence NMR signal, which is relevant 

for most sodium ions in an isotropic media (Goodman et al., 2005). 

An acquisition protocol that allows reliable assessment of 3D quantitative maps was deter-

mined on the basis of our Monte-Carlo simulations (Figure 5.1). Our in vitro data validates 

this proof-of-concept acquisition set-up and demonstrates the feasibility of simultaneous 

multi-parametric quantitative extraction (Figure 5.3). Indeed, estimated relaxation times at 

21°C were consistent with the presented gold-standard measurements using respectively IR-

LASER for T1 and STEAM for T2 assessments and with values from literature obtained using 

non-localized Inversion-Recovery and spin-echo sequences at 22°C at 7T (Nagel et al., 2016).  

Large physiological concentrations variations were also studied, with an extraction of TSC 

leading to precision better than 15%. Diffusion estimations for reference saline solution tube 

is consistent with the gold-standard measurements. Despite an extensive interest for 23Na 

diffusion in food processing (Bertram et al., 2005; Guiheneuf et al., 1997; Hansen et al., 
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2008), sodium diffusion assessment could be found in the chemistry literature at 

1.300±0.005x10-3mm².s-1 using a conductimetric cell at 25°C for a 50mM saline solution (Ri-

beiro et al., 2010). This value is consistent with our estimations, as temperatures are in a 

similar range and concentration should have limited effect on diffusion. Here, modifying 

viscosity with sucrose reduced ADC, as verified in spectroscopy and observed in 1H literature 

(Laubach et al., 1998a).  

We succeeded in assessing large physiological range of total sodium concentrations, relaxa-

tions and ADCs, corresponding to various in vivo tissues, from cartilage to brain. The rela-

tively high standard deviations obtained in Figure 5.2b-d could be due to a low SNR from 

B1
+ heterogeneity induced by the hemi-volumic Tx/Rx primate coil. The latter could be tack-

led using a birdcage coil to access the targeted angle more homogeneously. 

23Na has a peculiar sensitivity to its molecular environment through quadrupolar interactions. 

Therefore, its relaxation times exhibit bi-exponential curves in complex media such as tissues 

or agar gels. For T1 relaxation, where short and long components accounts for respectively 

20 and 80% of the 23Na signal (Jaccard et al., 1986; Zhang et al., 2010), the bi-exponential 

recovery is rarely observed, leading to the estimation of a mono-exponential T1 ranging from 

10 to 60ms. For T2 relaxation, the respective contributions of its long (T2 long≈15-60ms) and 

short (T2 short <5ms) components are considered to be about 40 and 60% of the signal re-

spectively (at zero TE). These bi-exponential or mono-exponential relaxation times varies in 

vivo depending on the investigated tissue (Foy and Burstein, 1990; Ridley et al., 2018), its 

intracellular and extracellular volume fractions, and the sodium levels in those two compart-

ments (Foy and Burstein, 1990; Hutchison Robert B. and Shapiro Joseph I., 1991). The in-

tracellular volume fraction is approximately 80% of the tissues with a sodium concentration 

of 10-15mM, and the extracellular volume fraction is around 20%, with a sodium concentra-

tion of 125-150mM. Like most 23Na MRI approach aiming at the extraction of quantitative 

parameters, QuICS estimates apparent TSC, T1, T2, ADC reflecting the weighted sum of all 

those short, long, intra and extracellular components depending on the chosen acquisition 

parameters. Nevertheless, if any of the intra/extra or long/short T2 compartments encoun-

ters fluctuations related to the metabolic state of the tissue or varying molecular environment 

of the sodium ions, one may expect QuICS to exhibit sensitivity to such variations, as other 

single parameter 23Na qMRI techniques have already shown. . In our case, given the long TE 

of 3.2ms, the total T2 mainly reflects the long component of the T2.   

While one could regret this rather poor specificity, QuICS should compensate this weakness 

by finding specificity in the correlation of the multiple complementary NMR parameters, 

helping in the interpretation of the physio-pathological events. Such strategy has already been 

demonstrated successfully with other simultaneous multi-parametric method in 1H MRI 



Chapter 5  
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

116 

(Warntjes et al., 2008; Yu et al., 2017), where the same kind of objections could be done 

regarding compartmentalization of water in biological tissues. 

The experiments reported in this study present a proof-of-concept of the potential of QuICS 

approach to assess simultaneously a broad spectrum of 23Na properties. To date, a combina-

tion of separate state-of-the-art TSC, T1 and T2 measurements at the spatial resolution we 

used is more competitive than what we propose (Morrell et al., 2016; Staroswiecki et al., 

2009; Zbyn et al., 2009). Nevertheless, we add a very important parameter, namely the ADC, 

which has a strong clinical potential to characterize 23Na micro-environment. Additionally, 

acquisition time TA could be reduced in the future, performing an in-depth optimization of 

the acquisition protocol over FA, TR, NRO, T1, T2 and ADC ranges to study the sensitivity 

and robustness of the method. For example, ADC required high spoiling gradients (Figure 

5.1c). Using different NRO, or equivalently different diffusion weighting b-values from one 

contrast to another, is expected to enhance the precision in the determination of the ADC 

coefficient (de Rochefort et al., 2016). In the present study, only single direction ADC meas-

urements has been performed along the readout axis. This was enough in the context of 

homogeneous phantoms, to be extended to an average global ADC. In vivo, this will not be 

the case in the vast majority of the organs and several spoiling directions will be mandatory 

to properly extract this parameter.  Limiting the TA will require to only focus on selecting 

the most valuable steps playing with FA, RF and gradient spoiling including for the latest 

several orthogonal directions. Such an optimization has been demonstrated to be achievable 

using optimal design approaches based on reducing the Cramér-Rao lower bound 

(Valabrègue and de Rochefort, 2016; Zhao et al., 2016). To reduce TA even more, non-

Cartesian sampling sequence could be used to improve SNR. Combining such sampling strat-

egy with a nonlinear iterative reconstruction algorithm would also provide an increase of 

SNR and enable sub-sampling to reduce TA (Coste et al., 2016; Gnahm and Nagel, 2015; 

Madelin et al., 2012). These improvements would be at the cost of a broadening of the ef-

fective Point Spread Function (PSF) in the reconstructed image, which can be optimized 

depending on the targeted application. The use of a birdcage coil to access the targeted FA 

more homogeneously over the region of interest, combined with a received-phase array coil 

to retrieve more signal would also help increasing available signal and further reduce TA or 

increase resolution (Shajan et al., 2016). In the latter case, the sensitivity profile of the coil 

will be corrected using a post-processing algorithm to still be able to extract TSC (Santin, 

2018). 
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5.5.  Conclusion and perspectives 

In conclusion, this work is the first application of a simultaneous multi-parametric estimation 

method to 23Na nucleus. The method showed its ability to accurately retrieve varying 23Na 

concentrations, total relaxation times evolution and ADC. Measured parameters were in 

range of previously reported values in the literature and effective gold-standard measure-

ments. Current acquisitions will be improved to reduce TA and resolution, while increasing 

SNR with the goal of obtaining a clinically-relevant scan time. The simultaneous quantitative 

assessment of several NMR physical parameters could pave the way to a new diagnostic 

process, where correlations between different tissues properties might lead to improve the 

patient outcome (Warntjes et al., 2008; Yu et al., 2017). 
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General conclusion  

and perspectives 
 

 

t present, most of the radiological diagnoses are based on the physicians’ reading skills.   

 Interpretations of images lie in their ability to detect a lesion or a structural anomaly 

in an organ based on weighted images. But the expertise of the radiologist can be fooled, in 

particular in the case of diffuse disorders that change the entire signal of an organ without 

causing anatomical changes (de Sousa et al., 2012). Pathological or therapeutic follow-ups 

suffer from the lack of available quantitative NMR parameters and leave the physician with 

only qualitative and limited information to assess the course of a disease or treatment.  

To provide such NMR quantitative parameters, conventional methods exist but remain too 

long to be applied in clinical routine. Recently, new strategies, providing simultaneously mul-

tiples parameters have emerged in literature (Gras et al., 2017b; Ma et al., 2013; de Rochefort, 

2016; Sbrizzi et al., 2018; Schmitt et al., 2004; Warntjes et al., 2008). Finding the optimal 

method to provide fast and accurate quantitative results, compatible with any field strength, 

remains an important and challenging field of investigation. Within the scope of this thesis, 

a technique was implemented to simultaneously retrieve 3D maps of proton density, T1, T2 

A 
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and flip angle under UHF constraints with possible application in clinical settings. We suc-

ceeded, both in vitro and in vivo, to perform Quantitative imaging using Configuration States 

(QuICS) at 7T. 

First, we ensured that the retrieved images presented no bias, in order to extract reliable 

information from the acquired data. We also managed to reduce acquisition time by collect-

ing only the needed contrasts to produce fast quantitative results on ex-vivo baboon brain.  

To apply this technique on human brain in vivo, a solution to mitigate the B1
+ field was 

investigated, based on metamaterials. It has demonstrated its ability to locally enhance the 

B1
+ distribution. However, further improvements need to be studied before a possible appli-

cation in a clinical setting. In this work, the size of the structure was found to influence the 

B1
+ distribution. The combination of several meta-atoms in the coil may lead to a global B1

+ 

enhancement. Therefore, a study to optimize the number, location and precise architecture 

of the metamaterial introduced in the coil will be the topic of future work.  

Meanwhile, progresses were made in the use of parallel transmission during the timeframe 

of this thesis, by Dr. Gras and Dr. Boulant in the laboratory. PTx, usually very complex and 

fearsome for MRI physicists, has now become user-friendly thanks to the introduction of 

the Universal Pulses strategy, providing a plug-and-play excitation and abolishing the com-

puting waste of time. Therefore, QuICS was applied in vivo with universal pulses excitations. 

Quantitative maps of the whole-brain at a resolution of 1x1x3mm3 were successfully ob-

tained in an acquisition time of 18 minutes.  

The method was then applied to an exotic nucleus such as Sodium. QuICS showed its ability 

to retrieve very short relaxation times. Different environments corresponding to in vivo 

properties were investigated and the technique was able to retrieve the Total Sodium Con-

centration, T1, T2, flip angle and one-direction ADC simultaneously, for the first time in 23Na 

MR imaging. 

So far, a one-dimensional ADC was retrieved on phantoms. This value is relevant in isotropic 

media, but becomes of limited information for in vivo exams. To extract a three-dimensional 

ADC in vivo, the acquisition of more contrasts would be necessary. Implementing spoiling 

gradients in different directions using NSS and NPE might help in the estimation of a “trace 

ADC” value. 

In future work, acquisition time will be further improved by implementing non-Cartesian k-

space trajectories. QuICS was also patented with various possibilities. The acquisition of 

multiple configuration states might be of interest to speed up the acquisition time. Varying 

the TR might be a possibility to add a new degree of freedom to the model.  
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Perspectives  

Much progress has been made during this thesis to provide an efficient quantitative MRI 

strategy, clinically applicable at UHF. But the objective of our field of research is not only to 

discuss new methods and to estimate their potential for medical use. We must also show 

how to integrate them into algorithms to improve diagnoses specificity, otherwise they will 

remain of academic interest only.  

Being able to label organs with robust values of relevant, reliable and reproducible intra-

individual parameters regardless of the machine used would represent a game-changer in the 

diagnoses process. If such labeling was performed for healthy, but also pathological subjects, 

as a function of age and sex, then we could consider to not only detect and characterize 

lesions, as do the radiologists currently based on weighted anatomical images, but also auto-

matically characterize tissues and thus produce semi-automated diagnoses proposed by a 

possible “Clinical Decision Support System”. 

We may therefore consider the implementation of a supervised learning algorithm, acquiring 

knowledge from quantitative examples annotated by a medical expert and performing pop-

ulation data classification. An artificial intelligence inference engine would compare the cur-

rently scanned subject with reference values, and make different proposals about possible 

diagnoses to the clinician. The ability of such tool to discriminate between two pathologies 

or even different stages of the disease may be enhanced by the multiplicity of parameters 

extracted from the sequence (Yu et al., 2017). Its suggestions, based on cross-correlations of 

multiple NMR parameters, would therefore be more secured and specific. Automated diag-

noses based on quantitative MRI would represent a completely new paradigm for clinicians 

that could revolutionize the use of MR and the role of physicians. 
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Abbreviations and acronyms 
α   Flip Angle 

ε   Permittivity 

γ   Gyromagnetic ratio 

σ   Standard deviation 

ω0   Larmor frequency  

ADC   Apparent Diffusion Coefficient 

b   diffusion weighting constant 

B0   Static Magnetic Field 

B1
+   Coil transmission field 

B1
-   Coil reception profile 

bSSFP   Balanced Steady-State Free Precession 

CNR   Contrast to Noise Ratio 

CPMG   Carr-Purcell-Meiboom-Gill sequence 

CSF   Cerebro-Spinal Fluid 

DESS   Double-Echo Steady-State 

EPG   Extended Phase Graph 

EPI   Echo-Planar Imaging 

FA   Flip Angle 

FOV   Field-of-View 

GM   Grey Matter 

GRAPPA  GeneRalized Autocalibrating Partial Parallel Acquisition 

GRE   Gradient Recalled Echo 

IR   Inversion Recovery 

M0   Equilibrium Magnetization 

MRF   Magnetic Resonance Fingerprinting 

MRI   Magnetic Resonance Imaging   

MR-STAT  Magnetic Resonance Spin TomogrAphy in Time domain  

NMR   Nuclear Magnetic Resonance 

PD   Proton Density 

PE   Phase-Encoding 

pTx   Parallel Transmission 
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qMRI   Quantitative Magnetic Resonance Imaging 

QRAPMASTER Quantification of Relaxation time And Proton density by Multi-echo 

Acquisition of a SaTuration-recovery using turbo spin Echo Readout 

QRAPTEST Quantification of Relaxation times And Proton density by Twin-

Echo Saturation recovery 

QuICS   Quantitative Imaging using Configurations States 

RF   RadioFrequency 

RO   Readout 

ROI    Region of Interest 

SAR   Specific Absorption Rate 

SD   Spin Density 

SE   Spin Echo 

SNR   Signal to Noise Ratio 

SPGR   SPoiled Gradient Echo 

SS   Slice-Selection 

SSFP   Steady-State Free Precession 

STEAM  STimulated Echo Acquisition Mode 

SVS   Single Voxel Spectroscopy 

T1   Spin Lattice Relaxation Time 

T2   Spin-spin Relaxation Time 

TA   Acquisition Time 

TE   Echo Time 

TESS   Tripe Echo Steady-State 

TI   Inversion Time 

TR   Repetition Time 

TSC   Total Sodium Concentration 

TSE   Turbo Spin Echo 

UHF   Ultra-High Field 

VFA   Variable Flip Angle 

WM   White Matter
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Résumé court en Français  

(French abstract) 

 

 

 

Contexte 

a tomodensitométrie (TDM), la tomographie par émission de positons (TEP) et  

 l'imagerie par résonance magnétique (IRM) sont les techniques d'imagerie tridimen-

sionnelle les plus connues utilisées en routine clinique. Bien que chacune d'entre elles ait ses 

mérites, la TDM et la TEP impliquent toutes deux des radiations ionisantes et offrent soit 

un contraste limité des tissus mous, soit une résolution relativement grossière. En revanche, 

l'IRM permet d’obtenir des images de résolution submillimétrique, tout en facilitant de mul-

tiples mécanismes de contrastes qui peuvent être exploités pour différencier les tissus et/ou 

indiquer diverses conditions pathologiques. Actuellement, les diagnostics cliniques d'IRM 

sont principalement basés sur des images qualitatives pondérées, où le signal est lié aux pro-

priétés tissulaires de manière non linéaire, et dépend de facteurs externes, tels que le scanner 

utilisé pour l'acquisition par exemple. L’IRM quantitative est une technique d’imagerie qui 

regroupe les techniques susceptibles d’extraire un ou plusieurs paramètres physiques perti-

nents pour le diagnostic, accessibles en RMN. De nombreux paramètres peuvent être ex-

traits. Le temps de relaxation longitudinale T1, relaxation transversale T2, densité de proton 

(PD), coefficient apparent de diffusion (ADC) sont les principaux paramètres qui seront 

d’intérêt dans notre étude. L’IRM quantitative offre un bénéfice par rapport à l’imagerie de 

L 
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pondération classiquement utilisée, notamment pour la détection, la caractérisation physio-

pathologique mais aussi pour le suivi thérapeutique des pathologies cérébrales. Il existe un 

grand nombre de séquences en mesure de récupérer ce type d’informations. Tofts y a con-

sacré un livre (Tofts, 2005) qui fait référence dans le domaine. Longtemps pourtant, malgré 

leurs potentiels, ces techniques sont restées pour la plupart peu utilisées car souvent trop 

longues pour une routine clinique. Elles ont aussi pâti de la variabilité des mesures pouvant 

être synthétisées dans la littérature du fait de la dépendance des résultats aux méthodes d’ac-

quisition utilisées, à leurs paramétrages, à la configuration du matériel, ou encore à la marque 

de l’IRM utilisé. 

Plus récemment se sont développées des méthodes d’acquisitions capables de mesurer plu-

sieurs paramètres simultanément. Là aussi, une littérature pléthorique a vu le jour avec 

quelques méthodes réputées qui ont émergé, susceptibles de mesurer PD, T1 et T2, comme 

Look-Locker (Schmitt et al., 2004), QRAPMASTER (Warntjes et al., 2008), ou TESS (Heule 

et al., 2014). Plus récemment, un article dans Nature a fait sensation en mettant sous les 

projecteurs une nouvelle technique appelée MR Fingerprinting (MRF) (Ma et al., 2013). 

Malgré l’arrivée d’IRMs toujours plus puissants et un intérêt grandissant démontré par la 

constante augmentation du nombre de scanners à ultra-haut champ (UHF) supérieurs à 3T, 

ces cartographies in vivo sont quasiment inexistantes de la littérature au-delà de 3T. En effet, 

l’utilisation de tels appareils nécessite l’affranchissement de limites physiques, empêchant de 

pouvoir les utiliser à leur plein potentiel en l’état. En particulier, l’inhomogénéité de la trans-

mission radiofréquence (RF), du champ magnétique statique B0, les mouvements physiolo-

giques et/ou involontaires du patient à haute résolution spatiale, et la longueur des examens 

lorsqu’on cherche de très hautes résolutions représentent chacun des défis à résoudre avant 

de pouvoir pleinement mettre à profit les IRM UHF. La communauté réalise de nombreux 

travaux pour avancer dans ce sens et des solutions existent pour contrecarrer ces difficultés. 

Par conséquent, trouver la stratégie optimale pour fournir des résultats quantitatifs rapides 

et précis, compatibles de 1.5 à 7T, demeure un champ d’investigation important. Un travail 

de (van Valenberg et al., 2017) a étudié l'efficacité temporelle de certaines de ces méthodes 

basées sur des simulations d’évolution du signal en IRM. Aucune conclusion directe n'a pu 

être tirée quant à une solution optimale. Le développement d’une méthode d’acquisition 

multiparamétrique simultanée compatible avec les UHF nécessite que celle-ci soit à la fois 

robuste aux hétérogénéités de champ magnétique B0 et radiofréquence B1
+. L’objectif était 

ici également de pouvoir extraire le maximum de paramètres. Nous avons donc pris le parti 

d’implémenter une méthode inventée par le Dr Ludovic de Rochefort et appelée « QUanti-

tative Imaging using Configuration States » (QuICS) (de Rochefort, 2015, 2016).  
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Méthode d’imagerie quantitative multi-paramétrique simulta-

née 

QuICS repose sur l'acquisition séquentielle de plusieurs images ayant des contrastes diffé-

rents, obtenues par variation du spoiling radiofréquence, de l'angle de bascule et/ou du gra-

dient de spoiling appliqué lors de l’acquisition. Avec les outils appropriés pour modéliser le 

comportement du signal résultant très complexe, QuICS tire le meilleur parti de cette évolu-

tion compliquée pour interpréter sans ambiguïté le signal des images. La méthode se base sur 

un algorithme récursif efficace permettant de calculer l'aimantation après des impulsions ra-

diofréquences répétées de différentes amplitudes et phases, et de différents gradients.  

Après les acquisitions, une minimisation au sens des moindres carrés entre le signal modélisé 

et le signal acquis est réalisée pour chaque voxel. Cet ajustement entre les données expéri-

mentales et le modèle théorique permet d’extraire PD, FA, T1, T2 mais aussi l’ADC en s’af-

franchissant dans une certaine mesure des hétérogénéités de B0 et B1
+. 

Mise en place d’un protocole viable pour des acquisitions cli-

niques sous contraintes des IRM UHF 

Dans un premier temps, nous nous sommes attachés à limiter autant que possible différents 

facteurs qui pourraient biaiser ou fausser le processus d'extraction quantitative. Nous avons 

donc porté notre attention sur les biais provenant de source instrumentale. Dans une utilisa-

tion en routine clinique à UHF, des antennes munies de réseau phasé de canaux de réception 

sont classiquement utilisées. En effet, elles permettent d’améliorer le rapport signal sur bruit, 

mais aussi de réduire le temps d’acquisition des images, en utilisant des techniques telles que 

GRAPPA (Griswold et al., 2002) ou SENSE (Pruessmann et al., 1999). Cependant, de telles 

antennes peuvent également être la source d’un biais expérimental si un algorithme de re-

construction adéquat n’est pas utilisé pour combiner le signal capté par chacun des canaux 

de réception. Nous avons donc mis en place une méthode de reconstruction des images de 

phase, inventée par le Dr. Mathieu Santin (Institut du Cerveau et de la Moelle Epinière, Paris) 

(Santin, 2018). Une telle reconstruction permet de s’affranchir d’éventuelles erreurs dans la 

reconstruction des images détectées par les différents canaux à notre disposition.  

Par la suite, afin d’obtenir un temps d’acquisition compatible avec une application en routine 

clinique, nous nous sommes penchés sur la question du nombre de contrastes nécessaires 

pour aboutir à un résultat convaincant. Avec l’aide du Dr Romain Valabrègue, nous avons 

cherché à optimiser le protocole d’acquisition en étudiant la borne inférieure de Cramer-Rao 

(Valabrègue and de Rochefort, 2016). Pour une résolution de 1.3x1.3x5mm3 dans un champ 

de vue de 256x256x160mm3, nous avons réduit le nombre de contrastes nécessaires de 45 à 
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12, en jouant astucieusement sur l’angle de bascule, le spoiling de gradient et le spoiling ra-

diofréquence. Nous avons testé ce protocole optimisé pour réaliser des mesures sur fantôme 

homogène remplis d’eau avec 1% d’agar, puis sur un cerveau de babouin ex-vivo. Nous avons 

comparé nos résultats aux méthodes dites « gold-standards » existantes, trop longues pour 

être appliquées en pratique clinique. Nous avons pu faire la démonstration du bon fonction-

nement de cette stratégie, comme le démontre la Figure 1. 

 

Figure 1: Cartographie quantitatives obtenues sur un cerveau de babouin ex-vivo dans du fluorinert à 
7T en 7min12. La première ligne montre les résultats produits avec des méthodes conventionnelles, 
après plusieurs heures : Actual Flip Angle (AFI) pour l’estimation de l’angle de bascule en degrés (a), 
Inversion-Récupération pour le T1 en ms (b), Multi Spin-Echo pour T2 en ms (c) et Double Spin Echo 
Diffusion EPI pour la diffusion, en mm²/ms (d). La deuxième ligne montre l’extraction obtenue avec 
QuICS avec les mêmes unités e) angle de bascule, f) T1, g) T2, h) ADC monodirectionnelle dans la 
direction d’encodage de lecture. 

Nous avons ainsi développé une stratégie d'acquisition adaptée pour une applicabilité in vivo, 

dans des conditions optimales à 7 Tesla, sous contraintes cliniques.  

Acquisitions in vivo à UHF 

Quelques simulations in-silico nous nous ont montré l’importance d’obtenir un angle de bas-

cule homogène afin d’obtenir des résultats quantitatifs acceptables. La solution la plus élé-

gante pour homogénéiser ce champ reste à ce jour la « transmission parallèle », qui repose 

sur l’utilisation d’antennes munies de multiples canaux de transmission, dont l’interaction 

permet l’obtention d’un champ parfaitement homogène. Cependant, cette technique de-

mande un temps de calcul pour chaque individu pouvant aller jusqu’à 15 minutes pendant 

l’examen, rendant une telle technologie difficilement applicable en routine clinique. Partis du 

constat que ces hétérogénéités sont similaires d’un volontaire à un autre pour un type d'exa-

men donné, par exemple sur le cerveau,  (Gras et al., 2017a) ont pu fournir une solution 
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« clés en main », appelée «Universal Pulses». Les résultats de leur étude suggèrent que l'utili-

sation de la transmission parallèle peut devenir totalement transparente pour l'utilisateur, ce 

qui pourrait rendre le grand potentiel des scanners UHF plus accessible à tous en simplifiant 

le flux d’examens.  

Une acquisition QuICS a donc été réalisée à 7T en appliquant une excitation RF standard, et 

cette excitation universelle sur un volontaire sain, à une résolution de 1x1x3mm3, en 16 mi-

nutes. Les résultats, Figure 2, montrent les extractions quantitatives tridimensionnelles résul-

tantes à 7T. L’utilisation de pulses universels permet l’homogénéisation de l’angle de bascule 

et les paramètres quantitatifs ont été extraits avec succès dans le cerveau entier.  

 

Figure 2: Extraction quantitative 3D QuICS à 7T (1x1x3mm3) pour PD, FA, T1 et T2 en utilisant 
(a) une impulsion standard et (b) une impulsion universelle. Les coupes affichées sont représentées 
dans les 3 orientations différentes par des pointillés blancs. La distribution de l'angle de bascule est 
bien plus homogène en (b) et l'extraction de QuICS est performante dans tout le cerveau. 
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Acquisitions quantitatives sur sodium  

Le sodium (23Na) est le deuxième noyau le plus sensible à la RMN dans les tissus biologiques 

après l'hydrogène (1H). L’IRM du sodium offre un aperçu des pathologies grâce à des infor-

mations métaboliques inédites, auxquelles l'imagerie par résonance magnétique des protons 

classique ne permet pas d'accéder. Une vaste littérature étudie la teneur totale en sodium 

comme marqueur de la viabilité cellulaire in vivo. La concentration totale de sodium (TSC) 

s'est par exemple révélée bénéfique pour étudier la viabilité tissulaire après un accident vas-

culaire cérébral, pour détecter les tumeurs malignes ou encore pour évaluer la résistance aux 

médicaments avant la chimiothérapie, la maladie de Huntington et la sclérose en plaques dans 

le cerveau, ainsi que l'atteinte myocardique aiguë dans le cœur (Madelin and Regatte, 2013). 

Dans certaines études, la diffusion protonique ou l'IRM avec injection de produit de con-

traste est également proposée et recommandée pour augmenter la sensibilité et la spécificité 

du diagnostic (Jacobs et al., 2009). Ainsi, la possibilité de récupérer la concentration de 23Na 

en plus de plusieurs autres propriétés RMN quantitatives telles que T1, T2 ou le Coefficient 

de Diffusion Apparent (ADC) en une seule expérience est intéressante pour améliorer la 

détection, l’étude de la physiopathologie de diverses maladies et l'évaluation de traitements 

potentiels. 

À ce jour, la détermination précise des paramètres quantitatifs susmentionnés en imagerie du 

sodium nécessite la mise en œuvre séquentielle de plusieurs méthodes, comme cela a été 

démontré par le passé (Morrell et al., 2016; Staroswiecki et al., 2009; Zbyn et al., 2009). Au-

cune de ces études n’a pu acquérir une imagerie de diffusion du sodium jusqu'à présent. La 

diffusion du sodium n'a été évaluée que dans le cerveau du rat (Goodman et al., 2005) et le 

muscle squelettique du rat en utilisant la spectroscopie et l’injection de réactif de déplace-

ment, hautement toxique pour l’homme (Babsky et al., 2008). 

Le travail réalisé ici avait pour objectif de démontrer la faisabilité expérimentale de QuICS 

sur le sodium pour évaluer simultanément en une seule séquence les propriétés de RMN de 
23Na in vitro.  

Le schéma expérimental utilisé lors des expériences est présenté en Figure 3a. Différents 

environnements physico-chimiques présentant des variations des temps de relaxation, 

d'ADC et de concentration, correspondant à différents tissus humains, ont été investigués 

pour démontrer la robustesse de l'approche. Les cartographies quantitatives obtenues après 

ajustement du signal de 11 contrastes différents obtenus en 1h18 sont représentées en Figure 

3. Les résultats présentés en Figure 4 démontrent que nous avons réussi à évaluer une large 

gamme physiologique de concentrations de sodium, de relaxations et d’ADC, correspondant 

à divers tissus in vivo, allant du cartilage au cerveau. 
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Cette étude sur fantôme est la première extraction quantitative multiparamétrique simultanée 

rapportée dans le cadre de l'IRM 23Na, et en particulier la première cartographie 3D de son 

ADC.

 

Figure 3 : Schéma expérimental de l’antenne hémi-volumique 23Na utilisée 23Na avec positionne-
ment des fantômes (a) et cartes axiales multiparamétriques obtenues avec la méthode QuICS: concen-
tration de 23Na (b), angle de bascule (FA) en degrés (c), T1 et T2 en ms (d, e) et ADC en 10-3mm².s-

1(f). La région d’intérêt en blanc délimite la région où FA>40°. Dans cette expérience, le tube 1 (à 
gauche) contenait de l'eau saline avec une concentration physiologique de liquide céphalo-rachidien de 
150 mM avec 2% d'agar et le tube 2 (à droite) contenait la même eau saline sans agar.  

 

Figure 4 : a) Dilution théoriques et estimations expérimentales obtenues avec QuICS pour des con-
centrations physiologiques réalistes de 23Na dans la matière grise et la substance blanche (zone om-
brée). Les concentrations mesurées ont tendance à s'aligner sur la première bissectrice (ligne pointillée). 
b) Valeurs estimées de l'ADC à 21°C pour quatre échantillons de NaCl de 150 mM avec diverses 
fractions massiques de sucrose, avec les écarts-types associés. Les résultats montrent une évolution 
décroissante de la diffusion en fonction de la concentration de saccharose, confirmant les observations 
de (Hara et al., 2014; Laubach et al., 1998b; Winfield et al., 2016) et les mesures spectroscopiques 
réalisées à 7T (SVS). c) T1 et T2 estimés pour trois fantômes de 150 mM de NaCl et diverses concen-
trations d'agar. 
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Conclusion et perspectives 

Une méthode permettant la récupération simultanée et rapide de paramètres NMR tels que 

PD, T1, T2 et potentiellement l’ADC a été mise en place et validée sur des fantômes ainsi que 

sur l’homme. Des cartes quantitatives du cerveau entier à une résolution de 1x1x3mm3 ont 

été obtenues un temps d'acquisition de 18 minutes, permettant ainsi une possible applicabilité 

en routine clinique.  

La méthode a également montré sa capacité à récupérer des temps de relaxation très courts 

sur un noyau exotique tel que le sodium. Différents environnements correspondant à des 

propriétés in vivo ont été étudiés et la technique a réussi à récupérer simultanément la con-

centration totale en Sodium, T1, T2, l'angle de bascule et l'ADC unidirectionnel. 

Dans les travaux futurs, le temps d'acquisition sera réduit en mettant en œuvre des trajec-

toires d’acquisition de l’espace de Fourier non cartésiennes. Jusqu'à présent, un ADC unidi-

mensionnel a été récupéré sur les fantômes. Cette valeur est pertinente dans les milieux iso-

tropes, mais devient une information limitée pour les examens in vivo. Pour extraire ce pa-

ramètre sur l’homme, l'acquisition de plus de contrastes serait nécessaire. L'implémentation 

de gradients de spoiling dans différentes directions pourra aider à estimer une valeur de tri-

dimensionnelle d’ADC. QuICS a également été breveté avec diverses possibilités. L'acquisi-

tion de plusieurs états de configuration pourrait être envisagée pour accélérer le temps d'ac-

quisition. Varier le TR pourrait aussi être une possibilité, permettant ainsi d’ajouter un nou-

veau degré de liberté au modèle.  

Pouvoir étudier les organes avec des valeurs robustes de paramètres intra-individuels perti-

nents, fiables et reproductibles, quelle que soit la machine utilisée, révolutionnerait le proces-

sus de diagnostic. De nombreux progrès ont été réalisés au cours de cette thèse pour fournir 

une stratégie d'IRM quantitative efficace, applicable cliniquement à UHF. Dans les pro-

chaines étapes, il sera nécessaire d’accumuler et de traiter des données saines et pathologiques 

sur de grandes populations, en fonction de l'âge et du sexe. On pourrait alors envisager non 

seulement de détecter et de caractériser les lésions, comme le font actuellement les radio-

logues basés sur des images anatomiques pondérées, mais aussi caractériser les tissus et ainsi 

proposer aux médecins un système d'aide à la décision clinique. 
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Appendix 1: Simultaneous multi-parametric 
mapping of total sodium concentration, T1, T2 
and ADC at 7 T using a multi-contrast unbal-
anced SSFP  
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Appendix 2: Kerker Effect in Ultrahigh-Field 
Magnetic Resonance Imaging  
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Résumé : L’IRM quantitative recouvre l’ensemble 

des méthodes permettant de mesurer des paramètres 

physiques accessibles en Résonance Magnétique 

Nucléaire. Elle offre un bénéfice par rapport à 

l’imagerie en pondération classiquement utilisée, 

notamment pour la détection, la caractérisation phy-

siopathologique mais aussi pour le suivi thérapeu-

tique des pathologies. Malgré ce potentiel avéré 

connu de longue date, ces méthodes restent peu uti-

lisées dans la routine clinique. La raison principale 

est la longueur des acquisitions par rapport à l’ap-

proche classique. Les paramètres physiques que 

nous souhaitons étudier plus particulièrement sont 

le temps de relaxation longitudinal (T1), transversal 

(T2), le coefficient de diffusion apparent (ADC), et 

la densité de  protons (DP).  

Malgré la possibilité d’atteindre une meilleure qua-

lité d’images, ces cartographies in vivo sont quasi-

ment inexistantes dans la littérature au-delà de 3T  

car leur implémentation nécessite de surmonter un 

certain nombre de limites spécifiques aux IRM ul-

tra-haut champs (UHF). 

Au travers de ce projet de thèse, une méthode 

d’imagerie quantitative basée sur les états de confi-

gurations (QuICS) a été implémentée, pour déter-

miner ces paramètres quantitatifs de façon simulta-

née sous fortes contraintes propres aux UHF. L’ap-

proche a été optimisée dans le but d’obtenir des car-

tographies fiables et rapides. Le potentiel de la mé-

thode a été démontré dans un premier temps in vitro 

sur un noyau tel que le sodium démontrant des pro-

priétés complexes à cartographier. Puis dans un se-

cond temps, des acquisitions ont été réalisées sur 

proton, in vivo, en un temps d’acquisition compa-

tible avec une utilisation en routine clinique à 7T. 

L’application d’une telle méthode d’IRM quantita-

tive à UHF sur des populations permettra d’ouvrir 

de nouvelles voies d’études pour le futur. 
 

 

 

 

 

  

Title : Quantitative MRI : towards fast and reliable T1, T2 and proton density mapping at ultra-high field  
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Abstract : Quantitative MRI refers to methods able 

to measure different physical parameters accessible 

in Nuclear Magnetic Resonance. It offers benefits 

compared to weighting imaging commonly used, 

for the detection, the pathophysiological character-

ization but also for the therapeutic follow-up of pa-

thologies for example. Despite this long-established 

potential, these methods remain little used in clini-

cal routine. The main reason is the long acquisition 

time compared to the classical approach. The phys-

ical parameters that we will study more particularly 

are the longitudinal (T1), transverse (T2) relaxation 

time, the apparent diffusion coefficient (ADC), and 

the proton density (DP).Despite the possibility to 

achieve a better image quality, these in vivo map-

pings are virtually non-existent in the literature  

beyond 3T because their implementation requires 

overcoming a number of specific ultra-high-field 

(UHF) MRI limits.  

Through this thesis project, a Quantitative Imaging 

method using Configuration States (QuICS) was 

implemented under strong UHF constraints, to de-

termine these parameters simultaneously. The tech-

nique has been optimized to obtain fast and reliable 

maps. The potential of the method was first demon-

strated in vitro on a nucleus such as sodium, exhib-

iting complex properties. As a second step, acquisi-

tions were performed in proton, in vivo, in an clini-

cally-relevant acquisition time, compatible with a 

routine use at 7T for population imaging. The appli-

cation of such a method of quantitative MRI to UHF 

will open new research possibilities for the future. 
 

 


