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ABSTRACT 

This project revolves around the measurement of T1 and T2 relaxation times in the rat 
brain, in a multi-center way. That is to say, elaborate an efficient protocol to calculate high 
resolution 3D map of the brain. This protocol should be applied in different centers and 
return similar results. Finally, procedures should be defined to ease the collaboration 
between the different centers. The first step consisted in in vitro experiments, in which 
different sequences were tested. It resulted that the MDEFT sequence with inversion 
preparation (MPRAGE) gives the best results in the shortest time for T1. For T2, the 
MSME sequence was chosen. The next step moved on in vivo experiments on three rats in 
order to get used to manipulating living animals and make new adjustments. As the 
physiology is not the same on in vitro and in vivo experiments, some parameters had to be 
slightly adapted. Once the final 2h-protocol was established, it was tested on a population 
of ten rats. Experiments were made at the GIN and CRMBM. Different fitting pipelines 
were tried (GIN, CRMBM, MIRCEN). The brain was segmented into different regions. It 
resulted that the GIN and CRMBM pipelines return the same T1 values using the different 
datasets. The MIRCEN pipeline under-estimates by 200 ms. The three pipelines return 
similar T2 values. The GIN and CRMBM datasets provide comparable T1 values, but the 
GIN center presents slightly higher T2 values. Regarding the multi-center collaboration, 
the different pipelines were ported to the VIP platform so that the scientific community can 
easily reuse them. 
 

RÉSUMÉ 

Ce projet s’articule autour de la mesure des temps T1 et T2 de relaxation dans le cerveau 
du rat, de manière multicentrique. C’est-à-dire élaborer un protocole permettant de calculer 
des cartes 3D haute résolution du cerveau de rat. Ce protocole doit être facilement 
applicable dans différents centres et retourner des valeurs similaires. Enfin, des procédures 
devront être établies afin de faciliter la collaboration entre différents centres. La première 
étape a donc consisté en des expériences in vitro pour tester différentes séquences. Il en est 
ressorti que la séquence MDEFT avec préparation par inversion (MPRAGE) produit les 
meilleurs résultats en un temps minimal pour T1. Pour T2, la séquence MSME a été choisie. 
Ensuite, des premières expériences in vivo ont été conduites sur trois rats afin de s’habituer 
à l’expérimentation animale et effectuer de nouveaux ajustements. En effet, la physiologie 
n’étant pas la même in vitro ou in vivo, certains paramètres ont dû être légèrement adaptés. 
Une fois le protocole final de deux heures établi, des manipulations sur population de dix 
rats furent effectuées au GIN et au CRMBM. Plusieurs chaînes de calculs de cartes ont 
également été testées (GIN, CRMBM, MIRCEN). Les cerveaux ont été segmentées en 
différentes régions. Il est retourné de ces expériences que les chaînes de traitement du GIN 
et CRMBM génèrent les mêmes valeurs de T1 sur les mêmes données. Celle du MIRCEN 
quant à elle sous-estime de 200 ms. Les T2 sont comparables pour les trois chaînes de 
traitement. Les données obtenues au GIN et CRMBM fournissent les mêmes valeurs de 
T1. Les valeurs de T2 du GIN sont légèrement supérieures. En ce qui concerne la 
collaboration inter-centre, plusieurs chaînes de calculs de cartes ont été portées sur la 
plateforme VIP afin d’être diffusées et utilisables par la communauté scientifique. 
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1. THEORY 

Magnetic Resonance Imaging (MRI) 
The aim of this part is to give to the reader a basic overview of image formation in MRI. It 
is meant to give enough information so that the reader can understand that different 
parameters influence image contrast, resolution, acquisition time… For deeper 
understanding of physical principles and mathematical derivations, the reader is referred 
to literature. 

1.1. What is MRI? 

MRI is a tomographic imaging technic based on Nuclear Magnetic Resonance (NMR) 
measure. It produces high-quality images of internal structure of an object. In (pre)clinical 
studies it is used for example to image the brain, and makes it possible to assess 
neuropathology (tumors, sclerosis, edema…) [9]. It is noninvasive and radiation free 
(unlike X-Rays, PET/SPECT scans…).  
Another major advantage of MRI is that the slice of imaged tissue can be in any direction. 
Images can be with very high resolution and in two, three or four dimensions (with time). 
However, contrast and acquisition time depend on several parameters that are explained in 
the following parts. 
To get an MRI image, one needs tissue (spins), a strong main magnetic field, a 
Radiofrequency pulse (RF pulse), magnetic gradients in the three directions, and a receiver.  
Figure 1-1 explains the principles and different steps of NMR [24]. 

 
Figure 1-1 : NMR principle 
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1.2. Spins in a magnetic field. 

As said previously, MRI depends on NMR, so on nuclei properties. In MRI, proton (1H) is 
most commonly used (13C, 14N, 17O, 31P… can be used). Nuclei with an odd atomic weight 
and/or number possess an angular momentum, called spin and have a microscopic magnetic 
field.[17] Those ones point in random directions. However, in the presence of a strong 
magnetic field B0 (a few T), all spins will start rotating around B0. It is said that the spin 
precesses (see Figure 1-2).  

The precession frequency is called Larmor frequency and is given by ( 1-1 ) [17], [20], 
[24]: 
 𝑓𝑓0 = 𝛾𝛾𝐵𝐵0   with γ = γ/2π ( 1-1 ) 

 
Table 1-1 gives γ values for different nuclei [24]. 
 
 
 

Table 1-1: γ values for different nuclei 

Nucleus γ (MHz/T) 
1H 42.577 
13C 10.705 
17O 5.772 
31P 17.235 

 
The sum of all the moments represent the Net Magnetization (( 1-2 ), [24]). 
 

𝑀𝑀��⃗ = �µ𝑛𝑛����⃗
𝑁𝑁𝑠𝑠

𝑛𝑛=1

 ( 1-2 ) 

Figure 1-2 : Precession phenomenon [20] 
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With µn the microscopic magnetic moment, and Ns the number of nuclei in a sample 
volume. As all spins precess with the same frequency around B0, the net magnetization 
also precess around B0. 

1.3. Radiofrequency (RF) excitations 

The magnetization is now at equilibrium along B0. By applying an oscillating magnetic 
field B1(t) (RF pulse) at the right frequency, spins may be exchanged between population 
levels and thereby the net magnetization may change. ( 1-3 ) gives the resonance condition 
[17], [20], [24]. 
 𝜔𝜔𝑟𝑟𝑟𝑟 = 𝜔𝜔0 = 𝛾𝛾𝐵𝐵0 ( 1-3 ) 

 
B1 is much weaker than B0 (a few 10mT). The common description of the pulse is given 
by ( 1-4 ) [17], [20]. 
 𝐵𝐵1����⃗ (𝑡𝑡) = 𝐵𝐵1𝑒𝑒(𝑡𝑡)((cos(ωrf𝑡𝑡 + 𝜑𝜑) 𝑥𝑥� − sin�𝜔𝜔𝑟𝑟𝑟𝑟𝑡𝑡 + 𝜑𝜑� 𝑦𝑦�) ( 1-4 ) 

 
With B1

e(t) the pulse envelope function and φ the initial phase. The envelope can have 
different shapes like rectangular, sinc…The pulse excites spins with Larmor frequency 
contained in the pulse. Other spins are not affected. Thus, only excited spins will generate 
a signal. 
The RF pulse is applied during a time τp. As the B1 field is applied in the transverse 
direction, the net magnetization will rotate around B1. The angle of deviation is called flip 
angle and depends on the B1 amplitude (which control the rotation speed) and on the pulse 
duration τp ( 1-5 ) [17], [20]: 
 𝛼𝛼 = 𝛾𝛾𝐵𝐵1𝜏𝜏𝑝𝑝 ( 1-5 ) 
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Once the RF pulse is turned off, the magnetization starts precessing to return to 
equilibrium. This is called Free Precession. Free Precession phenomenon is illustrated 
Figure 1-3.  

 
The magnetization returns to equilibrium (magnetization along B0 field) following the 
Bloch Equations (( 1-6 ), ( 1-7 ), [17], [24]). 
 𝑑𝑑𝑀𝑀��⃗

𝑑𝑑𝑡𝑡
= 𝛾𝛾𝑀𝑀��⃗ × 𝐵𝐵�⃗ −

𝑀𝑀𝑥𝑥𝑥𝑥� + 𝑀𝑀𝑦𝑦𝑦𝑦�
𝑇𝑇2

−
(𝑀𝑀𝑧𝑧 −𝑀𝑀0)�̂�𝑧

𝑇𝑇1
 ( 1-6 ) 

 
Which can be written as: 
 𝑑𝑑𝑀𝑀𝑥𝑥

𝑑𝑑𝑡𝑡
(𝑡𝑡) = 𝛾𝛾𝑀𝑀𝑦𝑦(𝑡𝑡).𝐵𝐵 −

𝑀𝑀𝑥𝑥(𝑡𝑡)
𝑇𝑇2

 

𝑑𝑑𝑀𝑀𝑦𝑦

𝑑𝑑𝑡𝑡
(𝑡𝑡) = −𝛾𝛾𝑀𝑀𝑥𝑥(𝑡𝑡).𝐵𝐵 −

𝑀𝑀𝑦𝑦(𝑡𝑡)
𝑇𝑇2

 

𝑑𝑑𝑀𝑀𝑧𝑧

𝑑𝑑𝑡𝑡
(𝑡𝑡) = −

(𝑀𝑀𝑧𝑧(𝑡𝑡) −𝑀𝑀0)
𝑇𝑇1

 

 

( 1-7 ) 

 
With Mz

0 the equilibrium value of Mz, and T1 and T2 relaxation time constants. 

The solutions for this system are plotted Figure 1-4 with M⊥ the orthogonal component 
(xy component) (algebraic solutions are given by ( 1-8 ) [17], [20], [24]). 

Figure 1-3 : Free Precession phenomenon [17] 
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Figure 1-4 : Evolution of M [24] 

 
 𝑀𝑀𝑥𝑥′𝑦𝑦′(𝑡𝑡) = 𝑀𝑀𝑥𝑥′𝑦𝑦′(0+)𝑒𝑒−

𝑡𝑡
𝑇𝑇2 

𝑀𝑀𝑧𝑧′(𝑡𝑡) = 𝑀𝑀𝑧𝑧
0 �1 − 𝑒𝑒−

𝑡𝑡
𝑇𝑇1� + 𝑀𝑀𝑧𝑧′(0+)𝑒𝑒−

𝑡𝑡
𝑇𝑇1 

( 1-8 ) 

 
 

1.4. Relaxation 

As explained previously, two mechanisms make the magnetization return to equilibrium. 
They are governed by T1 and T2 times.  
T1, also referred to spin-lattice relaxation, is due to interactions and exchange of energy 
between protons (spin) and surrounding lipids, proteins or macromolecules (lattice). T1 is 
the time required for the longitudinal component to return to 63% of the original value [2], 
[16] (see Figure 1-4). This energy is lost. 
T2, also referred to as spin-spin relaxation, is induced by interactions between protons 
themselves and their dephasing [2]. Spin-spin relaxation refers to energy transfer between 
a proton (spin) and a nearby neighbor. Unlike for T1 relaxation, the energy remains in the 
spin system. Because of local interactions (vibrations, rotations), the local magnetic field 
can fluctuate, which induces gradual dephasing between protons. This dephasing gradually 
decreases the magnitude of the transverse magnetization (and thus generated signal). T2 is 
the time required for the transverse magnetization to be 37% of its original value (just after 
the pulse). As time passes, transverse coherence disappears to reform on the longitudinal 
direction. T2 is always shorter or equal to T1 [16]. 
Macroscopic inhomogeneities in the main magnetic field accelerate the protons dephasing. 
The signal decay faster, with a time constant T2* < T2. [20] 
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T1 and T2 depend on the nature of the material. For example, in the brain, the T1 of gray 
matter differs from that of white matter. 

1.5. Signal detection 

In the previous discussion, we explained that an object placed in an external magnetic field 
and excited by an oscillating magnetic field can produce a macroscopic rotating 
magnetization. It is that magnetization that one detects in an NMR experiment.  
Signal detection is based on the Faraday Law which stipulates that  time varying magnetic 
flux through a conducting loop (a receiver coil) will induce in the coil an electromagnetic 
force (or voltage) that is equal to the rate at which the magnetic flux through the coil is 
changing [17]. Thus, the net magnetization, while precessing, will induce a voltage in the 
receiver coil. This signal is called Free Induction Decay (FID), and its shape is shown 
Figure 1-5. The receiver coil is placed so that its main B1 is orientated as perpendicular as 
possible to the B0 orientation, to maximize its sensitivity. 
The measured signal is analog, but post-processing techniques require a digitized signal 
(first of all because it is much easier to work in the frequency domain, and Fourier 
Transform requires digital representation). Thus, sampling use and Analog to Digital 
Converter (ADC). [16] 

 
Figure 1-5 : Free Induction Decay, Real and Imaginary [16] 

 

1.6. Gradient fields 

Gradient magnetic field can be applied to the system (in all 3 directions). They are linear 
perturbation of the main magnetic field. Their strength is also weak compared to B0 (less 
than 10%) and are applied for short periods.  
The application of gradients makes the magnetic field intensity spatially dependent. The 
Larmor equation can be re-written by taking into account these perturbations. ( 1-9 ) gives 
the frequency of the proton i at position ri under gradients field G [16].  
 𝑓𝑓0,𝑖𝑖 = 𝛾𝛾(𝐵𝐵0 + 𝑮𝑮 ∙ 𝒓𝒓𝑖𝑖) ( 1-9 ) 
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Each proton will resonate at a unique frequency that depends on its position. The MR image 
is a frequency and phase map. The intensity of each voxel (volume element) is related to 
the number of protons in the voxel, and to T1/T2 times.[16] 
The gradients in the three directions have a specific role that is now explained. 

1.6.1. Slice Selection 
The first gradient is to select the desired slice. While the gradient is on, applying a shaped 
RF pulse will excite only one slice of the volume, as shaped RF pulses are frequency 
selective. Figure 1-6 illustrates this slice selection process. The slice thickness depends on 
the gradient magnitude and RF bandwidth. With a combination of gradients on different 
directions, it is possible to select a slice in any direction. 

 
Figure 1-6 : Slice selection process [16] 

Once the slice has been selected, it is time to encode it in order to get an image. 

1.6.2. Readout / Frequency encoding 
Frequency encoding encodes for the first dimension. The applied gradient is also used to 
collect the information (ReadOut). This gradient is applied perpendicular to the previous 
one (slice selection). 
Under the influence of this gradient, protons precess at different frequencies. Their 
frequency depends on their position in this first dimension. Figure 1-7 illustrates this 
principle of changing frequency along one direction. 
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Figure 1-7 : Localized signals from a hypothetical one-dimensional [17] 

At this stage, the desired slice is excited and selected. The slice is encoding along one 
direction that is to say that protons precess at a frequency depending on their position along 
that direction. 

1.6.3. Phase encoding 
The last direction to encode is called phase encoding direction. This gradient is applied 
perpendicular to the two precedent ones. It is the only gradient whose amplitude changes 
from one readout to another.  
The principle behind phase encoding relies on the fact that protons precess periodically. 
Thus by applying the gradient, protons will precess at a different frequency (same principle 
as frequency encoding) depending on the position along the direction. Thus, protons on 
one side of the image precess faster than the one at the other side. When the gradient is 
turned off, protons are back to the anterior precessing frequency. However, while the 
gradient was on, they accumulated a delay. This phase accumulation (encoding) is 
illustrated Figure 1-8. 



THEORY 

9 

 
Figure 1-8: Concept of phase encoding [16] 

The phase encoded signal is similar to a non encoded signal with an initial phase position-
dependent.[17] 
To better understand, phase and frequency encoding, the k-space representation is 
commonly used. 
 

1.7. k-space 

The k-space representation is a 2D Fourier space. This Fourier space is very commonly 
used in image processing. In MRI, it can be used to illustrate encoding of a plane. Along 
the horizontal axis is the frequency encoding, and along vertical axis the phase encoding. 
Phase and frequency encoding gradients enable navigating in the k-space. One acquisition 
(one readout) acquires one line of the k-space. It is now understood that to acquire an 
image, different phase gradients must be applied. Figure 1-9 illustrates how the gradients 
(in x and y) enable navigation through the k-space.  
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Figure 1-9: k-space representation [20] 

 
Multiple readouts will fill the k-space with the recorded points. Then, the inverse 2D 
Fourier Transform gives the image back [20]. 

 
Figure 1-10: Image and Fourier representation [20] 

The image of one slice acquired, the process can be repeated for as many slices as desired. 
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1.8. Echo formation 

Because gradients are not instantaneously applied, i.e. their duration is not null, the 
collected signal is not the real FID, and the first signal points, where the signal is maximum, 
may not be recorded. Instead, one acquires echoes. Spin Echo and Gradient Echo are the 
two main techniques to generate an echo.  

1.8.1. Spin Echo (SE) 
The sequence starts with a 90° pulse. Thereby, the initial magnetization (equilibrium along 
the longitudinal direction) is flipped onto the transverse plane. Just after the pulse, all 
protons are in phase and they start relaxing and dephasing. They lose their coherence (spin-
spin interaction, non-uniformity of B0).  
After half the echo-time, i.e. TE/2, a 180° pulse is applied. This inverses all phases relative 
to the resonance frequency. Protons which were early are now late and vice-versa. Rates 
and direction do not change, only relative coherence does. Thus, protons will regain 
coherence. As coherence is produced, net magnetization increase, forming the echo signal. 
The echo appears at a time TE/2 after the 180° pulse (it needs the same time to rephase as 
the time spent to dephase). The echo forms at a time 2*TE/2 = TE after the 90° pulse. [16] 

 
Figure 1-11: Echo formation 

Figure 1-11 illustrates the echo formation. A: Magnetization at equilibrium. B: 
Magnetization just after 90° pulse. C: protons diphase. D: Just after 180°pulse (t=TE/2), 
protons starts rephasing. E: protons are re-phased (t=TE), echo. 
With this method, field inhomogeneity has little effect. It produces very convenient T2 
contrast. 
A standard spin echo sequence diagram is shown Figure 1-12. 
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Figure 1-12: Standard single-echo spin echo sequence timing diagram [16] 

 

1.8.2. Gradient Echo (GE) 
This class of sequences does not use 180° pulse. After the excitation pulse (normally small 
angles), as the name suggests, the echo is generated throught the use of gradients. As 
explained in the part 1.6, gradients induce dephasing. By applying a second gradient with 
the same amplitude but opposite polarity, dephasing will be cancelled, and generates the 
echo signal. A standard Gradient Echo sequence diagram is shown Figure 1-13.  

 
Figure 1-13: Standard Gradient Echo sequence [16] 
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This technique does not compensate for B0 inhomogeneity, so relaxation is related to T2* 
instead of T2. Nevertheless, it presents some interesting advantages: kernel sequence is 
shorter so acquisition is shorter, so more slices may be acquired, less RF pulses are applied, 
so the deposited energy on the patient is lower. Additional contrasts mechanisms may be 
possible. [16] 
The time for completing one line of the sequence diagram is called Repetition Time (TR). 
It is always longer than TE and can be set at a very high value to allow full relaxation of 
the magnetization (in biological tissues, one generally has T2 << T1). 
 
After reading this part, the reader understands that T1, T2, TE, TR, α, and the type of 
sequence are the main parameters influencing image contrast. 
 
Now, let’s focus on quantitative T1 and T2 mapping. 
Several sequences that enable the computation of maps were spotted. Those sequences are 
detailed here. It is reminded that this project aims at getting a high-resolution 3D map of 
the brain.  

1.9. T1 measurement 

1.9.1. Look & Locker 
One of the most widely used technique for human imaging is the Look & Locker method. 
It was first proposed in 1970 and is similar to Inversion Recovery (IR) technique, but here, 
the longitudinal magnetization is continuously sampled with a series of small angle during 
recovery. Figure 1-14 shows the difference between the classical IR approach and the Look 
& Locker method. This technique is relatively fast, but is characterized by an apparent T1* 
different from T1. [14] 
The method was then improved to Modified Look-Locker Imaging (MOLLI), shortened 
MOLLI (shMOLLI), or SAturation-recovery single-SHot Acquisition (SASHA) methods 
[14]. However, none of these methods is by default implemented in preclinical scanners. 
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Figure 1-14 :  Comparison between classical IR and Look Locker method [14] 

DESPOT 

An alternative to the previous method is the method of variable flip angles or Driven 
Equilibrium Single Pulse Observation of T1 (DESPOT1) [2] . This method consists in a 
series of SPoiled Gradient Recalled echo (SPGR), or spoiled Fast Low Angle Single sHot 
(spoiled FLASH) over a range of flip angles, with constant repetition time [15]. This 
method requires adequate transverse magnetization spoiling and is sensitive to 
experimental errors. Knowledge about the flip angle for retrieving T1 value is needed. 
Besides, [15] shows that only two points are required to retrieve T1. 

RAREVTR 

RAREVTR is a RARE (Rapid Acquisition with Refocused Echoes) sequence with Variable 
TR. This method belongs to the fast spin echo category. It is similar to conventional multi-
echo sequences in that multiple 180° pulses are applied. However, phase encoding gradient 
changes for each echo so that multiple lines of k-space can be acquired within TR. Figure 
1-15 illustrates the sequences and their differences. One of the main advantages of this 
technique is the significant reduction of scan time [14], [16]. In practice, for an acquisition 
matrix of 64x64x57 pixels (438x483x438 µm3/voxel), acquisition time is around two hours 
(for a total of 12 TR). 
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IR-EPI 

Inversion-Recovery (IR) Echo Planar Imaging (EPI) is an inversion pulse followed by an 
EPI sequence. This sequence is quite different from the previous ones. It is based on a 
series of gradient reversals. Figure 1-16 shows the sequence-timing diagram. The whole k-
space is acquired after a single pulse [16]. The resulting k-space filling looks like a “snake” 
and is shown Figure 1-17. 

 
Figure 1-16: EPI Sequence Timing Diagram [16] 

Figure 1-15: Comparison of Conventional and Fast Spin Echo sequences [14] 
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Figure 1-17: EPI k-space trajectory [17] 

The advantage of this technique is that performed at multiple TI, it is possible to retrieve 
accurate T1 value. The sequence is also relatively fast. However, if the gradients are not 
perfectly applied (and because of slew-rate when turning on or off the gradients), it is 
frequent that images are distorted. To limit the artifacts, several tuning steps are performed 
prior to the acquisition such as measurement of the time shift between odd and even echoes, 
measurement of the actual k-space trajectory… In practice, for an acquisition matrix of 
128x128x1 pixels (218x218x625 µm3/voxel) with 2 averages, the acquisition time is 
around five minutes. 

MP-RAGE 

This method, like the previous one, has a preparation stage. Magnetization-Prepared RApid 
Gradient-Echo (MPRAGE) sequence contains three main blocks: on preparation stage, 
where an inversion pulse is applied, after a time TI the acquisition stage acquires the signal 
(through FLASH for example), finally, the magnetization returns to equilibrium during the 
Recovery part [18]. Figure 1-18 illustrates the process. 
Inversion-Recovery based methods are relatively precise as the inversion maximizes the 
dynamic range of values (from –Mz to +Mz). [10] explains that by performing three 
acquisitions at different TIs, it is easy to retrieve T1. Such a method is also fast, and the 
mapping is immune to the spatial inhomogeneity in excitation and in inversion angles. 
However, a blur along the phase encoding direction may appear and could be improved by 
spatial filtering or the use of multiple segments. In practice, for one TI, for an acquisition 
matrix of 128x128x66 pixels (211x211x424 µm3/voxel), the acquisition time is around 
nine minutes. 
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Figure 1-18 : MP-RAGE scheme [10] 

1.9.2. T2 measurement 

MSME 

MultiSlice Multi Echo (MSME) is used to get T2-weighted images. It is similar to the basic 
Spin Echo sequence but acquires multiple slices. In practice, this is the Carr Purcell 
Meiboom Gill method (CPMG). A 90° pulse excites the system. Then, a train of 180° 
pulses generates a train of echoes. Carr and Purcell introduced this sequence with all 
excitation pulses along the same direction. This was then improved by Meiboom and Gill 
in order to reduce cumulative phase error. They proposed to apply the 90° pulse along the 
x’ direction for example, and then the 180° pulses orthogonal to the first one, i.e. along ±y’ 
direction. [17], [19]. With this method, each pixel is acquired at different echo times (the 
fit is performed through these echo times). In practice, for an acquisition matrix of 
128x128x66 pixels (211x211x424 µm3/voxel), the acquisition time can be reduced to one 
hour. 

TurboRARE 

This method is based on the previously described RARE sequence (Figure 1-15). The 
difference is that images are not acquired at multiple TR, but for each echo times. Instead 
of having one image per TR, one image is associated with one TE. The signal decreases 
with e-nTE/T2 so a fitting through all images generates a T2 map. In practice, for an 
acquisition matrix of 128x128x40 pixels (218x218x625 µm3/voxel), the acquisition time 
varies between ten and fifty minutes depending on the TR, but image quality is also 
affected. 

1.9.3. Simultaneous T1-T2: bSSFP and TrueFISP 
Variable flip angle bSSFP (fully balanced Steady State Free Precession) acquisitions can 
provide simultaneous estimates of T1 and T2. This method requires perfectly refocused 
pulses. Indeed, balanced gradients refocus both longitudinal and transversal components 
in the middle of TR. It requires very high level of magnetic homogeneity or field map 
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correction, and if rephasing is not done properly, band-like artifact may appear [14]. In 
practice, for an acquisition matrix of 128x128x40 pixels (218x218x625 µm3/voxel), the 
acquisition time is around forty minutes. 
 

1.10. Sources of errors 

The reader now understands that many parameters play a role in the formation of an image 
(intrinsic or extrinsic parameters). This introduces many factors that may become sources 
of error. Several sources of error were spotted. 

1.10.1. B0 inhomogeneity 
Inhomogeneity in the main magnetic field increases with field strength. Those 
inhomogeneities result in deviation from resonance frequency, and appear as intensity 
artifacts and possible location artifacts. [1], [10], [16] 

1.10.2. B1 inhomogeneity 
Some of the mapping techniques require a priori knowledge about the flip angle, so 
accurate knowledge of this parameter is essential. However, deviations from the expected 
value may arise. Two main effects may produce such deviation: RF pulse profile error and 
RF attenuation in the tissue. The profile of flip angle across sampled volume should be 
uniform, but in reality, it is less than ideal. In addition, the actual flip angle varies across 
slice section and, therefore, may differ from its nominal value. Attenuation of the RF pulse 
through tissue also leads to variation [2], [11]. However, for small animals, RF attenuation 
in tissue is usually negligible.  

1.10.3. Residual and incoherent transverse magnetization 
When measuring T1, one wants to minimize the effect of T2 or T2*. Besides, stimulated 
echoes may arise from previous RF pulses (if repetition time is too short compared to T2). 
If transverse magnetization remains at the end of TR, undesirable T2 weighting will corrupt 
T1 measurement. The use of spoiler gradients and RF spoiling can solve this problem by 
destroying the residual transverse magnetization. For some sequences (e.g. bSSFP), the 
transverse magnetization is kept to build up signal after each TR. [2], [4], [16] 

1.10.4. Bulk movement and flow 
The subject motion may be critical in some studies. The motion will affect image quality 
by creating ghosting and blurring artifacts. For single slice acquisition, the motion may be 
a major issue as the slices may not be at the same location. [1], [2] 

1.10.5. Inadequate Steady-State 
Most accelerated sequences use steady-state imaging. It usually requires some “dummy” 
pulses where no data is collected to drive the system into steady-state. If imaging occurs in 
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inadequate steady-state, oscillation in the k-space may appear, and thus inaccurate T1/T2 
measurements. [2], [10] 

1.10.6. Aliasing 
If tissue outside the field of view (FOV) is excited, the phase monitored for this tissue 
exceed the Nyquist limits. These tissues are thus mapped to an erroneous frequency or 
phase. This results in a frequency of phase wraparound [16], [17], [20]. In practice, filtering 
is applied in the frequency direction to avoid aliasing. Filtering is however not possible in 
the phase direction. 

1.10.7. Gibbs ringing (truncation artifact) 
Gibbs ringing appears as signal oscillations around sharp contrast. It is due to finite 
sampling of the k-space or missing high frequencies. It can occur for example when data 
collection is over while there is still high signal induced in the receiver. [16], [17], [20]. 
Image filtering (e.g. blurring) can be used to limit ringing. 

1.10.8. Chemical shift 
Because water and fat have a 3.5ppm Larmor frequency difference, they do not resonate at 
the same frequency. As they are subject to the same magnetic gradients and as a position 
in the image depends on frequency, fat protons appear shifted from the water protons. Fat 
protons will be mapped to a lower frequency, so to a lower position in the image. 
 

1.11. Preclinical brain imaging considerations 

Preclinical studies are performed on specific MRI scanners, and not on clinical ones in 
hospitals. The first reason is that resolution would not be sufficient for imaging organs in 
mice and rats. As the organ are very small, studies require high resolution and thus 
dedicated RF coils, strong gradients (e.g. a few mT/m for human compared to a few 
hundred of mT/m for small animal), and strong magnetic field (e.g. 7 Tesla compared to 
1.5T for human). The second reason is about biosecurity. If a study uses Genetically 
Modified Organisms (GMO) or drugs/diseases, the animals should remain in a “clean 
zone” (protect others from animals and protect animals from others). The last reason, more 
practical, is that the availability of clinical machines is unpredictable which makes it 
difficult to plan experiments, especially if it requires long acquisition times and repetitive 
sessions. That is why preclinical studies are performed on their own MRI scanners, which 
have a smaller inner diameter to allow better resolution and a more homogeneous magnetic 
field [21].  
Animal experimentation is also under constraints and regulations. The most common rule 
is the 3R principles. The 3R stands for Reduction, Refinement, and Replacement. 
Reduction translates the use of fewer animals without loss of information. Refinement 
means using methods and tools to minimize discomfort, stress and pain experienced by the 
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animals. Finally, Replacement suggests to first use inanimate systems as an alternative to 
animals (computer simulations, phantoms…). [21] 
Regarding brain imaging, in comparison with other organs, a receiving surface coil is 
preferred over volumetric coil. As the coil is closer to the brain, the signal will be much 
stronger. One drawback is that intensity will decrease with distance from the coil.  

1.12. Atlas registration and segmentation 

Once T1/T2 maps are generated, it is very convenient to register them to an atlas. This way, 
one gets very easily T1 and T2 values in specific labelled regions of the brain.  
When registering different acquisitions, one has to select the number of degree of freedom. 
A rigid transformation is the most basic one (it allows rotation and translation). Then, one 
can add scaling effect. Then, by adding shearing, the transformation is called affine (now, 
12 degrees of freedom). So far, all transformations are linear. When increasing the 
complexity of the problem, one can add local nonlinear transformations. The user has to 
carefully select which degrees of freedom are allowed to find the best trade-off between 
registration and computation time.  
In [22], the authors compare three different techniques to register MRI to an atlas. The first 
method uses a single reference atlas which is registered to the target MRI. It does not give 
very good results. The second and third methods use a set of MRI as a reference. In the 
first case, those MRI of references are registered between them, to generate an MRI 
template. This template is segmented and registered to the target MRI. Thus, the 
segmentation undergoes the same transformation to segment the target. In the last method, 
each MRI of reference is segmented and individually registered to the target MRI. Thus, 
each segmentation undergoes the same transformation, and the target segmentation is 
obtained by the fusion of all segmentations. This last method gives the best results and is 
the one used by MIRCen and in this project. There are different methods to assess and 
measure the quality of segmentation or registration (Dice, Jaccard, mutual information…), 
but this is out of the scope of this work.  
As the T1 and T2 maps are computed from MRI dataset, they are in the same frame of 
reference. Thus, when segmenting one MRI, the resulting atlas is retrieved and can be used 
to easily segment the corresponding maps.
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2. INTRODUCTION 

2.1. Presentation 

Magnetic Resonance Imaging (MRI) is a tomographic technique to get internal images of an 
object from Nuclear Magnetic Resonance (NMR) signal. It presents the advantage of having 
superior tissue contrast, without any ionizing radiation and being noninvasive [1]. This 
technique is focused on imaging aqueous tissues (protons). Contrast depends on the tissue 
and its associated relaxation times T1 and T2. Indeed, those T1 and T2 times are very specific 
to the tissue. The outcome image is a function of proton density, T1 and T2 times [2]. They 
are called T1 and T2-weighted images. Several parameters in the acquisitions tune the 
desired contrast. The user has to choose carefully those in order to get an exploitable image. 
However, the final image does not present the real value of T1 or T2. More complex 
protocols provide images with pixel value equal to T1 or T2 times (T1/T2 maps) [1]–[4]. 
Preclinical MRI are almost entirely quantitative by nature and researchers want to assess 
multiple parameters [1]. Such maps provide many advantages: they improve the 
characterization of the tissues, enhance tissue contrast or provide a more meaningful 
interpretation of intensity changes [2]. It is thus possible to have a meaningful comparison 
of different images and get proper characteristics from the tissues. In order to improve 
statistical power, researchers want to make population studies. However, population imaging 
is hindered by the variability in acquisition and data processing between the different sites. 

2.2. Players in the project 

Most of the work was performed at the Grenoble Insitute of Neuroscience (GIN), in the team 
“Functional Neuroimaging and Brain Perfusion” coordinated by Dr BARBIER. Some 
acquisitions were performed at the Centre de Résonance Magnétique Biologique et Médicale 
(CRMBM) within the team “MR Methods” coordinated by Dr. Frank KOBER. The 
Molecular Imaging Research Center (MIRCen) played a role in the image processing part 
with the help of Dr DELZESCEAUX. 
Finally, this work is funded by France Life Imaging, a national action to coordinate 
methodological, preclinical, translational and clinical research in in vivo imaging at the 
French level. It aims at developing and enhancing partnerships between laboratories and 
industries.  

2.3. Scope 

The objective of this project is twofold. First, no 3D rat brain atlas of T1/T2 values are 
available, so one goal is to be able to generate such an atlas. The second objective is to assess 
the feasibility of a multi-center study of T1/T2 maps.  
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The goal is to determine and evaluate the sensitive parameters when performing an MRI scan 
in order to establish an acquisition protocol that can be applied to a great number of sites. 
Last year, a first study had been carried out, in collaboration with six centers (France Life 
Imaging network) [8]. It assessed the influence of several parameters like temperature, time 
or inter-subject variation on the measured relaxation time. The study showed that the inter-
center variation is greater than the inter-subject variation. It also revealed that hardware 
differences between the participating scanners were rather large (even beyond field strength). 
This imposed several limitations on the performance of the acquisition sequences, and it 
made the comparison challenging as a whole. The present work focused on only two centers 
(GIN & CRMBM) with very similar and recent MR systems operating at the same field 
strength, operating software and radiofrequency antenna. Sequences could, therefore, be run 
on both systems with identical acquisition parameters. By having more identical parameters, 
it is expected that results will be similar. Also, this study has a stronger focus on quantitative 
mapping of T1 and T2, and with more subjects. 
To do so, the project is divided into several steps and planned as shown in APPENDIX A. 
The assignments are the followings: 

- Literature study to get familiar with all possible solutions. 
- Test different sequences ex vivo and see the influence of the different parameters on 

the output image. Tests performed on both sites. 
- Setup a protocol and test it in vivo on three rats. Tests performed on both sites. 
- Tune the protocol and make acquisitions on a bigger population (10 rats). 

Assessing the feasibility of a multi-center study also includes managing tools to share and 
process databases between different centers. To do so, two online platform will be used. The 
acquisitions will be uploaded to Shanoir platform (SHAring NeurOImaging Resources). The 
aim of this platform is to make cooperation between different labs easier:  researchers can 
upload and share their acquisitions. This would help creating a big database of acquisitions 
of the small animal (this could be MRI, PET, X-Ray…). Then, the VIP platform (Virtual 
Imaging Platform) provides different image processing pipelines. This platform will be used 
to compute T1/T2 maps1. Finally, the MIRCen center will help with fitting and segmenting 
the brain into specific regions of interest. The results from the different pipelines will be 
compared. 

2.4. Quantitative MRI 

When performing a common MRI, the images present a qualitative contrast between 
different tissues. Pixel intensities have a complex dependence on T1, T2 and proton density. 
On the contrary, quantitative MRI generates T1 or T2 maps where each pixel is associated 
with the real value of T1 or T2 (see Figure 2-1). 
Quantitative T1/T2 mapping (T1/T2 relaxometry) becomes increasingly useful in 
neuroscience and neurology. Abnormalities in those values could indicate diseases (e.g., 

                                                 
1 As some pipelines were not available on the platform, they were adapted and ported onto 
it (Docker). 
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abnormalities in T1 could indicate demyelination in multiple sclerosis) [9], [10]. Intensity 
change becomes more meaningful as there is a more direct link between signal change and 
micro-anatomical alterations [2]. As pixel intensity has a meaningful value, it is possible to 
compare images between objects and imaging sites [11]. With precise knowledge of the 
relaxation times, it is then possible to tune MRI parameters more finely to optimize contrast 
or contrast agent [9], [12].  
To obtain such maps, most techniques acquire at multiple weighted images with different 
TE, TR or flip angle. Thus, each slice is acquired multiple times with a different contrast. A 
mathematical expression of pixel intensity (dependent on T1/T2, TE, TR, flip angle), a 
nonlinear pixel-per-pixel fit provides parameter values. Usually, the fit is a three-parameter 
equation ([1]–[4], [9], [10], [12], [13]). Nevertheless, some new methods emerge, with the 
use of dictionary-based calculation or magnetic resonance fingerprinting [1]. 
Different studies were performed to measure T1 and T2 relaxation times in the rodents, from 
different machines. Studies also showed that T1 increases with main magnetic field strength 
and T2 decreases [3], [9], [12], [13]. A sum-up of the reported values for the rat at 7T is 
found in APPENDIX A, with values showing a large variability (differences in hardware, 
sequences, fitting procedure…).  

 
Figure 2-1: Example of T1 and T2 map 

LEFT: T1 map, scale bar is in ms; RIGHT: T2 map, scale bar is in ms 
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3. MATERIALS AND METHODS 

 

3.1. Project workflow 

Figure 3-1 illustrates the scientific evolution of the project, with the different successive 
steps. The first step consists in in vitro experiments on a fixed brain, followed by the in vivo 
Pilot and Population steps. The report will follow the same division.  

 
Figure 3-1 : Project workflow 

The acquisition steps were performed on two sites (GIN and CRMBM), and sometimes 
several times. Figure 3-2 presents how those acquisitions were spread in time. 



MATERIALS AND METHODS 

25 

 
Figure 3-2 : Experiments timeline 

 

3.2. MRI Equipment 

MRI acquisitions were performed at two sites: GIN and CRMBM. Even though both 
scanners have a 7T main magnetic field, other characteristics may differ (Table 3-1).  

Table 3-1 : Equipment Characteristics 

Component GIN CRMBM 

MRI Model 
Bruker BioSpin MRI 
GmbH - Biospec 70/20 
7.0T 

Bruker BioSpin MRI 
GmbH - Pharmascan B-C 
70/16US 7.0T 

Transmitting coil Resonator 72 mm – 2 
channels 

Linear Volumetric Coil (72 
mm) 

Receiving coil Rat Head Coil (Surface) – 
1 channel 

We use the coil from the 
GIN 

Gradients 
B-GA12S2 (110mm, max 
660 mT/m, slew rate 4570 
T/m/s) 

BGA 9SHP (90mm, max 
750 mT/m, slew rate 6840 
T/m/s) 

 

3.3. Phantom and animals 

3.3.1. Ex vivo 
Ex vivo experiments were performed on a brain fixed by perfusion. This was done with a 
peristaltic pump. It had to follow certain steps: 

- Respect animal ethics agreement 
- Weight the animal 
- Inject 1 mL Dolethal intraperitoneal 
- Add a catheter on the left ventricle 
- Cut the right ear 
- Clamp thoracic aorta.  
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- Set a catheter on the way out of the heart, and beginning of the aortic arch. 
- Rinse with 50 mL of PBS (for 250-300g) 
- Fix with 200 mL PFA 4% (for 250-300g)  
- Rinse again with PBS. 

The brain is then plunged into a solution of perfluoro polyether. By doing so, the brain is 
imaged without background (no water, so no protons). 

3.3.2. Animals 
All operative procedure and animal care conformed to the French Government guidelines. 
In order to stick to [10], the rats were male Sprague Dawley (5-6 weeks old) from Janvier 
supplier. The rats were anaesthetized with 2% isoflurane. Their breathing was monitored. 
Within the MRI, the rats were lying on a heating bed to keep their body temperature constant 
(~37°C). After the experiment, they were placed in a recovery room with an infrared light to 
help them waking up. 

3.4. Acquisitions 

Recall that the goal of the project is to make a high resolution 3D map of T1 and T2 values 
in the rat brain. The higher the resolution, the more time is spent. The multi atlas registration 
also requires a minimum resolution to be efficient (and resolution should be as isotropic as 
possible). However, it is not possible to leave the rat for many hours in the MRI. That is why 
a limitation of 2 hours was decided for in vivo experiments.  

3.4.1. Ex vivo experiments 
Following the bibliographic study, several sequences were highlighted (RAREVTR, IR-EPI, 
MDEFT, FISP). A first set of experiments was then performed on the phantom to compare 
those sequences (on a SNR, blur, acquisition time, artefacts basis). For the MDEFT (MP-
RAGE) sequence, the influence of several parameters was assessed (Repetition Time, 
Number of segments, Flip angle, Inversion Time, Spatial Resolution…). The details about 
all sequences tested are given in APPENDIX C. 
Finally, in order to assess the variability of the experiments, test-retest reliability was 
performed.  

3.4.2. Pilot – In Vivo 
In order to tune the protocol and have a first set of results with a 2-h protocol, experiments 
were made on 3 rats, at the GIN and CRMBM.  
For T1, MDEFT (MP-RAGE) sequence was used with nine inversion times (150, 232, 360, 
559, 866, 1342, 2081, 3226, 5000 ms). Those values were chosen so that they are equally 
distributed (along y axis) on an exponential curve. A single-slice acquisition with an IR-EPI 
sequence and the same TI was also made to compare the results. 
For T2 measurement, MSME sequence was used with 28 echo times (from 8 to 224 ms) and 
different Repetition Times (600 or 1000 ms). 
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The field of view was 2.7x2.7x2.8 cm3. The measurements were performed at two different 
spatial resolutions (210x210x700 µm3 and 210x210x424 µm3). Table 3-2 sums up the weight 
and examination date of the different rats. The rats at the CRMBM were not the same as at 
the GIN but underwent the same protocol. Details about the sequences used for each rat are 
given APPENDIX D. 
 

Table 3-2 : Pilot - Rats characteristics 

 GIN  CRMBM 
Weight Exam date  Weight Exam date 

Rat 1a 280g 16/10/2017 Rat 11a 309g 08/11/2017 
Rat 1b (second 

pass) 
296g 18/10/2017 Rat 11b 

(second pass) 
311g 09/11/2017 

Rat 2 294g 16/10/2017 Rat 12 278g 08/11/2017 
Rat 3 298g 18/10/2017 Rat 13 320g 09/11/2017 

 

3.4.3. Population – In Vivo 
The final 2h protocol was then fixed, and experiments were made on a population of 10 rats 
at the GIN and CRMBM, with test-retest. 
The protocol consisted in 8 MDEFT (MP-RAGE) sequences and one MSME. Total duration 
scan was 2h. The field of view was 2.7x2.7x2.8 cm3 with a resolution of 0.21x0.21x0.424 
µm3 (matrix 128x128x66). Because of duration issues, the MDEFT sequences were taken at 
eight different inversion times (150, 247, 408, 674, 1112, 1838, 3030, 5000 ms) instead of 
nine.  
Table 3-3 sums up the weight and examination date of the different rats. Only one experiment 
was performed at the CRMBM because the rats became too fat to be put in the MRI. The 
details about the final protocol (same for every rats) are given in APPENDIX E. 
 

Table 3-3 : Population - Rats characteristics 

 GIN  CRMBM 

 Weig
ht 1 

Exam date 
1 

Weig
ht 2 

Exam 
date 2 

 Weight Exam 
date 

Rat 1 274g 11/12/2017 514g 16/01/2018 Rat 11 250g 18/12/2017 
Rat 2 258g 11/12/2017 480g 16/01/2018 Rat 12 264g 18/12/2017 
Rat 3 286g 12/12/2017 480g 15/01/2018 Rat 13 267g 18/12/2017 
Rat 4 264g 12/12/2017 460g 15/01/2018 Rat 14 269g 19/12/2017 
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Rat 5 300g 13/12/2017 468g 18/01/2018 Rat 15 273g 19/12/2017 
Rat 6 294g 13/12/2017 504g 17/01/2018 Rat 16 280g 19/12/2017 
Rat 7 304g 14/12/2017 504g 17/01/2018 Rat 17 277g 19/12/2017 
Rat 8 304g 14/12/2017 508g 18/01/2018 Rat 18 277g 20/12/2017 
Rat 9 288g 14/12/2017 492g 16/01/2018 Rat 19 271g 20/12/2017 

Rat 10 296g 15/12/1017 466g 17/01/2018 Rat 110 274g 20/12/2017 

3.5. Processing workflow 

The processing workflow, from the image from the acquisition to the T1/T2 atlas is given 
Figure 3-3. 

 
Figure 3-3: Processing workflow 

CSF : Cerebrospinal Fluid, GM : Grey Matter, WM : White Matter 
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3.5.1. Map Computing 
In Vitro 

In vitro experiments produced many images, from different sequences, parameters or 
resolutions. Besides, all images were a priori not in the same system. 
A first analysis compared the SNR between the mean value of one Region Of Interest (ROI) 
in the cortex and the standard deviation of noise in a large region from the background. The 
cortex region was visually placed on each image. This was performed directly in ParaVision 
6, the MRI software. 
As Bruker files are not directly readable by common software and because Bruker 
conversion to DICOM format does not contain all the acquisition details, the files were 
converted to Nifti-Json with the software MRIFileManager developed by O. Montigon at the 
GIN. The file format Nifti-Json is common in the medical domain and can be read by many 
common softwares. Then, for the MDEFT sequences, a fitting algorithm was setup to 
compute maps in Matlab (Matlab R2015a SP1 with SPM12). Points at nine different 
Inversion Times were available. To assess the number of points required, fitting simulations 
were done between three to nine points, with all possible combinations. 

In Vivo 

The VIP platform hosts different pipelines for image processing of which fitting pipelines 
for T1 and T2. Unfortunately, the initial T1 pipeline was not operational. Its code was thus 
corrected, improved and put in a Docker to be ported to VIP see APPENDIX F for an 
example of Docker code). The CRMBM also had their own pipelines, which were also 
improved and dockerized. The MIRCEN owns a software that can also compute T1/T2 maps. 
However, because of property issues, this one cannot be ported to VIP. 
The results of all of those different algorithms will be compared. The GIN and CRMBM 
pipelines were ran on the local computer (processor i7-2600 CPU@3.4GHz, RAM 8Go) and 
the MIRCEN pipeline was ran on their calculator TITAN (60 nodes, 5 DELL R610 modules, 
RAM 64Go/module, CPU Intel Xeon 3GHz).  
All statistical tests performed are t-test. 
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3.5.2. Multi-Atlas segmentation 
The segmentations from a VIP pipeline (developed by FLI Strasbourg) and MIRCEN were 
performed and will be compared. Six reference atlases were used. Non-rigid registration was 
performed, with bias correction. Finally, the resulting atlas was obtained via majority voting. 
An example of the result of brain segmentation is given Figure 2-4.  

Figure 2-4: Example of the result of the segmentation 
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4. RESULTS 

4.1. Ex Vivo 

In order to determine the most suitable sequences, different ones were tested. Figure 4-1 
shows one slice of image acquired with the different sequences.  

 
Figure 4-1 : Example of the different sequences 

z: slice number, t: time number, #N: sequence number from APPENDIX E. 
A: IR-EPI at the CRMBM (#4) z=5/10 t=1/9, B: MDEFT at the GIN (#60) z=20/40, C: 

MSME at the GIN (#1) z=20/40 t=1/28, D: RAREVTR at the GIN (#1) z=28/57 t=6/12, E: 
TrueFISP at the CRMBM (#5) z=20/40 t=8/15, F: TurboRARE at the CRMBM (#4) 

z=20/40 t=4/8.  
It is reminded that the objective is to get high-resolution 3D images of T1 and T2 within a 
2h-protocol. Sequences with too long acquisition time or too many artifacts were excluded 
(RAREVTR, TrueFISP, TurboRARE). This means that IR-EPI, MDEFT and MSME 
sequences were considered.  
For this selection, additional tests were performed. For the MDEFT sequence, the resulting 
image is function of the flip angle, and Inversion Time. Figure 4-2 illustrates the impact of 
the flip angle. The images are acquired for 1-3-5-7-9-13°, with an inversion time of 200 or 
150 ms. The resolution is 128x128x40 pixels (0.2x0.2x0.6 mm3), and the printed slice is at 
z=20/40. 
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Figure 4-2 : Influence of the flip angle in MDEFT sequence 

z: slice number, t: time number, #N: sequence number from APPENDIX E. All images are 
from the GIN and at z=20/40.  

A: α=1°, TI=200ms (#32), all the following have TI=150ms. B: α=3° (#19), C: α=5° 
(#17), D: α=7° (#20), E: α=9° (#16), F: α=13° (#18) 

When the flip angle increases, the noise decreases, the signal gets stronger, but blurring in 
the phase encoding direction increases as well (the signal depends a priori on the angle). 
According to [10], this could be fixed by increasing the number of segments (but this would 
increase the acquisition duration) or applying a high-pass filter (the coefficient could be 
theoretically derived). 

 
Figure 4-3 : Evolution with TI 

All images are from the GIN with a resolution of 128x128x40 pixels (0.2x0.2x0.6 mm3) and 
α=7°. The printed slices are at z=20/40. A: TI=50ms (#57), B: TI=100ms (#58), C: 
TI=200ms (#59), D: TI=400ms (#60), E: TI=800ms (#61), F: TI=1200ms (#62), G: 

TI=1600ms (#63), H: TI=2400ms (#64), I: TI=3000ms (#65) 
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Figure 4-3 clearly shows that TI impacts on the signal intensity, but also on the way the 
different tissues are brought out. 
In order to compare the influence of those two factors (flip angle, inversion time), the Signal 
to Noise Ratio (SNR) was computed in each case. Figure 4-4 shows the Regions of Interest 
(ROI) where signal and noise were measured. The ROI for noise was checked to avoid any 
artifacts that could cause false the measure. 

 
Figure 4-4: ROI position for SNR computation 
Green: Noise measure; Yellow: Signal measure 

 
The influence of the flip angle (α), the number of segments, the resolution (in depth and 
plane), and inversion time over the SNR is plotted Figure 3-5. If the resolution is not 
specified, it is by default 128x128x40 pixels (218x218x625 µm3). 
The results confirm that the SNR depends on the flip angle. The SNR increases with α, 
reaching a maximum, and then decreases. This maximum is not the same at the GIN or 
CRMBM. It is not the same neither between the first and second experiment at the GIN 
(Figure 3-5-A). This could be due to some hardware difference between GIN and CRMBM, 
and to time between GIN_1 and GIN_2 (the fixation of tissue could evolve in time). 
Regarding the number of segments, it improves the SNR (Figure 3-5-B). The SNR also 
increases with the voxel size (that is expected), in a comparable way between the sessions 
(Figure 3-5-C-D). Nonetheless, it is noted that the GIN presents a slightly better SNR than 
the CRMBM. Finally, Figure 3-5-E shows the evolution of the SNR with inversion time, for 
the different flip angles and sessions. It illustrates that the SNR follows the same trend of 
evolution with α and the sessions. 
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The experiments were done for nine different inversion times. However, fewer points may 
be enough for accurate fitting. To assess that, the T1 in the previous ROI was computed 
when varying the number of points and their combinations. Figure 3-6 illustrates the 
computed T1 for the different combinations of 3 and 5 out of 9 TI. The two red horizontal 
lines corresponds to the target range of value. It shows that the higher the number of points, 
the closer to the target range are the computed values. With only a few points, some fitting 
does not converge and leads to extreme values (either very low or very high). With a few 
number of points, the curve seems to converge to the target range, when the combination 
includes long inversion times. Finally, it is noted that the T1 values for GIN_1 are 
significantly higher than GIN_2 and CRMBM (~100ms), but GIN_2 and CRMBM are very 
close (~10 ms). This can be due to unfinished fixation process. 
 

 
The whole maps (T1 and T2) were then computed, using the GIN pipeline. The brain was 
segmented using Matlab and SPM12. The results for the whole brain are presented Figure 
4-7, Figure 4-8, Figure 4-9 and Figure 4-10. On those figures, the error bars around the 
boxplots represent the two tails at 5 and 95% of the data. The green bars represent the number 
of pixels considered (second y axis). Values beyond 3000ms for T1 and 300 ms for T2 were 
rejected. 

Figure 3-6 : Impact of the number of TIs and of the type of TI combinations on 
T1 value 
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Figure 4-7 : In Vitro T1 distribution for the whole brain for the different centers and 

sessions, with the GIN pipeline and on the same sample 
Figure 4-7 illustrates the repartition of the T1 values in the whole brain for the different 
sessions (computed with the GIN pipeline). The sessions (x-axis) are ordered 
chronologically. This illustrates that T1 has a tendency to decrease over time. Nonetheless, 
for two close acquisitions at the GIN and CRMBM, the results are almost identical. 
On the other hand, T2 values do not seem to evolve over time, and results between the 
sessions are comparable (Figure 4-8). 
 

 
Figure 4-8 : In Vitro T2 distribution for the whole brain for the different centers and 

sessions, with the GIN pipeline and on the same sample 
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Figure 4-9 illustrates the T1 details for the different sequences. In the notation of the MDEFT 
sequences, FA means Flip Angle. In the notation of the EPI sequences, 900 or 625 describes 
the thickness of the voxels (µm). Except the results from GIN_1, there is no difference of T1 
between a flip angle of 2, 5, or 7°. The thickness of the voxels has no influence on T1 neither. 

 
Figure 4-9: In Vitro T1 distribution for the whole brain for the different centers, 

sessions and acquisitions, with the GIN pipeline and with the same sample 
Figure 4-10 illustrates the T2 details for the different sequences. In the notation of the MSME 
625 or 438 describes the thickness of the voxels (µm). The size of the voxels has no influence 
on T2. 

 
Figure 4-10: In Vitro T2 distribution for the whole brain for the different centers, 

sessions and acquisitions, with the GIN pipeline and with the same sample 
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Thus, those first experiments in vitro shows that IR-EPI and MDEFT are good candidates to 
compute T1 maps, and MSME for T2. T1 has a tendency to decrease over time, but does not 
have a strong dependence on the flip angle. T2 is stable over time. The size of the voxel has 
a low impact on those values. However, these results have to be confirmed in vivo. Indeed, 
moving from in vitro to in vivo changes many parameters. The physiology is also different, 
so it is not expected to get the same T1 and T2 values. 

4.2. Pilot – In Vivo 

Given the in vitro results, the sequences were then tested in vivo to confirm the feasibility. 
The whole maps (T1 and T2) were then computed, using the GIN pipeline. The brain was 
segmented using Matlab and SPM12. The results for the whole brain are presented Figure 
4-11, Figure 4-12, Figure 4-13 and Figure 4-14. On those figures, the error bars around the 
boxplots represent the two tails at 5 and 95% of the data. The green bars represent the number 
of pixels considered (second y axis). Values beyond 2500ms for T1 and 250 ms for T2 were 
rejected. 
Figure 4-11 illustrates the distribution of the T1 values in the whole brain for the different 
centers and acquisitions, with the GIN pipeline. At the CRMBM, there was a problem with 
the acquisition 11b_MDEFT (one corrupted image), so it will be excluded in the following 
analysis. At the GIN, the MDEFT sequences are similar (p>0.1), but it is harder to compare 
the EPI as it might not be the same slice that is acquired. For the same kind of acquisition, 
the difference between centers is not statistically significant (p>0.35). 

 
Figure 4-11: Pilot Comparison of T1 values for the different centers and acquisitions 

(pipeline GIN) 
In the acquisition names, the first part refers to the rat, and the second to the sequence 

(EPI / MDEFT). 
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Figure 4-12 represents the T1 distribution per center (except acquisition 11b_MDEFT) and 
fitting pipeline. This shows again that the MIRCEN pipeline evaluates a shorter T1 than the 
GIN and CRMBM pipelines (240 ms, which is 14% difference). The GIN and CRMBM 
pipelines present almost identical values (16 ms, which is 1% difference). Regarding the 
inter-center variability, there is no major differences, no matter the pipeline (24 ms, which 
is 1.4% difference, p>0.35). Inter-center and inter-pipeline results are alike (apart from 
MIRCEN). 
 

 
Figure 4-12: Pilot Comparison of T1 values for the different fitting pipelines and 

centers 
 
Figure 4-13 shows the distribution of the T2 values in the whole brain for the different centers 
and acquisitions, with the GIN pipeline. At the CRMBM, acquisitions with higher resolution 
present a broader (inter-quartile range of 12 ms compared to 6 ms) and lower (8 ms) 
distribution of the T2 values. The distributions at high resolutions are statistically similar 
p>0.07), whereas at low resolution, there is a large difference (4ms in average, p<10-7). 
Regarding the results at the GIN, at low resolution, there is no difference between the rats 
(<0.5ms, p>0.6). At high resolution, the mean value varies between 52ms and 55 ms, but the 
acquisition 3_MSME1 presents a large variability. Thus, if that acquisition is excluded, the 
different distribution from the GIN can be considered to be the same (p>0.12). This is 
encouraging for inter-subject variation and experiment reproducibility. Nonetheless, it is to 
be noted that there is a difference between experiments at the GIN and CRMBM (6 ms on 
average, which is 10% difference), for all acquisitions. 
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Figure 4-13: Pilot Comparison of T2 values for the different centers and acquisitions 

(pipeline GIN) 
In the acquisition names, the first part refers to the rat, and the second to the sequence (for 
the rat (1)2, MSME1 and MSME3 have a resolution of 211x211x700 µm3, and for the rat 

(1)2 MSME2 and rat 3, the resolution is 211x211x424 µm3). 
Figure 4-13 presented the results of the different sequences computed with the GIN pipeline. 
Figure 4-14 sums up results of the centers computed with the different pipelines. The 
distributions are for the whole brain, for all sequences. This figure illustrates that no matter 
the pipeline, the T2 at the GIN is always higher than the one at the CRMBM (between 5 and 
6.5 ms higher). Regarding the results from the different pipelines, the CRMBM and 
MIRCEN pipelines return the same average and mean values (1 ms difference which is 2% 
difference), but the GIN pipeline is a little bit lower (between 2 and 4 ms on average, that is 
between 4% and 7%). 

 
Figure 4-14: Pilot Comparison of T2 values for the different fitting pipelines and 

centers 



RESULTS 

41 

The previous figures were considering only one region of interest: the whole brain. However, 
the brain can be divided into several specific regions. This segmentation was performed on 
the VIP platform. It is then possible to compare the values in these regions between the 
centers and fitting pipelines. Figure 4-15 illustrates the dependence on centers for the GIN 
and MIRCEN pipelines. Each point represents one region and is associated to a couple of 
coordinates (x-y).  
On the Figure 4-15, the d line (dotted line) is relatively close to 0 (24ms for the GIN, and 
12ms for the MIRCEN). This means that the CRMBM produces on average T1 values 24ms 
higher than the GIN. This kind of diagram also provides information about the mean 
dependence. In the figure, there is no relation between the differences and the means. This 
means that the differences do not depend on the mean T1 values. There is no relation between 
the difference between the centers and the measured T1 value. Finally, by comparing the left 
and right panels, the MIRCEN pipeline seems to return results that are more precise between 
centers (lower mean difference and standard deviation), but still with the 200ms difference 
with the GIN pipeline (more precise and less accurate).  

 
Figure 4-15: Bland-Altman diagram for T1 between centers 

The x-coordinate is the mean value of the pixels from the ROI from the GIN and CRMBM. 
The y-coordinate is the difference of the mean value from the ROI of each center. So, each 
ROI, has a couple of coordinates (x,y)2. The dotted line represents the mean difference d 
between the two centers (all ROIs taken together). The solid lines are d+2ssd and d-2ssd, 
with ssd being the standard deviation of the differences. Those lines represent the trusted 

area.  
LEFT: T1 computed with the GIN pipeline; RIGHT: T1 computed with the MIRCEN 

pipeline. The results of the CRMBM pipeline are not presented because very close to the 
GIN pipeline. 

                                                 
2 The coordinates could be written as: (𝐺𝐺𝐺𝐺𝑁𝑁𝚤𝚤 𝑈𝑈 𝐶𝐶𝐶𝐶𝑀𝑀𝐵𝐵𝑀𝑀𝚤𝚤���������������������;  𝐶𝐶𝐶𝐶𝑀𝑀𝐵𝐵𝑀𝑀𝚤𝚤������������ − 𝐺𝐺𝐺𝐺𝑁𝑁𝚤𝚤������) 
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Because the computed T2 values with the different pipelines are roughly the same, they are 
plotted in Figure 4-16. Like in Figure 4-15, the differences are plotted as a function of the 
mean in each ROI. This is done for each of the three pipelines. The first point of the arrow 
is the value computed by the GIN pipeline, then by the CRMBM pipeline, and the head of 
the arrow is computed by the MIRCEN pipeline. This shows that the GIN pipeline has a 
tendency to evaluate lower T2 values than the CRMBM and MIRCEN, with a higher 
absolute difference. However, the CRMBM and MIRCEN pipelines have comparable 
results. Three major ROIs stand out (Lateral ventricle L (orange), Lateral ventricle R (blue-
grey) and 3rd & 4th ventricles (black)). For those regions, each pipeline returns quite different 
values.  
 

 
Figure 4-16: Difference and mean T2 value between centers and pipelines 

The first point of the arrow is the value computed by the GIN pipeline, then by the CRMBM 
pipeline, and the head of the arrow is computed by the MIRCEN pipeline.
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4.3. Population – In Vivo 

The pilot experiments giving promising results, the population experiments were carried 
out on a population of 10 rats at the GIN and 10 other rats at the CRMBM. This part aims 
at describing the results for those animals. The whole maps (T1 and T2) were then 
computed, using the three different pipelines on the GIN and CRMBM datasets. The brain 
was segmented using Matlab and SPM12. Values beyond 3000ms for T1 and 300 ms for 
T2 were rejected. 
First of all, the histograms of pixels from all rats taken together, for the different centers 
and pipelines are plotted Figure 4-17. This shows that the cut-off value at 3000ms for T1 
and 300ms for T2 do not cut meaningful information. Then, as already shown, the T1 
values computed by the MIRCEN pipeline are 200ms lower than those computed by the 
GIN and CRMBM, which seem to give comparable measures. There seems to be a slight 
difference between the centers GIN, CRMBM and GIN_2 (100ms). Regarding the T2 
measurements, all sites and pipelines seems to return similar histogram shapes. 

 
Figure 4-17: T1 and T2 histograms for the different centers and pipelines 

TOP: T1 histograms; BOTTOM: T2 histograms 
 
To give a different outlook and compare the distributions, the results for the whole brain 
or for the different regions are presented as boxplots in Figure 4-18, Figure 4-19, Figure 
4-20, Figure 4-21, Figure 4-22 and Figure 4-23. On those figures, the error bars around the 
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boxplots represent the two tails at 5 and 95% of the data. The green bars represent the 
number of pixels considered (second y-axis). 
Figure 4-18 shows that the GIN and CRMBM pipelines gives same means and medians 
(difference<3ms, p>0.84), but the MIRCEN pipeline around 250ms lower. Regarding the 
inter-center variability, the GIN tends to be lower by 30ms (for GIN and CRMBM 
pipelines) and higher by 5ms with the MIRCEN pipeline. The second measurement at 
GIN_2 tends to be lower than the first one GIN (80ms difference with the GIN and 
CRMBM pipelines and 20ms difference with the MIRCEN pipeline). Statistical test returns 
that no matter the pipeline, the acquisitions GIN and CRMBM are alike (p>0.17). 
Regarding the difference between GIN and GIN_2, the GIN and CRMBM pipelines returns 
different results (p<0.002), but the MIRCEN pipeline does find significant relation 
(p=0.85).  
 

 
Figure 4-18: Population T1 distributions for the different centers and pipelines 

 
It is then possible to dig into the results. To avoid repetition, only the result from the 
CRMBM with the CRMBM pipelines will be presented. Figure 4-19 shows the T1 
distributions for the different rats from the CRMBM, computed with the CRMBM pipeline. 
This shows that the distribution are quite similar, but with a mean value varying between 
1748ms and 1814ms.  
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Figure 4-19: Population T1 distribution between the different rats from CRMBM 

(CRMBM pipeline) 
 
It is possible to dig into even more, to display the distributions for the different regions. 
Figure 4-20 presents the distributions for each of the ROI, at the CRMBM, all rats taken 
together, computed with the CRMBM pipeline. One can notice that the Left-Right pairs 
present identical distributions (<20ms difference). Each pair seem to have a specific mean 
T1 value, different from the other regions. 

 
Figure 4-20: Population T1 Values in the different regions for the rats at the 

CRMBM (CRMBM pipeline) 
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That was for T1 values. Regarding T2 values, Figure 4-21 plots the T2 distributions in the 
different centers, with the different pipelines (all rats taken together). This shows that no 
matter the center, the different pipelines return the same results (<0.5ms difference, 
p>0.69). Regarding the inter-center variability, the CRMBM tends to be lower than the 
GIN (8ms). No matter the pipeline, the distributions present this difference (p<0.02). 
Regarding the two acquisitions at the GIN (GIN and GIN_2), GIN_2 is 2ms lower than 
GIN and the results are statistically equivalent (p>0.92). 

 
Figure 4-21: Population T2 values in the different centers and pipelines 

Here again, one can dig into the results to print the distributions for the different rats. Figure 
4-22 illustrate the T2 distribution for the different rat from the CRMBM, computed with 
the CRMBM pipeline. The distributions are very close to each other. The mean value varies 
between 47ms and 52ms, that is a 5ms range.  The inter-subject variation is thus lower than 
the inter-center variation. 

 
Figure 4-22: Population T2 distribution between the different rats from CRMBM 

(CRMBM pipeline) 
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One can also plot the distributions of the different regions. On Figure 4-23 is displayed the 
T2 distributions in the different regions for the rats from the CRMBM (all rats taken 
together), computed with the CRMBM pipeline. The different regions seem to have a 
specific T2 value. Most of the Left-Right pairs present the same distributions, but it is to 
be noted that some of them present differences (e.g. Cerebellum, Hippocampus, Occipital 
Cortex or Olfactory Bulb). For these regions, the standard deviation is very high.  

 
Figure 4-23: Population T2 Values in the different regions for the rats at the 

CRMBM (CRMBM pipeline) 
 
The previous figures showed results for the rats at the CRMBM with the CRMBM pipeline. 
The results for the other centers and pipelines present the same trends. To compare the 
different groups, one can then plot T2 as a function on T1 for each rat. Figure 4-24 plots 
T2 as a function of T1 for each rat (whole brain), for the different centers and with the 
different pipelines. It is expected that the different rats present the same average T1 and T2 
for the different pipelines and centers. First, one can see that the different populations (10 
rats) are grouped within the same area. Then, the GIN (“+”) and the CRMBM (dots) 
pipelines give the same results in each rat. The MIRCEN pipeline marks (“X”) are shifted 
by 250ms to the left. The second information is about inter-center variability. The GIN 
(blue) and GIN_2 (green) marks pattern are quite similar, but GIN_2 is shifted along the -
T1 axis. However, this shift is weaker with the MIRCEN pipeline than with the others. As 
for the CRMBM (red) marks, they are shifted toward the –T2 axis, as discussed previously. 
To sum up, the GIN and CRMBM pipelines return the same results. The MIRCEN pipeline 
underestimates the T1 in comparison with the others. GIN and GIN_2 experiments differ 
in T1 (GIN_2 is lower). CRMBM experiments present a lower T2 than GIN experiments. 
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Figure 4-24: T1 vs T2 in the different rats for the different centers and pipelines 

On the figure, the blue marks represents the GIN rats, the red ones the CRMBM rats, and 
the green ones the GIN_2 rats. The “+” marks are for the GIN pipeline, the dots marks 

are for the CRMBM pipeline, and the ‘X’ marks are for the MIRCEN pipeline. 
 
In order to analyze the difference between centers, Figure 4-25 plots the T1 (and T2) 
recorded at the CRMBM as a function of the T1 (and T2) recorded at the GIN, for each 
ROI. The blue dots represent values computed with the GIN pipeline, the red dots with the 
CRMBM pipeline, and the green dots with the MIRCEN pipeline. If there is no bias 
between centers, all points should be aligned on the first bisector. The figure illustrates that 
there is no much bias in T1 between the centers (regression between 1.08 and 1.16, with r² 
between 0.9 and 0.94) and that the MIRCEN pipeline is the closest to the ideal relation 
(regression of 1.08 with r² of 0.94). On average, the distance to the first bisector is between 
14 and 30ms which represent between 0.9 and 1.6% depending on the pipeline. GIN and 
CRMBM pipelines points are identical. Regarding T2, the difference between centers is 
stronger, but all pipelines return almost identical relationships (same regression equation 
and r²), and points from the different pipelines overlap perfectly. One can note that the 
relation might be biased by the ventricles. If those points are removed, the relation between 
centers is more linear, with a regression coefficient between 0.83 and 0.89, and an average 
error to the normal of 8.7%. As previously discussed, the GIN tends to have a T2 higher 
than the CRMBM. This offset can be estimated by minimizing the average distance of the 
ROI to the ideal (average distance between the points and the first bissector). Using Excel 
Solver, this offset is found to be of 5.9ms for the GIN pipeline, and 5.8ms for the CRMBM 
and MIRCEN pipelines. With these offset, the average error to the ideal case is decreased 
to 4.5%.  
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Figure 4-25: Comparison of the mean value in the ROI between centers and 

pipelines 
 
Now that the mean T1 and T2 values are computed in the different ROIs, with the different 
pipelines, it is possible to compare them to the literature values. Figure 4-26 plots the 
different values for the different ROIs. The circles represent the literature values while the 
“+” represent the computed values. Regarding the cortex values, some authors did not 
clarify which one, so values are plotted for each of the different cortexes. It is to be noted 
that the values from the literature are quite dispersed, but most of the values computed are 
within the range of the literature. T1 values from the MIRCEN pipeline are nonetheless 
much lower than expected. For T1, the values of the Amygdala and Hippocampus are found 
lower than the literature. Regarding the T2 values, they are in the expected range from the 
literature. 
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Figure 4-26: T1 and T2 values in the different ROIs compared with the literature 

UP: T1 values; DOWN: T2 values 
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To sum-up the results of this part, the T1 values from the different centers agree with the 
literature values. Between the centers GIN and CRMBM, the T1 values are comparable, 
but the T2 values are lower at the CRMBM than at the GIN. Between the experiments GIN 
and GIN_2, the T1 value decreased, but the T2 value remained the same. This could be due 
to an aging effect or to the weight of the animals. The different pipelines give the same 
results for T2 values. Regarding T1 values, the GIN and CRMBM pipelines are equivalent 
and comparable to the literature, while the MIRCEN pipeline underestimates T1 by 200-
250ms. The final results in each ROI in the different centers and pipelines are reported in 
APPENDIX G. 
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5. DISCUSSION 

 
The aim of this project was to setup a way to get high resolution T1 and T2 maps of the rat 
brain, in a multi-center way. That is to say that performing this same protocol on different 
MRI centers should be possible and give the same results. This project exposed a promising 
way to achieve this aim. Sequences were chosen and tested in sequential experimental 
steps.  
In order to be in the best possible conditions, the experiments were performed under the 
same conditions insofar as possible. The main magnetic field and the receiving coil were 
identical. The gradients and emitting coil were different. A first step consisted in in vitro 
experiments in order to pick up the most suitable sequences and make first adjustments 
(Error! Reference source not found.).  
After those optimizations done, the sequence could be tested in vivo. That is the second 
step: Pilot experiments. In this step, 3 rats were imaged using the elected MDEFT and 
MSME sequence. The goal of these experiments were to get used to living animals, test 
the sequences and make the new adjustments (Error! Reference source not found.).  
The final protocol is now determined, and experiments on the population of 10 rats is 
possible. Ten rats at the GIN were imaged twice. Ten rats at the CRMBM were imaged 
only once as they became too big to enter the MRI. Because of a misunderstanding of the 
acquisition software, the first inversion time at the GIN and CRMBM was wrong, so the 
fitting was performed with only 7 points. The inter-individual intra-center results are 
similar in mean T1 and T2. Correlation of mean value in the ROIs between the center is 
pretty good for T1 (r²>0.9) with almost a linear relation (factor of 1.1), but this is less the 
case for T2 (r² >0.78, factor by 1.8). This is partly due to the fact that the T2 measurements 
at the GIN are higher (by around 5.9ms) than that at the CRMBM. Regarding the pipelines, 
the three methods return identical values for T2. For T1, the MIRCEN pipeline returns 
values 250ms lower than the GIN and CRMBM pipelines. The mean value of each ROI 
(with the GIN and CRMBM pipelines) is within the range of values from the literature. 
Regarding this different T1 values returned by the MIRCEN pipeline, by exchanging with 
people working there, it is suspected that an additional post-processing step is performed, 
with a computation of an apparent T1* and real T1. Further investigations should be made 
in that direction, and compare the results with the RAREVTR pipeline parsed with TR=TI.  
Each one of the ROIs seems to have its own specific mean T1 and T2. However, the 
dispersion is quite large, but this could be due to segmentation issue. Indeed, in this case 
study, the union of all the regions is the whole brain. To increase accuracy, one could erode 
the regions to consider only the pixels that are at the center of the regions. This way, if the 
segmentation is not ideal and some regions gather pixels from the neighboring one, those 
pixels would be excluded. A further study could compare this segmentation with the one 
that could be performed with the MIRCEN software. Another factor might influence the 
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T1 and T2. Indeed, some of the rats were spotted with dilated ventricles, and [23] showed 
that the size of the ventricle might have an impact on the T1 and T2. 
It was spotted that the age might have an influence over the T1. This remains to be 
demonstrated. Indeed, the weight of the rats must be taken into account as they became 
much heavier for the second experiment at the GIN (GIN_2). It is known that the Sprague-
Dawley breed gain ~50g per week. A solution could be to use Long Evans rats for example. 
Finally, increasing the number of centers would give stronger power to the analysis. 
In the future, one could do some optimizations to the workflow. Indeed, for now, the 
operator has to acquire multiple scans with the different inversion times. This creates 
multiple 3D files, which is not convenient for archiving, storing and sharing. An idea could 
be to implement the sequence so that all images are acquired one after the other, generating 
one 4D image. This would also avoid that the software changes some parameters between 
acquisitions, and thus jeopardize the map reconstruction. This is what happened in the 
population study at GIN and CRMBM where the receiver gain was set to a different value 
for the first acquisition. Nonetheless, a quick test showed that it could be possible to correct 
the image by applying a correction factor to the whole image. This correction factor could 
be computed by normalizing the standard deviation of noise across images.  
One could also work on decreasing the acquisition time. 2h is still a long time for the staff 
and the animals. Some ways to decrease the time could be to acquire fewer points for T1 
or setup some rapid simultaneous T1/T2 acquisitions. 
On the multi-center part, the Shanoir SA platform was tested, and some filtering rules were 
defined. The VIP platform now offers different operational fitting pipelines. The next step 
will be to connect the Shanoir Platform to the VIP platform so that acquisitions in the 
database can be sent straight to the fitting pipelines. The acquired data could be shared with 
the different labs to serve other studies or test other pipelines. The values of T1 and T2 
computed in this project could be shared and serve as reference for other studies. 
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6. CONCLUSION 

 
In this project, we report promising results for making multi-center preclinical studies.  We 
took the example of T1 and T2 maps, between two different centers. Under similar 
conditions (same magnetic field, coil, software), MDEFT sequence at multiple Inversion 
Times was used to get T1 maps, and MSME for T2 maps. Three different fitting pipelines 
were used to reconstruct the maps from the raw data. The inter-pipeline results show that 
two out of the three T1 pipelines return identical values. All T2 pipelines return identical 
values. Regarding the inter-center results, no matter the pipeline, T1 values are equivalent. 
However, T2 values differ. Further investigations should be performed to understand those 
T2 differences and fix the third T1 pipeline.
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T1 and T2 Relaxation Time Constants for Rat Brain at 7 T [25] 
LOCATION T1 (ms) T2 (ms) 

Cerebellum 1343 80 

Corpus Callosum 1080 128 

Thalamus 1530 68 

Medulla Oblongata 1560 68 

Cerebral Cortex R/L 1246/1635 76/78 

Hippocampus R/L 1249/1072 171/254 

 
 
 

T1 and T2 Relaxation Times in Various Brain Regions of the Anesthetized Rat at 
7T, as Reported in the Literature [26] 

T1/T2 REFERENCE ANESTHESIA REGIME ROIS 
NAME 

VALUES PULSE 
SEQUENCE 

DETAILS 
T2 (ms) Massicotte, 

2000 [23] 
1.5%–2% halothane in a 
70:30 mixture of N2O:O2 

C 
CC 
Cpu 

68.8 ± 0.9 
61.9 ± 1.2 
70.7 ± 1.2 

MSME 
ETL = 8 
TR = 1.65 s 
ES = 20 msec 

  
  
 

Crémillieux, 
1998 [27] 

ketamine:xylazine 
(81:11mg/kg) 

C 41.8 ± 1.7 MSME  
CC 35.8 ± 1.8 ETL = 16  
Cpu 42.1 ± 1.5 TR = 1 s   
CSF 125.1 ± 9.2 ES = 8.8 msec  
H 47.9 ± 0.6 

 
 

Liachenko, 
2017 [28] 

1.2%–1.8% isoflurane in 
O2 

Am 61.2 ± 1.4 MSME  
C 56.8 ± 0.8 ETL = 16  
Cpu 56.4 ± 1.2 TR = 6 s   
H 
OB 
Th 
BS 
Cb 

58.3 ± 1.1 
63.69 ± 1.86 
52.85 ± 0.8 
57.79 ± 1.67 
57.66 ± 1.37 

ES = 15 msec 

 
Gigliucci, 
2014 [29] 

1.5%–2% isoflurane CSF 82.8 ± 4.5 MSME   
H 52.3 ± 0.4 ETL = 12   
VC 52.2 ± 0.4 TR = 2 s    
Th 
PC 

46.6 ± 0.4 
50.7 ± 0.3 

ES = 8.1 msec 
 

1.5%–2% isoflurane in a C 48.4 ± 0.3 Spin-Echo 
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Del Bigio, 
2011 [30] 

70:30 mixture of N2O:O2 CC 49.2 ± 0.7 ETL = 8  
Cpu 50.0 ± 0.3 TR = 6 s     

ES = 20 msec  
Koundal, 2015 
[31] 

ketamine:xylazine 
(80:10mg/kg) 

CC ~50 MSME  
H ~56 ETL = 11    

TR = 6 s     
ES = 12 msec  

Suleymanova, 
2014 [32] 

Chloral hydrate 
(350mg/kg) 

Am ~58 FSE  
H ~60 ETL = 15    

ES = 16 msec 
 Behroozi, 

2017 [26] 
Ketamine:xylazine  
(70% ketamine, 30% 
xylazine, 0.075 mL/100 g) 

Am 53.1 ± 0.9 MSME 
 Aul 49.1 ± 0.6 TR = 3 s 
 CC 39.8 ± 0.7 ETL = 16 
 Cpu 48.4 ± 0.6 ES=10.73msec 
 DLG 42.9 ± 0.4 1 slice 
 H 51.4 ± 0.6  
 Ml 50.7 ± 0.6  
 S1BF 48.2 ± 0.6  
 V1B 48.6 ± 0.5  
 V2L 50.4 ± 0.3  
T1(s) Massicotte, 

2000 [23] 
1.5 to 2% halothane in a C 1.88 ± 0.02 TurboFLASH 

IT   8 (60–8550 
msec) 
TR = 3.7 msec 
TE = 2.3 msec 

 
70:30 mixture of N2O:O2 CC 1.77 ± 0.03   

Cpu 1.75 ± 0.02     

 
Barbier, 2005 
[33] 

1.5-2% isoflurane in 30:70 CC 1.80 ± 0.03 FLASH  
mixture of O2:air Cpu 1.64 ± 0.07 IT = 22 (20–     

9000 msec)     
TR = 5.7 msec     
TE = 3.2 msec  

Del Bigio, 
2011 [30] 

1.5% –2% isoflurane in a 
70:30 mixture of N2O:O2 

C 1.78 ± 0.04 TurboFLASH  
CC 1.72 ± 0.08 IT = 8 (246–  
Cpu 1.71 ± 0.05 8738 msec)    

TR = 3.7 msec    
TE = 2.3 msec  

Gigliucci, 
2014 [29] 

1.5–2% isoflurane H 0.88 ± 0.02 RAREVTR  
VC 
Th 
PC 

1.94 ± 0.021 
1.63 ±0.030 
1.88±0.05 

TE = 25.3ms 
TR =  300–
8000ms 

 Behroozi, 
2017 [26] 

Ketamine:xylazine 70% 
(ketamine, 30% xylazine, 
0.075 mL/100 g) 

Am 2.05 ± 0.03 RAREVTR 
 Au1 1.93 ± 0.06 TR = 0.2 – 10s 
 CC 1.51 ± 0.08 TE = 53.3 ms 
 Cpu 1.77 ± 0.01 1 slice 
 DLG 1.63 ± 0.01  
 H 2.05 ± 0.06  
 Ml 2.00 ± 0.03  
 S1BF 1.92 ± 0.04  
 V1B 1.98 ± 0.04  
 V2L 2.20 ± 0.04  
Am Amygdala; Au1 primary auditory cortex; BS Brain Stem; C Cortex; Cb Cerebellum; CC Corpus 
Callosum; Cpu Caudate-Putamen; CSF CerebroSpinal Fluid; DLG dorsolateral geniculate nucleus; H 
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Hippocampus; M1 primary motor cortex; OB Olfactory bulb; PC Parietal Cortex; S1BF primary 
somatosensory cortex, Barrel field; Th Thalamus; VC Visual Cortex; V1B primary visual cortex; V2L 
secondary visual cortex, lateral area 
ES, echo spacing; ETL, echo train length; FSE, fast spin echo; IT, inversion times; MSME, multi-
slice/multi-echo; ROI, region of interest; TR, repetition time; TE, echo time; RAREVTR, multiple spin 
echo saturation recovery method with variable repetition time. 
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MDEFT 

# Segment 
duration (ms) 

# 
Segments alpha(°) TI 

(ms) 
Encode - 

phase 
Encode - 

RO 
Encode - 

slice 
Resolution - 
phase (px) 

Resolution - 
RO (px) 

Resolution - 
depth (px) 

Voxel size - 
phase (µm) 

Voxel size - 
RO (µm) 

Voxel size - 
depth (µm) 

Acq Time 
(mins) 

1 785 1 9 150 1,4 1,4 1,2 128 128 40 218,75 218,75 625 4 

2 785 1 9 150 1,4 1,4 1,2 128 128 40 218,75 218,75 625 4 

3 785 1 9 1200 1,4 1,4 1,2 128 128 40 218,75 218,75 625 4 

4 785 1 9 4000 1,4 1,4 1,2 128 128 40 218,75 218,75 625 4 

5 549 1 9 150 1 1 1,2 64 64 57 437,5 437,5 438,59649 6 

6 549 1 9 1200 1 1 1,2 64 64 57 437,5 437,5 438,59649 6 

7 549 1 9 4000 1 1 1,2 64 64 57 437,5 437,5 438,59649 6 

8 785 1 9 150 1,4 1,4 1,2 128 128 40 218,75 218,75 625 4 

9 785 1 9 60 1,4 1,4 1,2 128 128 40 218,75 218,75 625 3 

10 785 1 9 480 1,4 1,4 1,2 128 128 40 218,75 218,75 625 3 

11 785 1 9 1600 1,4 1,4 1,2 128 128 40 218,75 218,75 625 3 

12 921 1 9 150 1,2 1,2 1,1 128 128 40 218,75 218,75 625 4 

13 1090 1 9 150 1 1 1 128 128 40 218,75 218,75 625 5 

14 549 2 9 150 1 1 1 128 128 40 218,75 218,75 625 8 

15 278 4 9 150 1 1 1 128 128 40 218,75 218,75 625 16 

16 1090 1 9 150 1 1 1 128 128 40 218,75 218,75 625 5 

17 1090 1 5 150 1 1 1 128 128 40 218,75 218,75 625 5 

18 1090 1 13 150 1 1 1 128 128 40 218,75 218,75 625 5 

19 1090 1 3 150 1 1 1 128 128 40 218,75 218,75 625 5 

20 1090 1 7 150 1 1 1 128 128 40 218,75 218,75 625 5 

21 1090 1 5 150 1 1 1 128 128 40 218,75 218,75 625 5 

22 278 4 5 150 1 1 1 128 128 40 218,75 218,75 625 16 

23 329 4 5 150 1 1 1 155 155 40 180,64516 180,64516 625 16 

24 354 4 5 150 1 1 1 166 166 40 168,6747 168,6747 625 16 

25 388 4 5 150 1 1 1 180 180 40 155,55556 155,55556 625 16 
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26 405 4 5 150 1 1 1 190 190 40 147,36842 147,36842 625 16 

27 405 4 5 150 1 1 1 190 190 50 147,36842 147,36842 500 19 

28 405 4 5 150 1 1 1 190 190 60 147,36842 147,36842 416,66667 40 

29 405 4 5 150 1 1 1 190 190 45 147,36842 147,36842 555,55556 18 

30 1090 1 1 50 1 1 1 128 128 40 218,75 218,75 625 5 

31 1090 1 1 100 1 1 1 128 128 40 218,75 218,75 625 5 

32 1090 1 1 200 1 1 1 128 128 40 218,75 218,75 625 5 

33 1090 1 1 400 1 1 1 128 128 40 218,75 218,75 625 5 

34 1090 1 1 800 1 1 1 128 128 40 218,75 218,75 625 5 

35 1090 1 1 1200 1 1 1 128 128 40 218,75 218,75 625 5 

36 1090 1 1 1600 1 1 1 128 128 40 218,75 218,75 625 5 

37 1090 1 1 2400 1 1 1 128 128 40 218,75 218,75 625 5 

38 1090 1 1 3000 1 1 1 128 128 40 218,75 218,75 625 5 

39 1090 1 3 50 1 1 1 128 128 40 218,75 218,75 625 5 

40 1090 1 3 100 1 1 1 128 128 40 218,75 218,75 625 5 

41 1090 1 3 200 1 1 1 128 128 40 218,75 218,75 625 5 

42 1090 1 3 400 1 1 1 128 128 40 218,75 218,75 625 5 

43 1090 1 3 800 1 1 1 128 128 40 218,75 218,75 625 5 

44 1090 1 3 1200 1 1 1 128 128 40 218,75 218,75 625 5 

45 1090 1 3 1600 1 1 1 128 128 40 218,75 218,75 625 5 

46 1090 1 3 2400 1 1 1 128 128 40 218,75 218,75 625 5 

47 1090 1 3 3000 1 1 1 128 128 40 218,75 218,75 625 5 

48 1090 1 5 50 1 1 1 128 128 40 218,75 218,75 625 5 

49 1090 1 5 100 1 1 1 128 128 40 218,75 218,75 625 5 

50 1090 1 5 200 1 1 1 128 128 40 218,75 218,75 625 5 

51 1090 1 5 400 1 1 1 128 128 40 218,75 218,75 625 5 

52 1090 1 5 800 1 1 1 128 128 40 218,75 218,75 625 5 

53 1090 1 5 1200 1 1 1 128 128 40 218,75 218,75 625 5 

54 1090 1 5 1600 1 1 1 128 128 40 218,75 218,75 625 5 

55 1090 1 5 2400 1 1 1 128 128 40 218,75 218,75 625 5 

56 1090 1 5 3000 1 1 1 128 128 40 218,75 218,75 625 5 
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57 1090 1 7 50 1 1 1 128 128 40 218,75 218,75 625 5 

58 1090 1 7 100 1 1 1 128 128 40 218,75 218,75 625 5 

59 1090 1 7 200 1 1 1 128 128 40 218,75 218,75 625 5 

60 1090 1 7 400 1 1 1 128 128 40 218,75 218,75 625 5 

61 1090 1 7 800 1 1 1 128 128 40 218,75 218,75 625 5 

62 1090 1 7 1200 1 1 1 128 128 40 218,75 218,75 625 5 

63 1090 1 7 1600 1 1 1 128 128 40 218,75 218,75 625 5 

64 1090 1 7 2400 1 1 1 128 128 40 218,75 218,75 625 5 

65 1090 1 7 3000 1 1 1 128 128 40 218,75 218,75 625 5 

66 17196/2264 1 5 2400 1 1 1 256 256 40 109,375 109,375 625 16 

67 1090 1 17 150 1 1 1 128 128 40 218,75 218,75 625 5 

 

IR-EPI 

# Repetition 
Time 

# 
Segments 

Echo 
time 

Encode - 
phase 

Encode - 
RO 

Encode - 
slice 

Resolution - 
phase (px) 

Resolution - 
RO (px) 

Resolution - 
depth (px) 

Voxel size - 
phase (µm) 

Voxel size - 
RO (µm) 

Voxel size - 
depth (µm) 

Acq Time 
(mins) Averages 

1 4800 4 24,88 1 1 1 128 128 1 218,75 218,75 0,9 2,52 1 

2 4800 4 24,88 1 1 1 128 128 1 218,75 218,75 0,9 5,75 2 

3 4800 4 24,88 1 1 1 128 128 1 218,75 218,75 0,625 5,75 2 

4 4800 4 24,88 1 1 1 128 128 10 218,75 218,75 0,625 5,75 2 

TI (ms) = 50, 100, 200, 400, 800, 1200, 1600, 2400, 3000 

 

MSME 

# Echo 
(ms) 

Repetition Time 
(ms) 

Echo 
images 

Encode - 
phase 

Encode - 
RO 

Encode - 
slice 

Resolution - 
phase (px) 

Resolution - RO 
(px) 

Resolution 
(µm) 

Resolution - 
depth (px) 

Resolution depth 
(µm) 

Acq Time 
(mins) 

1 8 1000 28 1,4 1,4 1,2 128 128 218,75 40 625 51 

2 8 1000 28 1 1 1,2 64 64 437,5 57 438,5965 52 

3 4,688 4000 28 1,4 1,4 1,2 64 64 437,5 57 438,5965 150 

TE (ms) = 4.7, 9.4, 14, 18.8, 23.4, 28.1, 32.8, 37.8, 42.2, 46.9, 51.6, 61, 65.7, 70.3, 75, 80, 84.4, 89, 93.8, 98.4, 103.1, 107.8, 112.5, 117.2, 121.9, 126.6, 131.3 
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T2_TurboRARE_3D 

# Echo 
(ms) 

Repetition Time 
(ms) 

Echo 
images 

Encode - 
phase 

Encode - 
RO 

Encode - 
slice 

Resolution - 
phase (px) 

Resolution - RO 
(px) 

Resolution 
(µm) 

Resolution - 
depth (px) 

Resolution depth 
(µm) 

Acq Time 
(mins) 

1 4,55 5000 8 1 1 1,2 64 64 437,5 57 438,5965 34 

2 4,55 5000 8 1 1 1,2 128 128 218,75 40 625 50 

3 4,55 4000 8 1 1 1,2 128 128 218,75 40 625 40 

4 4,55 3000 8 1 1 1,2 128 128 218,75 40 625 30 

5 4,55 2000 8 1 1 1,2 128 128 218,75 40 625 20 

6 4,55 1000 8 1 1 1,2 128 128 218,75 40 625 10 

7 4,74 1000 8 1 1 1,2 190 190 147,3684 40 625 14 

8 4,74 3000 8 1 1 1,2 190 190 147,3684 40 625 43 

9 4,74 5000 8 1 1 1,2 190 190 147,3684 40 625 72 

10 4,74 1000 8 1 1 1,2 190 190 147,3684 50 500 18 

11 4,74 1000 8 1 1 1,2 190 190 147,3684 60 416,6667 21 

12 4,74 3000 8 1 1 1,2 190 190 147,3684 50 500 54 

13 4,74 3000 8 1 1 1,2 190 190 147,3684 60 416,6667 64 

14 4,78 1000 8 1 1 1,2 256 256 109,375 60 416,6667 30 

15 4,74 1000 8 1 1 1,2 190 190 147,3684 60 416,6667 21 

TE (ms) = 4.55, 40.93, 77.32, 113.7, 150.08, 186.47, 222.85, 259.24 

 

T1_T2_TrueFISP 

# Echo 
(ms) 

Repetition 
Time (ms) 

Scan 
Repetition 

time 
Segments Movie 

Frames 
Encode 
- phase 

Encode 
- RO 

Encode 
- slice 

Resolution 
- phase 

(px) 

Resolution 
- RO (px) 

Resolution 
- depth 

(px) 

Voxel 
size - 
phase 
(µm) 

Voxel 
size - 
RO 

(µm) 

Voxel 
size - 
depth 
(µm) 

Multislice/3D SSFP 
Mode 

Acq 
Time 

(mins) 

1 1,933 3,866 18000 8 60 1 1 1 128 128 1 218,75 218,75 417 multislice TrueFISP 9,5 

2 1,933 3,866 5000 8 15 1 1 1 128 128 1 218,75 218,75 417 multislice TrueFISP 2,5 

3 1,933 3,866 1925,58 8 15 1 1 1 128 128 8 218,75 218,75 625 multislice TrueFISP 8 

4 1,933 3,866 1925,58 8 15 1 1 1 128 128 40 218,75 218,75 625 multislice TrueFISP 41 

5 1,933 3,866 1925,58 8 15 1 1 1 128 128 40 218,75 218,75 625 3D TrueFISP 41 
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6 1,933 3,866 1925,58 8 15 1 1 1 128 128 40 218,75 218,75 625 multislice FID 41 

7 1,933 3,866 1925,58 8 15 1 1 1 128 128 40 218,75 218,75 625 3D FID 41 

TI (ms) = 90, 213.7, 337.4, 461.1, 584.8, 708.6, 832.3, 956, 1079.7, 1203.4, 1327, 1450.8, 1574.6, 1698.2, 1822 

 

RAREVTR 

# RARE 
factor Echo time Encode - phase Encode - RO Encode - slice Resolution - phase 

(px) 
Resolution - RO 

(px) 
Resolution - 
depth (px) 

Voxel size - 
phase (µm) 

Voxel size - 
RO (µm) 

Voxel size - 
depth (µm) 

Acq Time 
(mins) 

1 8 10,88 1 1 1 64 64 57 438 438 434 130 

2 8 11.9 1 1 1 64 64 57 438 438 434 129 

TR(#1) (ms): 200, 322, 459, 610, 782, 979, 1213, 1497, 1862, 2371, 3212, 6500 
TR(#2) (ms): 500, 651, 823, 1020, 1253, 1538, 1902, 2411, 3257, 6500 
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RAT 1 

M
D

EF
T 

 

# 

Segmen
t 

duratio
n (ms) 

# 
Segme

nts 

Alph
a (°) 

TI 
(ms) 

Enco
de - 
phas

e 

Enco
de - 
RO 

Encode - 
slice 

Resoluti
on - 

phase 
(px) 

Resoluti
on - RO 

(px) 

Resoluti
on - 

depth 
(px) 

Voxel 
size - 
phase 
(µm) 

Voxel 
size - 
RO 

(µm) 

Voxe
l size 

- 
dept

h 
(µm) 

Acq 
Time 

(mins) 

1 1090 1 7 150 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

2 1090 1 7 150 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

3 1090 1 7 232 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

4 1090 1 7 360 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

5 1090 1 7 559 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

6 1090 1 7 866 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

7 1090 1 7 1342 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

8 1090 1 7 2081 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

9 1090 1 7 3226 1 1 1 128 128 40 210,93
75 

210,93
75 700 6 

1
0 1090 1 7 5000 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

1
1 1090 1 3 866 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

1
2 1090 1 6 866 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

1
3 1090 1 9 866 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

1
4 1090 1 12 866 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

EP
I # Repetiti

on Time 

# 
Segme

nts 

Ech
o 

time 

Enco
de - 
phas

e 

Enco
de - 
RO 

Enco
de - 
slice 

Resoluti
on - 

phase 
(px) 

Resoluti
on - RO 

(px) 

Resoluti
on - 

depth 
(px) 

Voxel 
size - 
phase 
(µm) 

Voxel 
size - 
RO 

(µm) 

Voxel 
size - 
depth 
(µm) 

Acq 
Time 
(min

s) 

Averag
es 

1 5039 4 24,8
8 1 1 1 128 128 1 210,937

5 
210,93

75 0,7 6 2 
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RAT 1b 
M

D
EF

T 
 

# 

Segmen
t 

duratio
n (ms) 

# 
Segme

nts 

Alph
a (°) 

TI 
(ms) 

Enco
de - 
phas

e 

Enco
de - 
RO 

Encode - 
slice 

Resoluti
on - 

phase 
(px) 

Resoluti
on - RO 

(px) 

Resoluti
on - 

depth 
(px) 

Voxel 
size - 
phase 
(µm) 

Voxel 
size - 
RO 

(µm) 

Voxe
l size 

- 
dept

h 
(µm) 

Acq 
Time 

(mins) 

1b 1090 1 7 150 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 9 

2b 1090 1 7 232 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

3b 1090 1 7 360 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

4b 1090 1 7 559 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

5b 1090 1 7 866 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

6b 1090 1 7 1342 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

7b 1090 1 7 2081 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

8b 1090 1 7 3226 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

9b 1090 1 7 5000 1 1 1 128 128 66 210,93
75 

210,93
75 

0,42
4 

9 

10
b 1090 1 5 150 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

11
b 1090 1 10 150 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

12
b 1090 1 15 150 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

13
b 1090 1 20 150 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

14
b 1090 1 5 3226 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

15
b 1090 1 10 3226 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

16
b 1090 1 15 3226 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

17
b 1090 1 20 3226 1 1 1 128 128 40 210,93

75 
210,93

75 700 6 

EP
I # Repetiti

on Time 

# 
Segme

nts 

Ech
o 

time 

Enco
de - 
phas

e 

Enco
de - 
RO 

Enco
de - 
slice 

Resoluti
on - 

phase 
(px) 

Resoluti
on - RO 

(px) 

Resoluti
on - 

depth 
(px) 

Voxel 
size - 
phase 
(µm) 

Voxel 
size - 
RO 

(µm) 

Voxel 
size - 
depth 
(µm) 

Acq 
Time 
(min

s) 

Averag
es 

1 5039 4 25,0
1 1 1 1 128 128 1 210,937

5 
210,93

75 0,424 9 2 

 
 

Rat 2 

M
SM

E # Echo 
(ms) 

Repetition 
Time (ms) 

Echo 
images 

Encode 
- phase 

Encode 
- RO 

Encode 
- slice 

Resolution 
- phase 

(px) 

Resolution 
- RO (px) 

Resolution 
(µm) 

Resolution 
- depth 

(px) 

Resolution 
depth 
(µm) 

Acq 
Time 

(mins) 

1 8 1000 28 1,4 1,4 1,2 128 128 210,9375 40 700 51 

2 8 600 28 1,4 1,4 1,2 128 128 210,9375 40 700 31 

3 8 600 28 1,4 1,4 1,2 128 128 210,9375 66 424,24242 51 

TE (ms) = 8, 16, 24, 32, 40, 48, 56, 64, 72, 80, 88, 96, 104, 112, 120, 128, 136, 144, 152, 160, 168, 176, 184, 192, 200, 208, 216, 224 
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Rat 3 
M

SM
E # Echo (ms) 

Repetiti
on 

Time 
(ms) 

Echo 
imag

es 

Enco
de - 
phas

e 

Enco
de - 
RO 

Encode - 
slice 

Resolution - 
phase (px) 

Resoluti
on - RO 

(px) 

Resolut
ion 

(µm) 

Resolut
ion - 

depth 
(px) 

Resolution 
depth (µm) 

Acq 
Time 

(mins) 

1 8 600 28 1,4 1,4 1,2 128 128 210,93
75 66 424,24242 51 

2 8 600 28 1,4 1,4 1,2 128 128 210,93
75 66 424,24242 51 

EP
I # Repetitio

n Time 

# 
Segme

nts 

Ech
o 

tim
e 

Enco
de - 
phas

e 

Enco
de - 
RO 

Enco
de - 
slice 

Resoluti
on - 

phase 
(px) 

Resolut
ion - 

RO (px) 

Resolut
ion - 

depth 
(px) 

Voxel 
size - 
phase 
(µm) 

Voxel 
size - 
RO 

(µm) 

Vox
el 

size 
- 

dep
th 

(µm
) 

Acq 
Tim

e 
(mi
ns) 

Avera
ges 

1 5039 4 24,8
8 1 1 1 128 128 1 210,93

75 
210,93

75 
0,42

4 9 2 

MSME : TE (ms) = 8, 16, 24, 32, 40, 48, 56, 64, 72, 80, 88, 96, 104, 112, 120, 128, 136, 144, 152, 160, 168, 176, 184, 192, 200, 208, 216, 224 

NB : For MSME#2, a FOV saturation was applied under the neck, to destroy signal coming by blood circulation. 
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Final Protocol 

M
D

EF
T 

 

# 

Segme
nt 

durati
on 

(ms) 

# 
Segmen

ts 

Alph
a (°) 

TI 
(ms) 

Encod
e - 

phase 

Encod
e - RO 

Encod
e - 

slice 

Resoluti
on - 

phase 
(px) 

Resoluti
on - RO 

(px) 

Resoluti
on - 

depth 
(px) 

Voxel 
size - 
phase 
(µm) 

Voxel size 
- RO (µm) 

Voxel 
size - 
depth 
(µm) 

Acq 
Time 
(min

s) 

1 1090 1 7 150 1 1 1 128 128 66 210,937
5 210,9375 424 9 

2 1090 1 7 111
2 1 1 1 128 128 66 210,937

5 210,9375 424 9 

3 1090 1 7 247 1 1 1 128 128 66 210,937
5 210,9375 424 9 

4 1090 1 7 183
8 1 1 1 128 128 66 210,937

5 210,9375 424 9 

5 1090 1 7 408 1 1 1 128 128 66 210,937
5 210,9375 424 9 

6 1090 1 7 303
0 1 1 1 128 128 66 210,937

5 210,9375 424 9 

7 1090 1 7 674 1 1 1 128 128 66 210,937
5 210,9375 424 9 

8 1090 1 7 500
0 1 1 1 128 128 66 210,937

5 210,9375 424 9 

M
SM

E # Echo 
(ms) 

Repetiti
on Time 

(ms) 

Echo 
images 

Encod
e - 

phase 

Encod
e - RO 

Encod
e - 

slice 

Resolution - phase 
(px) 

Resoluti
on - RO 

(px) 

Resoluti
on (µm) 

Resoluti
on - 

depth 
(px) 

Resoluti
on depth 

(µm) 

Acq 
Time 

(mins) 

9 8 600 28 1,4 1,4 1,2 128 128 210,937
5 66 424 51 

MSME : TE (ms) = 8, 16, 24, 32, 40, 48, 56, 64, 72, 80, 88, 96, 104, 112, 120, 128, 136, 144, 152, 160, 168, 176, 184, 192, 200, 208, 216, 224 
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To build the docker and run the docker, several files are required:  
- DockerFile: contains the code to build the image docker 
- Runmypipeline.sh: bash script that launch launch the code with arguments in the docker 
- Mypipeline: software 

Here is an example of dockerfile and bash script to run a matlab function (the function must be 
compiled). 

Dockerfile: 
 
# command line to execute launch and execute image docker: 

# docker run --rm -it -v <mount path>:/app/output <myDockerName> 

# from which os it will be build 

FROM ubuntu-debootstrap:trusty 

 

# Set the working directory to /app 

WORKDIR /app 

 

# Copy the current directory contents into the container at /app  

ADD . /app 

 

# Install the MCR dependencies and some things we'll need and download 
the MCR # from Mathworks -silently install it  

RUN apt-get -qq update && apt-get -qq install -y \ 

     unzip \ 

     zip \ 

     xorg \ 

     wget \ 

     curl && \ 

     mkdir /mcr-install && \ 

     mkdir /opt/mcr && \ 

     cd /mcr-install && \ 

     wget 

http://ssd.mathworks.com/supportfiles/downloads/R2017a/deployment_files
/R2017a/installers/glnxa64/MCR_R2017a_glnxa64_installer.zip && \ 

     cd /mcr-install && \ 
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     unzip -q MCR_R2017a_glnxa64_installer.zip && \ 

     ./install -destinationFolder /opt/mcr -agreeToLicense yes -mode 
silent && \ 

     cd / && \ 

     rm -rf mcr-install 

 

# Configure environment variables for MCR ENV LD_LIBRARY_PATH 

/opt/mcr/v92/runtime/glnxa64:/opt/mcr/v92/bin/glnxa64:/opt/mcr/v92/sys/
os/glnxa64:/opt/mcr/v92/sys/java/jre/glnxa64/jre/lib/amd64/native_threa
ds:/opt/mcr/v92/sys/java/jre/glnxa64/jre/lib/amd64/server:/opt/mcr/v92/
sys/java/jre/glnxa64/jre/lib/amd64 

ENV XAPPLRESDIR /opt/mcr/v92/X11/app-defaults ENV MCR_CACHE_VERBOSE=true 
ENV MCR_CACHE_ROOT=/tmp 

 

RUN chmod 755 run_pipeline_T1.sh 

RUN chmod 777 output 

 

Bash script: 
#!/bin/bash 

function die { 

   echo $1 

   exit 1 

} 

 

if [ $# -lt 5 ] 

then 

   echo "usage: $0 <Threshold> <max_value> <Nifti_files> <json_files> 
<output_file_name>" 

   echo "NB : Number of Nifti_files = Number json_files" 

   exit 1 

fi 

OUTPUT_FILE="${@: -1}" 

/app/pipeline_T1 "${@:1:$(($#-1))}" || die "Pipeline execution failed!" 

zip -r ${OUTPUT_FILE} *-T1_Error.nii *-M0_Error.nii *-T1map.nii *-
M0map.nii || die "Cannot zip output files!" 
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All values are presented as mean ± standard error on the mean (across the rats) 

T1 (ms) 

CENTER   CRMBM GIN GIN_2 

PIPELINE  CRMBM GIN MIRCEN CRMBM GIN MIRCEN CRMBM GIN MIRCEN 

3rd and 4th ventricles 2030±4 2044±4 1878±4 1969±5 1990±5 1809±4 1879±5 1902±5 1810±4 

Amygdala L 1909±2 1908±2 1520±2 1893±3 1893±3 1533±2 1855±3 1850±3 1549±2 

Amygdala R 1909±3 1907±3 1510±2 1901±3 1901±3 1542±2 1855±3 1852±3 1559±2 

Brain stem 1529±1 1534±1 1331±1 1545±1 1552±1 1358±1 1554±1 1560±1 1336±1 

Caudate-putamen L 1769±1 1762±1 1489±1 1724±2 1720±2 1483±1 1651±2 1648±2 1447±2 

Caudate-putamen R 1770±1 1763±1 1487±1 1714±1 1710±1 1475±1 1636±2 1634±2 1437±2 

Cerebellar white matter 1652±1 1654±1 1419±1 1665±1 1673±2 1432±1 1685±2 1687±2 1419±1 

Cerebellum L 1790±2 1797±2 1529±1 1764±2 1774±2 1535±1 1677±2 1688±2 1534±1 

Cerebellum R 1793±2 1800±2 1534±1 1761±2 1772±2 1544±1 1644±2 1656±2 1555±1 

Cingulate cortex L 1918±2 1913±2 1590±1 1879±2 1874±2 1602±2 1809±3 1801±3 1560±2 

Cingulate cortex R 1919±2 1913±2 1590±1 1868±2 1862±2 1583±2 1802±3 1796±3 1554±2 

Cortical white matter L 1714±1 1712±1 1423±1 1716±1 1719±1 1441±1 1649±1 1647±1 1381±1 

Cortical white matter R 1721±1 1719±1 1426±1 1728±1 1732±1 1457±1 1666±1 1664±1 1395±1 

Frontal cortex L 1923±1 1916±1 1585±1 1855±2 1847±2 1593±1 1727±3 1730±3 1613±2 

Frontal cortex R 1926±2 1919±2 1587±1 1848±2 1840±2 1596±1 1676±3 1683±3 1631±2 

Hippocampus L 1864±2 1860±2 1559±1 1822±2 1823±2 1552±1 1740±2 1740±2 1527±2 

Hippocampus R 1858±2 1856±2 1554±1 1823±2 1829±2 1594±2 1751±2 1751±2 1578±2 

Lateral ventricle L 1985±6 1984±6 1698±5 1859±8 1864±8 1625±6 1856±10 1851±10 1819±8 

Lateral ventricle R 1993±6 1997±6 1748±6 1881±8 1892±9 1796±8 1896±10 1898±10 1950±8 

Occipital cortex L 1885±1 1877±1 1548±1 1813±2 1805±2 1546±1 1557±3 1558±3 1545±2 

Occipital cortex R 1877±1 1870±1 1549±1 1796±2 1790±2 1545±1 1484±4 1487±3 1570±2 

Olfactory bulb L 1865±2 1863±2 1564±2 1882±2 1885±2 1598±2 1808±2 1796±2 1544±2 

Olfactory bulb R 1875±2 1875±2 1567±2 1870±2 1875±2 1587±1 1785±2 1780±2 1535±2 

Parietal cortex L 1831±1 1822±1 1516±1 1782±1 1774±1 1511±1 1630±2 1631±2 1483±1 

Parietal cortex R 1845±1 1835±1 1516±1 1757±1 1750±1 1518±1 1524±3 1528±2 1514±2 

Temporal cortex L 1921±1 1918±1 1579±1 1892±1 1891±1 1583±1 1835±1 1831±1 1556±1 

Temporal cortex R 1926±1 1922±1 1574±1 1892±1 1891±1 1582±1 1785±2 1782±2 1564±1 

Thalamus L 1680±1 1679±1 1438±1 1682±2 1687±2 1468±1 1628±2 1629±2 1408±1 

Thalamus R 1675±1 1675±1 1430±1 1663±2 1667±2 1448±1 1614±2 1615±2 1400±1 
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T2 (ms) 

CENTER   CRMBM GIN GIN_2 

PIPELINE  CRMBM GIN MIRCEN CRMBM GIN MIRCEN CRMBM GIN MIRCEN 

3rd and 4th ventricles 90±0,6 91,7±0,6 88,9±0,6 75,6±0,5 75,4±0,5 75,7±0,5 76,1±0,5 76,8±0,5 76,4±0,5 

Amygdala L 57,3±0,2 57,3±0,2 57,4±0,2 62,3±0,2 62,3±0,2 62,4±0,2 62,3±0,3 62,2±0,3 62,3±0,3 

Amygdala R 52,9±0,2 53,1±0,2 53,1±0,2 62,8±0,3 62,8±0,3 62,8±0,3 63,2±0,3 63,2±0,3 63,2±0,3 

Brain stem 48±0,1 48,5±0,1 49±0,1 58,6±0,1 58,3±0,1 58,6±0,1 56±0,1 55,6±0,1 57,4±0,1 

Caudate-putamen L 48,5±0,1 48,5±0,1 48,5±0,1 55,6±0,2 55,6±0,2 55,6±0,2 54±0,2 54±0,2 54±0,2 

Caudate-putamen R 51,7±0,1 51,7±0,1 51,7±0,1 54,6±0,1 54,6±0,1 54,6±0,1 52,7±0,2 52,7±0,2 52,7±0,2 

Cerebellar white matter 43,4±0,1 43,4±0,1 43,7±0,1 51,8±0,1 51,8±0,1 51,8±0,1 50,5±0,1 50,5±0,1 50,6±0,1 

Cerebellum L 53,5±0,1 53,6±0,1 54,6±0,1 58±0,1 57,9±0,1 58±0,1 54,6±0,1 54,6±0,1 55,3±0,1 

Cerebellum R 39,4±0,1 39,1±0,1 43,7±0,1 56,6±0,1 56,4±0,1 56,6±0,1 52,5±0,1 52,6±0,1 53,2±0,1 

Cingulate cortex L 53,5±0,1 53,6±0,1 53,5±0,1 59,3±0,2 59,4±0,2 59,3±0,2 55,8±0,2 55,8±0,2 55,8±0,2 

Cingulate cortex R 54,8±0,1 54,8±0,1 54,8±0,1 58,5±0,2 58,5±0,2 58,5±0,2 56,8±0,2 56,8±0,2 56,8±0,2 

Cortical white matter L 50,7±0,1 50,7±0,1 50,7±0,1 55,8±0,1 55,8±0,1 55,8±0,1 53,9±0,1 54±0,1 54±0,1 

Cortical white matter R 49,7±0,1 49,9±0,1 49,9±0,1 55,9±0,1 55,9±0,1 55,9±0,1 53,8±0,1 53,8±0,1 53,8±0,1 

Frontal cortex L 49,9±0,2 50±0,2 49,9±0,2 62,8±0,2 62,9±0,2 62,8±0,2 65,8±0,3 65,7±0,3 66,4±0,3 

Frontal cortex R 58,5±0,2 58,5±0,2 58,5±0,2 64,4±0,2 64,5±0,2 64,4±0,2 66,4±0,3 66,3±0,3 67,4±0,3 

Hippocampus L 57,3±0,1 57,3±0,1 57,3±0,1 59,2±0,2 59,3±0,2 59,3±0,2 58,9±0,2 59±0,2 59,1±0,2 

Hippocampus R 45,1±0,1 45,3±0,1 45,3±0,1 58,7±0,2 58,7±0,2 58,7±0,2 59±0,2 59,1±0,2 59,1±0,2 

Lateral ventricle L 81,5±0,8 81,5±0,8 81,5±0,8 69,7±0,8 69,7±0,8 69,7±0,8 84,7±1,1 84,7±1,1 84,7±1,1 

Lateral ventricle R 80,3±0,9 80,7±0,9 80,7±0,9 74,1±0,9 74,1±0,9 74,1±0,9 92,5±1,2 92,6±1,2 92,6±1,2 

Occipital cortex L 53,1±0,1 53,1±0,1 53,1±0,1 56,7±0,1 56,7±0,1 56,7±0,1 53,6±0,1 53,9±0,1 55,1±0,2 

Occipital cortex R 42,7±0,1 42,7±0,1 42,7±0,1 55,6±0,1 55,6±0,1 55,6±0,1 51,9±0,1 52,3±0,1 53±0,2 

Olfactory bulb L 49,9±0,2 50,1±0,2 49,9±0,2 63,5±0,2 63,7±0,2 63,7±0,2 63,2±0,2 63,4±0,2 63,6±0,2 

Olfactory bulb R 57,4±0,2 57,6±0,2 57,5±0,2 61,1±0,1 61,2±0,1 61,2±0,2 59,1±0,1 59,1±0,1 59,3±0,2 

Parietal cortex L 47,1±0,1 47,1±0,1 47,1±0,1 55,7±0,1 55,7±0,1 55,7±0,1 54,4±0,1 54,2±0,1 55,3±0,1 

Parietal cortex R 49,2±0,1 49,2±0,1 49,2±0,1 56,6±0,1 56,5±0,1 56,6±0,1 54,1±0,1 54,3±0,1 55,3±0,1 

Temporal cortex L 50,9±0,1 50,9±0,1 50,9±0,1 57,4±0,1 57,4±0,1 57,4±0,1 55,8±0,1 55,9±0,1 55,9±0,1 

Temporal cortex R 44,9±0,1 45,3±0,1 45,3±0,1 57,7±0,1 57,7±0,1 57,7±0,1 54,8±0,1 54,9±0,1 55,1±0,1 

Thalamus L 54±0,1 54,1±0,1 54,1±0,1 58,8±0,2 58,8±0,2 58,8±0,2 56,2±0,2 56,2±0,2 56,3±0,2 

Thalamus R 51,4±0,1 51,4±0,1 51,5±0,1 56±0,2 56,1±0,2 56,1±0,2 54,7±0,2 54,8±0,2 54,8±0,2 
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