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Abstract 
 

Magnetic Resonance Imaging MRI, using the Spin Echo method is studied here. A 

computer simulation for this method is presented for one dimension. The influence 

of the spin Echo Sequence is shown and its relation to different parameters such as 

repetition time TR, Echo time TE, relaxations times T1, T2, and the proton density 

PD of different tissues are studied. This study is useful for teaching purposes as well 

as for clinical applications.   
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 المستخلص
ف فشلمغت طضجي فب لاتين فشلتصو ا فشلناشجد فهذه فري فهMRIشجتعمل فصنا فمح ك ةففشلباابطا قد فتقنضا فتا حيل

و دقتهفب لب امتاش فشلم تللدفمثلففشلع واتاف ا فتأثيافتت ب فصنافب لح جودفريفبعنفوشحنفلهذهفشلطا قد.ف
وكث ردفشلباوتونفعفلاتجعدفمناوجدفم تللد.فتصلحففT2وففT1 منفشلا  نةفو منفشلصنافو منفشلاجتا  لف

ف(.دشلإكليتضكضضدفإض ردفإل فشلتطبضق  فشلجا ا دف)هذهفشلناشجدفلدجتعم لا فشلتناج
 

 

Introduction 
 

Magnetic Resonance Imaging has been the subject of research for the last three 

decades [1-5]. The MRI scanners were first introduced in hospitals in the year 

1982 [6]. Since then MRI has been developed and we see a wide use of these 

scanners in the world nowadays. In Libya, however, the first scanner was installed  
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at Central Hospital in 2005.  

Many workers [7-9] presented computer simulations in order to understand and 

grasp the way MRI works. This is very important for developing and designing 

MRI scanners in order to achieve clear image in short time which helps diagnose 

certain diseases. In this study we have chosen the Spin Echo sequence because it 

is simple, and involves only two radio frequency pulses, the 90o and the 180o 

pulse. 

Also the study is done for one dimension phantom as an attempt to understand 

the Spin Echo method and how different parameters are related to each other in 

controlling the enhancement and the contrast of images. We hope that this study 

will be extended to two dimensions where we can see the effect of these 

parameters on the images in two dimensions.  

 

Theory 

 

MRI imaging is based on relaxation of the magnetization introduced in tissue 

by an external magnetic field. Therefore, development of magnetization with time 

is of extreme importance to understand the theory of MRI imaging. 

Bloch et al. [10] described, classically, the behavior of volume magnetization 

M under the influence of external magnetic field B by an equation known as Bloch 

equation [11, 12]: 

 

 
𝑑𝑴

𝑑𝑡
=  𝛾 (𝑴 × 𝑩)(1)    ه 

 

Where the vector M denotes the magnetization vector, γ is the gyro magnetic ratio 

which is 2π(42.6×106)( rad /sec T) for protons (spin  ½ ), and  the vector  B is the 

local magnetic field. This magnetic field is the sum of all fields; the main external 

field B0 which is constant in the k direction, and the gradient of fields G which are 

linear on position and have the same direction as the main field direction; the 

radio frequency pulse field B1, and δ 𝑩 the field inhomogeneousity. The equation, 

thus, can be written as:   
                                                      

𝑑𝑴

𝑑𝑡
=  𝛾 𝑴 × (  𝑩0  +  δ 𝑩 + 𝒌(𝑮. 𝒓  ) +  𝑩1)  (2) 

 

This Equation shows that the change of magnetization with time (
𝑑𝑴

𝑑𝑡
) is always 

perpendicular to M, hence it represents rotation and precession of M in space. 
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When introducing a rotating frame system (x' y' z') around the z-axis with an 

angular  velocity (ω0  =  | γ B0 |), the effect of the field Bo is not seen and we only 

see the precession due to δ 𝑩, 𝑮. 𝒓 and B1, then the equation becomes:  

 

   
𝑑𝑴

𝑑𝑡
=  𝛾  𝑴 × (    δ 𝑩 + 𝒌(𝑮. 𝒓  ) +  𝑩1  )  (3) 

 

Since in our study we do not deal with artifacts, we shall neglect the field 

inhomogeneousity and susceptibility effects, δ 𝑩, and keep only the x' and y' 

components of the radio frequency of interest. The equation could be written 

either in a vector or matrix form, respectively, as follows: 
  

 

   
𝑑𝑴

𝑑𝑇
   =    𝛾   |

𝒊        𝒋      𝒌
𝑀𝑥′ 𝑀𝑦′ 𝑀𝑧′

𝐵1𝑥′ 𝐵1𝑦′ 𝑮. 𝒓
|     (4) 

 

𝑑𝑴

𝑑𝑇
    =   𝛾 (

 0      𝑮. 𝒓     − 𝐵1𝑦′

−𝑮. 𝒓  0    𝐵1𝑥′

𝐵1𝑦′ −𝐵1𝑥′   0
)  (

𝑀𝑥′

𝑀𝑦′

 𝑀𝑧 
)  (5) 

The last form describes the magnetization vector in the rotating frame of 

reference (x' y'  Z'). In the equilibrium situation (saturation) the magnetization 

vector is parallel to the main magnetic field and has only a longitudinal 

component.  

In non-equilibrium situation two processes exist that lead the magnetization 

back to equilibrium. One of these is spin-spin relaxation with characteristic decay 

time T2 that causes the decrease in transverse magnetization 𝑀𝑇 perpendicular to 

the main magnetic field; this can be described by exponential manner:  
 

 𝑑𝑀𝑇

𝑑𝑡
= −

𝑀𝑇 (𝑡)

T2
            or         𝑀𝑇(𝑡) = 𝑀𝑇(0) exp(

−𝑡

T2
)    (6) 

 

The other process is the relaxation of the longitudinal magnetization to its 

equilibrium values  𝑀0  due to spin-lattice relaxation with a characteristic time T1. 

This is given by a slightly different equation: 
  

 𝑑𝑀𝑧

𝑑𝑡
= −

𝑀𝑧 (𝑡)−𝑀0 

T1
      or       𝑀𝑧(𝑡)−𝑀0 = (𝑀𝑧( 0)−𝑀0)  exp(

−𝑡

T1
 )  (7) 
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If we include these processes, the Bloch matrix equation becomes: 
 

𝑑𝑴

𝑑𝑇
    =     

(

 
 

 
−1

T2
     𝛾 𝑮. 𝒓     − 𝛾𝐵1𝑦′

−𝛾𝑮. 𝒓  
 −1

T2
   𝛾𝐵1𝑥′

𝛾𝐵1𝑦′ −𝛾𝐵1𝑥′   
−1

T1 )

 
 

  (

𝑀𝑥′

𝑀𝑦′

 𝑀𝑧 

) + (

0
0

 
𝑀0 

T1
 
)  (8) 

 

In the absence of radio frequency pulse, the magnetization vector rotates 

(precesses) around the main magnetic field (z-axis) which is described by: 
 

𝑑𝑴

𝑑𝑇
=     

(

 
 

 
−1

T2
     𝛾 𝑮. 𝒓        0

−𝛾𝑮. 𝒓  
 −1

T2
    0  

     0       0    
−1

T1 )

 
 

  (

𝑀𝑥′

𝑀𝑦′

 𝑀𝑧′  

) + (

0
0

 
𝑀0 

T1
 
 (9)  ه(

 

For simplicity, the transfers magnetization is written in a complex notation;  
 

M T (t) =  𝑀𝑥′ + j 𝑀𝑦′, where j  =  √−1 . Integration of these equations yields: 

 

M T (t) = M T(0)  exp (– 𝑗𝛾 𝒓. ∫ 𝑮(𝑡′)𝑑𝑡′𝑡

0
) exp(−

𝑡

T2
)                    (10) 

 

The first exponential describes the precession in the (x'-y') plane, and the 

second exponential describes the relaxation, and for longitudinal magnetization:                                                                          

 
 

𝑀𝑧(𝑡)−𝑀0 = (𝑀𝑧(0)−𝑀0)  exp(
−𝑡

T1
) .        (11) 

 

 

The Spin Echo Imaging Sequence 
 

There are different methods for MRI Imaging, such as, Spin Echo, Fast Spin 

Echo, Gradient Echo and Inversion Recovery. Each method uses different imaging 

sequence of the RF pulses and the gradient fields that are applied during 

acquisition process. Of course each has advantages and disadvantages. For 

example the Spin Echo method enhances the Relaxation Time T1, T2, and PD 

(proton density) but cannot measure these relaxation times. Also it takes longer 

imaging time and is less affected by magnetic inhomogeneuosity. The Gradient 

Echo method also gives T1, T2, PD enhancement and is useful to measure the T2 

relaxation  time.  It is also  faster than the  Spin  Echo  method.  In the  Spin  Echo  
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method before a ninety pulse 90o, protons are aligned with the main magnetic field 

B0 resulting in a longitudinal magnetization Mz which is at its maximum value. 

When the 900 RF pulse is applied in the presence of B0 the longitudinal 

magnetization is rotated to a transverse plane where the protons precesses in phase 

around a vertical axis producing a transverse magnetization (M x,y). Because of 

gradient fields, the spins will precess at different frequencies for different 

positions causing them to de-phase. However, during the de-phasing and at half 

Echo time TE/2 a 1800, RF pulse is applied in the presence of the gradient field in 

the main field direction. The transverse magnetization is then flipped and starts to 

rephase again and the signal reachs its maxima at a time TE and an echo is 

obtained. After the echo event, the transverse magnetization starts to de-phase 

causing the echo to disappear. Figure 1 shows the spin echo pulse sequence timing 

and the transverse magnetization diagram.  
For one dimension, the Spin Echo Equation (10) for one voxel becomes: 

 

𝑀 𝑇  =  [  𝑀0 𝜌(𝑥i)(1 − 2 𝑒
−

TR−
TE
2

T1 (𝑥𝑖) + 𝑒
−

TR

T1(𝑥𝑖))]   𝑒
−

𝑡

 T2 (𝑥𝑖) e
[−jγ  𝑥i   ∫ G𝑥

t

0 (𝑡′)𝑑𝑡′]
   (12) 

 

Where ρ (xi) is the density in the specific position xi which is a volume element 

called voxel and we shall note the term in brackets as the voxel amplitude 

magnetization VAM i thus: 
 

VAM i = [  𝑀0 𝜌(𝑥i)(1 − 2 𝑒
−

TR−
TE
2

T1 (𝑥𝑖) + 𝑒
−

TR

T1(𝑥𝑖))]                           (13) 

 

TR is the repetition time for the imaging cycle. 

The correction terms in (1 − 2 𝑒
−

TR−
TE
2

T1 (𝑥𝑖) + 𝑒
−

TR

T1(𝑥𝑖))  are due to repetition of signal 

excitation and the fact that the magnetization does not reach 100% saturation at 

the start of the next excitation pulse 90o. The total transverse magnetization which 

is simply the summation of the magnetizations of the different voxels at any later 

time t after the 90o pulse is given by: 
 

M T  = ∑ VAM𝑖 i 𝑒
−

𝑡

 T2 (𝑥𝑖)  e
[−jγ 𝑥i   ∫ G𝑥

t

0 (𝑡′)𝑑𝑡′]
                    (14) 

 

As the signal is proportional to the proton magnetization at each voxel, the total 

signal from all voxels will also be: 
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S α ∑ VAMi  i  . 𝑒
−

𝑡

T2 (𝑥𝑖) . e
[−jγ 𝑥i   ∫ G𝑥

t

0 (𝑡′)𝑑𝑡′]
                            (15) 

 

This equation is used for the Spin Echo simulation in this study. Although this 

study is for one dimension it is useful to describe the Spin Echo imaging cycle. 

Figure 2 shows that the cycle contains three regions. The left side shows the T1 

contrast. For very small value of TR there is no contrast. The contrast is developed 

between the tissue, as TR increases the contrast increases then proton density 

contrast develops and it overcomes the T1 contrast. This is seen in the middle part 

of the imaging cycle. 
 

 

 

 

 

  

 

 

 

 

Figure 1. Spin echo pulse timing and diagram [12]. 

 

 

The right side of the cycle is the T2 contrast appearing at long TR and as TE 

increases a good T2 contrast is achieved. 

From the above we notice that for the T1 contrast TR must be short as well as 

TE. For proton density contrast TR must be long but TE is short, and for T2 

contrast TR must be long and TE is also long TE. It was noticed that there could 

be a mixture of proton density, T1, and T2 contrasts. The disadvantage of the Spin 

Echo is that T2 effect always exists. 

 

Results and Discussion 

 

MathCAD software was used in this study. Three tissues were chosen to 

simulate the Spin Echo method. These are: White Matter (WM), a Gray Matter 

t(GM)  and  Cerebrospinal Fluid (CSF).  Table 1,  shows the T1, T2 and PD values   
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for these issues. Equation (15) is used for this calculation. Note that the transverse 

magnetization  MT (xi) is for one variable (xi),  and hence the obtained signal is for 

one dimension. Fast Fourier transformation is used to transform the signal from 

the time domain to the frequency domain. 
 

 
 

Figure 2. Contrast of imaging in Spin Echo cycle [13]. 
 

We divided the phantom linearly into a large number of voxels with small 

thicknesses. Each voxel has its own frequency because of the presence of gradient 

field. The spins in it are all in phase to each other, and hence it develops its own 

magnetization which will be called voxel amplitude magnetization VAMi at 

position (xi) just after the 90o-pulse is applied which is given by the equation:  
 

 VAM i = [  𝑀0 𝜌(𝑥i). (1 − 2 𝑒
−

TR−
TE
2

T1 (𝑥𝑖) + 𝑒
−

TR

T1(𝑥𝑖))] 

 

We set M0 always to the value of one, because it only depends on external field 

strength and temperature. 

The main purpose of this study is to show how the different parameters T1, T2, 

TE, TR, and PD are related to imaging in the Spin Echo sequence. In particular 

how the TR and TE affect the T1, T2 and the proton density contrast of images. 
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Figure 3a  shows  the  calculated echo signal intensity. A short echo time is 

selected; TE = 10 mSec and the repetition time is selected at TR = 300 mSec. The 

proposed proton density (the one dimension phantom) for the different tissue is 

shown in figure 3c. The solid line is for the chosen proton density (phantom) and 

the dotted line is the calculated voxel amplitude magnetization VAM just before 

the 90o pulse is applied. We notice that the calculated VAM is less than the 

relative proton density PD which actually represent the saturated voxel 

magnetization at large TR, so this effect is T1 contrast. From the Figure 3b. we see 

that that the discrepancy between the WM and GM is weak. However the signal 

for the CSF is very low. Both figures 3b & c are in a good agreement with each 

other.  

 

Table 1. Values of T1, T2  and relative PD for different tissues. 

 

Tissues T1( mSec) T2( mSec) PD 

CSF 2400 160 1.0 

WM      780 90 0.72 

GM 920 100 0.84 

 

Figure 3d shows the calculated  image at the same echo time TE = 10mSec for  

TR =700 mSec. We notice from the figure that the discrepancy between the WM 

and GM increased and the signal for the CSF increased but still low indicating 

enhancement of T1 contrast in agreement with Figure 3e.  

The repetition time is increased to a higher value TR=5000mSec, TR=9000 

mSec and TR =12000mSec for the same short echo time TE = 10  mSec.  We  can  

see from  figure 3g-j that VAM curve is closer to PD curve except for CSF which 

is close to GM. So at this small TE value the contrast between GM and CSF is 

very small as can be seen from Figure 3f. Increasing TR to 9000 mSec and higher 

the images, (Figure 3h-j) reflect proton density contrast as expected. Figure 3k 

shows complete proton density contrast for VAM and hence is reflected in the 

image.                     

The Echo time TE is increased to 30 mSec, and the repetition time  is chosen 

for TR values of 300, 700, 9000 and 12000 mSec. We can see from the Figure 4b 

that for the short time TR=300 the VAM curve is low compared to the proton 

density PD and it increases as TR increases (Fig. 4d). Accordingly, at these TR 

values there is no significant contrast between the WM and GM, but for the CSF a 

clear  contrast is shown, and hence T1 enhancement. Similar to TR in Figure 5&b, 
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Figure 3. TE =10 mSec.  
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 Figure 3 (Cont.). TE =10 mSec.  
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Figure 4. TE = 30 mSec. 

 

TE is increased to 100 mSec and for short TR = 300 mSec we can see T1 contrast 

in the image between GM and WM with respect to cerebrospinal fluid. This 

emphasizes that a long TR time is necessary for the proton density and the CSF 

contrast. For higher TR=700 mSec less contrast results between WM and CSF 

because of competition between T1 and T2, even though in both cases VAM 

shows equality between GM and WM magnetization (Fig. 5d). For higher TR 

again clear T2 as well as PD contrast is shown in both VAM and images (Fig. 5f-

g). 
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Figure 4. Continued TE = 30 mSec. 

 

Relaxometry 

 

Relaxometry is a method for the measurement of relaxation rates, which is 

based on the physical aspect of nuclear relaxation to the ground state after being 

excited  by  an  RF  pulse. This  relaxation  is   produced  by   randomly  occurring  

variation in the local magnetic strength. Immediately after the RF pulse, only 

protons spinning in phase can give rise to detectible signal, they become out of 

phase as they experience a slightly different magnetic field and then rotate at 

slightly different frequencies. This transverse magnetization de-coherence occurs 

both due to magnetic field inhomogeneity produced by the magnet (gradient field)  
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or by magnetic particles present in the  tissue and due to  movement of  molecules 

in the tissue. Relaxometry may be used either by Spin Echo or by Gradient 

Imaging Echo sequences. Since our study is concerned with the former, we will 

represent how this analysis is used by studying the different parameters 

controlling the image contrast. The following equation is used for this analysis of 

a particular tissue:    

𝑀 𝑇  =  [  𝑀0 𝜌(𝑥i)(1 − 2 𝑒
−

TR−
TE
2

T1 (𝑥𝑖) + 𝑒
−

TR
T1(𝑥𝑖))] 𝑒

−
𝑡

 T2 (𝑥𝑖) 

                                                                 

This equation does not separate T1 and T2 contributions sufficiently to detect 

abnormality of tissues.  
When repetition time is chosen short; TR=300 mSec, TR =700 mSec, TR= 

1000 mSec and the Echo time is varied from TE= 0.0 To 60 mSec  (Fig.e 6. a-c), 

the FAT signal is the highest, while the CSF is the lowest. The WM and the GM 

signals, however, are almost equal. This signal is suppressed by the T1 relaxation 

and we also notice that as TE increases the T2 supressim is present. The image, 

however, approaches the proposed one dimension phantom. 

When the repetition time is chosen to be longer; TR = 5000 mSec (Fig. 6d), we 

notice that when TE is short (TE<20) mSec the FAT, GM, and WM signals 

approach the same value and there is no resolution for any tissue, while the CSF 

signal is still lower and it is enhanced among other tissues. This is because it has 

longer relaxation time T1 than other tissues. As TE increases to 40 mSec > TE 

>20 mSec, the signals from all tissues are close to each other and the resolution  

between the tissues is very weak because of T2 effect. At  TR = 7000 mSec and 

TE>20 mSec the CSF signal is higher than other tissues and its enhancement 

increases while the Fat signal decreases. At this stage we reason that the 

enhancement due to the T2 relaxation is important. As the TR is increased to 

TR=12000 mSec (Fig. 6f),  we conclude that at low TE the signals are equal for all 

tissues. The contrast should be due to the proton density and as the echo time 

increases we can see that CSF has the highest signal while the FAT has the lowest 

signal and it appears that the enhancement is due to the T2 relaxation time. 

 

Conclusion 
 

We conclude from this study that computer simulation is a good approach in 

doing research that needs sophisticated and expensive equipment. As we have 

seen in our case, we introduced the basis of the MRI research and particularly the 

Spin Echo Technique or Imaging. 
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Figure 5. TE = 100 mSec. 
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Figure 5 (Cont.). TE = 100 mSec. 

 

In this study we found the relationship between the different factors that control 

the enhancement of the different tissues relaxation times on the type of the image 

or image contrast. We found that for the contrast of the relaxation time T1 or T1 

weighted image (to show the fat tissue) you need to use a short Echo time TE and 

short repetition time TR. For the proton density contrast (to show gray matter,  

liver or spleen) you need to use a short Echo time TE and long repetition time TR. 

For contrast of the T2 relaxation time or T1 image (to show cerebrospinal fluid 

CSF), the use of a long time TE as well as a long TR are needed. 

We would like to extend this research to two dimensions where we can see the 

image and learn more about the Spin Echo imaging and how it is affected by the 

gradient field as well. 
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Figure 6. Simulated signal intensity versus Echo time for different repetition time.  
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