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Introduction: Finite pulse durations in diverse pulse schemes lead to the reduction of the magnitude of the magnetization vector due to T1 and T2 effects during the 
radio-frequency pulses. We report the analysis of the steady state signal in the presence of relaxation effects during radio-frequency pulses in spoiled gradient echo 
(SPGE) sequences. It is shown that minor attenuations of the magnetization vector can have dramatic consequences on the measured signal, and may thus compromise 
the gain of high static magnetic fields if a careful analysis is not performed. Measurements on a phantom at 3 teslas are also performed to verify this analysis. 
 
Theory: We take the simplest case of a constant amplitude and on-resonance pulse along the x-axis with, assuming ideal spoiling, an initial state of the Bloch vector 
along the z-axis. The magnetization vector [Mx My Mz]

T dynamics are described by the phenomenological Bloch equation whose solution for short pulse durations 
compared to T1 and T2  and to first order in (R2-R1)/2ω1 is given by [1]:  
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where ω1 is the RF nutation angular frequency (in rad/s), R1=1/T1 and R2=1/T2 are the relaxation rates. One can see that to zeroth order in (R2-R1)/ω1, the spin flip angle 
FA is as if no relaxation was present, i.e. equal to FA=ω1t. Setting Mz(0)=1 for convenience, the norm n of the vector at the end of the pulse of duration T is 
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When repeating the same RF pulse in SPGE sequences, the steady state transverse magnetization is proportional to SRelax(n,θ)∝(1-E1) n sinθ /(1-E1 n cosθ), where E1 = 

exp(-TR/T1) and θ is the FA [2]. For very short pulse durations, n is usually very close to 1 and one recovers in this limit the usual signal formula SRelax(n=1,θ) whose 
maximum is reached at the Ernst angle θE = acos(E1) [2]. The true Ernst angle θE,Relax otherwise is acos(nE1). Calculating the ratio SRelax(n=1,θ) over SRelax(n≠1,θ) at θE 
yields SRelax(n=1,θE)/SRelax(n≠1,θE) ≈ 1+ε/(1-E1

2) for small ε, where ε  = 1- n, which can be further simplified to first order in TR/T1 as  SRelax(n=1,θE)/SRelax(n≠1,θE)  ≈ 1+ε 
T1 / 2TR . Taking 1900 ms as the T1 value for gray matter (GM) at 7 T [3], TR = 7.1 ms, and only 1 % loss of magnetization due to relaxation during the RF pulses (ε = 
0.01) yields a ratio of 2.34, i.e. the theoretical gain of polarization at thermal equilibrium obtained from a 3 to a 7 T field strength. A plot of SRelax(n,θ) is provided in Fig. 
1 for several values of n and TR.  
 
Methods: Our measurements were performed on a Siemens 3 T Trio scanner (Siemens Medical Solutions, Erlangen, Germany) with a body coil used for transmission 
and a 12-channel head coil for reception, and were aimed at verifying the signal strength formula SRelax(n,θ). SPGE sequences were implemented on a liquid phantom 
made of 2 L of distilled water that we prepared with a concentration of 5 mM of CuSO4 and 0.23 mM of Sinerem (Guerbet, Aulnay-sous-Bois, France). We carried out 
two series of scans with parameters TR/TE=30/4 ms, resolution = 3.3 x 3.3 x 3 mm3, matrix size of 64 x 64 x 64. In the first series, we varied the FA from 4° to 96° in 
steps of 4° using a 300 µs square pulse, while we used a 3 ms square pulse for the second one. In the second series however, since SRelax(θ) is 2π periodic, we varied the 
FA from 364° up to 456° still in steps of 4°, to fulfil the condition (R2-R1)/2ω1<< 1. Although one would not employ such pulses in real conditions, we stress that they 
were used to merely obtain a non-negligible attenuation of the magnetization vector. What matters is the value of n, not how it is obtained, and the fact that typical 
shaped RF pulses lead to comparable or larger attenuations. No magnetic field gradients were applied during RF pulsing. To calculate n and compare the experimental 
results with the theory, knowledge of FA, T1 and T2 is required. Because the FA is inhomogeneous over the sample, we used the modified actual flip angle imaging 
(MAFI) sequence reported in [4] to determine FA. We measured T1 and T2 using an SPGE sequence with an inversion preparation for the former (TI=30 to 270 ms in 
steps of 40 ms, FA=20° and TR=400 ms), and a turbo-spin-echo sequence for the latter (17 echoes, TE=6.6 to 112.2 ms in steps of 6.6 ms). Finally, the signals were 
normalized by a fitting parameter to account for the proportionality factor in SRelax(n,θ) (T2

* decay during echo acquisition, spin density, reception sensitivity). 
 
Results and Discussion: T1 and T2 were measured to be 214.4 ms and 53.0 ms respectively, thus yielding n ≈ 0.997 for the 300 µs pulse and n ≈ 0.965 for the 3 ms one. 
The normalized experimental signals versus the flip angle are provided in Fig. 2. The RMS error between experiment and theory is 2.1 % for the 300 µs pulse data and 
3.3 % for the 3 ms one, indicating very good agreement between the two. The T1 value of the phantom being relatively low, here the signal drop was still moderate with 
an 11 % loss of signal at the Ernst angle. Higher T1 values would amplify this loss. 
 
Conclusion: We have demonstrated both theoretically and experimentally that relaxation effects during RF pulses can have a drastic effect on the signal to noise ratio 
obtained in MRI sequences. We hope this study will motivate the discussion of these effects when designing B1 and/or B0 pulse compensation schemes of a few 
milliseconds or more. 
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Fig. 1: Theoretical plots of the steady state signal for different values of n, TR 
= 100 ms (inset a) and TR = 10 ms (inset b), and for T1 = 1900 ms (GM at 7 T).  

 

Fig. 2: Experimental signal versus the flip angle for the two different pulse 
durations: theory and experiment. For the 3 ms pulse data, the FA displayed in 
the figure is the true one minus 360°. 
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