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Introduction: Various methods are available to measure T1, including inversion recovery based methods, the 
look-locker method, and the variable flip angle (VFA) method. The VFA method has found acceptance due to 
its rapid acquisition time, but an accurate measurement of T1 is dependent upon knowledge of the applied flip 
angle. At field strengths of 3T and above, inhomogeneity of the applied RF field leads to significant deviation 
of the actual flip angle from the nominally applied flip angle. Several methods have been proposed to 
compensate for this issue [1,2], including methods that simultaneously measure T1 and B1

+ [3,4,5,6]. 
  We propose a VFA method, possessing some similarities to [5], that simultaneously measures T1 and B1

+. 
This method is a spiral implementation of previous work [6], with enhancements to the signal model and 
fitting procedure. Conceptually, this technique relies upon the acquisition of short TR, spoiled GRE data sets 
with a fixed TR and variable flip angles. A non-linear fit is performed upon the signal, which is modeled as 
M0B1

-(1-E1)sin[ FA(λθ, ∆B0) ] / (1 – E1cos[ FA(λθ, ∆B0) ]).Here λ represents the position-dependent RF 
scaling factor, θ the nominal applied flip angle, ∆B0 the position-dependent off-resonance, FA(λθ, ∆B0) the 
actual flip angle which is a function of the enclosed arguments, and E1 is exp(-TR/ T1).  
 

Methods: A diagram of the pulse sequence waveform is displayed in Fig. 1. Excitation is achieved with a non-
selective spectral pulse that only excites the water resonance. Water excitation is necessary to avoid the 
problematic blurring of fat in spiral images with long readouts, and spatial non-selectivity is necessary to avoid 
slice profile effects which the signal  model does not incorporate. Readout of k-space is accomplished with a 3D 
stack-of-spirals readout that acquires the entire 3D volume. The spiral interleaves are constant density and of 
spiral-out design. The number of spiral interleaves, readout duration and number of kz partitions are adjusted as 
needed to achieve a target resolution. Two additional single shot spiral interleaves, with different echo times, are 
included in the acquisition. These two single shot interleaves are used to calculate a low resolution 3D ∆B0 map. 
RF spoiling is employed in conjunction with large spoiler gradients (950 mT/m * ms). The described acquisition is 
repeated over a number of flip angles, typically spanning 3 to 100 degrees. Reconstruction of the spiral k-space 
data utilizes a method [7] that simultaneously corrects for blurring due to off-resonance and concomitant gradients. 
The reconstruction method relies upon a polynomial fit to the off-resonance phase evolution during the readout 
combined with a semi-automatic determination of the off-resonance field map. 
   The acquired data is fit with the model described in the introduction. Fitting was performed in IDL with a non-
linear least squares routine [10] based on the Levenberg–Marquardt algorithm. Smoothed ∆B0 maps were extracted 
from the spiral reconstruction and provided as an input to the fitting routine. The fitting routine determines λ, T1, 
and M0B1

-. Within the fitting procedure, calculation of FA(λθ, ∆B0) from the enclosed arguments was 
accomplished with a simple Bloch rotation routine which considers the structure and timing of the non-selective 
spectral pulse. 
  Experimental T1 maps were acquired in a water phantom set consisting of tubes doped with gadolinium and in-
vivo. The measurements of T1 in the phantom set were compared with a turbo spin echo inversion recovery 
sequence acquired with 14 TI’s. The phantom scan was acquired with 16 unevenly spaced flip angles, a TR of 60 
ms, 12 interleaves, a 10.496 ms readout window, and 24 partitions. The human brain scan was acquired with 16 
unevenly spaced flip angles, a TR of 60 ms, 14 interleaves, a 16.384 ms readout window, 48 partitions, resolution 
of 1x1x4 mm, for a total scan duration of 12 mins. 
  

Results: The measurement of T1 in the phantom set is listed in Table 1, and compared with the measurements from 
the inversion recovery method. The measurements agree with the inversion recovery measurements. Figure 2 
contains a representative spiral image from the in-vivo scan, demonstrating good image quality with minimal 
blurring. Figure 3 contains the computed T1 map over the same slice in the brain displayed in Figure 2. Good 
contrast is visible between grey and white matter. Figure 4 contains the computed B1

+ map, given as the RF scaling 
factor λ. 
 

Discussion: The measured T1 values in the phantom set agree well with the inversion recovery measurements. The 
comparison of our method with inversion recovery was not time restricted, and was intended to determine the 
accuracy of our method against a gold standard under ideal conditions. The spoiler gradient area and the RF 
spoiling increment required to adequately spoil the transverse magnetization has been investigated for flip angles 
under 40 degrees [8] and up to 90 degrees [9], which does not cover the entire flip angle range acquired in these 
experiments. An investigation into combined RF and gradient spoiling mechanisms at the higher flip angles may 
allow for a reduction in the gradient spoiler area, which will also allow for a direct reduction in the TR. Two flip 
angle VFA experiments typically rely upon a choice of the flip angle, for a chosen TR and T1 [11], that maximizes 
the measurement precision with respect to noise. A method that determines the optimal placement of flip angles for 
our method may allow for a reduction in the number of required flip angles for a tissue with a given range of T1 
and B1

+, in addition to an improvement in the precision of the measurement. The in-vivo scan utilized 16 acquired 
flip angles over a range of 3 to 95 degrees, but a more optimal placement may reduce the number of required flip 
angles. Regions of signal dropout near the sinuses, visible in Fig. 2, may be mitigated with a spiral-in readout. 
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Fig 1. Pulse sequence waveforms 

Fig 2. Representative brain image

Fig 3. In-vivo T1 map. 

Fig 4. In-vivo B1
+ map.

 
 Table 1  
 Inversion 

Recovery 
Spiral VFA 

Tube 1 565 ± 1.4 556 ± 38 
Tube 2 583 ± 1.7 582 ± 39 
Tube 3 590 ± 1.1 601 ± 23 
Tube 4 536 ± 1.5 536 ± 50 
Tube 5 622 ± 3.4 621 ± 56 
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