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Introduction: Mapping the longitudinal relaxation time (T1) with quantitative MR is useful in many ways. The knowledge of T1 provides 
information on the microscopic tissue properties; T1 maps also allow comparison of MR images across scanners. The gold-standard inversion-
recovery (IR) pulse sequence1 is robust against bias or inhomogeneities in the B1 field. However, its drawback is that the scan time is long because 
only one line of k-space is measured per TR. Using an EPI read-out allows an entire slice to be measured within a single TR and can greatly reduce 
the scan time from ~17 min to 15 sec for one slice with four different inversion times (TI’s). This method has been validated against the slow gold-
standard method2. For in-vivo human brain imaging, it still takes ~15 min to cover the whole brain with ~2 mm3 voxel size. Simultaneous multi-slice 
(SMS)3,4 can be used to shorten that time5,6. Further, the slice-shuffling (SS) method7 promises very fast acquisitions of multiple TI's.  
    Here we test and validate fast T1 mapping methods using a combination of SMS excitation to accelerate the cross-slice acquisition, in-plane 
acceleration to shorten the readout, and SS to rapidly acquire many TI's.  
Methods: We implemented SMS acceleration of an IR spin-echo EPI (IR-SE-EPI) sequence. At the beginning of each TR a non-selective adiabatic 
inversion pulse was applied to invert all of the spins within the imaging volume, followed by a block of interleaved acquisition of all the slices using 
SE-EPI. Multiband RF pulses were used to excite (and refocus) multiple slices simultaneously. This allows acceleration along the slice-selection 
direction by a factor of M, with M being the number of simultaneously excited slices. Blipped-CAIPI4 with FOV/3 shift between adjacent slices and 
1D-GRAPPA reconstruction8 were applied to minimize the slice-aliasing artifacts. In-plane acceleration was used to reduce both the echo time and 
geometric distortion of the images.  
    Accelerated sampling of T1 recovery was realized by shuffling the order of acquisition of all the slices in every TR. N different TI’s can be 
sampled within one TR: TI=TI0+n⋅TR/N, where TI0 is the TI of the first acquired slice, N is the number of slices prescribed. Interleaved acquisition is 
used to minimize crosstalk between adjacent slices. T1 values are fitted with the three parameter model S(TI) = a+b⋅exp(-TI/T1) using the algorithm 
described by Barral et al.1  
    We performed in-vivo T1 mapping using a standard IR-SE-EPI and SMS-accelerated slice-shuffled IR-SE-EPI (SMS-SS IR-SE-EPI). Scan 
parameters: TR=3s, FOV=24cm, matrix size=120x120; for IR-SE-EPI: slice thickness=3mm, # slices=46, # TI=1, scan time=2:18; for SMS-SS IR-
SE-EPI, slice thickness=2mm, slice spacing=0 or 1mm, # slices=69, slice acceleration M=3, # TI=23, scan time=1:09. The TIs sampled in the SMS-
SS IR-SE-EPI scan were TI=50+n*3000/23 ms, with n=0, 1, ..., 22. The IR-SE-EPI measurement was repeated 4 times with TI=[50, 441, 1224, 
2398]ms. These TI’s were chosen to match 4 of the data points from the SMS-SS scan. In both cases we used in-plane acceleration R=2. All 
measurements were performed on a GE Discovery MR750 3T scanner with a Nova 32-channel head coil.  
Results and discussion: We first confirmed that the IR-SE-EPI method produces T1 values comparable to 
the gold-standard IR-SE method. Thus, IR-SE-EPI will be used as the gold-standard proxy. Fig.1 shows the 
T1 mapping results for several slices from both IR-SE-EPI and SMS-SS (slice spacing=1mm) methods. From 
the 2D histogram (Fig. 2) we can see that the T1 estimates from both scans agree quite well. The T1 for white 
matter was around 870ms and 850ms for IR-SE-EPI and SMS-SS, respectively. The RMSE of T1 between 
the two scan is 0.34s, and its main contribution is from the noisy T1 estimates in the regime of long T1, which 
is not robustly estimated with the shorter TI’s that we measured. 
    We found that the SS method is sensitive to the slice profile. Using an interleaved acquisition, any slices 
acquired in the second half of the interleave will be affected by the RF power leakage from adjacent slices, 
resulting in a smaller effective Mz(TI) and an under-estimation of T1. Fig. 3 shows a comparison of T1 
estimates between two SMS-SS IR-SE-EPI scans with 0 and 1mm slice spacing referenced to the IR-SE-EPI 
scan. A 1mm slice gap avoids much of the slice cross-talk and therefore produces a more accurate T1 
estimate. 
    We also noticed that non-selective fat sat pulses also introduced a small bias in the SS method because 
they are played out with each slice excitation and thus any small effect on the water signal will accumulate. 
To avoid this, we used slice-selected gradient reversal (SSGR)9 for fat suppression. 
Conclusion: We confirm our previous observation that both IR-SE-EPI and IR-SMS-SE-EPI produce robust, 
unbiased T1 estimates. The SS method is more sensitive to sequence details. However, by carefully 
accounting for these effects, the SS method, combined with SMS and in-plane acceleration, can produce 
relatively unbiased T1 estimates in a fraction of the time of conventional methods. 
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Fig.1. T1 maps from IR-SE-EPI (top) and SMS-SS (bottom) scans. Fig.3. Comparison of 1D T1 histograms. 

Fig.2. 2D T1 histogram between IR-SE- 
          EPI and SMS-SS scans. 
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