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Fat-suppressed Alternating-SSFP for Whole-Brain fMRI Using a Short Spatial-Spectral Pulse 
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Introduction     Functional MRI (fMRI) studies using pass-band balanced Steady-State Free Precession (pbSSFP) have several advantages over traditional 
Gradient-Recalled Echo EPI (GRE-EPI) acquisitions, including improved small-vessel BOLD sensitivity1, and reduced signal dropout and image distortion 
from susceptibility field gradients. However, pbSSFP methods exhibit off resonance banding artifacts that must be addressed for robust whole brain fMRI. 
One approach to removing banding artifacts involves image combination of two acquisitions having different RF phases in repeated functional runs2. An 
improved approach, requiring only a single functional run, uses RF catalyzation to alternate between two RF phase-cycling steady states for a single 
functional volume. This approach, called alternating-SSFP (alt-SSFP)3,4, requires high flip angles (>30°) and short TRs (<15 ms) for optimal acquisitions. 
However, bright fat signal remains a problem in alt-SSFP images due to the short TR. Without an effective fat suppression technique, artifacts like fat 
chemical shift and off-resonance signal instability result. Our goal was to design a spectral-spatial (SPSP) pulse short enough to be used for alt-SSFP fMRI, 
with reduced fat chemical shift artifacts and improved temporal SNR (tSNR) time-courses. In this study, we propose our SPSP fat-suppression method as the 
first practical implementation of alt-SSFP and demonstrate good BOLD sensitivity in both breath-hold and visual paradigms. 

 

Methods     Acquisition: For fat suppression, a short 4.16 ms true-null spatial-spectral RF pulse was 
designed5 (Fig 1). A TBW = 2 Dolph-Chebyshev window was used for the main envelope with 40 dB 
stop-band ripples. Seven minimum-phase, TBW = 8 pulses of 540 μs duration were used for the 
subpulses6. Measurements were made on a GE Discovery MR750 3T scanner using a 32-channel head 
coil. A 3D multi-shot fly-back EPI sequence with an echo train length of 4 was used with the 
following parameters: TR = 13.95 ms, FOV = 240 x 240 x 110 mm3, flip angle = 35°, receiver 
bandwidth = ±62.5 kHz. Slice phase-encodes were acquired centric-inward to acquire the center of k-
space at the end of each 3D volume. Ten dummy cycles were used for RF linear flip-angle 
catalyzation to transition to the next (0° or 180°) RF phase-cycling steady state2. Maximum Intensity 
Projection (MIP) was used to combine each phase-cycling volume pair. Each 3D volume was four-fold 
uniformly undersampled in the phase-encode direction to achieve an equivalent volume time of 3.40 s.  
Stimulus Presentation & Analysis: Breath holding was used to elicit whole-brain activation. Subjects 
performed 6 alternating blocks of self-paced breathing and breath-holding on expiration for each run 
(5 mins). Visual stimulus experiments were performed using 6 alternating blocks of left versus 
right visual field stimulation (5 mins). Trial timing was cued by visual stimulus using PsychoPy and 
PsychToolbox. FSL was used for fMRI data statistical analysis. Activation was modeled as a boxcar 
function convolved with a Gaussian function. Z-scores were calculated using a cluster-level correction 
for multiple comparisons (z > 2.3, p < 0.05).  
 
Results and Discussion     There is a tradeoff between spatial profile sharpness and the ∆B0 tolerance 
of the fat null in the spectral profile. By using minimum-phase subpulses, the spectral replicas are 
closer together due to the temporally asymmetric RF power deposition. This decreases the ∆B0 
tolerance of the fat null point. However, it is important for alt-SSFP to ensure uniform flip angle 
across the excited slab due to the sensitivity of the SSFP off-resonance profile to flip angle. From our 
results, the fat null ∆B0 tolerance is sufficient for good fat suppression. The short SPSP pulse 
suppresses fat in the alt-SSFP images while maintaining a short TR to reduce signal dropout and 
preserve spatial specificity to small vessels1. By suppressing bright fat signal, tSNR was improved in 
regions suffering from fat-shift artifacts and overall (Fig 2). Results from breath-holding experiments 
demonstrate the artifact-free full-brain BOLD imaging capability of fat-suppressed alt-SSFP (Fig 3). 
Functional scans with a visual stimulus demonstrate the functional sensitivity of fat-suppressed alt-
SSFP, which produces comparable maps to GRE-EPI (Fig 4). 
 
Conclusion     We have designed a short SPSP pulse for alt-SSFP in fMRI resulting in a practical 
imaging sequence that suppresses fat artifact well, improves temporal SNR in functional time-courses, and exhibits good BOLD sensitivity. This is the first 
practical implementation of a pbSSFP fMRI method that suppresses fat and banding artifacts for use in applications throughout the brain.  
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Figure 2 Top: Raw images (axial, coronal) show 
bright fat signal shift into the brain volume without 
the SPSP pulse. By using the designed short SPSP 
pulse, the bright fat signal is well suppressed. 
Bottom: tSNR maps were generated by dividing mean 
signal level by standard deviation of the GLM 
residuals. Applying the SPSP pulse increases 
temporal stability in fat-shift artifact regions (in 
boxes) and overall. 

 
Figure 3 Top two rows are activation maps for the 
breath-hold task using alt-SSFP, with and without the 
SPSP pulse. Resolution was 3x3x5 mm3. Arrows 
point to regions where bright fat signal causes 
spurious and unreliable activation in non-fat-
suppressed images, whereas these artifacts are 
reduced greatly when the SPSP pulse is applied. 

 
Figure 4 Resolution for the visual task was 3x3x3 
mm3. Resulting functional response shows good 
agreement with GRE-EPI. 

Figure 1 Left: RF pulse with 4.16 ms nominal  
duration and gradient waveforms for the designed  
SPSP pulse. Right, Top: Alt-SSFP steady-state spectral profile simulation using the SPSP pulse. MIP
profile is fairly uniform near the on-resonance region, while a spectral null was designed at -440 Hz 
(fat chemical shift at 3T). Right, Bottom: Spatial profile of SPSP pulse for a slab width of 9.9 cm. 
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