
Figure 1. Displacements in DENSE 
images project tag intersection points 
back into a perfect grid. Deformed 
grid of tag intersection points (A,B). 
Deformed grid overlaid on DENSE 
images (C,D). DENSE displacements 
were used to project intersection points 
back into a nearly perfect grid (E,F). 

 

Figure 2. RMSE for each 
image orientation at 3T and 
1.5T. The error in DENSE 
displacements as measured by 
RMSE is shown for each 
image orientation. The top 
and bottom gray lines indicate 
the DENSE and tagged pixel 
spacing, respectively.

Figure 3. Response of RMSE to 
added Gaussian noise. The simulated 
noise is reported as the standard 
deviation of its normal distribution 
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Target Audience – Investigators who use cardiac imaging to capture the motion and deformation of the heart in order to better 
understand cardiac function. 
Purpose – Displacement Encoding with Stimulated Echoes (DENSE) is a cardiac magnetic resonance technique that encodes tissue 
displacement into the phase of the MR signal. A spiral acquisition scheme has been used at 1.5T to efficiently acquire data and 
increase SNR, which is inherently low due to the stimulated echo acquisition. This sequence has not been validated at 3T, where the 
higher field strength would increase SNR, but may lead to measurement errors due to field inhomogeneities. We developed a novel 
method for measuring displacement errors in vivo and applied it to DENSE images acquired in human volunteers at both 1.5T and 3T. 
Methods – Two-dimensional spiral cine DENSE and tagged imaging of the left ventricle were performed on 10 healthy subjects at 3T 
and 6 healthy subjects at 1.5T. The tagged images were acquired with 8mm tag spacing, and were used to define the locations of tag 
intersection points near end-systole (Figure 1A,B). The displacements obtained from the DENSE phase images were used to project 
the intersection points back into a nearly perfect grid (Figure 1E,F). 

The deviation from a perfect grid was used as a measure of 
accuracy and quantified as root-mean-squared error (RMSE) 
between the projected points and a perfect tag grid. The RMSE 
was compared between 3T and 1.5T. Inter-observer variability of 
peak strains quantified by DENSE was assessed by Bland-
Altman analyses and coefficient of variation (CoV). SNR was 
calculated throughout the cardiac cycle at both field strengths. 
DENSE acquisition parameters were the same at both field 
strengths: 6 spiral interleaves, FOV=360x360 mm2, 
matrix=128x128, slice thickness=8 mm, TE/TR=1.08/17 ms, flip 
angle=20°. At 3T, a cardiac-gated field map was acquired during 
a 10 second breath-hold and used for shimming during both the 
DENSE and tagged acquisitions. Calculations of RMSE on 
simulated data with different levels of simulated noise were 
performed to determine the sensitivity of RMSE to displacement 
errors. 
Results – The displacement accuracy of spiral cine DENSE at 
3T was not different from the displacement accuracy at 1.5T 
(Figure 2). Across the four image orientations (four-chamber, 
base, mid, apex), the RMSEs at 3T and 1.5T were 1.2 ± 0.3 mm 
and 1.2 ± 0.4 mm, respectively. Both values were significantly 

lower than the DENSE pixel spacing of 2.8 mm. The simulated 
data demonstrated that our RMSE-based accuracy metric is sensitive to displacement errors 
within the range found in this study (Figure 3). The inter-observer variability was comparable 
between 3T and 1.5T for all strains and torsion (e.g. the CoV of circumferential strain at 3T 
and 1.5T was 3.6% and 5.2%, respectively). Through the cardiac cycle, the SNR at 3T was 

greater than the SNR at 1.5T by a factor of 1.4 ± 0.3. 
Conclusions – The same spiral cine DENSE acquisition that has been used at 1.5T can be 
applied at 3T with equivalent accuracy. The inter-observer variability is also comparable at 
both field strengths. Future studies with spiral cine DENSE may take advantage of the 
additional SNR at 3T. 
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