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Target Audience:  Scientists and Clinicians interested in 3D LGE imaging for scar volume quantification. 
 

Introduction: Cartesian CENTRA-PLUS acquisition scheme separates the central k-space with outer k-space, and allows different 
acquisition strategies for each of these regions. This approach has been used in dynamic imaging for liver MRI [1]. More recently, k-
space segmented CENTRA-PLUS was introduced for breath-held Coronary MRA [2] that acquires the inner k-space during the initial 
heart beats, and outer k-space after the subject resumes breathing. In this study, we propose a 3D Late Gadolinium Enhancement 
(LGE) sequence that uses a weighted navigator gating for each of inner and outer k-space acquisition with CENTRA-PLUS. We 
hypothesize that the proposed 3D LGE approach can image implanted right ventricular (RV) patches [3,4] in a porcine animal model, 
and yield superior volume measurements compared to conventional 2D LGE approach.  
 

Methods: Animal Model and Surgical Implantation: Mixed breed swine (n=6) 
underwent implantation of a tissue-engineered patch in the mid-to-apical anterior 
myocardium of the RV, forming scar tissue region (patch radius = 25-30 mm) that is 
marked by the surgical incision point seen in 3D localizers during subsequent MRI.  
Imaging: MRI was performed 7-9 weeks post-surgery (59±7 days) on a 1.5T 
Hardware (Philips Achieva, The Best, Netherlands) with a 5-channel cardiac array. The 
proposed 3D LGE sequence with CENTRA-PLUS acquisition order was tailored to 
swine imaging by applying navigator tracking and slice-following in the anterior-
posterior direction of the chest movement, using an empirically determined scale factor 
of 0.4 with axial scout scans. Figure 1 shows the schematics of the CENTRA-PLUS 
ordering that uses different sampling strategies for the acquisition of the inner and 
outer k-space regions and a weighted gating window (3mm inner, 5-7mm outer).  The 
inner k-space was defined to be the central 10% of the total acquisition. The 3D-LGE 
acquisition incorporated a k-space segmented Phase-Sensitive Inversion Recover 
(PSIR) scheme with the following scan parameters:  FOV=330x330x80; Flip Angles = 
30 ̊ and 5;̊ TR = 4.3ms; TE = 2.1ms; spatial resolution: 1.9×1.9×4.0 mm3; Sensitivity 
Encoding (SENSE) R=2 was employed, covering the entire RV in the short-axis plane. 
90 2R-R cycles were required for full acquisition. An equivalent volume was also 
acquired with breath-held 2D PSIR LGE with 10mm thickness, where 8 short-axis 
slices were acquired across the entire RV volume, each in a breath-hold.  
For all pigs, 2D PSIR LGE was performed first, immediately after a scout Look-
Locker (LL) sequence with the optimal inversion time (TI). 3D LGE was then 
performed using an adjusted TI; no dedicated LL scout was acquired for 3D LGE. 
Analysis: The scar volumes were identified and delineated on a standard clinical 
workstation for both 2D and 3D LGE volumes in a blinded manner by an experienced 
cardiologist who was provided no additional information except these two LGE data 
sets. Gold standard measurements were obtained directly from the implanted RV patch 
region. The scar region was surgically excised immediately after the MRI protocol, and 
its volume was measured manually by the surgeon (Fig 2). Statistical analysis was 
performed between the measurement errors using Student’s t-test.  
 

Results: Imaging was successfully performed on all 6 pigs. Table 1 summarizes the 
measurement results.  Figure 3 shows an example of the 2D and 3D images used for 
volume assessment. The proposed 3D LGE sequence yielded RV patch volumes with 
15±10% error compared to the surgical reference volume measurements, while 2D LGE 
images yielded volumetric error of 61±34% (p<0.05 on n=5 with both 2D and 3D 
measurements). In one case (#3), a small 3cm3 RV scar volume was not detected in 2D 
LGE, but was detected using the 3D LGE approach. 
 

Discussion: We demonstrate the feasibility of the CENTRA-PLUS ordering for 3D PSIR 
LGE to detect and measure the size of implanted RV patch surrounded by fibrotic scar 
tissues in the RV of the pigs. While the conventional 2D LGE methods were unable to 
accurately detect the small scar size <10cm3, the proposed 3D approach yielded volume 
measurements comparable to the volume directly measured on the surgically excised 
regions of the patch scar, which was used as the gold standard in this study.  
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Figure 1. CENTRA-PLUS Profile/View order table, 
showing the ky-kz acquisition order in color (blue  
red) per each acquisition window. Inner views (eg. view 
#8) are acquired with a conservative gating window of 
3mm, while outer views are acquired with a larger 5-7 
mm window. Right shows the full k-space after 90 HBs. 

Figure 3. Images from Pig #5 with 2.5cm3 volume. 
Left) 2D, Middle) and 3D LGE slices. Right)  
Reformatted view was set orthogonally to the slice that 
showed good depiction of the RV patch geometry. 3D 
LGE yielded superior spatial resolution for improved 
volume quantification. 

Table 1. Volume Measurements 

Figure 2. Gold standard measurements were made 
using an elliptical shape assumption with heights 
adjusted across the major axis (Pig #6). 
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