
Parameter HA Range (o) FA MD (×10-3 mm2/s) 
Value 111 ± 23   [n=5, C57BL/6;b=1850]   (This study)  

126 ± 3*   [n=10, 129/ola]                  (Healy 2011) 
143 ± 12* [n=2, 129/ola;b=1130]      (Jiang 2004) 
110           [n=14,C57B16/J]               (Schmitt 2009) 
125           [n=4, Swiss;b=1440]         (Strijkers 2009) 

0.25 ± 0.07 (This study) 
0.27 ± 0.06 (Jiang 2004) 
0.38 ± 0.16 (Strijkers 
2009) 

0.89 ±  0.16 (This study) 
0.75 ±  0.13 (Jiang 2004) 
0.7   ±  0.25 (Strijkers 2009) 

Table 1: Comparison of DTI-based
parameters from fixed murine hearts.
*Globally averaged values.  
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Introduction: While in vivo cardiac diffusion MRI (DTMRI) tractography is still in early development stages for widespread pre-clinical [1] or clinical use [2], ex vivo 
DTMRI has been established as a useful method to construct 3D myocardial fiber maps [3, 4].Parallel to fiber visualization, there have been numerous concerted efforts 
to quantitatively assess transmural helix angle (HA) distributions, fractional anisotropy (FA) and mean diffusivity (MD) in normal and infarcted mouse hearts [5, 6]. 
The goals of this study were to: a) construct a high resolution cardiomyofiber atlas of the C57BL/6 murine heart, b) quantitatively evaluate the accuracy of registration 
in atlas construction, and c) quantitatively assess the variability of the HA distribution. Despite prior work, this effort is to our knowledge, the first ultra-high resolution 
murine cardiomyofiber atlas, envisaged to accumulate value in mouse phenotyping, targeting regional cardiac function, transgenesis, and molecular imaging. 
Materials and Methods: Heart Excision and Sample Preparation-Fixation: Male C57BL/6 mice (n=5, ages 8-12 weeks) were anesthetized via injection 
Ketamine/Xylazine. Endotracheal intubation was performed and mice were then maintained with 1.5% isoflurane in mixed gas. The right internal jugular vein was 
surgically isolated and cannulated with a flexible catheter connected to a pre-calibrated infusion pump loaded with saline and 10% ProHance (Gadoteridol, Bracco 
Diagnostics Inc., Princeton, NJ)/formalin solutions. With the internal jugular venous cannula secured in place, a midline abdominal incision was made to expose the 
peritoneal cavity.  The diaphragm was then carefully incised, dissected away from the cardiac apex, and removed. The descending thoracic aorta and inferior vena cava 
were exposed and isolated.  The anesthetized, ventilated animal was then perfused with approximately 50 mL 0.9% NaCl over a period of 5 minutes. At the end of 5 
minutes, the saline reservoir was exchanged for a 10% ProHance/formalin solution, and the animal was perfused with this solution for an additional 5 minutes, allowing 
for rapid fixation of the myocardium.  Once perfusion fixation was completed, the animal was perfused with a heated 1.3% liquid agarose/phosphate buffered saline 
(PBS) solution. The heart was then carefully excised by transecting the great vessels and pulmonary veins, with attention to maintaining the integrity of the right and 
left atrial walls. The excised heart was immersed in fomblin (perfluoropolyether) and immobilized in a specialized MR compatible specimen tube.     
DT-MRI: The excised/fixed hearts were imaged at a 9.4 T vertical bore magnet in a 12x25 mm2 solenoid radiofrequency coil using a 3D diffusion-weighted spin echo 
pulse sequence (DW-SE). An isotropic voxel size of 43 μm was used to scan the tissue volume within a 256×256×256 acquisition matrix. A pair of half sinusoidal 
gradient lobes with 1600 mT/m amplitude, 1.3 ms width and 6.8 ms separation was used to encode diffusion, while TE and TR were set to 11.8 and 100 ms, 
respectively, as described previously [7, 8]. Diffeomorphic Registration: The registration of the datasets was performed with ANTS (ANTS, PA, USA) using Large 
Diffeomorphic Metric Mapping (LDDMM) with Geodesic Symmetric Normalization (SyN). The groupwise registration methodology [9] was adopted, where an 
average geometry was obtained and all datasets were registered to it. Mutual Information was selected to be the registration’s similarity metric, while the quality of the 
process was assessed using the union overlap measure (Jaccard coefficient) [10]. Estimation–Registrations of Diffusion Tensors: The diffusion weighted MRI were then 
imported into Diffusion Toolkit (MGH, Boston, MA) [7, 8] along with the corresponding gradient table and b–value, allowing the calculation of the diffusion tensor for 
each dataset. Subsequently, the transformation matrices acquired during the b0 registration of the datasets were used to register and reorient the diffusion tensors in 
ANTS, according to the Preservation of the Principle Direction (PPD) methodology [11]. Tensor Averaging–Variability Quantification: Log–Euclidean tensor calculus 
was employed to average the registered/reoriented tensors, resulting in the calculation of the mean tensor ( logD ) and the corresponding covariance matrix (Σ) in the log-

Euclidean space. The variability of the mean diffusion tensor was assessed by projecting the covariance matrix on the orthonormal basis Wii and Wij (Eqs. 1,2)  [12]. 
Such orthonormal basis allowed the calculation of the eigenvalue (λι) and eigenvector (vi) variability (Eqs. 3, 4) [12].   
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Fiber Tractography – Atlas Construction: The mean Diffusion Tensor was re-imported in Diffusion Toolkit where an empirically chosen angle threshold of 40 o [13] 
was used perform fiber tractography using the second order Runge-Kutta method. FA, MD and HA maps were also calculated and quantified. 
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Results and Discussion: Reported results represent the first ultra-high resolution cardiac fiber atlas from the ex vivo murine heart (compared to a maximum attained 
resolution of 100 μm in prior murine studies). Specifically, the registration of the datasets resulted in a Jaccard coefficient ranging from 87 – 93 %. Figure 1 presents a 
histogram of the eigenvector variability estimates, while long- and short-axis views of the estimated eigenvalue variability map are shown in Figure 2. The mean values 
of the eigenvector and eigenvalue variability estimates were found to be 33˚, 21˚, 43˚ and 4.4 %, 6.5 % and 17 %, respectively. Overall, the eigenvalue variability is 
within expected ranges (based on prior publications), indicative of intra-cardiac and interspecies diffusion rate homogeneity. However, the eigenvector variability is 
higher than expected, a finding that is possibly attributed to cross-registration, tissue fixation or actual fiber variability effects (captured in this high resolution atlas). 
The calculated mean FA and MD were found to be 0.25 ± 0.07 and 8.9×10-4 ± 1.6×10-4 mm2/s, respectively. Figure 3 depicts the fiber tractography maps in long and 
short axis views. The estimated HA exhibited a mean transmural variation of 111 ± 23˚, in close agreement with prior studies (Table 1). Additional work is ongoing for 
regional (sectoral) quantification of MD and FA heterogeneity, and tertiary eigenvector intersection angles, in an effort to determine the possible existence of a mid-
wall dominant layer, as reported in earlier studies in canine [14]. References: 1) Huang S, et al. Proc. of ISMRM, 19, 2011; 2) Tseng WY, Radiology 216(1):128-39, 
2000; 3) Jiang Y, et al., MRM 52:453-460, 2004; 4) Healy LJ, et al. J. Card.. Magn. Reson. 13:74, 2011; 5) Strijkers GJ, et al. NMR Biomed. 22(2):182–90, 2009; 6) 
Schmitt B, et al. J. Appl. Phys. 107:921-927, 2009. 7) Angeli S, et al. Proc. of ISMRM, 1007, 2013; 8) Jiang Y, et al. Neuroimage 56:1235-1243, 2011; 9) Guimond A, 
et al. Comput. Vis. Image Und. 77(2):192-210, 2000; 10) Klein A, et al. Neuroimage 46(3):786-802, 2009; 11) Alexander DC, et al. IEEE TMI 20(11):1131-1139, 
2001; 12) Peyrat JM, et al. IEEE TMI 26(11):1500-1514, 2007; 13) Wu EX, et al. MRI 25:1048-1057, 2007; 14) Holmes PA. Doctoral Thesis, Chapter 5, 51-76, 2005.  
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Figure 1: Histogram of eigenvector 
variability.  

Figure 2: Mid-ventricular (left) long and (right) short axis 
views of the constructed eigenvalue variability map. 

Figure 3: (Left) Long axis and (right) short axis views of 
the constructed fiber tractography atlas. 
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