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respect to an antero-posterior axis and 87.2o (89.8o for heart) 
with respect to a lateral-medial axis. While the catheter is 
quite flexible and may be bent after placement in the LV 
chamber in practice (or during the cardiac cycle), our 
experimental CT data justify our proposed simulations with 
a straight, inclined at an angle, catheter in ED. Evidently, 
catheter placement (and therefore its inclination and shape 
within the chamber) is determined by the trajectory of the 
flaps of the aortic valve (site of catheter entry into the 
ventricle) and cardiac phase during the cycle. Also shown in 
Figure 4 is a simplified schematic of the four-catheter 
electrodes (emission and sensing) and pressure transducer, 
as well as a reproduction of the lump component of the 
myocardium-catheter model in ED and ES phases, as was 
introduced by Wei et al. [Wei 2007]. 
Electric field simulations in axial, sagittal, and coronal 
positions for the free space and the lump component models 
are shown in Figure 5. Indicative, are overlaid E-field 
simulations (lump component model) at the short and long 
axis positions (at the level of the second and third 
electrodes), on mean myocardial models, at the ED and ES 
frames. Figure 6 shows corresponding results for the 
geometric model (ED frame), that includes the LV blood 
cavity and myocardium. From such results and axial E-field 
profiles (reception electrode level), the free space field was 
computed to drop to 10% of its peak value (catheter ring 
electrode position), within approximately 0.8-1.0 mm. In the 
lump component model, the peak electric field drops to half 
its ED value, at ES. The 10% E-field fall-off point lies 
within approximately 0.6 mm of the ring-electrode locations 
at ED, and within approximately 0.4 mm at ES. Within 5 
mm (2.5 mm away on either side of the ring-electrode 
locations), the electric field drops to about 1-2% of its peak 
value, in either the ED or ES cases. 
Similar results were computed for the geometric model, with 
the E-field falling to 10% of its peak value (εr=11844, 
33615, 98800) within 1.1-2.0 mm from the ring electrode 
location. Within 4.75 mm from the ring electrode position, 
the field drops to 0.4-2% of its peak value. 
The rate of E-field fall off is highest in the lump component 
model, and lowest in the geometric model. The asymmetric 
E-field profiles observed in the geometric model are the 
result of the E-field pattern interactions with the 
endocardium and the ventricular and atrial blood cavities.  
Overall, the total conductance signal is formulated and 
presented in this study as the weighted sum (wE-i) of 
conducting emanating electric field signals of inherent 
conductivity (Gi) from structures and blood-filled vessels 
and cavities, exhibiting a temporal dependence, according 
to:  
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where wE-S, wE-LVblood, wE-LVmyo, wE-blood, represent the time 
varying weight factors for the fixed surrounding structures, 
LV blood, myocardium, and time varying blood flow in 
major vessels. The primary contributory term to total 
recorded conductance is the LV blood conductance, 

followed by the time-varying blood flow signal, the 
myocardial signal and the fixed-surrounding structures. 
Such weight factors therefore depend on the tissue/vessel 
structure, its location with respect to the catheter position, 
and the amount of its deposited emit power. The temporal 
dependence of all such terms, the non-linear contribution of 
each of them to the total conductance (throughout the 
cardiac cycle), makes it very difficult to specify exact values 
for such factors based on this work. 
SAR maps and computations yielded a power leakage < 1% 
of the total input power into surrounding tissue structures 
and blood-cavities and vessels, for two different set values 
of tissue permittivity (εr=33615 and 11844). More than 99% 
of the input electrical power was deposited in myocardial 
tissue and LV blood, in a relatively uniform fashion (as 
shown by the sagittal and coronal views of E-field patterns 
in Figure 5).  
Figure 7 depicts a mouse computational model and overlaid 
distribution of the catheter’s E-field (based on geometric 
model simulations) depicting its penetration within the LV 
at ED. 
 

IV. DISCUSSION  
 

The relationship between the measured conductance and 
volume in catheter-based measurements is non-linear, as a 
result of the non-linear catheter’s emission electric field. 
Despite prior efforts and published work on the value and 
temporal variation of parallel conductance, little is known on 
the spatial heterogeneity of the generated catheter electric 
field and its penetration within and beyond the LV chamber, 
throughout the cardiac cycle. Prior efforts that aimed at 
estimating the parallel conductance (Vp) have not considered 
or have ignored the catheter’s electrical response, as it is 
modulated by the LV blood pool, myocardium, and fixed 
surrounding structures. Additionally, attempts to accurately 
model the catheter, its position, and electrical response 
within the LV myocardium during the cardiac cycle have, 
until today, been limited.  
Simulation results from this study map the spatial 
dependence of the generated catheter E-field within (and 
outside) the LV, through the development of accurate 
methodology and simulations. The murine cardiac surface 
models presented, constructed from high resolution MRI, 
are validated and their quantitative accuracy established, 
through the estimate of global mechanical indices of 
function. The latter are found to be in close agreement with 
prior reports [Ruff 1998]. The intra-species variability of 
cardiac morphology and position is also accounted for, with 
constructed mean models of cardiac structure, showing 
increased basal ES variability in C57BL/6J mice. Also 
presented are the first accurate models of the Millar micro-
catheter to scale and its precise position in vivo (as such is 
validated from independent catheterization in vivo micro-CT 
studies).  
Results from the lump component model (based on the prior 
work of Wei et al. [Wei 2007]) differ from those of the 
geometric model, both in terms of the rate of E-field fall-off 

     [Eq. 1]
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and its developed spatial pattern. Lump component results 
are obtained for both ED and ES cardiac phases, compared 
to the geometric model, where the ES phase is unaccounted 
for, as a result of the non-compliant and rigid Millar catheter 
model developed. Spatial maps from lump, and geometric 
models, also indicate a variation of the E-field distribution 
during the cardiac cycle (ED, ES) and its dependence on 
tissue properties (electric permittivity). To account for 
electric property variability due to tissue heterogeneity, 
myocardium (and blood) conductivity values were based on 
prior literature reports, with Wei et al. [Wei 2007] reporting 
permittivity values of εr=33615, and Reyes et al. [Reyes 
2006] reporting strain-indifferent blood values of 
conductivity in mice.  
The mathematical formulation for the catheter’s total 
conductance Gtotal(t), exhibiting a temporal and a spatial 
dependence, explains the limitations of the hypertonic saline 
infusion method to account for the conductivity of tissues 
surrounding the ventricular pool and myocardium, and 
myocardial chamber geometry changes during systole and 
diastole [White 1996], thereby leading to an overestimate of 
the parallel conductance value. It can also explain the 
limitations of the hypertonic saline method to account for 
the temporal variability of Vp (increases during rapid-
ejection [Staal, Gopakumaran] and decreases during ES, and 
early and late ventricular filling) and for time varying blood 
flow effects (atrial filling, right and left ventricular ejection, 
pulmonary circulation, and myocardial blood changes).  
SAR simulations have also allowed the quantification of 
leakage power in surrounding structures, yielding leaked 
power of < 1% with respect to the input power, during ED. 
While such computations could not be performed for the ES 
case (myocardium contraction and rigidness of catheter 
model), the percentage of leaked power, into surrounding 
tissues and blood flowing vessels and the right ventricular 
cavity, is expected to increase during the systolic phase of 
the cycle, as the heart contracts. Also reported are 
visualizations of the E-field distribution fused with a 
commercially available computational finite element model 
of the mouse, within the XFdtd environment, showing the 
spatial distribution of the generated electric field in tissues 
and organs surrounding the heart. 
Despite the quantitative accuracy of methodology and 
results of this effort, a number of important limitations still 
exist. The inability to localize the simulated E-field to 
specific surrounding structures imposes the necessity for an 
accurate 4D mouse atlas with renditions of the major 
vascular structures, and the availability of robust inter-
modality registration methods. It also implies the necessity 
for construction of myocardial models which include large 
vessels and right ventricular chambers. Tissue anisotropy 
and spatial mapping of their electrical conductivity and 
permittivity properties during the ED and ES intervals ought 
to be accounted for. Additionally, the catheter position needs 
further consideration using micro-CT experimentation, 
allowing the development of robust and flexible catheter 
models, accounting for myocardial motion trajectories as 
such are estimated from high resolution imaging techniques. 

Furthermore, LV shape changes must be accounted for 
during the hypertonic saline infusions. Also of utmost 
importance is the validation of simulation results with 
accurate bench-top, high spatial resolution experimental 
measurements of the electric field. 
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