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Summary of the Research Project
For the treatment of cardiac arrhythmias e.g. due to scarring of tissue after myocardial infarction, precise localization of the arrhythmogenic substrate is required. Electroanatomical mapping of the cardiac activation allows accurate spatial and temporal reconstruction of the electrical activation of the human heart. It is routinely performed by invasive catheterization. Our goal in this project is to develop a noninvasive approach to electroanatomic mapping that can be combined with invasive catheterization and prospectively replace it. The advantages of a non-invasive method would be twofold: First, the risks associated with invasive procedures could be avoided when electroanatomic mapping is required, and second, the barrier to performing electroanatomic mapping could be lowered.  This would be a great opportunity for research and disease detection and prevention. A combination with non-invasive ablation of cardiac arrhythmias e.g. by radiation therapy would provide the basis for a completely noninvasive approach. The main challenge of non-invasive mapping is that the number of unknown parameters of interest usually exceeds largely the number of available measurements. The noninvasive mapping of activation will help in optimization of cardiac resynchronization therapy (CRT).
In the current funding period, we have developed a time-variant heart model based on allpass state-space approaches, in which the parameters of an initial model are optimized in a nested loop. A Kalman-based filter uses the model to optimally estimate the current density of the heart using a given spatio-temporal electric conduction model. Then, a gradient descent method is used to adjust the parameters of the conduction model given a current-density estimate by minimizing the mean square error between the Kalman filters prediction and the measurements. These two steps are repeated until convergence. So far, we have been able to show the feasibility of the algorithm in a simulation where the number of voxels exceeded the number of sensors (voxel volume of about 1 to 10 mm³) by a factor of 50. 
We have also taken initial steps to create an open-source multimodal dataset consisting of segmented ECG, MCG, and MRI measurements that will serve as the basis for clinical evaluation of our algorithm. Specifically, we have identified the estimation of the 3D cardiac axis as another potential application of our magnetoelectric sensors for cardiology applications. The measurements show that the 2D projection of the cardiac axis calculated from the MCG is consistent with the 2D cardiac axis calculated using the standard ECG.
To ensure the computational tractability of the problem, we already exploited the spatial sparsity of electrical interactions between voxels. In order to further reduce the computational burden, we would like to explore ways to exploit the temporal sparseness of voxel activity as well. This could be done by partitioning the model into compartments and computing only those compartments in which activity is expected to be present at the current time step. This should allow to reduce the voxel volume to 0.2 cm³ and below. Incorporating individual sensor SNR into the loss function calculation will be another approach to improve the performance.
Some practical issues arose during the construction of the Kiel Cardio Database. We plan to investigate these in the next funding period. The relative position of the heart to the MCG sensors changes over time due to breathing. This must be considered for successful non-invasive mapping. Initial results show that respiration can be estimated from the raw MCG signals. However, tracking the MCG sensors by placing new magnetic transduces from project Z1 on the patient's body and using the localization algorithm developed in Projects B2 and B9 would improve these estimates. It will be necessary to investigate the specific dependence of the heart position on the respiratory state. 
During the second funding period the SAW and converse sensors reach sensitivities that allow to perform cardiologic measurements with averaging of about one minute. We anticipate that the extensions proposed by the sensor project will lead to unaveraged measurements of at least the R-peak region. Together with the breathing compensation in the state-space model sufficient SNR is expected to be applied to patient measurements with ME sensors.
[bookmark: _GoBack]As an initial application, we propose to determine the 3D axis of the heart as measured by the MCG. It is well known that a change in the 2D axis of the heart, as measured by the ECG, is an indicator of pathological changes in the heart. Measuring this parameter using magnetic signals would drastically reduce the preparation time, making daily measurements feasible. We postulate that relevant information for early detection of pathologies is contained in the additional dimension provided by our approach. To investigate this, we will perform a serial study of inpatient 3D cardiac axis changes using magnetoelectric sensors. Finally, we propose to study clinical relevance of the change in wavefront transition of the heart represented by 3D axis induced by conventional right ventricular pacing (RVP), cardiac resynchronization therapy (CRT) and conduction system pacing (CSP). RVP results in an artificial left bundle branch block (LBB) – a condition that has proven to be hazardous especially in heart failure patients. Correction of artificial and spontaneous LBB by CRT or CSP results in a marked change in case of CRT or even normalization of the heart vector (3D axis) in CSP. To investigate this, we will perform a serial study of inpatient 3D cardiac axis changes in patients with LBB corrected by CSP or CRT as well as patients with RV-Pacing using magnetoelectric sensors. Further applications will be in patients with premature ventricular contractions (PVC), which have distinct activation pattern. After estimating the 3D axes the ultimate goal is to precisely determine the PVCs site of origin.
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