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            Abstract
Temporary cardiac pacemakers used in periods of need during surgical recovery involve percutaneous leads and externalized hardware that carry risks of infection, constrain patient mobility and may damage the heart during lead removal. Here we report a leadless, battery-free, fully implantable cardiac pacemaker for postoperative control of cardiac rate and rhythm that undergoes complete dissolution and clearance by natural biological processes after a defined operating timeframe. We show that these devices provide effective pacing of hearts of various sizes in mouse, rat, rabbit, canine and human cardiac models, with tailored geometries and operation timescales, powered by wireless energy transfer. This approach overcomes key disadvantages of traditional temporary pacing devices and may serve as the basis for the next generation of postoperative temporary pacing technology.
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                    Fig. 1: Materials, design features and proposed utilization of a bioresorbable, implantable, leadless, battery-free cardiac pacemaker.[image: ]


Fig. 2: Ex vivo demonstrations of bioresorbable cardiac pacemakers on mouse and rabbit hearts and human cardiac tissue.[image: ]


Fig. 3: Treatment of AV block using a bioresorbable, leadless cardiac pacemaker in an ex vivo Langendorff-perfused mouse model.[image: ]


Fig. 4: Demonstration of a bioresorbable, leadless cardiac pacemaker in an in vivo canine model.[image: ]


Fig. 5: Implantation and operation of a bioresorbable, leadless cardiac pacemaker in a chronic in vivo rat model.[image: ]


Fig. 6: Bioresorbability studies of the leadless cardiac pacemaker.[image: ]


Fig. 7: Biocompatibility and toxicity studies of a bioresorbable, leadless cardiac pacemaker.[image: ]
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                Data availability

              
              All data that support the findings of this study are included in the manuscript. Source data are provided with this paper.

            

Code availability

              
              The software for the analysis of optical mapping data, custom MATLAB software (RHYHTM) and custom scripts used in the study are freely available for download at https://github.com/optocardiography.
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Extended data

Extended Data Fig. 1 Illustrations that compare use scenarios of conventional temporary pacemakers and the bioresorbable, implantable, leadless, battery-free devices reported here.
a, Schematic illustration that demonstrates the existing clinical approach for using conventional temporary pacemakers. (i) An external generator connects through wired, percutaneous interfaces to pacing electrodes attached to the myocardium. Temporary transvenous leads are affixed to the myocardium either passively with tines or actively with extendable/retractable screws. (ii) The pacing leads can become enveloped in fibrotic tissue at the electrode-myocardium interface, which increases the risk of myocardial damage and perforation during lead removal. As a result, temporary epicardial leads placed at the time of open heart surgery are often cut and allowed to retract to avoid the risk of removal by traction. b, The proposed approach is uniquely enabled by the bioresorbable, leadless device introduced here. (i) Electrical stimulation paces the heart via inductive wireless power transfer, as needed throughout the post-operative period. (ii) Following resolution of pacing needs or insertion of a permanent device, the implanted device dissolves into the body, thereby eliminating the need for extraction.


Extended Data Fig. 2 Design of bioresorbable, implantable, leadless, battery-free cardiac pacemaker.
a, Dimensions of the device: (top) x,y-view; (bottom) x,z-view. The minimum length of the device is 15.8â€‰mm. The total length can be altered to meet requirements for the target application, simply by changing the length of the extension electrode. b, Dimensions of the contact pad. PLGA encapsulation covers the top surface of the contact electrode to leave only the bottom of contact electrode exposed.


Extended Data Fig. 3 Modeling and experimental studies of mechanical reliability of the bioresorbable, leadless cardiac pacemaker.
a, Photograph (left) and FEA (right) results for devices during compressive buckling (20%). Scale bar, 10â€‰mm. b, c, d, Photograph of twisted (180Â°) and bent (bend radius = 4â€‰mm) devices. Scale bar, 10â€‰mm. e, Output voltage of a device as a function of bending radius (left), compression (middle), and twist angle (right) at different distances between the Rx and Tx coils (black, 1â€‰mm; red 6â€‰mm). nâ€‰=â€‰3 independent samples.
Source data


Extended Data Fig. 4 Electrical performance characteristics of the wireless power transfer system.
a, Schematic illustration of the circuit diagram for the transmission of RF power. Monophasic electrical pulses (programmed duration; alternative current) are generated by a waveform generator at ~13.5â€‰MHz (Agilent 33250â€‰A, Agilent Technologies, USA). The voltage can be further increased with an amplifier (210â€‰L, Electronics & innovation, Ltd., USA). The generated waveforms (that is input power) are delivered to the Tx coil (3 turns, 20â€‰mm diameter). This RF power is transferred to the Mg Rx coil (17 turns, 12â€‰mm diameter) of an implanted bioresorbable cardiac pacemaker. The received waveform is transformed into a direct current output via the RF diode to stimulate the targeted tissue. b, Measured RF behavior of the stimulator (black, S11; red, phase). The resonance frequency is ~13.5â€‰MHz. c, Simulation results for inductance (L) and Q factor as a function of frequency. d, An alternating current (sine wave) applied to the Tx coil. The resonance frequency and input voltage (that is transmitting voltage) are ~13.5â€‰MHz and 7 Vpp, respectively. e, Example direct current output of ~13.2â€‰V wirelessly generated via the Rx coil of the bioresorbable device. f, Output voltage as a function of transmitting frequency. At the resonance frequency (~13.5â€‰MHz) of the receiver coil (transmitting voltage = 7â€‰V), the device produces a maximum output voltage of ~13.2â€‰V. g, Output voltage as a function of the distance between the Tx and Rx coils (transmitting voltage = 10 Vpp; transmitting frequencyâ€‰=â€‰~13.5â€‰MHz).
Source data





Supplementary Information
Supplementary Information
Supplementary Notes 1â€“5 and Figs. 1â€“17


Reporting Summary




Source data
Source Data Fig. 2
ECG, optical mapping data.


Source Data Fig. 3
ECG, optical mapping data.


Source Data Fig. 4
ECG, output performance data.


Source Data Fig. 5
ECG data.


Source Data Fig. 7
Biocompatibility data.


Source Data Extended Data Fig. 3
Output performance data.


Source Data Extended Data Fig. 4
Output performance data.
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