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In-vitro testing of pacemakers (and cardio defibrillators) has been performed for well over two decades as a method of determining their functionality in response to both expected (cardiac) and unexpected signals of many types. In vitro testing offers the advantages of repeatability when the method is well defined, and most importantly, allows for observation of test results without necessary harm to human subjects. 

With regards to the performance of pacemakers in the presence of electromagnetic fields, there have been hundreds of studies performed to determine the EM compatibility with external field sources, most notably cell phones, PDA’s, and iPods, but also obvious strong sources such as MRI equipment, CAT scanners, overhead high voltage lines, RF Induction heating, EAS, RFID, and radio/TV broadcast equipment.
The in-vitro methods employed in these studies include the use of animal hearts in fluid suspension, torso simulators, and saline tanks of various designs. In all of these approaches, the pacemaker is subjected to the field source with controlled distances and duration, while either monitoring the function of the device using telemetry, observing and recording the pacing output, or downloading saved waveforms from the device’ diagnostic memory. 
While these studies have yielded a wealth of information about certain environmental influences on pacemaker function, they all share dependence on rather restricted exposure assumptions; namely that the interfering equipment is either in very close proximity to the pacemaker, or the pacemaker is in the far field, where field strength is homogenous across the in-vitro test setup. Where these methods have not been employed extensively is in situations where the external field is highly non uniform such as in the near field of a large radiating source. 
Nonetheless, pacemakers are today tested to comply with the effects of a broad range of frequencies (0 to 3 GHz) according to EN45502-2-1 and AAMI PC69:2007. The latter standard utilizes an in-vitro method to test compatibility with RF radiated near fields above >450 MHz, and conducted or “injected” signals below that. 
To test the response of pacemakers’ immunity to low frequency continuous wave fields, a conducted / injected signal is applied to a tissue equivalent interface over the frequency range of 16.7Hz to 167KHz. This test will traverse the common power line frequencies; however this only looks at the immunity to common mode and differentially induced voltages, without regard to the effects of external electro-magnetic fields upon the lead configuration in-vivo. 
In this same domain, a true radiated continuous wave magnetic field is applied to a “bare” pacemaker (without leads) using known field strengths, at frequencies of 1 kHz to 140 kHz. This test only determines that there is no persistent effect upon the pacemaker function after removal of the field. 
There are also tests using injected modulated signals from 16 Hz to 450 Mhz. The primary focus of these tests are to ensure protection from signals that may have a modulation characteristic that mimics cardiac signals in the 5 to 30 Hz range.  The informative section of EN45502-2-1 provides detailed rationale for the selection of these test methods and injected signal levels.
In the context of the present proposed standard for worker safety assessment, why then would we wish to employ an in-vitro method? 
Since the pacemakers have already been subjected to a very demanding set of tests to demonstrate safe operation in the presence of fields that the general public would encounter, the decision to use an in-vitro workplace assessment method would need to consider:

· Are the fields within the workplace above the general public reference levels?
· Is the field strength modulated with fundamental frequencies within the sensing range of 1~300 Hz (typical for pacemakers), or is the modulation significantly complex and different from the types now tested, that prediction of the effect using other means is precluded?
· Are the radiation patterns of the equipment unknown or suspected to be highly an-isotropic so that transfer functions based upon homogenous field assumptions would not be useable for prediction of device compatibility?
· Is the equipment / source of the workplace EM field unique from that which has been tested in the existing implantable device product safety standards, or will the worker be in a proximity to the equipment closer than specified by applicable EM field exposure standards for that equipment, and is it of such a type and source that a representative sample could not readily be tested within a device manufacturers own laboratories? For example, is it large, one of kind, heavy, etc? Or, consider that many field strength tests are only specified at 3, 10 or 300 meters. A TV station maintenance worker may need to work at much closer distances than the applicable equipment EMC standards call for.
· Would the safety and health of the patient / worker be compromised if their device were temporarily affected by exposure to the anticipated workplace EM fields (e.g. is this person pacer dependent?)  such that in-vivo monitoring is excluded?
If all of these considerations are true, then selection of an in-vitro method may be the best or only method of workplace assessment. In this instance however, a number of new issues must be addressed:

· Is it practical for the manufacturer to supply a test sample of the device and lead identical to that which is implanted in the worker / patient?

· Is it practical to consider in-vitro testing within the given workplace if the environment is harsh, lacks support for the supporting test instrumentation, or precludes simultaneous access by the torso simulator and test instrumentation and personnel?

· Who must agree to the type of equipment being used for the test?

· Should the test method (including the simulated torso) be standardized?

· Who will supply the in-vitro equipment and conduct the testing?

· Who will prepare a test plan that properly captures the exposure situations to be encountered by the patient / worker?

· Under what circumstances might the manufacturer need to be present during the testing?  (Sometimes it is appropriate to have a representative from the manufacturer on hand to evaluate device performance).  
Assuming that these issues can be addressed by cooperation between the workplace safety representative, the patient / worker’s physician, and the device manufacturer, then the in-vitro method represents a viable means to determine compatibility and risk. 

In the course of researching this topic, the following patent was found that may serve as a bridge to other approaches on the use of in vitro techniques to develop transfer functions that could be used to predict pacemaker safety in the presence of unknown fields.

Apparatus and method for testing the response of cardiac pacemakers to electromagnetic interference 
Document Type and Number:

United States Patent 5246000 

Abstract:

A phantom test cell and method for testing the response of a cardiac pacemaker to electromagnetic fields. The phantom comprises a substantially rigid shell which has a torso-like section and two leg-like appendages. The entire shell is filled with a tissue-equivalent material, which in one embodiment represents an upper bound approximation of human whole body averages. The phantom's torso is equipped with a plurality of access ports to which a current probe containment vessel may attach when immersed in the tissue-equivalent material. The containment vessel houses a current probe and flooded tube through which an implanted pacemaker's leads may pass, allowing induced currents to be monitored. In operation, lead current measurements are taken within the phantom and are normalized using measurements taken without the presence of a phantom. A transfer function is computed by taking the ratio of the induced current measured and a reference E-field and/or H-field measurement. A source of interest is then convolved with the transfer function to determine what the induced current would be in an implanted pacemaker. In one embodiment, the induced current which is arrived at analytically is then physically injected into a cardiac pacemaker outside the test phantom to reproduce EMI effects. 
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