REAL: Remote Electronic Arrhythmia Learning

Introduction: Sudden cardiac arrest (SCA) and sudden cardiac death (SCD) refer to the sudden cessation of cardiac activity with hemodynamic collapse. If an intervention (eg, defibrillation) restores circulation, the event is referred to as SCA. If uncorrected, a SCA event leads to death and is then referred to as SCD. 

Sudden Cardiac Death (SCD) is a leading cause of death in adults and affects approximately 300,000 adults each year. Sudden cardiac arrhythmic death (SCD) is a common problem that usually results from ventricular fibrillation (VF), which is sometimes preceded by monomorphic or polymorphic ventricular tachycardia (VT). 

Among survivors prevention of recurrent arrest is among the central goals of long-term managment. An implantable cardioverter-defibrillator (ICD) is the preferred approach for this purpose. Although the ICD does not prevent malignant ventricular arrhythmias, it treats them promptly when they occur. 

Three major randomized trials, CASH, CIDS, and, AVID, compared an ICD to pharmacologic therapy with amiodarone, beta blockers, sotalol, or propafenone in survivors of SCA or other high risk patients with sustained ventricular tachycardia (VT) [9-11]  and found the ICD superior to drug therapy.
Thus, the advent of the first FDA approved implantable cardioverter defibrillator (ICD) in 1985 has revolutionized the treatment of ventricular arrhythmias and the use in select individuals at high risk for SCD (primary and secondary prevention) and continues to improve gains in life expectancy. The number of ICDs implanted in 2000 was estimated at 200,000 and the number will continue to grow exponentially as new clinical guidelines are expanded. This, coupled with the increasing life expectancy of the United States population, will further increase the prevalence of people with ICDs in the future, thus practitioners need to have a basic knowledge of their functioning. ICDs are able to detect and treat dangerous arrhythmias by either terminating the arrhythmia with anti-tachycardia pacing (ATP) or by delivering an internal shock to the heart to restore a normal rhythm, as well as perform basic pacing of one or both ventricles in the heart.

Insert picture of a heart with an ICD in place (From HRS heart rhythm society website)





See larger view (From Guidant’s website)

Insert picture of a Biventricular ICD (from HRS website)
The role of the ICD in primary and secondary prevention of SCD

Primary prevention of SCD by implanation of an ICD is approved in those with a prior documented myocardial infarction and impaired left ventricular systolic dysfunction. For primary prevention in patients with an ischemic or nonischemic cardiomyopathy, New York Heart Association functional class II to III heart failure and a left ventricular ejection fraction [image: image1.png]


35 percent. 

A role for the ICD for primary prevention of sudden death is limited to specific risk groups. Randomized controlled trials demonstrating benefit have been performed in patients with ischemic and nonischemic cardiomyopathy. An ICD may also be inserted for primary prevention in patients with selected genetic disorders, such as Brugada syndrome and arrhythmogenic right ventricular dysplasia. 

The best approach to selecting patients who are post MI for ICD therapy for primary prevention has been explored in several major randomized trials, the benefits from ICD therapy compared to the control group [28] : 

· For SCD — relative risks of 0.29, 0.25, and 0.39 in MUSTT, MADIT I, and MADIT II, respectively; all were significant (site all three trials) 

The MUSTT and MADIT trials demonstrated the efficacy of ICD therapy for primary prevention in high-risk patients with the following features [22,23] : 

· Prior myocardial infarction 

· Reduced LVEF ([image: image2.png]


40 percent in MUSTT and [image: image3.png]


35 percent in MADIT) 

· NSVT 

· Inducible ventricular arrhythmias at EP study.

Because arrhythmic risks remain elevated indefinitely after an acute myocardial infarction, prevention of SCD is among the most important considerations in patients with a history of either an ST elevation or a non-ST elevation infarction [3] . Standard medical therapies, including ACE inhibitors and beta blockers, reduce both arrhythmic and nonarrhythmic mortality rates following an MI. However, the implantable cardioverter defibrillator (ICD) is now established as the best available therapy to prevent SCD in patients at the highest risk. In summary, efforts to prevent SCD after an MI include the following: 

· Standard medical therapies including ACE inhibitors, beta blockers, and statins. 

· Identification of those patients at greatest risk of malignant arrhythmias [4,5] 

· ICD placement in selected high-risk patients. 

· Antiarrhythmic therapy in special circumstances, usually as adjunctive therapy in patients with an ICD who experience frequent shocks, or less commonly, as primary therapy in patients who are not candidates for an ICD.  

Secondary prevention is for the treatment of patients who have already experienced a serious sustained ventricular arrhythmia (VT/VF) or sustained hemodynamically unstable VT is referred to as secondary prevention. This includes patients with a variety of underlying heart diseases and those with idiopathic VF and congenital long QT syndrome, but not patients who have VF within the first 48 hours of an acute MI (as acute ischemia is an underlying correctable cause that can lead to VF/VT). Even patients with a transient or reversible disorder may remain at risk. For secondary prevention in patients with one or more episodes of spontaneous sustained VT in the presence of structural heart disease and in selected other settings the ICD is therapy of choice for the prevention of subsequent arrhythmic events. 

Broadening the indications for an ICD when the 2006 guidelines were developed after the publication of all of the major ICD trials for the primary prevention of SCD. Earlier guidelines based ICD recommendations directly upon the inclusion criteria of these trials. In contrast, the 2006 ACC/AHA/ESC guidelines combine and extend upon the criteria of individual trials. 

Thus, these recommendations are simpler than those of previous guidelines, and do not require consideration of additional high-risk features or risk stratification tests (eg, NSVT, SAECG, TWA, or EP study). 

However, these broad recommendations also apply to patients who were not included in the major ICD trials, particularly those with moderate LV dysfunction. 

· Patients with NYHA class II or III HF were included in the SCD-HeFT trial, but only if their LVEF was [image: image4.png]


35 percent [25] . The median LVEF among the patients in SCD-HeFT was 25 percent. Furthermore, subgroup analysis raised questions about the benefit of ICD therapy in patients with an LVEF of 30 to 35 percent. Patients with an LVEF[image: image5.png]


40 percent were included in MUSTT, but only if they also had inducible ventricular arrhythmias at EP study [22] . Patients with NYHA class I HF were included in MADIT-II, but only if their LVEF was [image: image6.png]


30 percent, and the median LVEF among patients enrolled in MADIT-II was 23 percent.

· Based upon the results of large completed clinical trials (MADIT II, SCD-HeFT, DINAMIT, and COMPANION), the CMS expanded the indications for ICD insertion in January 2005 [36,37] . 

· The indications include: Documented prior MI, LVEF [image: image7.png]


35 percent, and inducible sustained VT or VF on EP study; the MI must have occurred more than four weeks previously and the EP study must be performed more than four weeks after the MI (MADIT I criteria).

· Documented prior MI and LVEF [image: image8.png]


30 percent (MADIT II criteria) 

· Ischemic dilated cardiomyopathy, documented prior MI, NYHA class II or III HF), and LVEF [image: image9.png]


35 percent (SCD-HeFT criteria) 

· Patients who meet all current CMS coverage requirements for a CRT device and have NYHA class IV HF (COMPANION criteria).  

Exclusions include: 

· Prior MI within the past 40 days (DINAMIT criteria) 

· Hypotension or cardiogenic shock while in a stable baseline rhythm 

· CABG or PCI within the past three months 

· Symptoms or findings that would make the patient a candidate for revascularization 

· Noncardiac disease associated with expected survival or less than one year or irreversible brain damage. 

Cardiac Resynchronization Therapy (CRT) CRT is recommended in patients with advanced HF (usually NYHA class III or IV), severe systolic dysfunction (eg, left ventricular ejection fraction [image: image10.png]


35 percent) and intraventricular conduction delay (eg, QRS >120 msec). The rationale for CRT is that ventricular dyssynchrony can further impair the pump function of a failing ventricle. Similarly, resynchronization may improve pump performance and reverse the deleterious process of ventricular remodeling. [1-5]. Biventricular pacing can also be achieved with devices designed for pacing only or can be incorporated into a combination device with an ICD to simultaneous paces both ventricles (right and left), or one ventricle in the presence of bundle branch block, to optimize cardiac pump function through synchronization of ventricular contractions. This is referred to as cardiac resynchronization therapy (CRT). The primary goal of CRT which is used in patients with heart failure is to improve cardiac function and minimize symptoms.

Because RV pacing can cause dyssynchrony and exacerbate HF, it is possible that selected patients with standard indications for pacemaker placement might benefit from the prophylactic implantation of a CRT system. In particular, this approach may be helpful in patients with LV dysfunction who require a standard pacemaker. Also, many heat failue patients who are candidates for CRT (pacing of both the right and left ventricle of the heart) are also candidates for ICD placement, but electronic pacing in the presence of a separate system could lead to inappropriate ICD firing. Thus, devices that combine ICD and BiV pacing functions were developed to prevent "crosstalk" fom the placement of separate devices. CRT can be achieved with a device designed only for pacing or can be incorporated into a combination device capable of delivering ICD therapy. The most common complication with transvenous CRT implantation is inability to implant the left ventricular pacing lead successfully. Additional complications include coronary sinus or coronary vein trauma, pneumothorax, diaphragmatic/phrenic nerve pacing, and infection [15,41,50,51] .

The 2006 ACC/AHA/ESC guidelines suggest that the weight of evidence and opinion are in favor of ICD therapy combined with biventricular pacing in patients meeting all of the following criteria [32]: 

· NYHA class III to IV heart failure 

· Optimization of medical therapy 

· Sinus rhythm 

· QRS complex of at least 120 msec in duration 

Insert picture of a Biventricular ICD (from HRS website)
How to get the information you need from the ICD/CRT device:

At present there are three major manufacturers of ICDs, each of which performs the same basic functions that will be discussed in this module. There are differences in the programmers that are used to extract the stored information, as well as the way the information is displayed on the screen. For example, a Guidant programmer can not be used to extract information from a patient who has a St. Jude or Medtronic device implanted. Interrogation or extraction of the stored information in the device can only be preformed using the programmer from the company that manufactured the device. Thus, a critical piece of information prior to interrogation of any device in the inpatient or outpatient setting is to determine what type of device the patient has this can be usually done by asking the patient for their identification card that they received at the time of implant.

Pocket Cards/Useful information:

Insert picture of each of the three ICD/lead information cards filled out with a John Doe name and address.

From the pocket card you will be able to determine when and who implanted the device (this is especially helpful when a pt presents to the ER and has had a device implanted elsewhere) the make and model and company of the device and lead system.(so the appropriate programmer can be used to extract how the device is programmed and any stored electrograms of events that may have occurred). Although if a patient does not have their ID card or is unable to provide such information by a process of elimination and placing the wand of each device over the ICD you will only be able to communicate when the appropriate manufacturer has been matched with the corresponding device. For example, when a St. Jude programmer wand is placed over a St. Jude device.

Getting started…The nuts and bolts of an ICD Interogation

A picture is worth a thousand words….

Picture of the 3 programmers from each company closed (show power on feature and plug)

Picture of each of the 3 programmers with a pt wand over pocket and the initial screen shot upon interrogation that appears.

Upon interrogation of any ICD there is basic information which is obtained from the initial screen which will be critical to guiding you as you evaluate a given patient.

Inorder, to understand the relationship between the terms fom an interogation it is helpful to first review Ohm’s Law: V= IxR

V=voltage, I= impedance, and R=Resistance

Voltage which will be measured in volts and expressed as the letter V on the programmer screen/device print out is the electrical force or push that makes curent move through a conductor often refered to as amplitude.

The impedance (R), often referred to as resistance is measured in ohms is the total opposition to flow of current by an electical cicuit or device.

The curent measured in milliampres mA, represented by the letter (I) is the transfer of electrical charge (electrons) through a cross-section of a conductor, or completed cicuit.

The battery status expressed in volts with a nomal range somewhere above 4.99v (each companies devices vary slightly) but generally provides a reference range where the battery status is noted.

When the ERI or elective replacement interval has been reached a beeping or vibrating tone/sensation will be experienced by the patient alerting them to see their practitioner. Also, a message will usually appear upon the initial interogation screen of the device to  alert the practitioner that the ERI has occurred. This does not mean the device will not work but that an elective generator replacement should be scheduled within the upcoming weeks to replace the old pulse generator with a new device. The existing lead system will remain in place (as the leads fibos in place over time), however the integity and functioning of the lead system is tested at the time of the generator replacement and if proper functioning is not demonstrated a lead or leads will be replaced as needed. 

However, if a device has totally depleted it’s battery then it may be unable to be interogated (or an initial screen shown) this patient should be admitted for immediate replacement as they are unprotected should an arrhythmia occur and/or will be unable to recieve pacing therapy.  

Lead impedance expressed in ohms for each lead (atrial, right and left ventricule)

Nomal range is between 200 ohms and 1500 ohms. A number outside this range will usually cause the device to beep or vibrate to alert the patient to see their practitioner fo further evaluation.

One potential cause for an alarm is that an insulation break of a lead has occurred and  curent is escaping. This is represented by a low impedance (200 ohms or less)  

When there is an insulation break there is decreased resistance as energy is escaping fom the site of the break this causes an increased curent drain and energy usage.

A lead fracture occurs is another potential source for an abnomal lead imedance. This occurs when current can not reach the heart from a lead, (since the lead is fractured at an internal site) this will cause an overall increased resistance in the system.

Abnomalities in a leads function can effect the overall functioning of a device system and the delivery of therapy.

Sensitivity measures the amplitude or height of ones own intrinic P (atrial) and R (ventricular) waves generated by their own heart . This measure from the device is critical in determining what a device “see” and is refferred to as the sensitivity. Programming the sensitivity of a device to a level where it can see intrintsic depolarization in the atrium (p wave) and in the ventricle (R wave), yet not be too sensitivity to pick up the t wave, myopotentials or undersense an individual’s own intrinic deflections (P and R wave can be challenging).

The threshold

Stored events.

The Basic Elements that make up an ICD

There are three elements of an ICD system are:

The sensing electrode

The defibrillation electrode

The pulse generator

The sensing electrode:

True bipolar sensing is accomplished by closely spaced tip and ring electrodes that provide high amplitude narrow electrograms. Some leads utilize integrated bipolar sensing in which the bipolar consists of a single tip electrode and the distal shocking coil electrode. 

Insert pictures of each

The sensing electrodes are positioned transvenously on the right ventricular apical endocardium or rarely placed on the epicardium during surgery (show radiograph). The electrodes should record a QRS complex of at least 5 mV during normal sinus rhythm and signals sufficiently large for analysis during ventricular tachycardia and fibrillation. Dual chamber ICDs have an additional electrode in the right atrium for atrial sensing and DDD pacing [7] . 

Show picture of each electrode with the atrial and ventricular electrogram next to it.

The defibrillation electrodes have a relatively large surface area and are positioned to maximize the density of current flow through the ventricular myocardium. In the past, a thoracotomy to implant epicardial patches was required to ensure that the heart could be defibrillated consistently by an energy less than the maximum output of the defibrillator. Nonepicardial approaches were subsequently developed to avoid the morbidity and mortality of thoracotomy. 

Show picture

The lead systems currently available utilize the "active can" technology in which the metal housing of the ICD serves as one of the shocking electrodes. This configuration requires that the pulse generator be implanted in the pectoral region Current flows from the distal defibrillation coil electrode positioned in the right ventricular cavity to the device itself and frequently to a more proximal coil in the superior vena cava. The active has replaced the passive ("cold") can system because of lower defibrillation thresholds [8] . 

The active can and dual coil transvenous lead systems can be combined to reduce the defibrillation threshold, often to below 10 joules [9] . Another way to achieve this goal is with an additional transvenous lead, inserted in the coronary sinus or perhaps positioned in a coronary vein on the free wall of the left ventricle [10] . This approach may prove to be particularly useful in patients with heart failure treated with biventricular pacing. The pulse generator contains the sensing circuitry as well as the high voltage capacitors and battery. In addition, the introduction of small ICDs (e.g., mass 82 g, volume 30 mL, and thickness 11 mm) has permitted pectoral implantation in nearly all patients [11] . Longevity has increased to six or more years. After detecting a tachyarrhythmia, the pulse generator responds by antitachycardia pacing or by delivering low- or high-energy shocks. 

ICD implantation and DFT testing:

After numbing the area for the implant the electrophysiologist will make a small pocket under the skin (usually the left pectoral region) for the pulse generator and will place the lead or leads (via the subclavian or cephalic vein into the heart). The tip of the lead is positioned into the appropriate chambers of the heart.

Show single lead ICD, BIV, and DDD pacemaker with leads in the heart.

If your heart condition requires two-chamber pacing, another lead is positioned in the upper right chamber (atrium) of your heart. This dual-chamber lead system allows the pulse generator to pace and treat both the atrium and ventricle of the heart.

Testing the ICD System/Defibrillation Threshold: After the leads are in position, they are tested to make sure they sense appropriately the heart’s intrinsic signals clearly. The leads are then stitched to nearby tissue so that they won't move, and finally connected to the pulse generator. Finally the whole ICD system will be tested to make sure it is working properly. For this test, your doctor will start an arrhythmia in your heart while you have received a short acting agent. The ICD system will sense the rhythm and give the programmed treatment. It is especially important for all members of the tem to be vigilant during the testing, if a device should fail o treat an arrhythmia which is induced, then the members of the team will need to defibrillate the patient using externally.
The defibrillation threshold (DFT, also called defibrillation energy requirement) is usually [image: image11.png]


15 joules and often <10 joules with biphasic shocks and improved lead systems. When the DFT is high (over 20 joules), high energy devices, reversed energy polarity, and/or additional lead placements are used to achieve an adequate safety margin. Rarely, epicardial lead placement is required. 

Frequent ICD discharges may produce a secondary increase in the DFT due to intense fibrosis and cumulative damage at the ICD electrode-myocardial interface [17,38,39] . However, in the absence of any changes in the clinical status of the patient, DFTs with current transvenous lead systems are generally stable over time [40,41] . 

A more common problem is that patients with frequent appropriate shocks may be treated with amiodarone, which can increase the DFT [42] . The current Heart Rhythm Society guidelines for amiodarone therapy recommend that, whenever amiodarone is initiated in a patient with an ICD, a noninvasive ICD evaluation or an electrophysiology study should be performed to test for adverse drug-device interactions once loading is complete [43] . The defibrillation thresholds and tachycardia response of the ICD must be reevaluated whenever an antiarrhythmic drug for example amiodarone is added, its dose changed, or a condition supervenes that is likely to alter the pharmacokinetics or pharmacodynamics of a drug in use. 

Another rare cause of an increase in DFT which should be considered with any  possible ICD failure is a pneumothorax (46,47]
Inappropriate vs. Appropriate ICD therapy

In the early ICD models without stored electrograms, it not always clear why the ICD discharged. A discharge from the device was felt to be appropriate if there were symptoms suggesting arrhythmia preceding the discharge, however there were several however, several problems with this approach. For example, a supraventricular arrhythmia (such as atrial flutter or sinus tachycardia might have lead to the firing of the device) Inappropriate discharges can also result from electromagnetic interference, lead fracture, and diaphragmatic myopotential sensing, or may have been appropriate. A variety of arrhythmia-related problems can occur in patients with an ICD. Arrhythmic complications include both inappropriate shocks, usually due to the treatment of supraventricular tachycardias, and appropriate shocks for VT/VF. The advent of ICDs that store retrievable electrograms of events that can be analyzed after an event have helped investigators more correctly quantify and characterize device discharges and to categorize whether shocks are delivered in response to spontaneous lethal arrhythmias [27,29-31] . 
In order to highlight the most common types of both appropriate and inappropriate therapies delivered by a device a series of internal cardiac electograms have been provided

Insert Egrams (can get clean one from the website or our clinic pts)
VT terminated by ATP

VT terminated by a single shock

VT not terminated by ATP which then receives a shock

Polymorphic VF terminated by a shock

Atrial flutter which receives a shock 

Sinus tachycardia with exercise that receives therapy because of being in either a VT or VF zone

Lead fracture leading to delivery of therapy

In appropriate sensing  

Electromagnetic interference sensed by the device which delivers therapy.

Atrial fibrillation with rapid ventricular rates, which was interpreted by the ICD as VT or VF, resulting in inappropriate shocks. Another cause is electrical or arrhythmic storm, in which three or more appropriate shocks are delivered because of repeated episodes of VT or VF occurring within a 24 hour period due to electrolyte imbalance o some other cause. 

Adjunctive or alternative therapies — Antiarrhythmic drugs or catheter ablation can be considered in two main settings: 

· Adjunctive therapy in patients with an ICD, particularly in those with frequent shocks. 

· As primary therapy in patients who do not want or are not candidates for an ICD (e.g., due to marked comorbidities). 

Based on the literature the incidence of inappropriate shocks occur in 20 to 25 percent of patients with an ICD [25-27] . The main cause is supraventricular tachyarrhythmia (SVT), including sinus tachycardia, atrial fibrillation, and other rapid supraventricular arrhythmias as well as nonsustained VT. Other causes include electrical noise and ICD malfunction (e.g., lead fracture) or inappropriate sensing. Such patients may become quite uncomfortable since multiple inappropriate shocks are often delivered with SVT. 

Modern devices are noncommitted, meaning that they will reconfirm the rhythm prior to shock delivery; this feature reduces the likelihood of inappropriate shocks for nonsustained VT. 

Additional programming and dual chamber devices can reduce the frequency of inappropriate shocks. 

Dual chamber devices have an atrial lead for sensing and atrial antitachycardia pacing, can effectively detect specific atrial and ventricular arrhythmias, and can accurately discriminate between atrial tachycardia/atrial flutter and atrial fibrillation. Other alternatives include antiarrhythmic drugs and catheter ablation. 

Appropriate shocks — Although potentially life-saving, appropriate shocks can also have an adverse effect on quality of life, including emotional problems and driving restriction. 

In order to minimize the number of appropriate shocks without compromising patient safety, several ICD programming strategies have been developed: 

· Increasing the duration of the arrhythmia necessary to trigger a therapy (e.g., from 16 to 24 beats) [28,29] . 

· Antitachycardia pacing (ATP), which should terminate at least 90 percent of episodes of persistent VT [25,30] . Even rapid monomorphic VT is frequently terminated by ATP, and the risk of acceleration to VF requiring a shock is relatively low [29] . Other adjunctive therapies include antiarrhythmic drugs (usually amiodarone or sotalol), which were given for frequent shocks to 18 percent of patients with an ICD in the AVID trial [31] , and catheter ablation. 

Routine Follow-Up

Routine ICD follow-up should be preformed every four months either in person or remotely over the phone. This visit will involve “interrogating” or acquiring information from the memory of an individual’s device on such things as the battery status, the lead status, the pacing threshold (preformed only during in person visits) looking at whether or not any events (atrial or ventricular) occurred since the last routine follow-up and whether or not any therapy was delivered to treat such events. The practitioner will also determine whether or not an  therapy that was delivered was appropriate or inappropriate by looking at the event in detail including any electrograms from the memory of the device. In addition, the symptom and activities of an individual (if any) occurring at the time of any episodes will be helpful in determining additional information regarding the episodes and whether or not refinement of programming of the device is necessary.    
Educational Materials 

Educational materials on ICD/Pacemakers/CRT devices are available in both English and Spanish for patients and their families.

The information specific to an individuals device system is given to the patient at the time of their initial implantation (in the form of a temporary ID card, along with an educational booklet). A permanent card is mailed to the individuals home address within 6 weeks directly from the manufacture of their device. Included in this pocket card is the model and serial number specific to their device. This information should be carried by the patient at all times. 

Additional information can be obtained from The New York Presbyterian Hospital/Columbia University located at the Harkness Pavilion Room 362 or by calling this office at 212 305-9940, another helpful source for both practitioners and patients is the Heart Rhythm Society website located at HRS.org. 

In addition each of the three major ICD companies has a website which provides information to individuals and their families specific to their products. The websites and general information phone numbers are as follows:

List Medtronic, St. Jude and Guidant’s websites and general phone numbers.

Electromagnetic interference — Since reliable function of the ICD depends upon proper sensing of the electrical activity of the heart, a potential concern is electromagnetic interference from external sources, including cellular telephones, welding equipment, motor-generator systems, and surveillance systems. 

· Manufacturers do not recommend any special precautions when using common household appliances, such as televisions, radios, toasters, microwave ovens, and electric blankets. 

· Although data are limited, it is recommended that the patient with an ICD not carry or place a digital cellular telephone within 15 cm (6 in) of the device. In addition, cellular telephones should not be used during ICD interrogation and programming. 

· With respect to security systems, FDA recommendations suggest that it is safe for patients with an ICD to walk through a metal detector gate, although lingering in a surveillance system may cause an inappropriate shock and the system alarm may be triggered by the generator case. If the patient is scanned with a hand held metal detector, security personnel should be asked to perform an alternate type of search can be requested (hand). 

· It is recommended that patients remain at least two feet from external electrical equipment, verify that the equipment is properly grounded, do not carry cables over their shoulder, and wear insulated gloves when using electrical devices. 

· Transcutaneous muscle or nerve stimulation can cause inappropriate ICD discharges. 

· Although data are limited, it has been suggested that extracorporeal shock-wave lithotripsy can be performed safely in patients with tiered-therapy ICDs. In such patients, it is recommended that the device be inactivated during the procedure and full electrophysiologic testing of ICD function be performed after lithotripsy. While the devices is inactivated, an external defibrillator should be immediately available, and the patient monitored throughout the procedure (external cardiac monitor). 

· Interference with ICD function can occur during noncardiac surgery as a result of electrical current generated by electrocautery [50,51] . The ACC/AHA guidelines recommend that the device should be interrogated preoperatively and then reprogrammed immediately prior to the surgery (in the case of an ICD therapies will be programmed off and the patient monitored by an external cardiac monitor, and for pacemakers reprogramming to a VOO or DOO as indicated). The device should then be assessed again and turned back to the original settings immediately after the operation [52] . While the device is inactivated, an external defibrillator should be immediately available. 

Perioperative care of ICD patients who are pacemaker dependent can be difficult. Application of a magnet over the device does not cause most ICDs to pace asynchronously, as would occur with a pacemaker not incorporating an ICD. Instead, a magnet may inhibit or turn off tachycardia detection. Furthermore, most ICDs cannot be permanently programmed to asynchronous pacing. The assistance of a cardiac electrophysiologist is typically necessary to ensure appropriate device and patient management. 

· Magnetic resonance imaging (MRI) scanners use a high-strength static magnetic field as well as powerful radiofrequency and gradient magnetic fields to produce images [49] . Potentially hazardous effects of MRI scanning include mechanical torque causing pain and tissue damage, detection of electromagnetic interference interpreted as an arrhythmia, device inhibition, reprogramming, device damage, and lead heating with thermal myocardial injury. As a result, it has been generally recommended that patients with an ICD should not undergo MRI imaging [49,51,53,54] . 

Defibrillators manufactured in 2000 or later may be less likely to be affected by MRI scanning as a result of changes in device design [55] . However, current data are insufficient to recommend a change in practice. This recommendation may change in the future, however. Investigators at Johns Hopkins performed MRI's on 31 pacemaker patients and 24 ICD patients. Magnet response and tachyarrhythmia functions were inactivated, and the MRI protocols were modified to limit the average whole-body specific absorption rate. No abnormal device behavior was noted during scanning, and there were no long-term effects on device function or lead parameters [56] . Issues related to MRI scanning and implanted cardiac devices are discussed in detail separately. (See "Pacing system malfunction: Evaluation and management", section on Magnetic resonance imaging). 

· Therapeutic radiation for a malignancy can cause two types of effects on implanted devices [49,57,58] . Radiation generating equipment produces strong electromagnetic fields that can temporarily alter pacemaker function in ways similar to the devices described above. In addition, however, the ionizing radiation itself can permanently damage the device by causing defects in semiconductor insulation. The resulting effect depends upon where the damage is located and is unpredictable. In addition, the effect of the radiation is cumulative, based upon the total dose of radiation. Guidelines proposed for the management of patients with a pacemaker undergoing radiation therapy may also be applicable to patients with an ICD [59] . (See "Pacing system malfunction: Evaluation and management", section on Therapeutic radiation). 

There are a variety of potential complications associated with ICD use [1] . However, the rate of complications related to the ICD has fallen markedly with the evolution from a large device that required an abdominal pocket and insertion of an epicardial lead system via thoracotomy to the current use of much smaller transvenous pectoral devices [2,3] . In a report from AVID, the largest secondary prevention ICD trial, the incidence of complications with nonthoracotomy ICDs was significantly lower with a pectoral compared to an abdominal generator site (6 versus 13 percent) [2] . 

Complications associated with an ICD will be reviewed here. The general principles of ICD use is discussed separately. (See "General principles of the implantable cardioverter-defibrillator") 

INCIDENCE — The incidence of ICD malfunction is difficult to determine due to inconsistent definitions and the lack of mandatory reporting. Information comes from small observational studies, as well as from annual reports filed with the United States Food and Drug Administration (FDA) by companies that make devices and from voluntary registries [4-6] . The latter sources generally include device malfunctions severe enough to require explantation. 

The incidence of a broad list of major and minor complications was illustrated in a prospective study of 778 patients receiving a transvenous ICD. The rate of freedom from any adverse event at 1, 3, and 12 months was 79, 68, and 51 percent, respectively (show figure 1) [4] . Among the complications that occurred, 60 percent were due to the ICD system, 29 percent were related to the implantation procedure, and 11 percent were not device related. The most common events were inappropriate detection and subsequent delivery of a shock (16 percent), which usually resolved with device reprogramming or drug readjustment, wound/pocket problems (4 percent) and lead/ICD can dislodgement or migration (3 percent). 

Explantation — Malfunctions requiring explantation and early replacement are usually the most severe, and are also the easiest to track. A review of annual reports submitted to the FDA between 1990 and 2002 noted the following [5] : 

· 8489 of 415,780 ICDs were explanted due to confirmed device malfunction (2.0 percent). 

· From 1993 to 1996 the annual rate of explantation declined from 3.9 to 0.8 percent, but then increased again to a second peak of 3.6 percent in 2001. 

· 31 deaths were attributable to device malfunction. 

Similar results were reported in a meta-analysis of two registries, one from North America and one from Denmark [6] . The meta-analysis included data from 1988 to 2004, with 6634 ICDs. A bimodal pattern similar to that observed in the FDA reports was described. The annual rate of ICD failure requiring explantation fell from 5.3 percent in 1989 to 0.6 percent in 1998, and then increased to a second peak of 2.6 percent in 2001. After 2001, the rate began falling again. 

OPERATIVE COMPLICATIONS — Perioperative mortality has been as high as 5.4 percent using the surgical epicardial approach [7] . In addition, surgical placement of epicardial leads is associated with complications that are unique to thoracotomy and epicardial lead systems, such as the postpericardiotomy syndrome (postcardiac injury syndrome), pleural effusion, erosion of epicardial patches, constrictive pericarditis [8] , and atrial arrhythmias. (See "Pericardial and postpericardial injury syndromes"). 

In comparison, perioperative mortality with transvenous ICD implantation has ranged from 0 to 0.8 percent [2,4,9] . Bleeding severe enough to require reoperation or transfusion has been reported in up to 1.5 percent of patients [2] . 

Pectoral devices can be implanted either subcutaneously or submuscularly. A review of 1000 pectoral implantations found that subcutaneous implantation required less procedural time [10] . The overall complication rate was identical with the two approaches but, at six months, submuscular implantation was significantly less likely to lead to ICD erosion (0 versus 0.9 percent) and significantly more likely to lead to lead dislodgement or fracture (3.0 versus 0.8 percent). However, this study was performed with the initial generation of pectoral pulse generators. Current devices are substantially smaller and in most patients are implanted subcutaneously, usually without complications. 

Infection — Infection of the generator pocket or leads has been reported in up to 7 percent of patients, with a higher incidence in pulse generator replacements than in initial implantation. The incidence appears to be lower with perioperative antibiotics, with the transvenous rather than the epicardial approach, and with pectoral implantation. Infection of an ICD can be devastating, and complete removal of the ICD generator and all leads and antibiotic therapy are strongly recommended. These issues are discussed in detail separately. (See "Infection of cardiac pacemakers and implantable cardioverter-defibrillators"). 

Explantation and generator change — The risks associated with device explantation and generator change are different from those of initial implantation. Because new lead replacement is usually not required, lead related complications are uncommon. However, infections my still occur, and some evidence suggests that infections are more common following generator change than initial implant. 

The rate of complications associated with device explantation and generator change are an important issue for physicians and patients considering early generator change due to a device advisory or recall. The reported rates of device failure in these recalls is usually very low, often well under one percent. Thus, even low procedure-related complication rates could outweigh the benefit of changing the device. 

This issue was highlighted in a study of 17 Canadian ICD centers [12] . Among 2915 patients with an ICD subject to an advisory, 533 patients had a device replaced. During a mean follow-up of 2.7 months, 8.1 percent of the patients who underwent replacement had a complication, including major complications requiring reoperation in 5.3 percent. Indications for reoperation included infection requiring extraction, hematoma, and system malfunction. Among patients requiring reoperation, there were two deaths — one due to right ventricular perforation after extraction of an infected lead, and one due to sepsis. 

During the study period, three of the devices subject to advisories experienced a malfunction (0.1 percent). None of these malfunctions resulted in adverse clinical sequelae, and all three patients subsequently underwent generator replacement. 

Although these data suggest that the risks of early generator change may exceed the risk of leaving a device subject to an advisory in place, the complication rate, in particular the need for reoperation, was unusually high in this series.

COMPLICATIONS — Lead-related problems include infection, as noted above, lead dislodgement, fracture, and insulation defects. Insulation defects are more common with systems using long transvenous leads tunneled to the abdomen and relatively larger generators [13] . Subclavian vein thrombosis is a less common complication that can cause upper extremity swelling and discomfort and may interfere with placement of additional leads [14] . In addition, fibrosis at the lead-myocardial interface can contribute to an increase in the defibrillation threshold. (See "Increased defibrillation threshold" below). 

Lead failure — The frequency of lead failure and the types of problems that occur have been evaluated in a number of studies [2,15-17] . The range of findings is illustrated by the following observations: 

· One report evaluated 171 patients who received an epicardial lead system and were followed for four years: lead malfunction occurred in 11 percent of patients overall and in up to 28 percent with some systems [15] . The majority of lead malfunctions occurred more than two years after implantation. Most patients were asymptomatic (58 percent). 

· A second study evaluated 76 Medtronic model 6936 transvenous ICD leads in 74 patients; 37 patients underwent routine ICD follow-up testing at a mean of 68 months and 18 patients presented with a problem [16] . The cumulative failure probability at the end of follow-up was 37 percent; most lead failures were due to oversensing and occurred after three years. A unique problem was oversensing following an appropriate shock. 

The presumed mechanism of lead failure was breakdown of the polyurethane coating. Other transvenous lead systems have, for the most part, proven more reliable. 

· With transvenous lead systems, complications are related to the approach and site of generator placement. In a report from the AVID trial, the likelihood of complications was significantly higher with subclavian compared to cephalic vein access (14 versus 4 percent) and with an abdominal versus pectoral generator site (13 versus 6 percent) [2] . The most common complications were lead fracture, infection (2.8 percent each), lead dislodgement, and bleeding (1.5 percent each). Most dislodgements and infections occurred in the first three months, while lead fractures continued to occur during follow-up. Less common complications of lead placement included pneumothorax and cardiac perforation. 

Lead extraction — It is occasionally necessary to remove defibrillator leads, most often for structural failure or infection. Lead extraction typically requires specialized equipment and is performed under intravenous sedation or general anesthesia in the electrophysiology laboratory or operating room. Because of the potential for serious complications, the ability to perform emergency thoracotomy must be in place. The most commonly used system utilizes a laser sheath to break fibrous adhesions along the course of the lead. (See "Infection of cardiac pacemakers and implantable cardioverter-defibrillators", section on Lead extraction.) 

In a series of 161 lead extractions at the Cleveland Clinic between 1991 and 1999, 75 were performed for infection and 55 for conductor failure; other causes included insulation failure, oversensing or undersensing, pacemaker-ICD interaction, lead upgrade, and permanent device removal [18] . Complete extraction was achieved in 158 patients, and extraction of most of the lead in two; one patient required surgical removal. One patient died and one suffered a respiratory arrest; minor complications occurred in seven patients. 

Tricuspid regurgitation — Severe tricuspid regurgitation can result from ICD or permanent pacemaker leads. 

PULSE GENERATOR COMPLICATIONS — Complications related to the pulse generator include migration, skin erosion, and necrosis (due to the size and weight of the generator) and premature battery depletion [2] . Fortunately, these problems are uncommon, occurring in less than 2 percent of patients. In addition, hematomas or seromas can form in the pulse generator pocket, and tend to be more common with those on warfarin and plavix.  

Although clinically important generator failure is uncommon, there has been a growing number of Food and Drug Administration (FDA) recalls and advisories because of potentially harmful consequences resulting from device malfunction. A review of FDA reports over a 10 year period found 52 advisories involving 114,645 ICDs and over 500,000 pacemakers; these were primarily related to hardware malfunction or computer errors [20] . 

Shoulder-related problems — Shoulder-related problems with the pectoral approach include decreased shoulder motility, pain, reduced function, and insertion tendinitis. These complaints do not require additional intervention or surgical revision and often abate by 12 months after insertion [21] . 

A subcutaneous rather than subpectoral generator location seems to be associated with a lower incidence of shoulder-related problems. Furthermore, the smaller size of newer pulse generators has reduced the frequency of shoulder problems. 

Twiddler's syndrome — Twiddler's syndrome, in which twisting or rotating the device in its pocket results in lead dislodgement and device malfunction, can occur in patients with an ICD. It is most likely to develop when the device is implanted in the abdomen of an obese patient who is able to rotate it within the abdominal pocket [22] . 

Affected patients most often present with an increase in bradycardic pacing threshold or lead impedance. However, there is a possibility that the device will fail to sense and treat an arrhythmia. Careful suturing of the device to the fascia, and matching pocket and device size, are important to avoid this complication. 

Electronic circuit damage — Electronic circuit failure can result from electrical overstress damage to the high voltage hybrid circuit and other electronic components [23] . Signs of such failure include loss of telemetry and inability to deliver therapy. Electrical overstress damage may occur during capacitor reformation or charging and the delivery of a shock, after cardioversion, or with the use of electrocautery. It is recommended that routine follow-up examination of device function be performed in these settings. 

Quality of life — The ICD is often associated with deleterious psychosocial effects. Such patients tend to have elevated levels of anxiety and depression resulting from the fear of ICD discharge, device failure, decrease in physical activity, and negative life style changes (such as the inability to drive or to return to work) [60-66] . Some patients develop severe psychiatric problems after receiving appropriate shocks [67]  

Another factor that can limit the quality of life in patients with an ICD is driving restriction. The safety of driving in such patients is discussed on an individual bases with their physician, prior to resumption of driving. In addition, individual state laws regarding driving must be taken into account which also vary greatly between states for further information contact your local Department of Motor Vehicles.

