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Implantable Cardioverter Defibrillator

New Product Proposal

1. Introduction

The cardiac rhythm management market is the largest and one of the fastest-growing implantable medical device segments. The “high power” implantable cardioverter defibrillator portion of the market experienced more than a 20% growth in 2005, with sales over $5.6 billion.  This growth in the market is expected to continue at double-digit rates over at least the next five years.

The ICD market is dominated by three companies.  Following recalls of defective and failed products from two of the manufacturers, several of the brightest and most scrupulous design engineers have recently left these firms to form a new company which will design and produce ultra-reliable implantable cardioverter defibrillator systems.  The name they have chosen for their company is Heart Restart Technologies (HRT), LLC.  

2. Product Description
A defibrillator is a medical device designed to deliver an electric shock to the heart, to stop ventricular fibrillation, a rapid chaotic heart rhythm which leads to sudden death, and reestablish normal rhythm.  It consists of a central unit and a set of two electrodes.  The central unit provides a source of power and various control functions.  The two electrodes are placed directly on or in the patient. 

An Implantable Cardioverter-Defibrillator (ICD) is a special purpose defibrillator that is surgically implanted in the chest to monitor for and, when necessary, correct abnormal heart rhythms. It delivers precisely calibrated electrical shocks directly to the heart, and is designed primarily to deal with ventricular fibrillation.

ICDs are used to treat two forms of abnormal heart rhythms, both of which occur in the ventricles, or lower pumping chambers of the heart.  If the ventricles begin to beat too quickly (ventricular tachycardia or VT), the device may emit low-energy electrical pulses that allow the heart to regain its normal rhythm.  If the tachycardia progresses to a very rapid, life-threatening rhythm that causes the ventricles to quiver rather than beat (ventricular fibrillation or VF), the device may deliver a relatively stronger jolt to reset the heart.

More recently, ICDs have been developed that can treat additional heart rhythms.  For example, if the heart rhythm becomes too slow (bradycardia), the ICD may function like a traditional pacemaker, emitting pulses that will increase the heart rate. ICDs can also pace the heart in the event of a mildly elevated heart rate.  The ICD’s response to any situation depends on how it has been programmed.  Finally, modern ICDs also record abnormal heart rates and keep a record of any activity.  This recording can be viewed by the physician to help diagnose underlying heart problems.

Most ICDs are implanted in patients who have suffered from sustained ventricular tachycardia, ventricular fibrillation and/or sudden cardiac death, which occurs when the heart stops beating.  If constant pacing is needed, the physician will likely implant a traditional pacemaker.  ICDs are not designed to provide constant pacing since this will cause their batteries to wear down too quickly, and the device will have to be replaced earlier.

The ICD is implanted into the chest of the patient during a minor surgical procedure.  Once the ICD is in place, it runs on batteries for about four to seven years, depending on how often an electric shock is discharged.  ICD batteries will not deplete unexpectedly.  Physicians can detect when the battery is running low during a routine office visit.

3. Acronyms and Definitions

Arrhythmia – a group of conditions in which the muscle contraction of the heart is irregular, or is faster or slower than normal

ATP
Antitachycardia Pacing – supplying a regular synchronized electrotherapy rhythm slightly higher than normal sinus rhythm, to slow the heartbeat

Bradycardia – an abnormal heart rate of 60 or fewer beats per minute

BP
Bradycardia Pacing – supplying a regular synchronized electrotherapy rhythm slightly higher than normal sinus rhythm, to quicken the heartbeat

Defibrillation – the application of direct current shock, used to convert rhythms that are too fast or too erratic to synchronized rhythms.

ERI
Elective Replacement Indicator – a “low battery” signal from an ICD

ICD
Implantable Cardioverter Defibrillator – a device that detects ventricular fibrillation and tachycardia from electrodes implanted in the heart.

NSR   Normal sinus rhythm, Sinus rhythm, indicative of normal electrical conductance of the heart

VF 
Ventricular Fibrillation – the rapid, ineffective quivering of the ventricles, which becomes fatal if not treated immediately

VT
Ventricular Tachycardia – three or more ventricular beats in a row occurring at a rate of 100 beats per minute or faster

FN
False Negative – an event occurred and was not correctly detected by the device

FP
False Positive – no event actually occurred, but one was detected by the device

TP
True Positive – an event occurred and was accurately detected

Proarrhythmia –  the aggravation of an existing arrhythmia, or development of a new arrhythmia

R Wave – the spiked upward deflection on a normal ECG

4. Physical Overview

The ICD consists of three parts:

1) The pulse generator is a small hermetically sealed metal box consisting of micro circuitry, capacitors, and a single lithium battery.  It is responsible for generating the electric shocks. There are two basic circuits, one for low voltage that is used for sensing and analyzing cardiac activity, and one high voltage circuit and battery demand that is used to deliver therapy.  The microprocessor-based control unit monitors the rate and rhythm of the heart, and is programmed to deliver an electrical shock when the heart rate goes over a set number.  

2) Two leads or wires made of platinum with an insulating coating of silicone or polyurethane sense the heart rhythm and carry the electric shock from the generator.

3) An electrode is at the tip of each lead, and delivers the shock to the heart.

External interfaces to the ICD consist of:

1) The programmer communicates with the ICD.  Once implanted, the ICD is interrogated with a “wand”, attached to an ICD-specific programmer, placed over the implanted device.  It allows the electrophysiologist to enter configuration parameters at a PC-like programming station which are transmitted and stored in the ICD.  The programmer can also retrieve and display recorded information regarding ICD discharges, sensing/pacing parameters, and lead integrity. 

2) The transtelephonic monitor is used by the patient to send data to his physician.  The patient has a wand which he places over his ICD, and recorded incident and device information is retrieved and sent over the phone line to the electrophysiologist for review and analysis.

The entire generator ICD box must be replaced when the battery is low.  When a battery is running low, an elective replacement indicator (ERI) is activated.  Physicians can detect this activation during a routine office visit or during a transtelephonic monitoring check.
5. Modes of Operation
Deactivated – The device will not deliver therapy.

Programming – This includes initial setup and test of the system configuration parameters with an ICD in the patient, as well as downloading a new revision of ICD software.  

Interrogation  – An ICD programmer in the physician’s office or a transtelephonic monitor in the patient’s home can read the battery status (ERI) as well as recorded data stored in the ICD.

Active or Operating Mode – This is the normal day-to-day monitoring of the heart rhythm including therapy delivery.

6. Detailed Operation
The ICD contains embedded control code and algorithms for signal processing and analysis.  Following the initial embedded software download, “programming” consists of configuring the generic algorithms to tailor them to treat the patient’s specific condition.  Programmable features allow the doctor to change the cutoff heart rates for activating the defibrillator.  For example, the patient’s heart rate during exercise (on a treadmill) is measured.  The ICD’s tachycardia threshold is programmed a safe margin higher than this number so that inappropriate therapy is not delivered.  The doctor can also adjust the amount of energy delivered for each shock, and the number of shocks delivered with each episode.

Once the device is implanted and programmed, many tests are conducted to ensure that the ICD is sensing and defibrillating properly before the patient is sent home.

During operation, two lead wires connected to the heart provide sensor input through which the electrical activity of the heart is constantly measured. Motion artifact in this signal is filtered out before ECG analysis.  

To determine if a particular fast rhythm is normal, ventricular tachycardia, or ventricular fibrillation, the algorithm in the control unit performs the following calculations on the measured electrical signals from the patient:

Rate discrimination evaluates the rate of the lower chambers of the heart (the ventricles) and compares it to the rate in the upper chambers of the heart (the atria).  If the rate in the atria is faster than or equal to the rate in the ventricles, then the rhythm is most likely not ventricular in origin, and is usually more benign.  If this is the case, the ICD does not provide any therapy.

Rhythm discrimination will see how regular a ventricular tachycardia is.  Generally, ventricular tachycardia is regular.  If the rhythm is irregular, it is usually due to conduction of an irregular rhythm that originates in the atria, such as atrial fibrillation.

Morphology discrimination checks the morphology (structure and form) of every ventricular beat and compares it to what the ICD believes is a normally conducted ventricular impulse for the patient.  This normal ventricular impulse is often an average of a multiple of beats of the patient taken in the recent past.

4 ½ seconds is a physiologically-significant amount of time for an analysis buffer of ECG.  

Several successive buffers are analyzed to confirm an abnormal rhythm, and the device charges to the appropriate energy level.  The final confirming analysis of the rhythm is at some time, say 10 seconds, after charging has begun.  The time from first detecting ventricular fibrillation to delivering a shock will be in the order of 20 seconds or less.

The number of decisions required to arm and shock, and the subsequent device operation based on this outcome is encoded in a “tiered therapy” algorithm.  

ICDs feature tiered therapy and are designed to deliver a number of electrical responses in algorithmic fashion.  An electrophysiologist preprograms the algorithm to meet the needs of each patient, which requires adjusting parameters related to sensing heart rhythms and the type of electrical therapy.  Below is a diagram of a typical algorithm.
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The first tier for VT pacing is overdrive or “antitachycardia” pacing (ATP).  Delivering fast, synchronized, low energy bursts (< 1 joule), this form of electro-therapy is designed to interrupt the reentrant circuit and terminate the abnormal rhythm.  

If the ventricular rhythm is not stopped by ATP, the next therapeutic tier consists of synchronized, low energy cardioversion followed by high energy cardioversion (0.1 – 30 joules).

In order to prevent against treatment of nonsustained VT, ICDs are generally “uncommitted” or programmed to recheck the rhythm after about ten seconds of charging time.  If VT is still present at that time, the ICD delivers ATP or, depending on the programming, synchronizes to the ECG “R” wave and shocks the patient.  If the rhythm is nonsustained, the charge is “dumped”, sparing the patient a painful shock or proarrhythmia that may result from shocking sinus rhythm.  

ICDs are programmed to deliver up to five cardioversion shocks per VT event.  Because ATP and low energy cardioversion, on occasion, can be proarrhythmic and precipitate accelerated VT or VF, all tiered VT therapy algorithms include defibrillation (DF). 

Finally, the fourth tier represents bradycardia pacing which is necessary to treat defibrillation-induced bradycardia.

7. Fictional Accident Descriptions

ICDs can malfunction by delivering inappropriate therapy, ineffective therapy, or no therapy at all.  Heart Restart Technologies is committed to designing their ICDs to reduce to zero the risk of these typical accidents.

Injury to Patient – 

1) A prerelease version of software is being used for clinical trials.  There had been a late change to the rhythm classification algorithm in the ICD, adjusting the range of the programmable limits. This change however was not reflected in the electrophysiologist’s programmer station, and the clinician was able to enter an out-of-range value when programming the ICD for his patient.  This programmed value was such that it overflowed the variable, and there was also no run-time checking or error-handling designed in this release of software.  During patient use the overflowed variable was interpreted by the algorithm as a negative number.  The patient, although not needing therapy, received multiple shocks due to rhythm misclassification.

Delayed Treatment to Patient -

2) A competitor of HRT decides to move manufacturing offshore to try to undercut us in price.  Their contract manufacturer changes part suppliers for the magnetic switches which control mode changes in the ICD.  The new switches are prone to become stuck after interrogation, and leave the device in a deactivated state after interrogation is completed.  Several patients did not receive needed shock therapy before this design problem was identified.  

Electromagnetic Interference

3) Post 9/11, the energy level of the electromagnetic scanners at large airports was increased tenfold.  Another competitor’s product had a low tolerance to these much higher field strengths, and several dozen patients were inappropriately shocked when in close proximity to these scanners before the device had to be recalled.

8. Fictional Implementation and Verification Scenario
HRT founders have a few problems with “management”. HRT’s venture capitalists (VCs) are very excited and want to see this new product rushed to market. They insist on becoming involved in everything from the hiring of software engineers to determining the V&V approach for this product.

The first thing the VCs decide is that experienced software engineers are too expensive.  Therefore, the entire software development team is built from new college graduates, a few of whom majored in Computer Science.  Their favorite programming language is Dъ (D-flat), the latest and greatest, and the young team is also big on frAgile methods because they won’t have to waste time writing specifications and there must be tools out there to generate specs from the code.  The VCs, resembling a group of pointy-haired bosses, applaud these time-saving shortcuts.

The amount of code produced by these kids is impressive. There are 235,000 lines of source with multiple threads of execution (one per programmer), and about 10% is hand-coded assembler that one of the founders of the company, an old-timer electrical engineer, writes for the time-critical device drivers and electrical charging circuitry.  Somehow it all compiles and links.

The system validation is completed first.  Amazingly, everything passes.

Next, the automated testing tool generates an exhaustive set of test vectors.  The goal is full statement coverage.  When the tests are run, however, the code coverage is scored, and a few thousand lines of Dъ were never executed.  This unnecessary, “dead” code is quickly deactivated so that 100% code coverage can be claimed.

Question – Is this product ready to ship ?
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