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ABSTRACT

Experience suggests that patients with implanted cardiac pacemakers may travel safely 
by air but the exacting medicW standards for pilots invite special consideration, as 
pacemaker failure may result in subtle or sudden incapacitation that might jeopardise 

flight safety. Potential hazards in the aviation environment were assessed, with 
particular regard to the risk of electromagnetic interference (EMI).

Occasional inhibition was noted in explanted unipolar pacemakers during flight tests and 
a systematic study was therefore undertaken. Electromagnetic field strengths were 
measured in 10 aircraft under operational conditions and explanted and implanted 
pacemakers were exposed to comparable fields. The effect of aircraft vibration on 
activity-sensing, rate-adaptive pacemakers was also assessed by monitoring the rate- 

response during flights.

Aircraft field strengths ranged from 0.20-1.12Vm'\ 0.20-35.OOVm’̂  and 1.60- 
IS.OOVm'^ in the HP, VHP and microwave bands respectively. Explanted unipolar 
devices were all affected in comparable fields, with thresholds (mean±sd) for 
interference and failure (cessation of pacing ^30s) respectively of 3.2±1.9Vm ’  ̂ and 
7.7±1.5Vm‘̂  in HP and 5.7±3.0Vm ‘̂  and 11.2±6.6Vm‘̂  in VHP fields. Modulation 
with pulsing increased HP susceptibility (0.49±0.2Vm*^ and 1.5 ±0.93Vm'^). Only one 
device showed sustained interference in microwave fields (l-2GHz at 16Vm’̂ ) but 
susceptibility was increased by pulsing. Bipolar devices were less susceptible although 
one device showed interference and failure in modulated HP fields at 18.5Vm'^ and 
30Vm'^ respectively and another showed interference in VHP fields at 27Vm'\ 
Implanted unipolar devices were unaffected. Activity-sensing devices showed increased 
pacing rates during flight. In fixed-wing aircraft, these were modest and confined to 
specific periods (take-off, turbulence and landing) but in helicopters and hovercraft, 

they were marked and sustained.

It is concluded that, whilst explanted unipolar pacemakers are susceptible to EMI in 
radio-frequency fields comparable to those in aircraft, clinically significant effects are 
unlikely in implants. These findings may serve to reassure patients with pacemakers 

who wish to fly as passengers but the remote risk of EMI and the small inherent risk 
of spontaneous failure make unrestricted certification to fly inappropriate for pilots with 
implants. Certification restricted to multi-crew operations may, however, be considered 
for selected subjects, in whom bipolar systems are preferable. Activity-sensing devices 

are acceptable in fixed-wing aircraft but inappropriate in helicopters and hovercraft.
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CHAPTER I:

INTRODUCTION ANP LITERATURE REVIEW



BACKGROUND TO THIS THESIS

In recent years air travel has become more commonplace and increasingly accessible 

to large numbers of people. Increasing numbers of passengers are flying on scheduled 

airlines and private flying for business and pleasure is becoming more popular. 

Concurrent developments in health care technology have included improvements in the 

design and performance of implantable cardiac pacemakers such that their recipients can 

now expect to lead relatively normal lives. A likely corollary of these parallel 

developments is that increasing numbers of patients with pacemakers will wish to enjoy 

the benefits of air travel as passengers. A smaller number may wish to fly themselves 

in light aircraft and inevitably the occasional professional pilot who requires a 

pacemaker may seek to continue his career.

The environment of the modem aircraft is dramatically safer than in the past but it still 

contains special hazards, some of which may pose a greater threat to the patient with 

a pacemaker than to others. Patients who wish to travel by air and their physicians need 

to know the level of risk engendered by such hazards and those responsible for air 

safety are occasionally called upon to provide advice.

The studies presented in this thesis were performed to determine the level of risk to 

pacemaker users in the aviation environment. The principal aim was to enable soundly 

based advice to be offered to those responsible for assessing the fitness to fly of 

prospective aircrew but the findings are also of relevance to those advising passengers 

with pacemakers. The results of these studies have led to a series of recommendations 

to the United Kingdom Civil Aviation Authority regarding the medical certification of 

pilots with pacemakers (Toff & Camm, 1988; Toff et al, 1992). They have also led 

to the identification of deficiencies in pacemaker safety standards. In addition, they have 

identified inherent flaws in the current generation of activity-sensing rate-adaptive 

pacemakers and indicated potential design improvements, some of which have been 

implemented.

In this chapter, the nature of modem pacemakers and the clinical characteristics of their 

users will be described, the special hazards in the aviation environment will be outlined
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and previous data regarding the possibility of an adverse interaction will be reviewed. 

Finally, the requirements for medical certification of aircrew will be discussed. In 

chapters 2 to 6 a series of experiments designed to evaluate the risks related to the 

principal hazard, electromagnetic interference (EMI), will be described and discussed. 

In chapter 7 an evaluation of the unique risk posed by aircraft vibration to one particular 

type of rate-responsive pacemaker will be presented. In chapter 8, conclusions from the 

studies will be drawn and recommendations made in respect of the medical certification 

of prospective aircrew with pacemakers.

THE EVOLUTION OF CARDIAC PACING

Electrical stimulation of the heart was attempted as early as the late eighteenth century 

(Aldini, 1804). In a series of macabre experiments carried out on decapitated criminals 

it was demonstrated that electrical stimulation could initiate cardiac contraction. It was 

not until the 19th century, however, that it was recognised that bradycardia might be 

caused by degeneration of the heart and that this could cause cardiac syncope. Various 

experimenters at the time recognised and developed the possibility that electrical energy 

might usefully be employed to stimulate the heart therapeutically. Notable among them 

was John McWilliam who, in 1889, suggested that repeated electrical stimulation 

between saline-soaked pads placed on the anterior and posterior chest might be used to 

maintain the heart rhythm in patients with bradycardia and certain forms of cardiac 

arrest (McWilliam, 1889). Successful application of the method in resuscitation of a 

patient with apparent cardiac arrest was subsequently reported in 1908 (Robinovitch, 

1909).

The first use of an electrical pacemaker to control the cardiac rhythm is usually 

attributed to Hyman in 1932 (Hyman, 1932) although it appears (Mond et al, 1982) that 

his work was preceded by that of Lidwill who used an apparatus devised in 

collaboration with Booth and Briggs to resuscitate a stillborn infant four or five years 

earlier (Lidwill, 1929). The apparatus was plugged into a lighting point and delivered 

pulses between a saline soaked skin pad and a needle electrode inserted directly into the 

heart. Public opprobrium and the outbreak of war slowed the pace of further progress.
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Restoration of normal cardiac rhythm by electrical stimulation following ventricular 

fibrillation during cardiac surgery was suggested in 1940 (Wegria & Wiggers, 1940) 

and successfully implemented in 1947 (Beck et al, 1947). In the same year, two 

patients were resuscitated by stimulation of the sinus node using a pulse generator 

connected to mains electricity (Sweet, 1947). A battery-operated pacemaker for use in 

animal experiments was subsequently described by Callaghan and Bigelow in 1950 

(Callaghan & Bigelow, 1950).

The first application of cardiac pacing to the treatment of bradycardia and Stokes 

Adams' attacks in man is attributed to Zoll who, in 1952, paced between oesophageal 

and precordial electrodes using an external pacemaker (Zoll, 1952). Hie treatment could 

only be used for limited periods as the electrical impulses of 1(X)-200V that were 

required caused painful muscle jerks and skin burns. In 1957 Lillehei and colleagues 

demonstrated that by applying a stainless steel suture to the ventricular wall of a dog, 

pacing could be accomplished with an externalized lead and external pulse generator 

using impulses of about 2.3V. The method was soon extended to temporary use in 

patients following open heart surgery (Weirich et al, 1957 & 1958).

In 1958 Furman (Furman & Robinson, 1958) introduced a bipolar catheter 

transvenously to the right ventricle and used this with an external pulse generator to 

stimulate the patient's heart. In the same year the first permanent cardiac pacemaker, 

a transistor-operated device powered by a rechargeable nickel-cadmium battery, was 

implanted using two myocardial electrodes sutured to the left ventricle (Elmqvist & 

Senning, 1959; Lagergren, 1978). Contemporaneous work by Greatbach and Chardack 

led to the development of an implantable pacemaker used successfully in animal studies 

in 1958 (Greatbatch & Chardack, 1959) and in patients two years later (Chardack et al, 

1960). Implanted pacemakers using transvenous leads soon followed (Furman et al 

1961; Lagergren & Johansson, 1963; Lagergren et al 1965) marking the start of the 

current era of cardiac pacing.

There have subsequently been many technological developments including sealed 

generators with improved and longer lasting power sources and electrodes, improved 

circuitry and more reliable components. These developments have facilitated the move
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towards better emulation of normal cardiac physiology with the evolution of different 

pacing modes. Initially, all pacemakers delivered impulses to the ventricle at a fixed rate 

pre-determined by the manufacturer (VOO pacing [vide infra]). Recognition of the 

importance of the normal sequential depolarisation of atrium and ventricle in 

maximizing cardiac output (Kahn et al, 1960) led to the development of an implantable 

atrio-ventricular (AV) synchronous pacemaker in which sensing of atrial depolarisation 

was used to trigger the delivery of a stimulus to the ventricle by a separate electrode 

(VAT pacing) (Nathan et al, 1963(a) & (b)). This had the further advantage of matching 

the ventricular rate to the physiologically determined atrial rate. If atrial activation 

failed, a standby self-pacer oscillator initiated fixed-rate ventricular stimulation. This 

mode of pacing introduced both the concept of a sensing function and rate variability. 

Although successful, the device had the disadvantage that, at that time (1962), 

thoracotomy was required for its insertion. There was also a risk of competition 

between a spontaneous ventricular contraction and a pacemaker stimulus. Recognition 

that pacing during the vulnerable period of ventricular repolarization could provoke 

ventricular tachycardia and fibrillation (Lemberg et al, 1965; Bilitch et al, 1967) led to 

the development and implementation of ventricular inhibited (W I) pacing in which a 

ventricular stimulus was delivered only in the absence of spontaneous ventricular 

depolarisation (Castellanos et al, 1964; Lemberg et al, 1965). The term 'demand 

pacing' has become associated with modes in which pacing occurs only when 

spontaneous cardiac activation fails.

The desirability of restoring atrio-ventricular synchrony logically led to the development 

of a bifocal demand pacemaker in which the ventricle was sensed and, in the absence 

of spontaneous depolarization, the atrium and ventricle were paced in sequence (AV 

sequential ventricular-inhibited or DVI pacing) (Berkovits et al, 1969; Castillo et al, 

1970 & 1971). Technological progress during the following decade facilitated the 

development of devices capable of sensing and pacing in both cardiac chambers, 

offering responsiveness to atrial rate with preservation of AV synchrony and avoidance 

of competitive pacing (Funke et al, 1980). It should be noted, however, that such 

devices were envisaged as early as 1971 (Rogel and Mahler, 1971).
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Recognition that the atrium cannot always be used to determine the appropriate 

ventricular rate led to the development of devices using alternative biosensors to 

preserve the cardiac rate response to changing metabolic needs. The possibility of 

sensing respiratory changes during exercise to determine the appropriate pacing rate 

was proposed in 1975 (Funke, 1975) and the first implanted rate-adaptive devices using 

a blood pH sensor were reported shortly afterwards (Camilli, 1977 & 1978). A wide 

variety of sensor driven pacemakers have since been developed (Alt et al, 1986(a); 

Anderson & Moore, 1986; Rossi, 1987). Pivotal to the development of single chamber 

rate-adaptive pacing was recognition that the heart rate response during exercise is a 

more important determinant of cardiac output than AV synchrony (Karlof, 1975).

A further development was the introduction of pacemaker programmability (Hehrlein 

et al, 1974). This describes the facility whereby an external programming device is used 

to make reversible adjustments in one or more pacing parameters by non-invasive 

means. Initially, coded magnetic pulses were used but more recently these have been 

replaced by radio-frequency signals. Pacemakers incorporating a wide and increasing 

variety of programmable parameters are now available (Hayes, 1989(a)). More 

recently, a variety of anti-tachycardia devices (Camm & Ward, 1983) and a fully 

implantable automatic defibrillator (Mirowski et al, 1970) have been developed.

Cardiac pacing has been shown to improve mortality in selected patients with complete 

heart block (Siddons, 1974), to reduce symptoms and to improve quality of life (Rossel 

& Alyn, 1977; Mickley et al, 1989). Increased blood flow with cardiac pacing may 

improve somatic and cerebral function and reverse EEC changes seen in complete heart 

block (Sulg et al, 1969). Technological advances in pacemaker design have improved 

the reliability of the devices and the trend towards physiological pacing has offered 

greater mobility to the patients and an enhanced quality of life. As a consequence of 

this, the majority of patients who are below the age of retirement at pacemaker 

implantation choose to return to work (Sowton, 1982; Mickley et al, 1987).

14



MODERN PACEMAKER DESIGN AND FUNCTION 

THE PACEMAKER:

The modern implantable pacemaker is a battery powered pulse generator capable of 

delivering an electrical stimulus of fixed characteristics at regular intervals. The 

generator is housed in an hermetically sealed can, usually of titanium. Typical 

dimensions are 4-6cm height and width and 1cm thickness but the current trend is 

towards smaller devices. Weight is typically 30-50g. The integral power source is 

usually a lithium battery which offers good longevity before depletion. The unit is 

implanted in a subcutaneous pocket in the anterior or lateral chest wall or abdomen and 

it is connected by a transvenous lead to the endocardium. Occasionally, the lead is 

attached to the epicardial surface of the heart following open chest surgery or limited 

thoracotomy. Either ventricular or atrial chambers may be paced or both. For safety 

and convenience the right side of the heart is paced. Ventricular leads are typically 58- 

60cm in length; atrial leads are approximately 10cm shorter. The rate of pulse delivery 

is either preset by the manufacturer to around 70ppm to emulate the normal heart rate 

or is adjustable along with other programmable characteristics of the pacing pulse and 

sensing circuitry.

ELECTRODE SYSTEMS:

There are two types of electrode system. Unipolar systems pace and sense between a 

negative electrode (cathode) located in the heart and the pacemaker can which acts as 

a positive electrode (anode). Bipolar systems have both the cathode and anode located 

within the heart. Bipolar pacing thus requires two insulated leads to run between the 

pacemaker and the heart. In consequence, bipolar leads have tended to be of greater 

diameter than unipolar and this has diminished their use, despite the fact that they are 

less sensitive to interference from myopotentials and external electromagnetic sources. 

The pacemaker artefact on the surface electrocardiogram is often larger when unipolar 

leads are used than when bipolar leads are used (Hayes, 1989(b)) and this is sometimes 

claimed to favour the latter for ease of follow-up. It should be noted, however, that 

there is no significant difference between the sensed intracardiac signal amplitudes and 

slew rates (or pacing thresholds) of unipolar and bipolar systems (DeCaprio et al, 1977; 

Griffin, 1983) and the bipolar electrogram amplitude may even be larger (Breivik et al.
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1982). Bipolar leads also offer an advantage in pacing modes dependent on atrial 

sensing in that the ventricular signal amplitude on the atrial electrogram using a bipolar 

lead is less than one tenth of that using a unipolar lead (Griffin, 1983). The risk of 

double-sensing and pacemaker recycling is thus considerably lower with a bipolar lead. 

There are wide regional variations in the type of lead system most commonly used. 

With improved lead technology enabling the size of bipolar leads to be reduced and 

increased recognition of their theoretical advantages, their use should become more 

widespread (Furman, 1987).

MODE OF OPERATION:

Almost all modern pacemakers incorporate a sensing function to detect endogenous 

cardiac electrical activity and most pacemakers are designed to pace the heart only when 

endogenous activity is inadequate (demand pacing). The detection of an endocardial 

signal inhibits the output of the pacemaker and resets the timing circuit. Some devices 

are programmed to pace in response to the sensed cardiac signal (triggered pacing) and 

either deliver a pulse during the refractory period following a spontaneous cardiac 

depolarisation or, in the absence of spontaneous activity, at the end of their timing 

cycle. The high power consumption and potentially deleterious effects of pacing during 

spontaneous cardiac electrical activity militate against the use of this mode of pacing 

except in dual chamber pacemakers in patients with complete heart block but normal 

sinus node function, in whom triggering of ventricular pacing by atrial activity may 

restore physiological function.

The type and configuration of pacemaker and its mode of operation are described by 

a three or five letter code (table 1.1) in which the first letter indicates the chamber or 

chambers paced (A = atrium, V = ventricle), the second letter indicates the chamber 

or chambers in which sensing occurs and the third letter indicates the pacing response 

to a sensed signal (I = inhibition, T = triggering). A fourth letter may be used to 

indicate programmability or rate modulation and a fifth to indicate the presence of anti

tachyarrhythmia, cardioversion or defibrillatory functions (Bernstein et al, 1987).
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PHYSIOLOGICAL PACING:

The aim of physiological cardiac pacing is to emulate the behaviour of the normal sinus 

node and conduction system and the selection of pacemaker and mode of pacing for 

each patient should reflect this (Furman, 1987). The emulation should include rate 

variability according to the patient's metabolic requirements and a mechanism for the 

preservation of AV synchrony which may contribute up to 20% of cardiac output at rest 

(Samet et al, 1966). Physiological pacing may offer a patient greater exercise capacity 

and a better quality of life than conventional ventricular pacing (Kruse et al, 1982; 

Perrins et al, 1983) and may also be associated with reduced mortality (Perrins et al, 

1983; Alpert et al, 1986; Alpert et al, 1987).

The most physiological pacemaker is the normal sinus node and if its function is 

preserved, as in isolated conducting system disease, it should be harnessed by atrial 

sensing and used to drive the ventricle by means of a dual chamber pacemaker. If the 

sinus node is diseased or in the presence of chronic or frequent atrial fibrillation or 

flutter, rate-modulation using atrial sensing is clearly inappropriate. When the sinus 

node is diseased but conduction is intact, it is logical to pace the atrium. When neither 

sinus node nor conduction are intact, AV sequential pacing most closely mimics normal 

physiology.

SENSOR-DRIVEN RATE-ADAPTIVE PACING:

In patients in whom atrial sensing is contra-indicated (as in chronic atrial fibrillation or 

flutter) and in those with atrial chronotropic incompetence, rate-modulation may be 

restored by a rate-adaptive pacemaker in which an alternative sensor is used to 

determine the appropriate heart rate. The first implementation of such a system was 

reported in 1977 by Camilli (Camilli et al, 1977) who used a sensor to detect exercise- 

induced changes in mixed venous blood pH. In 1981 Rickards (Rickards & Norman, 

1981) developed a QT sensing pacemaker utilising the relationship between heart rate 

and the QT interval (Rickards et al, 1979). Subsequently, other sensors have been 

developed to monitor respiratory rate (Rossi et al, 1983; Rossi et al, 1984(a) & (b)), 

central venous blood temperature (Alt et al, 1986(b)), central venous oxygen saturation 

(Wirtzfeld et al, 1982 & 1984), vibration from muscular activity (Humen et al, 1983; 

Anderson et al, 1983), intra-cardiac impedance (reflecting stroke volume) (Salo et al.
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1984), minute ventilation (Lan et ai, 1988(c)), ventricular depolarisation gradient 

(Callaghan et al, 1987) and first-derivative of right ventricular pressure (Sutton et al, 

1987). Each of the sensors has deficiencies or limitations and attention has recently 

turned to the possibility of combining multiple sensors to optimise the advantages and 

circumvent the shortcomings of the individual sensors (Lau, 1992(a) & 1993). A further 

development has been the introduction of dual chamber rate-adaptive pacemakers 

(DDDR) (Kappenberger & Herpers, 1986). These are indicated in patients with AV 

block and chronotropic incompetence, to combine the benefits of rate responsiveness 

with restoration of AV synchrony.

The most widely used alternative (non-atrial) sensor in current clinical practice is the 

activity sensor. The reasons for its popularity include efficacy, reliability, ease of 

implantation (no extra procedure is required) and simplicity of programming. The 

majority of the devices presently in clinical use incorporate a piezoelectric crystal 

bonded to the inner surface of the pacemaker can, the output from which is used to 

determine the appropriate pacing rate. These devices are susceptible to extraneous 

vibration, such as that associated with various forms of transport, and may develop 

inappropriately high pacing rates in response. Rises of 10 to 30 pulses per minute (ppm) 

have been demonstrated during travel by car, bus, tram, subway and railway train 

(Humen et al, 1985; Rankin and Lindemans, 1985; Lindemans et al, 1986; Heuer et 

al, 1986; Stangl et al, 1986). One study (Heuer et al, 1986) refers to a rise of 5ppm 

during travel in an unspecified type of aircraft. Similar observations have been made 

by Lau (1987) who described pacing rate responses in a patient with an Activitrax 

pacemaker during a flight in a BAG 1-11 Jet aircraft. Rises of up to 10 ppm were 

observed during flight and 28 ppm during taxying. Rate rises have also been reported 

during horse-riding (Lamas & Keefe, 1990) and dental treatment (osteotomy and 

preparation of cavities) (Rahn et al, 1988).

In addition to their susceptibility to extraneous vibration, piezoelectric crystal-based 

devices show relatively little proportionality to workload during many activities. More 

recently, alternative activity-sensors have been implemented, including a mechanical tilt- 

sensitive switch (Alt et al, 1988) and a variety of accelerometers (Tse et al, 1988; 

Millerhagen, 1991; Bacharach, 1992; Lau et al, 1992(b)), intended to address these
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limitations. Inappropriate sensor-mediated tachycardias have also been described in 

other devices but these are usually resolved by reprogramming and rarely give rise to 

clinically significant problems (Lau, 1991; Lau, 1993).

THE EPIDEMIOLOGY OF PACEMAKER USE 

DEMOGRAPHIC DATA:

There are approximately one million patients with implanted cardiac pacemakers 

worldwide and approximately 200,000 new patients receive implants annually (Feruglio 

et al, 1987). Europe and North America account for 50.12% and 47.04% of the 

world's implants respectively. European statistics for 1989 have recently been 

presented, relating to 18 countries with a total population of 440 million inhabitants 

(Edhag, 1991). A total of 125,000 pacemaker systems were implanted, of \\bich 18% 

were replacements. There was considerable variation in implant rates between different 

countries, with the number of first implants ranging from 9 to 537 per million 

population. Only Belgium, France and West Germany matched or exceeded the 

corresponding rate in the USA, which was 359 per million (Bernstein & Parsonnet, 

1992) (figure 1.1). Possible reasons for the wide variation include differences in the age 

distribution of the populations, the proportion of patients being paced for conditions 

other than AV block and socio-economic factors. Variations in medical attitudes and 

competence may also be relevant. In the United'Kingdom there are thought to be some 

40,000 patients with pacemakers, which approximates to 1 per thousand of the adult 

population and the annual rate of new implants is 148 per million people. This is less 

than half the number of patients whom it has been estimated would benefit from a 

pacemaker and it is likely that improved education of physicians will result in increased 

implantation rates in the future. The majority of patients are elderly, the mean age at 

first implantation being 72.8 years. The age distribution of patients at implantation is 

shown in table 1.2 (Rickards, 1992).

INDICATIONS FOR PACING:

Guidelines on the indications for pacemaker implantation and the selection of 

appropriate pacing mode have recently been presented by a Joint task force of the
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American College of Cardiology (ACC) and the American Heart Association (AHA) 

in the USA (Dreifus et al, 1991) and by a working party of the British Pacing and 

Electrophysiology Group (BPEG) in the UK (Clarke et al, 1991). Although some areas 

remain controversial, such as asymptomatic type I (Wenckebach) second degree AV 

block, there is broad agreement on the indications for pacing.

The majority of pacemakers are implanted for the treatment of symptomatic 

bradyarrhythmia, the most common symptoms being syncope (38%) and dizzy spells 

(27%) (Rickards, 1992). In a typical population of patients paced for bradyarrhythmia 

(Clarke et al, 1991), 42% had AV block, 25% sinus node dysfunction, 10% AV block 

and sinus node dysfunction, 13% atrial fibrillation and AV block and 10% carotid sinus 

or vasovagal syndromes. Data from the BPEG database concerning the pre-pacing ECG 

of 7254 patients receiving implants in 1991 (Rickards, 1992) are presented in table 1.3.

The relative prevalence of the different indications for pacing varies with age, as does 

the aetiology of the underlying disease. Indirect evidence for the latter is offered by the 

observation that the mortality ratio in middle aged patients paced for complete heart 

block is higher (4.5:1) than that of similar elderly subjects, who can expect to live as 

long as their peers. It is most likely that this reflects a greater prevalence of underlying 

coronary artery disease in the former group and of idiopathic fibrosis in the latter 

(Ginks et al, 1979). The pilot population is generally younger than typical paced 

populations and the importance of excluding co-existent coronary artery disease in 

prospective aircrew with pacemakers has been stressed (Toff & Camm, 1988).

CHOICE OF PACING MODE:

A consensus view is also emerging regarding optimal pacing modes in various 

conditions and both the ACC/AHA and BPEG reports encourage the widespread use of 

dual chamber pacing systems when ^)propriate. Unfortunately, this consensus is not yet 

reflected in implantation practice (Anon, 1991). In 1989, dual chamber systems 

accounted for only 15% of implants in the UK compared with about 32% in the USA. 

The discrepancy may reflect financial constraints, ignorance or disagreement with the 

consensus view. Ideally, the choice of pacing mode should produce a paced cardiac 

rhythm that reflects normal physiology, including restoration of AV synchrony and rate-
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adaptation to changing metabolic requirements, if required (Furman, 1987). The guiding 

principles are: i) The ventricle should be paced if there is actual or threatened AV 

block; ii) the atrium should be paced/sensed unless contra-indicated; iii) rate response 

is not essential if the patient has a normal chronotropic response; iv) rate hysteresis may 

be valuable if bradycardia is intermittent (Clarke et al, 1991; Nathan & Davies, 1992). 

The BPEG recommendations regarding 'optimal', 'alternative' and 'inappropriate' 

pacing modes in different conditions are presented in table 1.4.

The selection of inappropriate pacing modes may not only deprive the patient of optimal 

benefit but may actually increase morbidity and mortality. In sinus node disease, for 

example, there is increasing evidence that ventricular pacing is associated with a greater 

risk of atrial fibrillation, thromboembolism and congestive heart failure than atrial 

pacing (Camm & Katritsis, 1990). In patients capable of retrograde ventriculo-atrial 

conduction, ventricular pacing may allow the development of the pacemaker syndrome 

with hypotension and symptoms such as weakness, dizziness, pre-syncope or syncope 

(Mitsui et al, 1971; Mcandri et al, 1978; Johnson et al, 1978; Ausubel & Furman,

1985). When a dual chamber pacemaker is implanted, atrial sensing o f retrograde 

ventriculo-atrial conduction may result in an 'endless loop' pacemaker mediated 

tachycardia which may be rapid (often at the programmed upper rate) and sustained 

(Furman, 1989(a)). Once recognised, the problem can usually be dealt with by 

appropriate reprogramming. Dual chamber pacemakers may also be hazardous when 

atrial tachyarrhythmias occur, resulting in ventricular tracking at rapid and potentially 

dangerous rates. Sensor-driven dual chamber devices may avert this problem by 

allowing sensor-mediated regulation of the ventricular rate under such circumstances. 

In all systems, optimal pacemaker programming is essential to ensure maximum benefit 

at minimum risk.

With regard to the selection of the pacing lead, the benefits of a bipolar as opposed to 

a unipolar configuration, particularly in regard to the lower susceptibility to myopotential 

and external electromagnetic interference, are well recognised (Hauser et al, 1985; 

Furman, 1986). In a unipolar system, the single intracardiac electrode acts as the 

cathode and the pacemaker casing as the anode. The proximity of the pacemaker casing 

to the pectoral muscle can result in the detection of significant skeletal myopotentials
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that may cause inhibition or triggering of the pacemaker, according to its programmed 

mode. Exogenous electromagnetic signals may also be inductively coupled to the 

unipolar pacing lead, which effectively acts as an aerial. Bipolar systems, in which both 

electrodes are remote from the skeletal muscles, are practically immune to myopotential 

interference unless insulation failure occurs (Hauser et al, 1985). The small electrode 

separation also confers a high degree of immunity to exogenous electromagnetic 

interference (Imich, 1984). The advantages of bipolar leads are reflected in implantation 

practice in the USA, where up to 75 % of implants are bipolar (Bernstein & Parsonnet, 

1992) and data from the BPEG database indicate a trend to increasing use of the bipolar 

configuration in the UK (figure 1.2). With the increased use of dual chamber 

pacemakers with high atrial sensitivity, myopotential interference has assumed greater 

significance. Over half of all unipolar systems may be affected and in about 10% of 

these, symptoms may be sufficient to warrant major intervention (Furman, 1986).

RELIABILITY AND SAFETY OF PACING SYSTEMS 

PACEMAKER DEPENDENCE:

In considering the risk of a pacing system failure, it is important to recognise that the 

consequences of failure will depend on the extent to which the patient is reliant upon the 

system. The term 'pacemaker dependence' is used to indicate a high degree of reliance 

although it has no universally agreed definition. For practical purposes, it may be 

defined as the occurrence of symptoms or failure to develop an adequate escape rhythm 

in response to abrupt cessation of pacing. Dependence may be graded as follows 

(Furman, 1989(b)): Class I - No escape rhythm (pacemaker dependent); Class II - 

escape rhythm consists of complete AV block with atrial fibrillation or sinus rhythm 

(substantially pacemaker dependent); Class III - escape rhythm consists of a lesser 

degree of AV block, an arrhythmia or a sinus bradycardia of 30 beats per minute or less 

(moderately dependent); Class IV - escape consists of regular sinus rhythm of normal 

rate (50 beats per minute or more) (not dependent).

Almost all devices are now of the 'demand' type and only function when the intrinsic 

heart rhythm or conduction are inadequate. Thus many patients may only pace for a few
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minutes each month and a number, in whom implantation has been solely for prognostic 

benefit, rather than to ameliorate symptoms, may never pace. In such patients the risks 

of an adverse event resulting from pacemaker failure are likely to be negligible. In 

contrast, as many as 40% of patients paced for symptomatic bradycardia may exhibit 

a paced rhythm at follow-up, precluding assessment of the underlying cardiac rhythm 

(Edhag, 1979). In such patients, the consequences of abrupt pacemaker failure may be 

observed if the pacemaker is inhibited by chest wall stimulation using an external 

pacemaker or stimulator connected to chest electrodes (Barold et al, 1970; Samet et al, 

1970; Grendahl et al, 1978; Staessen et al, 1982). Typically, 20V stimuli are delivered 

at about 20 beats per minute above the pacing rate. Faster rates may cause reversion 

to fixed rate pacing in the 'interference mode' (Castellanos et al, 1979). An alternative 

protocol has been described, in which the pacing rate is progressively reduced by serial 

décrémentai rate inhibition (Crick et al, 1985). This tends to evoke a more adequate and 

consistent escape rhythm than abrupt inhibition. Although this may better reflect the 

degree of the underlying disturbance of rhythm or conduction, it may be less 

appropriate for the assessment of 'worst case' responses to sudden pacemaker 

malfunction.

Between 5% and 30% of patients have symptoms or fail to develop a satisfactory 

escape rhythm in response to chest wall stimulation (Rokas et al, 1981; Staessen et al, 

1982; Edhag et al, 1983; Crick et al, 1985; Furman, 1989(b)). The response may vary 

at different times and the value of a single assessment is üierefore limited. It has been 

suggested that dependency status should be defined by the worst ever response 

(Furman, 1989(b)). A number of characteristics prior to pacing have been shown to be 

more prevalent in subjects with a higher degree of pacemaker dependence, including 

syncope, AV block and slower ventricular rates but none is sufficiently specific to be 

of clinical use (Staessen et al, 1982; Crick et al, 1985).

MODES OF PACING SYSTEM FAILURE:

Effective cardiac pacing depends on the functional integrity of the pacing system 

(pacemaker, pacing electrode and the connections between them) and the stability of the 

electrode/tissue interface. Each component may be liable to fail and the risks are 

additive in determining the overall risk of failure. The consequences, however, will be

23



considerably Influenced by the mode of failure and the clinical context in which it 

occurs. Abrupt or unpredictable failure is clearly of greatest significance.

The pacemaker:
Pacemaker batteries have a finite life span and depletion will inevitably occur. Although 

pacemaker longevity of 10-15 years has been achieved, a reasonable expectation of 

modem devices would be for 95% cumulative survival at about 7 years. At present, 

many sophisticated dual chamber devices and sensor-driven rate-adaptive devices, 

particularly those using active rather than passive sensors, fall well short of this 

(Furman, 1989(c)). Normal battery depletion poses little risk as it is usually predictable 

in broad terms from the expected device longevity and more particularly, by end of life 

indicators incorporated in the pacemaker circuitry. Even premature battery depletion 

may pose little risk, provided that it is detected early during routine follow-up.

Of greater concern, are abrupt or unpredictable component failures. These may be 

idiosyncratic and a chance occurrence in a particular device but more commonly, they 

result from a manufacturing fault and may affect a complete batch of pacemakers. In 

such circumstances, a small number of failures may be sufficient to draw attention to 

the problem. The remainder of the batch can then be withdrawn and recipients of 

affected implants or their physicians can be advised, thereby reducing the impact on 

safety of a batch failure. It is, however, important to recognise that until the problem 

is identified, all patients with affected devices are at risk. It is noteworthy that a 

substantial proportion of pacemaker failures (40% of those occurring in the first 3 

years) occur within 3 months of implantation (Toff & Camm, 1988).

The pacing electrode:

The majority of pacemaker lead failures are due to displacement, exit block, wire 

fracture or insulation failure, all of which may cause transient or permanent failure of 

sensing and/or capture. Gross displacement tends to occur soon after implantation but 

is now less common due to the use of a variety of active and passive fixation devices 

(Hill, 1987). Microdislocation, in which the lead tip moves sufficiently to interfere with 

pacing but without evident dislodgement on X-ray, may also occur soon after 

implantation, albeit rarely. Exit block arises from the development of fibrous scar tissue
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around the electrode tip and tends to occur late. Damage to the wire or insulation of the 

pacing lead may be caused by traumatization during implantation or the use of 

excessively tight ligatures to secure the lead in place. Late conduction failure may arise 

from sub-optimal placement of the lead, allowing it to be crushed between the clavicle 

and the first rib. Insulation failure may similarly arise from wear or tear. It may result 

in current leakage causing increased battery drain, skeletal muscle stimulation, 

myopotential inhibition and failure of sensing or capture.

Silicone rubber was the principal material used for lead insulation until polyurethane was 

introduced in 1977. The latter rapidly gained favour due to the leads being of smaller 

calibre and having superior handling properties. A number of specific polyurethane lead 

models were subsequently shown to be particularly susceptible to insulation failure due 

to environmental stress cracking and metal ion oxidatioiL Hie fault was largely confined 

to specific models from one manufacturer (Medtronic ventricular leads 6972 and 4(X)2 

and atrial leads 6990U and 6991U) and is thought to reflect deficiencies specific to the 

particular polyurethane type and manufacturing process rather than being a generic 

problem (Phillips et al, 1986; Stokes & Church, 1986). All but one of the affected lead 

models were bipolar. In only one case was the unipolar lead of the same model affected 

and that was to a lesser extent than its bipolar counterpart. It has been suggested that 

poor performance of the bipolar leads may have been due to insulation failure between 

the two metal conductors (Furman & Benedek, 1990).

It would be inappropriate to infer that bipolar leads are inherently less reliable than 

unipolar leads for other models. The problem was thought largely to have been resolved 

by changes in the manufacturing process (Stokes & Church, 1986) but attention has 

recently been drawn to an unacceptably high rate of insulation failure with a later 

bipolar ventricular lead (Medtronic model 4012) (Medtronic, 1991). Affected leads that 

remain implanted require close follow-up or replacement. Overall failure rates for the 

four lead models first noted to be at increased risk, range from 1.6% to 4.1% per 

annum (Stokes & Church, 1986) and they are thus insufficiently reliable for use in 

pacemaker-dependent aircrew (vide infra).
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INHERENT RELIABILITY OF PACING SYSTEMS:

Modern pacemakers are generally highly reliable. Very few deaths are known to have 

occurred as a result of pacemaker failure. Data derived from the Department of Health 

(DOH)/BPEG database in 1985 were presented to the Second UK Workshop in Aviation 

Cardiology in 1987 (Toff & Camm, 1988). These indicated mean major failure rates 

of 1.7% per annum for pacemakers and 0.7% per annum for leads. The assumptions 

made and possible sources of error in deriving these figures were indicated. Subsequent 

progress in pacing technology and practice invites review of the data. Of particular 

interest are the relative reliability of newer and more complex devices compared to their 

predecessors and the relative performance of single versus dual chamber systems. It is 

also relevant to assess variation in reliability between different manufacturers and 

models.

Methodological considerations:

There are a number of sources of information regarding the reliability of implanted 

devices and the strengths and limitations of each must be recognised in interpreting the 

data. Hie preferred mode of data presentation is the actuarial life table method (Cutler 

& Ederer, 1958) which allows for different lengths of follow-up. The method can be 

. extended to allow inclusion of devices for which there is a delay between implantation 

and commencement of follow-up, as often occurs in studies from commercial 

pacemaker monitoring services. Failure to make appropriate adjustments in such studies 

may result in an overestimate of the survival probability (Kim & Sugalski, 1990; Broste 

& Kim, 1987).

In considering cumulative survival data, it is important to exclude data for which the 

number of devices followed is too small to generate statistically meaningful data or to 

ensure that an indication of the standard error or a confidence interval is given whenever 

possible (Palmer, 1989; Furman, 1989(d)). In follow-up studies, >^ere the total 

number of implant-months of follow-up is stated and the number of proven failures in 

a given period is known, a failure rate can also be calculated as a percentage per annum 

which is of particular value in assessing whether the inherent reliability of pacing 

systems meets the airworthiness requirements.
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M anufacturers' data:

Manufacturers have details of the number of devices sold and are likely to be told of 

equipment failure although they may not have details of implantation dates and follow- 

up for all of their products. Implant information may be returned in the form of 

warranty registration and in Europe, by return of the manufacturer's page of the 

European Pacemaker Registration Card. An assumption that all devices sold have been 

implanted at or soon after the date of sale may overestimate the size of the population 

at risk and inflate estimates of reliability. Similarly, allowance must be made for a h i^  

expected mortality in the predominantly elderly paced population and an unknown 

number of unreported explants. Manufacturers' data are usually limited to hardware 

performance and they may be unaware of the prevalence of clinical problems such as 

myopotential inhibition, erosion and infection.

Variation in the methods of data collection, analysis and presentation may confound 

attempts to compare differences in reliability between manufacturers. In the USA, 

proposals have been put forward to implement legislation requiring manufacturers to 

adopt effective systems for tracking their products through the distribution chain to the 

patient and to enable 6 monthly audit of system performance (Anon, 1992). These may 

ultimately provide a valuable source of information regarding device reliability, provided 

that the data are reported in an appropriate and standardised form.

Data relating to devices implanted in the past 5 years were requested from each of the 

10 manufacturers or agents supplying the UK market early in 1992 (Toff et al, 1992). 

Four manufacturers provided copies of published Product Performance Reports giving 

details of device reliability and performance (CPI, 1991; ELA, 1990; Intermedics, 

1991; Medtronic, 1991) and a further 4 provided unpublished data. No useful 

information was available from the remainder. Although some data were grouped, 

potentially obscuring variation between different models or between single and dual 

chamber devices, 5 manufacturers provided data by model or family and the range of 

reliability quoted may be taken to reflect differences both between manufacturers and 

models. Four manufacturers provided a range of cumulative survival figures for 

different models relating to freedom from major failure at 1 and 5 years. These are 

presented in table 1.5. From the data provided, mean major failure rates per annum
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were derived where possible and ranged from 0.024% to 0.324% for single chamber 

devices and from 0.144% to 0.6% for dual chamber devices. The format in which the 

data were provided generally precluded detailed assessment of trends in reliability with 

time. One manufacturer, however, drew attention to a relatively high early failure rate 

with early dual chamber pacemakers (1.84% per annum) which only became evident 

as the number of implants rose. The failure rate subsequently fell shaiply and remained 

low, which was felt to reflect the end of the Teaming curve' for these devices.

Lead reliability is considerably more difficult for manufacturers to assess. Damage may 

occur during implantation and it may be difficult to determine whether the lead or the 

implanter is at fault. Not all leads that fail or are presumed to have failed are explanted 

and of those that are, not all are returned. Furthermore, many leads sustain damage due 

to traction and handling during the explantation procedure, which inevitably confounds 

the analysis. Of the 7 manufacturers providing information on lead reliability, 2 had no 

data but believed lead failure to be too rare to permit statistical analysis and unlikely to 

influence the overall system reliability. One manufacturer was aware of only 3 failures 

in over 91,(XX) leads produced during the past 6 years and another reported only 4 

known failures in 52,000 leads implanted in a similar period. Three manufacturers 

provided detailed survival data. One reported failures of 0.0055% and 0.0097% per 

armum for each of two lead types, both of which use silicone rubber insulation (CPI, 

1991). These did not include any insulation failures but approximately 10 times as many 

returned leads showed evidence of damage to the insulation, attributed by the 

manufacturer to handling at implantation or explantation. Another manufacturer reported 

99.88% survival of unipolar leads at 12 years based on exposure of 80,866 leads 

implanted for a total of 513,932 implant-years. For bipolar leads, 99.81% survival was 

reported at 5 years, based on exposure of 19,674 leads for a total of 42,385 implant 

years (Intermedics, 1991). The reliability of the bipolar leads was attributed in part to 

the use of a silicone rubber inner insulator within the polyurethane outer sleeve. The 

third manufacturer, whose leads included the faulty polyurethane models discussed 

above, provided a detailed analysis of lead performance including data from a 

commercial monitoring service and a multi-centre study group as well as their own 

returned product analysis (Medtronic, 1991). The latter suggest reliability comparable 

to other manufacturers when the faulty models identified above were excluded. This
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impression is supported by data from a multi-centre lead registry published elsewhere 

(Furman & Benedek, 1990).

Implanting centres:

Implanting centres may keep details locally which inevitably involve relatively small 

numbers of patients and reflect local preferences for particular devices. Data collected 

locally have the advantage that they are more likely to be accurate, complete and 

accessible for review or clarification than in large multi-centre studies. Specific 

questions may be addressed. Thus Mueller et al (1990) analyzed 337 consecutive 

procedures over a 3 year period and demonstrated similar complication rates after the 

implantation of single and dual chamber devices. Local databases are also useful for 

audit, including the comparison of complication rates with those from larger series. 

Patient numbers are, however, rarely sufficient to contribute to the overall assessment 

of device reliability, unless the data are pooled with those of other centres. A number 

of multi-centre studies are ongoing and many centres register implants, explants and 

adverse events with national or supra-national databases such as the Department of 

Health (DOH) sponsored BPEG database in the UK and the European Registry. In the 

USA, there is no comparable database but cumulative survival data are published at 

intervals by a multi-centre study group (the 'Bilitch reports') (Song, 1992).

The Chicago based Inter-Institutional Cardiovascular Centre Cardiac Pacemaker 

Registry presented data on 9,651 pulse generators in 1986 and showed cumulative 

survival of 97.2% at 5 years for pacemakers powered by the lithium iodine batteries 

that are now the industry standard (Hauser et al, 1986). A six-centre registry established 

in 1979 specifically to monitor performance of polyurethane pacing leads with respect 

to insulation failure or conduction break (Furman & Benedek, 1990), accumulated data 

on 7,311 leads and demonstrated cumulative survival figures ranging firom 98.2% to 

99.6% at 5 years and 97.7 % to 99.9% at 10 years for 3 manufacturers. Differences 

between leads from different manufacturers were noted, almost all of the failures 

occurring in polyurethane leads from one manufacturer, as discussed earlier. For non

defective polyurethane leads an overall survival in excess of 99% at 10 years was 

suggested. Failures tended to occur early after implantation and rarely after 5 years.
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The complication rate of atrial leads has been reported to be considerably higher than 

that for ventricular leads although it can be reduced to some extent by the use of active 

fixation (Brownlee & Hirst, 1986). Recent data have shown a 92% survival for pacing 

and an 88% survival for sensing (or pacing and sensing) at 5 years using polyurethane 

screw-in atrial leads (Parsonnet et al, 1991). Over half of the reported lead failures 

occurred within 2 months of implantation, typical problems being electrode displacement 

and loss of sensing. The survival figures quoted are better than those previously 

reported by others, yet they suggest that atrial leads may be insufficiently reliable for 

use in aircrew dependent on atrial sensing or pacing.

The European pacing registry:

A number of National Registration Centres have been established in Europe, in 

collaboration with the European Working Group on Cardiac Pacing (EWGCP) and the 

International Association of Pacemaker Manufacturers (LAPM). All implants and 

explants in participating countries are intended to be registered with the National 

Registry and the manufacturer and a multi-part Registration Card is supplied for that 

purpose with all pacemakers. In the UK, data are collated in the DOH/BPEG computer 

database. Data have recently been analyzed relating to the reliability of the devices 

implanted in the past 5 years firom each of the 3 manufacturers with the greatest number 

of registered implants (Toff et al, 1992). This represents a total experience of 17,823 

implants. Cumulative survival curves, with respect to freedom from major failure, are 

presented in figures 1.3 (a) and (b) for single and dual chamber devices respectively. 

Mean major failure rates per annum were between 0.010% and 0.096% for single 

chamber devices and between 0.039% and 0.254% for dual chamber devices.

The Bilitch reports:

Although there is presently no national registry in the USA, regular reports on the 

performance of cardiac rhythm management devices are collated and published by a 

multi-centre study group (Song, 1992). These are known as the 'Bilitch reports’ after 

their originator and they present an analysis of pacemaker performance using life-table 

methods (Cutler & Ederer, 1958). The most recent report (Song, 1992) summarises the 

group’s experience of 20,165 pacemakers evaluated over a 17.5 year period (1974-

1991). Failures due to battery depletion are included as well as those due to electronic
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failure. The data thus reflect longevity or overall performance rather than reliability in 

the sense used earlier, in respect of the data from the DOH/BPEG database and most 

of the manufacturers', to indicate freedom from major failure. Devices withdrawn for 

a variety of other reasons, including recalls, are excluded from the analysis thereby 

decreasing the size of the database but not the actuarial survival. This may result in an 

overestimate of reliability. Cumulative survival curves plotted from the data for the 

models with the largest number of implants for each of the manufacturers represented 

are presented in figures 1.4 (a) and (b) for single and dual chamber devices 

respectively. Significant attrition typically commences at about 60 months for single 

chamber devices and at about 48 months for dual chamber devices. The Bilitch reports 

also indicate the implant duration (or time to failure) for devices failing in the preceding 

year. The data for 1991 are displayed graphically in figure 1.5 (a) and (b) for single 

and dual chamber devices respectively. It can be seen that failures were uncommon in 

devices that had been implanted for less than 4 years. The data presented are intended 

to be illustrative and should not be taken to represent the overall performance of a 

particular manufacturer's products as the models selected may not be typical. Any 

inference made from the data should also take account of the standard errors. These are 

omitted from the gr^hs for clarity but range from 0% to 1.4% at 1 year, 0% to 9.8% 

at 5 years and 5.2% to 40.3% at 10 years. At the leading edge of the data, the numbers 

of devices surviving are often small and the data become unreliable. The authors rightly 

state that it would be inappropriate to conclude from the data that any presently 

implanted device would have a particular functional reliability. Comparison of the data 

from the Bilitch report with that provided by the manufacturers often reveals striking 

discrepancies. These may partly be explained by differences in the methods of 

collection and analysis of the data but they nonetheless serve to highlight its limitations.

Commercial monitoring services:

Commercial trans-telephonic pacemaker monitoring services in the USA have 

cumulative survival data on large numbers of implants. Provided the data are carefully 

analyzed, much useful information may be obtained. Such databases are usually, by 

their nature, unable to differentiate failure of lead integrity from failure of sensing or 

capture due to exit block, perforation, dislodgement or concurrent pulse generator 

failure. They may fail to detect and underestimate failures of an intermittent nature.
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Dreifus et al (1989) presented data on trans-telephonic monitoring of 25,919 

pacemakers by Cardiac Datacorp Inc. (Connecticut, USA). They characterised a pattern 

of failure with a high incidence of problems immediately and up to three months post

implant, followed by a relatively trouble free period until the 36th month for single 

chamber devices and the 28th month for dual chamber devices, when capture, sensing 

and battery problems began to occur at a steady rate.

The CardioCare study database (Medtronic, 1991; Kim & Sugalski, 1990) uses trans- 

telephonic monitoring to identify sensing or capture problems with ventricular leads 

from one manufacturer (Medtronic) occurring more than one month after implantation. 

Atrial leads are not reported due to the limited accuracy with which atrial activity can 

be monitored by telephone. Excluding the specific polyurethane leads known to be prone 

to premature failure (vide supra), actuarial survival probabilities range from 98.5% to 

100% at 1 year and from 98.3% to 99.4% at 5 years. Analysis of data on all of the 

41,370 leads in the database (Kim & Sugalski, 1990) indicated that the performance of 

polyurethane unipolar leads is similar to that of silicone unipolar leads but that 

polyurethane bipolar leads are more susceptible to insulation failure than their silicone 

counterparts, reflecting the manufacturing problems discussed above.

The Chronic Lead Study (Medtronic, 1991) is a collaborative study between a 

manufacturer (Medtronic) and 11 implanting centres in the USA. The total number of 

devices involved (19,446) is less than in the CardioCare study but closer follow-iç) and 

review of the clinical records enhance the quality of the data. All lead problems 

occurring more than one month after implantation are noted, including lead 

displacement, perforation, exit block or other sensing problems, as well as failure of 

lead integrity. Atrial and ventricular leads are included. Excluding those leads known 

to be at increased risk, actuarial survival probabilities range from 99.0 to 100% at 1 

year and 95.8% to 98.6% at 5 years for ventricular leads and from 99.4% to 100% at 

1 year and 96.3% to 98.6% at 5 years for atrial leads.

Advisory and warning notices:

In addition to the device failures highlighted by the Bilitch reports, periodic advisory or 

warning notices of device malfunction are also published by STIMAREC based in
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France (Godin et ai, 1992). There have been 317 such reports in the past 5 years, of 

which over half were considered to be dangerous. The size of the population at risk 

from which these cases are drawn, however, is not known. Thus, although the data may 

serve to draw attention to emerging patterns of failure, they are of limited value in the 

numerical assessment of risk. From time to time manufacturers, distributors and other 

responsible parties also issue Medical Device Safety Alerts voluntarily or Medical 

Device Notifications at the request of the Food and Drug Administration (FDA) in the 

USA. Formal reporting systems also exist in a number of European countries, including 

the issue of Hazard Notices in the UK. Tyers (1989) has reviewed FDA device recalls 

during a 13 year period from 1974 to 1987. Almost 250,000 devices were recalled 

during the period with considerable variation between different years and for different 

manufacturers. There was no evidence of improvement with time, with 40% of the 

recalls during the 13 year period occurring in the last 30 months of the study.

EXTRANEOUS CAUSES OF PACING SYSTEM MALFUNCTION:

Apart from the propensity to failure due to component malfunction, inherent in any 

electronic device, there may be special risks of failure due to exposure to physical 

elements or hostile environments. For the most part, these are unlikely to affect a 

pacemaker in situations when they would not, in any event, threaten the user. Thus, 

extremes of heat and humidity, for example, pose little threat. Direct mechanical 

trauma may damage the pacemaker or cause lead displacement or fracture and 

pacemaker users are generally advised to refrain" from contact sports or activities 

associated with a risk of direct impact or excessive movement at the site of lead entry 

to the venous system (Hayes, 1989(c)). Discomfort from direct pressure has been 

described in association with the wearing of seat belts in motor cars (Wallis et al, 

1985). This is usually only mild but may affect as many as 28% of users. Susceptibility 

may be influenced by the amount of subcutaneous tissue, the pacemaker location and 

whether the user is in the driving seat or the passenger seat. Similar problems might be 

anticipated in aircraft particularly when using a shoulder harness. Pacemaker safety 

standards (BSI, 1990) require the devices to be unaffected by mechanical jolts and 

vibration but the latter may nonetheless cause inappropriate rate rises in activity-sensing 

rate-adaptive pacemakers as discussed above. This is considered further in the studies 

described in chapter 7. The principal extraneous threat to normal pacemaker function
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is posed by electromagnetic interference which may arise either from endogenous 

sources, in the form of skeletal muscle myopotentials or from external electromagnetic 

radiation. The latter has the capacity to disturb the function of the pacing system at 

levels of intensity below those that would otherwise affect the user and is therefore of 

particular importance.

ENDOGENOUS ELECTROMAGNETIC INTERFERENCE:

All demand pacemakers with a sensing function are potentially susceptible to 

interference from the effects of electrical impulses other than those intended to be 

sensed. In attempting to detect the R wave in the intracardiac electrogram, the sensing 

mechanism may be erroneously activated by the P wave, the T wave or by skeletal 

muscle myopotentials. The T wave spectral content is predominantly below 3Hz and it 

can be adequately distinguished from the P and R waves by appropriate filters (Kleinert 

et al, 1979) but myopotentials have spectral densities and amplitudes that overlap with 

those of the P and R waves and band-pass filters can only partially resolve the problem. 

The unipolar intracardiac electrogram has frequency components in the range 20-100Hz 

and myopotential signal frequency components have been reported in the range 30- 

200Hz (Watson, 1985).

Inhibition of demand pacemakers by skeletal muscle myopotentials was first described 

by Wirtzfeld (1972) and remains a problem in unipolar systems today (Gross et al, 

1992). The phenomenon may occur in as many as 50% of patients and is only rarely 

recognised by the sensing circuitry with reversion to the interference mode. The 

majority of patients are asymptomatic but symptoms are not uncommon and may 

include syncope (Wirtzfeld et al, 1972; Mymin et al, 1973; Barold, 1974). Problems 

may also arise in dual chamber systems, in which myopotential sensing in the atrial 

channel may result in rapid ventricular pacing with loss of AV synchrony, retrograde 

conduction and pacemaker-mediated tachycardia (Rozonski et al, 1983). Myopotential 

inhibition can be almost completely eliminated by bipolar pacing (Fetter et al, 1985; 

Gabry et al, 1987; Furman, 1989(e); Hayes, 1989) although inhibition of a ventricular- 

inhibited bipolar demand pacemaker by skeletal muscle activity has been reported 

(Widansky & Zipes, 1974)
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EXOGENOUS ELECTROMAGNETIC INTERFERENCE:

The potential hazard of electromagnetic interference (EMI) is the principal subject of 

the experimental work described in this thesis. EMI may affect pacemakers in a number 

of ways. First, it may directly damage the components within the device, although the 

risk of this is attenuated to some extent by the interposition of the subcutaneous tissue 

and the pacemaker casing. The risks of direct damage are most marked with high 

energy sources such as radiation therapy (Marbach et al, 1978; Adamec et al, 1982; 

Blamires & Myatt, 1982; Calfee, 1982; Katzenberg et al, 1982) and those which are 

conductively coupled such as diathermy, electrocautery and defibrillation (Giedwoyn, 

1971; Levine et al, 1983). Secondly, EMI may affect the function of the device without 

damaging it. An example of this would be the closure of magnetic reed switches within 

the device. Thirdly, it may cause current flow in the pacemaker lead. With high energy 

sources, this may cause damage to the myocardium or induce arrhythmia, either directly 

or following low-frequency demodulation by Zener diodes in the pacemaker iiput circuit 

(Zoll & Linenthal, 1960; Burchell, 1961; Noordijket al, 1961; Weinberg et al, 1962; 

Lichter et al, 1965). More commonly, however, problems arise when current induced 

in the pacemaker lead is detected by the sensing amplifier of a pacemaker operating in 

a demand or triggered mode. The consequences of this will depend on whether the 

device recognises the signal to be of extraneous origin or falsely interprets it as being 

of cardiac origin. When an input signal is recognised as being of extraneous origin, 

most pacemakers revert to fixed rate pacing at a rate that is normally the same as, or 

slightly above, the programmed rate. This is commonly referred to as the ’interference' 

or ’reversion’ mode. If the input signal is falsely interpreted to be of cardiac origin, it 

may cause inappropriate inhibition or triggering of the pacemaker, depending on the 

operating mode. This may be brief, with only one or two missed or extra pulses, or 

prolonged, with pacing that is erratic or at an abnormally slow or fast rate. In the worst 

case, it may cause total cessation of demand pacing for as long as exposure is continued 

(Imich, 1984). Finally, EMI may affect the pacemaker by altering the selected settings 

in a programmable device, a phenomenon sometimes referred to as ’phantom 

programming’ (Barold et al, 1978; Domino & Smith, 1983; Belott et al, 1984; 

Goldberg et al, 1984).
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ELECTROMAGNETIC COUPLING:

There are a variety of ways in which electrical or electromagnetic energy from external 

sources may be coupled to an implanted pacing system (Irnich et al, 1978; Irnich, 

1984). Some understanding of the mechanisms involved, facilitates recognition of the 

circumstances in which problems may arise.

Galvanic (conductive) coupling:

Direct contact with a live electric circuit will induce current flow within the body, with 

an associated electric potential gradient. If the potential difference between the two 

pacing electrodes is sufficient (ImV at 50Hz), the pacemaker may be affected, 

particularly if the applied current is pulsed or amplitude modulated. This threshold at 

the pacemaker input may be achieved in unipolar pacing systems when the patient is 

exposed to an applied current ^20pA or a voltage ^0.2V, either of which may be 

below the threshold for cutaneous perception. This form of 'closed current path' effect 

may be caused by touch-activated switches such as those used in certain domestic 

^ lian ces , lifts and digital electronic equipment and by current leaks in faulty electrical 

appliances (Imich, 1984). It may also occur with certain medical applications such as 

electrocautery or coagulation (Leraer, 1973; Krull et al, 1975; Batra & Bali, 1978; 

Domino & Smith, 1983), electro-acupuncture (Fujiwara et al, 1980), transcutaneous 

nerve stimulators (Erikson et al, 1978) and dental pulp testers (Wooly et al, 1974).

Magnetic coupling:

Time-varying magnetic fields may induce an electromotive force in a wire or coil 

according to Faraday's Law of electromagnetic induction. The resultant voltage is 

proportional to the area of the coil, the frequency and the intensity of the magnetic 

field. An implanted unipolar pacing lead may be susceptible to such inductive effects. 

Lying in a semi-circle, a 58cm lead may encompass a maximum area of 536cm^ and 

behave as a single loop coil of that area. The magnetic field required to produce a peak 

voltage of ImV, is in the order of 20pT or 16Am'^ (rms) at 50Hz. Pulsed magnetic 

fields sufficient to cause EMI by this mechanism may arise in electric steel plants or 

in proximity to arc-welding equipment, both of which are recognised as potential 

hazards for pacemaker users (Irnich, 1984). Closer proximity to less intense time- 

varying magnetic fields may also cause problems, albeit rarely, and is most likely
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responsible for the pacemaker inhibition reported with the use of electric toothbrushes 

(Escher et al, 1976) and razors (Furman, 1972).

Electrical coupling:
Close proximity to the strong electric fields associated with high voltage sources may 

induce a charge on the surface of the human body. In alternating electric fields, current 

flow may be induced within the body associated with the development of electric 

potential gradients. If the gradient across the pacemaker leads is sufficient, the device 

will be affected. The majority of pacemaker users rarely encounter sources of 

sufficiently high voltage (>  1.5kV at 50Hz) to be affected but high-intensity, power- 

frequency fields of the type found in electricity substations may be problematic for 

workers or visitors with implanted pacing systems (Butrous, 1983(a) & (b)). EMI has 

been observed in proximity to certain electric motors and petrol engine ignition systems 

(Imich, 1984).

Electromagnetic coupling:
At frequencies greater than l(X)kHz, the electric and magnetic components of 

electromagnetic radiation are inter-related and separate treatment of each, as is generally 

used at low frequencies, is inappropriate. The interaction of radio-frequency 

electromagnetic radiation with the body is dependent on the frequency and wavelength 

of the radiation. The radio-frequency spectrum encompasses 8 designated frequency 

bands, details of which are shown in table 1.6. In the HP and VHP range, the frody 

may act as an antenna. Electromagnetic coupling is optimal with a dipole aerial length 

half that of the wavelength (RSGB, 1982). For an average adult this occurs in the range 

70-80MHZ in a person who is electrically isolated from the ground and at about half 

that value in one who is not. Similarly, coupling with the pacing lead will be favoured 

at frequencies around 500MHz. This corresponds to one of the bands used for 

diathermy treatment (434MHz) to which pacing systems have been shown to be 

susceptible (Sowton et al, 1970; Walter et al, 1973). As the frequency increases above 

the resonance range of the body, power absorption becomes increasingly confined to the 

surface layers of the body. In the microwave range, penetration is rarely more than a 

few millimetres and at frequencies above a few tens of gigahertz, it is essentially 

confined to the skin (NRPB, 1992). Susceptibility to radio-frequency EMI is the
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principal theme of the experimental work presented in this thesis and is discussed 

further in subsequent chapters.

Magnetostatic coupling:

Modern pacemakers incorporate magnetically-activated reed switches which are used 

for testing and in some cases, to activate the circuitry for receiving and transmitting 

programming information by telemetry. Closure of the reed switches usually also results 

in asynchronous (fixed-rate) pacing, although inhibition may occur if the switch is 

repeatedly activated by moving a magnet to and fro (Irnich, 1984). The field strength 

required to activate the switch is in the order of 2mT and the magnetic fields associated 

with some electrical equipment, such as hand-held drills, may be sufficient to cause 

EMI (Irnich, 1984). The risk is greater in proximity to the more powerful static and 

time-varying magnetic fields of the type used in magnetic resonance imaging (MRI) 

(Pavlicek et al, 1983; Fetter et al, 1984; Zimmerman & Paul, 1984; Erlebacher et al, 

1986; Hayes et al, 1987). In addition to the closure of reed switches, there may be a 

risk of magnetization and damage of pacemaker components, with possible displacement 

by magnetic torque. Similarly, there may be attraction of the metal pacing electrode, 

with a consequent risk of displacement. For these reasons, MRI is best avoided in 

pacemaker users (Wamowicz-Papp, 1983; Hayes, 1989(c)).

INTERFERENCE PROTECTION METHODS:

The first implantable pacing systems had little or no protection against EMI although 

the risk of conductively coupled interference, from faulty or improperly earthed 

electrical equipment, soon became apparent and focused attention on the problem 

(Anon, 1960; Furman et al, 1961; Burchell, 1961). The possibility of EMI from 

electromagnetically coupled radio-frequency energy was also recognised relatively early 

(lessen & Rosen, 1963; Carletonet al, 1964; Lichter et al, 1965). The risks assumed 

greater significance with the introduction of demand pacing, with the attendant risk of 

pacemaker inhibition (Lemberg et al, 1965). A variety of methods of interference 

protection have been advocated and introduced which have reduced but not eliminated 

the risk of EMI.
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Pacemaker casing:
The early pacemakers were embedded in bio-compatible epoxy materials cast into 

appropriate anatomical shapes. These were permeable to tissue fluid which adversely 

affected longevity. Hermetic sealing was advocated (Tyers et al, 1976; Tyers & 

Brownlee, 1976) and made feasible by the advent of the lithium iodine battery, which 

was free from the build-up of gas associated with previous power sources (Lillehei et 

al, 1974). Carleton et al (1964) provided experimental evidence that encapsulation with 

metals of high magnetic permeability, such as nickel alloys, could reduce susceptibility 

to EMI. This eliminated most of the direct effects of radio-frequency electromagnetic 

radiation on the pacemaker, although it remained vulnerable to diathermy. With demand 

for improved interference protection and the possibility of hermetic sealing, metal 

encapsulated devices, similar to those in current use, were introduced (Milroy, 1971; 

Michaelson & Moss, 1971; Blaser et al, 1972; Neu et al, 1980). Although 

encapsulation attenuates some forms of EMI that enter the pacemaker directly, it has 

no effect on EMI mediated by the pacing lead and electrical methods of interference 

protection in the pacemaker input stage are also required (Grand et al, 1977).

Signal filters:
Ihe use of band pass filters at the iiput of the pacemaker's sensing amplifier has been 

usefully employed to enhance interference rejection at frequencies above lOOkHz. In 

the low frequency range, however, filtering is of little if any value, due to the broad 

spectral range of the intracardiac electrogram and its overlap with the spectral range of 

myopotentials and low frequency exogenous EMI. Filters with a narrow band pass and 

sharp cut-off, of the type that would be required, would diminish the amplitude of the 

signal excessively and result in the phenomenon known as 'ringing' at the cut-off 

frequencies (a form of electrical echo due to oscillation in circuits with a high ratio of 

reactance to resistance). The result would potentially be to decrease the signal to noise 

ratio, rather than increase it as required (Irnich & Barold, 1985). Filtering is also 

ineffective in attenuating the effects of modulated or pulsed signals.

Programmable sensitivity:

The introduction of programmable sensitivity of the input to the sensing amplifier, may 

facilitate some discrimination between intrinsic and myopotential or extraneous electrical
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events if the latter of high amplitude. There is inevitably a risk, however, that a 

reduction in sensitivity may result in the intermittent or sustained loss of intracardiac 

sensing (Watson, 1985). One manufacturer (Medtronic Inc) has developed a 

discriminating amplifier, that automatically changes the sensitivity detection threshold 

in response to the average amplitude of continuous signal passing through the input 

filter. Thus, in the presence of continuous interference, the threshold is raised slightly 

above the interference level, avoiding oversensing and enhancing detection of the 

relatively infrequent intracardiac signal (Watson, 1983).

Noise recognition:

When electrical noise prevents reliable detection of the intracardiac signal, most demand 

pacemakers are designed to revert to asynchronous (fixed-rate) pacing at or above the 

programmed rate if interference is recognised. This avoids the risk of prolonged 

inhibition due to oversensing. Similarly, in triggered devices, excessively high rates may 

be avoided. A potential hazard, however, is the risk that competitive pacing may 

provoke ventricular tachycardia or fibrillation, due to pacing in the vulnerable period of 

ventricular repolarization (Tavel & Fisch, 1964; Bilitch et al, 1967). Although generally 

small, the risk may be significantly increased in patients with myocardial ischaemia or 

electrolyte imbalance and in those on certain drugs, such as class III anti-arrhythmic 

agents. The risk will also be influenced by the firequency and duration of competitive 

pacing. In addition, it has been suggested that hypotension may result from the reduced 

diastolic filling and stroke volume during competitive pacing. Appropriate reversion to 

the interference mode clearly requires effective recognition of interference signals. A 

variety of electronic methods have been devised including application of the principles 

of the relative refractory period, peak detection and time analysis (Imich, 1985; Imich 

& Barold, 1985). Each has advantages and disadvantages which vary with different 

types of interference but none is wholly effective. Their variety may partly explain the 

heterogeneity of pacemaker responses to interference.

Lead type:

In the current generation of pacemakers, most interference effects are mediated by the 

pacing lead. As previously discussed, the bipolar configuration is far less susceptible 

to EMI than the unipolar configuration, due to the smaller electrode separation (Hauser
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et al, 1985; Furman, 1986). For conductively and electrically coupled interference, the 

improvement in interference rejection between bipolar and unipolar leads is proportional 

to the ratio of the respective distances between electrodes. The same applies for 

electromagnetically coupled interference, provided that the wavelength in the body is 

long, compared to the distance between the pacemaker and the distal electrode. As the 

wavelength approaches that distance, as occurs at about lOOMHz, the protective effect 

of a bipolar system is lost. For magnetically coupled interference, the interference 

rejection of bipolar leads is even better as long as the lead segment between the 

electrodes is not curved although when it is, the rejection ratio is determined by the 

ratio of the square of the distance between electrodes. Overall, the rejection ratio is in 

the order of 10:1 (Imich & Barold, 1985).

Environmental control:

There are currently no specific regulations in the UK governing the exposure of either 

members of the public or workers to electromagnetic fields below 300GHz. 'There are, 

however, recommendations from a variety of sources and specific proposals have been 

made by the National Radiological Protection Board (NRPB) based on guidelines from 

the International Non-Ionising Radiation Committee (INIRC) of the International 

Radiation Protection Association (NRPB, 1989). The NRPB has recommended the 

adoption of basic limitations in respect of induced current and specific energy absorption 

rates, which are similar to those of INIRC. In contrast to the INIRC, the NRPB 

recommends the same limits for members of the public as for workers. Reference 

levels for exposure have been suggested, at which it is unlikely that the limitations will 

be exceeded. The reference levels are shown in table 1.7. They are not intended to be 

limits but to provide guidance and they are felt to be extremely conservative (NRPB, 

1989). The NRPB recognise, however, that pacemakers may be affected in 

electromagnetic fields below the reference levels suggested. It would clearly be 

inappropriate and impractical to attempt to limit the general electromagnetic environment 

to allow for the shortcomings of pacemaker design. Patients should be advised in 

general terms of the possibility of EMI and warned specifically > ^ r e  poteittial hazards 

are recognised. Certain hazards, such as electric steel plants, arc welding equipment 

and magnetic resonance imaging are best avoided, as previously indicated. If a 

pacemaker user experiences symptoms or if abnormal pacing is suspected in proximity
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to a possible source of EMI, they are generally advised to move away. Turning away, 

changing posture or shielding with the hands or by standing behind another person might 

also be effective.

External barriers:
The use of protective clothing with electrically conductive properties has been shown 

to reduce susceptibility to EMI in high intensity electric fields and may facilitate the 

return to work of pacemaker recipients whose work involves exposure to such fields as 

prevail at electricity generating sub-stations (Butrous et al, 1983b). Similarly, Djordjevic 

et al (1986) have demonstrated the ability of a metallized fabric ('Baymetex', Bayer 

AG, Germany) to prevent EMI by microwave radiation at 2.45GHz at field strengths 

of 10-60mWcm*^. A commercially available range of garments made of cotton 

interwoven with 8pm diameter steel fibre is now marketed for pacemaker users, health

care workers and military personnel (Promicro, Handels-GmbH, Munich, Germany). 

The fabric is claimed to reduce electromagnetic radiation by 20-40dB at frequencies 

between lOOMHz and lOGHz. Although of little evident benefit for the majority of 

pacemaker users, these products may be of particular value for employees in 

electromagnetically hostile working environments.

Pacemaker safety standards:
The required standards for implanted cardiac pacemakers are specified in the British 

Standard BS 6902 Part 1 (1990). These are equivalent to those contained in the relevant 

European Standard EN 5(X)61 (1988), the electrical aspects of which are determined by 

the European Standards body, CENELEC, and are similar to the International Standard 

ISO 5841 Part 1 (1986). These standards are not ^ licab le  in the USA where separate 

arrangements are administered by the Federal Drug Administration (FDA) and the 

Association for the Advancement of Medical Instrumentation (AAMl). At present, the 

British and European standards in respect of electromagnetic interference are under 

review and unspecified. The most widely quoted standard, and one often used or 

adapted by pacemaker manufacturers, is that of the AAMl (1975). In the radio- 

frequency range, the extent of testing required is restricted to a single frequency, 

(450MHz), which was selected as a compromise to represent good body penetration and 

on the basis of previous experimental work. The assessment is made in a saline filled
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chamber to simulate implantation and die maximum field strength required is 200Vm \  

The shortcomings of this standard will be addressed in this thesis.

CLINICAL AND EXPERIMENTAL OBSERVATIONS:
The potential for radio-frequency EMI to affect implanted cardiac pacemakers was 

recognised relatively soon after their introduction but there was a considerable delay 

before clinical problems in demand pacemakers were reported (Furman et al, 1968). 

The delay was most likely due to the numerous factors that attenuate the risk and 

account for the relative rarity of clinically significant EMI (Gold, 1984). In order to be 

affected, a patient with a susceptible pacemaker and lead configuration must be exposed 

for sufficient time to an appropriate frequency of adequate field strength. Attenuation 

by body tissues must be overcome and electromagnetic coupling must be favoured by 

the orientation and posture of the patient within the field and the inductive characteristics 

and geometry of the pacing lead. For the effect to be evident, the patient must be 

pacemaker dependent or pacing at the time of exposure and the effect of any 

abnormality of pacing (including reversion to the interference mode) must be sufficient 

to cause symptoms. An appreciation of all of these factors is essential when assessing 

the likely significance of experimental work or case reports of EMI.

Over the past 25 years, a vast literature has accumulated on the subject of EMI, much 

of which is irrelevant to current devices in clinical practice. Changes in pacemaker 

design, including various forms of interference protection, have markedly decreased 

interference susceptibility, although there are one or two exceptions. The introduction 

of complimentary metal oxide semiconductor (CMOS) integrated circuits has reduced 

current consumption and pacemaker size, but they may be irreversibly damaged by 

therapeutic doses of ionising radiation, due to electron redistribution in the silicon and 

silicon oxide insulators within the transistors. In this respect, modem devices are more 

vulnerable than their predecessors (Calfee, 1982). Similarly, the advent of sophisticated 

dual chamber pacemakers with greater sensitivity in the atrial channel, and complex 

rate-adaptive systems with a variety of sensors, has introduced new possibilities for 

EMI (Butrous et al, 1985; Astridge et al, 1992(a) & (b)).
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Several authors have reviewed the significance of possible hazards with respect to EMI 

in the domestic environment, the workplace and the medical and therapeutic setting that 

may engender some risk of EMI (O'Brien, 1982; Sowton, 1982; Warnowicz-Papp, 

1983; Gold, 1984; Hardage et al, 1985; Sager, 1987). A full review is beyond the 

scope of this thesis but a summary of some commonly encountered sources of EMI and 

pacemaker responses is presented in table 1.8 (adapted from Telectronics, 1991). In 

general, the risks are small with a few well-recognised exceptions but pacemaker 

interference is a reality and can be dangerous. The risks must not be exaggerated but 

neither must they be dismissed. Reassurance from the low level of adverse events 

should not be used to justify complacency in improving methods of interference 

protection. In reviewing the literature, findings with one pacemaker or interference 

situation may not apply to others and they should not be generalised. In situations of 

particular concern, such as occupational exposure to potential hazards, evaluation of the 

specific device in the working environment is the most appropriate way to define the 

level of risk. This approach is exemplified by the experimental work presented in this 

thesis, with regard to the risks in the aviation environment.

PACEMAKERS IN THE AVIATION ENVIRONMENT 

SPECIAL HAZARDS:

The principal hazard in the aviation environment that may disturb the function of a 

pacemaker is electromagnetic radiation. There are many sources of electromagnetic 

radiation in the modern aircraft. A wide variety of devices powered by direct and 

alternating current (400Hz) may give rise to broadband radiation. These include control 

surface and landing-gear actuators, de-icing equipment, cabin pressurization systems, 

lighting circuits, in-flight entertainment equipment and galley equipment. Of greater 

significance, are a variety of radio-frequency emitters including HP and VHP 

communications radio, primary and secondary radar and other navigational aids. These 

are listed in table 1.9 together with the frequency ranges within which they operate. 

Data regarding the degree of risk engendered by such radiation are scant and 

inadequate. Previous attempts to address its significance have been speculative and 

based on anecdotal, unquantified and empiric observations (Rosol & Sevcik, 1973;
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Brown et al, 1973). The risk to demand pacemakers from radio and radar transmitters 

and other microwave sources was first recognised almost 25 years ago (Pickers & 

Goldberg, 1969; Yatteau, 1970; King 1970). Extensive experimental work in the 1970's 

confirmed the potential hazards but suggested a trend to decreased interference 

susceptibility with time (Rustan et al, 1973; Walter et al, 1973; Mitchell et al, 1974; 

Mitchell et al, 1975; Mitchell & Hurt, 1976; Hardy et al, 1979). The absence of 

comparable data relating to the current generation of pacemakers, prompted the 

experimental work presented in this thesis.

Prior to undertaking the studies reported in this thesis, 21 foreign aviation authorities 

were circulated to enquire whether they had any knowledge of pacemaker EMI in 

aircraft. The only data offered by the 14 respondents (Australia, Austria, Canada, 

Finland, France, (jermany, Israel, New Zealand, Norway, Singapore, Spain, Sweden, 

Switzerland and the United States of America) was an absence of reported adverse 

effects. Enquiry was also made of a number of authorities on cardiac pacing in the UK, 

Europe and North America. This yielded a number of unsubstantiated anecdotes relating 

to patients with pacemakers who had themselves attributed symptoms to pacemaker 

EMI while travelling by air. In no instance was corroborative evidence available. This 

accords with the experience of the major British airlines which suggests that passengers 

with pacemakers may travel safely by air and often do so (Mooney, 1987).

In considering whether a pilot may be permitted to fly with an implanted pacemaker, 

a more precise assessment of the associated risk is required, to determine whether 

aviation safety might be compromised. The principal concern is that pacemaker 

malfunction may cause subtle or sudden incapacitation of the pilot. In order to make a 

meaningful assessment, some understanding of the risks inherent in aviation and the 

philosophy and practice of aircrew licensing is required.

RISK IN AVIATION:

Scheduled jet air-transportation is remarkably safe although, in common with all other 

forms of transportation, it is not-entirely without risk. The fatal accident rate varies 

between different airlines, the best achieving more than 2 million flying hours between 

fatal accidents and the worst barely 250,(XX) hours (Bennett, 1992). Air taxi operations

45



are more hazardous as there is often only one relatively inexperienced pilot and the 

aircraft and airfields used are often less well-equipped. Their fatal accident rate is one 

in 150,000 flying hours (Bennett, 1992). The rate for private pilots is even higher at 

one in 40,000 hours (CAA, 1988).

Modern aircraft structures, engines and systems are highly reliable and fatal accidents 

resulting from their failure are infrequent. Eighty per cent of all civilian aircraft 

accidents and 60% of fatal accidents are attributable to human error (Bennett, 1988). 

Medical-cause accidents, however, are uncommon. The airlines of the Western world 

have recorded only three such events in the past 20 years (excluding Aeroflot for whom 

figures are not available). In one of these, cardiovascular incapacitation of the pilot due 

to myocardial infarction, was believed to be a contributory factor (CAA, 1973). The 

other two events involved mental incapacitation related to alcohol and psychiatric disease 

(Bennett, 1988). Despite the low rate of medical-cause accidents, pilot incapacitation 

is surprisingly common. Almost one-third of pilots have experienced partial 

incapacitation requiring another crew-member to take over their duties (Bennett, 1992). 

The process of aircrew medical certification aims to identity prospective pilots at 

increased risk of subtle or sudden incapacitation.

MEDICAL CERTIFICATION OF PILOTS:

International perspective:

Safety in aviation depends on the maintenance of a high level of international co

operation and high standards of design, construction, maintenance and operation of 

aircraft as well as of training and certification of aircrew. In recognition of the 

international dimension of aviation safety, its regulation is governed by international 

treaty. The Convention on International Civil Aviation signed in Chicago in 1944 

included a number of articles calling for the adoption of international regulations to aid 

uniformity in air navigation. Responsibility for implementation of the provisions of the 

Convention devolved to the International Civil Aviation Organisation (ICAO), a safety 

agency of the United Nations Organisation, at its inception in 1947. The 164 member 

countries are all signatories to the Chicago convention and are bound to comply with 

the International Standards and Recommended Practices (ISARP) which appear as 

annexes to the Convention. Aviation medicine is primarily dealt with in Annex 1
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(personnel licensing) but also referred to in Annex 2 (rules of the air) and Annex 6 

(operation of aircraft). Signatories are bound to maintain or enhance the standards and 

obliged to notify the Council of ICAO if they are unable to comply. Guidance material 

to assist in the ^plication of the cardiovascular standards is included in the Manual of 

Civil Aviation Medicine published by ICAO (1985). Although individual states may not 

permit lower standards than those laid down by ICAO, Annex 1.2.4.8 allows for fitness

requirements to be waived where the applicant's failure to meet them ' ....... is such that

exercise of the privileges of the licence applied for is not likely to jeopardise flight 

safety'. This waiver clause enables individual nations to develop the basic ICAO 

standards to suit local operational conditions.

The European Civil Aviation Conference:

The European Civil Aviation Conference (ECAC) was convened by the European 

Economic Community (EEC) and ICAO to evolve the Joint Aviation Authorities (JAA) 

to regulate aviation in Europe. Medical standards are dealt with by a Flight Crew 

Licensing Medical Subgroup which set up a series of Drafting Groups to interpret and 

develop the ICAO ISARP. Agreed Standards and guidance material relating to them 

were proposed and subject to acceptance by JAA and the EEC, these should be 

implemented by 1996. It was recognized by the Drafting Group in Cardiology that there 

was a need to examine a number of particular problem areas in order to arrive at safe, 

even and fair standards. The First European Workshop in Aviation Cardiology was 

convened for that purpose and its findings were published in December 1992 (Joy,

1992). The work presented in this thesis formed the basis for the proposals on licensing 

for pilots with implanted devices (Toff et al, 1992).

The United Kingdom:

In the United Kingdom, civil aviation is regulated by the Civil Aviation Authority 

(CAA). The Civil Aviation Act, 1982 requires the CAA to perform its functions in a 

manner best calculated to ensure that British airlines offer their services at the lowest 

cost consistent with a high standard of safety. The required high standard is not defined 

and no guidance is given as to the standard to be sought for other types of aviation such 

as private or sporting flying (Chaplin, 1988). The CAA, in common with other 

licensing authorities, has discretion to permit the certification of applicants falling
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outside the ICAO minimum standards, under the waiver clause. In order to provide 

expert guidance on such decisions, the CAA appointed a Medical Advisory Panel 

(MAP) in 1977, chaired by the Chief Medical Officer and attended by a number of 

cardiologists and specialists from other branches of medicine, all with an interest in 

aviation. Representatives of the airlines, the pilots' union and other observers also 

attend.

Screening of pilots for cardiovascular disease makes an important contribution to the 

maintenance of air safety. Consequently, cardiovascular disease accounts for the 50% 

of cases of permanent loss of licence. Psychiatric disorders, including alcoholism, are 

second at about 11% (Bennett, 1992). The risk of cardiovascular disease increases with 

age and older pilots inevitably come under greater scrutiny and more often lose their 

licences. Older pilots, however, are generally more experienced and as a result have 

a lower accident risk than their younger colleagues. Attention has been drawn to the 

potentially adverse effect on aviation safety of depleting the pilot population of its more 

experienced members and the importance of avoiding unnecessarily stringent medical 

standards (Bennett, 1984). The containment of risk by restriction to multi-crew 

operations may enable pilots at slightly increased risk to remain in circulation, thereby 

avoiding the loss of their experience. An important corollary is that there should be 

adequate training in the recognition and management of incapacitation.

THE RISK ORIENTATED APPROACH:

In determining the level of risk that is acceptable in multi-crew aircraft, airworthiness 

principles have been applied (Chaplin, 1988). It is accepted that no transportation 

system is without risk and neither the public nor legislation require it to be so. 

Acceptable accident rates have been defined, based largely on past accident experience 

and what appears to be acceptable to the public. The tolerable risk of a fatal accident 

to a large transport aircraft is in the order of 0.1 to 0.5 per million flying hours. The 

average duration of flight is about one hour and the same figure per flight is therefore 

appropriate. A variety of aircraft systems contribute to the total risk and it has been 

suggested that no one system should contribute more than 10%. The health of the pilot 

is only one part of the total risk to which he contributes and the acceptable level for 

medical (cardiovascular) cause accidents is in the range 10 * - 10  ̂hours, assuming a
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target risk for the aircraft of 10'  ̂hours. If one pilot in a multi-crew aircraft becomes 

ineffective, simulator experience suggests that there is a 1 % risk that the other pilot will 

not assume control adequately and that flight safety will be irretrievably compromised 

(Tunstall-Pedoe, 1992). The risk of an accident arising is maximal during critical stages 

(take-off, climb out, descent or landing) which account for about 10% of the total flight 

duration (Bennett, 1988). The attenuation provided by these factors enables a risk of 

cardiovascular incapacitation up to 10  ̂hours to be accepted. This equates to 1 % per 

annum and is the basis for what has become known as the "1% rule" (Tunstall-Pedoe, 

1988; Joy, 1992). If a professional airman has a predicted annual medical event rate 

that exceeds 1 %, he should not be permitted to fly a multi-crew aircraft. If the 

predicted event rate is 1 % per annum or less, he may be granted medical certification, 

restricted to fly as, or with, a co-pilot. It has been suggested that not more than 10% 

of pilots should be accepted under these terms and that they should not fly together. The 

acceptable level of risk having been defined, it is for the cardiologist to advise \^ftether 

or not an applicant meets the requirement. For some conditions, such as coronary artery 

disease, this may be relatively straightforward due to the availability of actuarial data. 

Thus, 1% per annum equates to the cardiovascular mortality of a male aged 60-65 years 

in the UK. With respect to pacemakers, a numeric assessment of risk is more difficult 

to achieve. The data presented in this chapter indicate that failure rates for pacing 

systems are well below 1 % per annum, except for devices known to be at increased 

risk. The remainder of this thesis is concerned with clarifying the other risks, with 

particular regard to the possibility of EMI.

PREVIOUS ATTITUDES TO PILOTS WITH PACEMAKERS:

The ICAO Manual of Civil Aviation Medicine (ICAO, 1985) refers to "special aviation 

safety problems related to pacemakers..." but does not elaborate, concluding that 

accredited medical conclusion should be sought when considering applicants with 

pacemakers. During the past two decades, there have been a number of reviews of 

cardiovascular problems associated with aircrew licensing (Manning et al, 1975; 

Surawicz et al, 1975; RCP, 1978; Joy & Bennett, 1984 & 1988). These have generally 

recommended the denial of certification to fly in patients with pacemakers. The reasons 

given include the high frequency of underlying cardiac disease, the possibility of 

competitive rhythms or tachyarrhythmias, increased vulnerability to acceleration or other

49



stresses (possibly encouraging lead displacement), the possibility of sudden pacing 

failure and vulnerability to radio-frequency interference. In 1986, the American Medical 

Association reviewed the FAA medical standards (Engelberg & Doege, 1986) and 

recommended that subjects with pacemakers be denied certification regardless of age, 

although they did advise that special issuance may be considered, subject to 

cardiological review, provided that the subject's pacemaker was inserted in the absence 

of a currently accepted indication and that it confers no therapeutic benefit.

In 1987, enquiry was made of 21 foreign aviation authorities regarding their approach 

to the certification of pilots with pacemakers (Toff & Camm, 1988). Fourteen 

responded. The Federal Aviation Administration (FAA) in the USA had granted a total 

of 43 special issuance medical certificates (unrestricted) to both professional and private 

pilots. Certification had been mainly for subjects with sick sinus syndrome; those with 

severe coronary disease or cardiomyopathy had been excluded. Six monthly follow-up 

was required and special investigations were dictated by individual circumstances. None 

of the other thirteen respondents (Australia, Austria, Canada, Finland, France, 

Germany, Israel, New Zealand, Norway, Singapore, Spain, Sweden and Switzerland) 

routinely allowed medical certification of aircrew with pacemakers but at least seven 

allowed for special consideration of individual cases on their merits. One private pilot 

had been certificated in Germany and at least four in Canada. None of the respondents 

were aware of any data regarding the safety of pacemakers in aircraft, except for the 

absence of reported adverse effects.

Against this background, the studies reported in this thesis were undertaken, to 

determine the risk of pacemaker malfunction in the aviation environment. The principal 

aim was to provide guidance to the licensing authorities regarding the risks to pilots with 

implanted pacemakers. The preliminary results were presented to the Second UK 

Workshop in Aviation Cardiology in 1987, with a series of interim recommendations, 

indicating that restricted certification might be acceptable for selected applicants (Toff 

& Camm, 1988). Further studies were initiated and subsequently presented to the First 

European Workshop in Aviation Cardiology in 1992. Further recommendations were 

made and accepted. These form the basis for the current European licensing strategy 

(Toff et al, 1992).
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Table 1.1:

NASPE/BPEG Generic (NBG) Pacemaker Code:

Position: I 11 III IV V

Category: Chamber(s) Chamber(s) Response Programmability Anti-tachyarrhythmia
Paced Sensed to sensing or rate modulation function(s)

O = None O = None 0  = None 0  = None 0  — None

A = Atrium A = Atrium T = Triggered P =  Simple Programmable P = Pacing

V = Ventricle V =  Ventricle I =  Inhibited M = Multiprogrammable S = Shock

D = Dual (A +  V) D = Dual (A 4- V) D = Dual (T + I) C = Communicating D = Dual (P + S)

Manufacturer's 
designation only: S = Single (A or V) S =  Single (A or V)
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Table 1.2:

Age profile of patients paced in the UK in 1991

Age (years) %

< 10 0.7

1 0 -2 0 0.3

2 0 -3 0 0.5

3 0 -4 0 0.9

4 0 -5 0 1.4

5 0 -6 0 3.3

6 0 -7 0 10.9

7 0 -8 0 26.2

k 80 55.7
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Table 1.3:

Pre-pacing ECG in patients paced in the UK in 1991

Pre-pacing ECG %

Sick sinus syndrome & bradycardia 33.9

Atrio-ventricular block

- first and second degree 11.3

- first and second degree + long PR 2.0

- third degree 33.9

Bundle branch block 2.0

Supraventricular tachycardia 0.4

Ventricular tachyarrhythmia 0.4

Unknown/others 16.1
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Table 1.4:

BPEG recommended pacing modes^

Diagnosis Optimal Alternative Inappropriate

Sinus node disease AAIR AM W I
VDD

AV block DDD VDD AAI
DDI

Sinus node disease DDDR DDD AAI
with AV block DDIR DDI W I

Chronic AF/ flutter W IR W I AAI
with AV block DDD

VDD

Carotid sinus DDI DDD AAI
syndrome W I VDD

Malignant vasovagal DDI DDD AAI
syndrome W I

VDD

fac in g  modes are identified by the NBG code (see table 1.1)
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Table 1.5:

Cumulative survival a t one and five years, with respect to freedom from m ^ o r failure, for single and dual chamber 
pacemakers from four manufacturers (arbitrarily designated M l, M2, M3 and M4) (manufacturers' data)

M anufacturer Single Chamber Dual Chamber

1 year 5 years 1 year 5 years

M l 99.4 - 99.9 93.4 - 99.8 9 9 .4 -9 9 .8 89.6

M2* 99.8 - 99.9 94.0 - 99.9 99.4 - 99.9 74.8 - 97.0

M3 99.63 - 99.9 99.01 - 99.81 99.57 - 99.86 98.05

M4^ 99.61 - 99.91 98.48 - 99.42 99.67 - 99.9 96.32 - 99.39

t  :includcf battery depletion
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Table 1.6:

The Radio-Frequencv Spectrum

Band Abbreviation Frequency Range Wavelength Range

Very Low Frequency VLF 3-30 kHz 100,000-10,000 m

Low Frequency LF 30-300 kHz 10,000-1,000 m

Medium Frequency MF 300-3,000 kHz 1,000-100 m

High Frequency HF 3-30 MHz 100-10 m

Very High Frequency VHF 30-300 MHz 10-1 m

Ultra High Frequency UHF* 300-3,000 MHz 1-0.1 m

Super High Frequency SHF' 3-30 GHz 10-1 cm

Extremely High Frequency EHF^ 30-300 GHz 10-1 mm

 ̂Radio waves between 30cm (IGHz) and 1mm (300GHz) are referred to as microwaves
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Table 1.7;

NRPB reference levels for exposure to electromagnetic fields 

a) At frequencies <30M Hz, electric and magnetic fields to be considered separately:

Frequency Electric field strength (rms) (Vm^) Magnetic field strength (rms) (Am^) Magnetic flux density (rms) (mT)*

1 - 30 kHz* 614 163 0.2

0.03 - 1 MHz* 614 4.89/f (MHz) 6.0 X 10 Vf (MHz)

1 - 10 MHz* 614/f (MHz) 4.89/f (MHz) 6.0 X lO Vf (MHz)

10 - 30 MHz* 61.4 4.89/f (MHz) 6.0 X lO Vf (MHz)

f =  frequency in units shown
* magnetic flux density in tissue is given as alternative to the equivalent magnetic field strength
* reference electric field strengths at these frequencies should be one-third of the values shown due to possibility of electric shock or radio-frequency bums from exceptionally large ungrounded objects in the field

b) At frequencies > 30MHz, electric and magnetic field strengths and power density to be taken as equivalent alternatives in far-field conditions:

Frequency Electric field strength (Vm V rms) Magnetic field strength (Am V rms) Power density (Wm'V rms)

30 - 400 MHz 61.4 0.163 10

0.4 - 2 GHz 97.1/v/f (GHz) 0.258/f (GHz) 25f(GHz)

2 - 300 GHz 137 0.364 50

f =  frequency in units shown
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Table 1.8:

Commonly Encountered Sources of EMI and Pacemaker Responses

Source Missed Interference Rate Total Pacemaker Unipolar/
pulse mode increase inhibition damage Bipolar

Ablation N N Y Y Y U/B
Acupuncture Y Y N Y N U/B
Airport detector Y N N N N U
Anti-theft device Y N N N N U
Arc welder Y Y N Y N U/B
Cardiokymography Y N Y Y N U/B
Cardioversion N N N N Y U/B
Cautery/coagulation Y Y Y" Y Y U/B
CB radio Y N N N N U
CT scanner N N N N N -
Defibrillation N N N N Y U/B
Dental scaler Y' Y' Y’ N N U
Diathermy Y Y Y Y Y U/B
Drill, electric Y' N N N N U
EOT Y Y Ŷ Y N U
Electric blanket Y' N N N N U
Electric razor Y' N N N N U
Electric switch Y N N N N U
Electric toothbrush Y' N N N N U
Electrolysis Y Y N N N U
Electro tome Y' N N N N U
Fluoroscopy N N N N N -
Ham radio Y N N N N U
Heating pad N Y N N N u
Lithotripsy Y' Y' Ŷ Y* Ŷ U/B
Metal detector Y' N N N N U
Microwave N N N N N -

MRI/NMR Y Y Ŷ N Y U/B
PET scanner N N N N Y U/B
Powerline (high voltage) N Y N N N U/B
Pulp tester Y* Y N Y' N U
Radar Y' N N N N U
Radiation (diagnostic) N N N N N -
Radiation (therapeutic) N N Y N Y U/B
Radio transmitter (AM) Y' N N N N U
Radio transmitter (FM) Y' Y' N N N U
Shaw scalpel N N N N N -
Stun Gun Y N N N N U/B
TENS N Y Ŷ Y N U
TV remote control N N N N N -

TV transmitter Y' Y' N Y* N U
Ultrasound (diagnostic) N N N N N -
Ultrasound (therapeutic) Y' N N N Y’ u
Weapon detector Y* N N N N u
Welder (arc) Y Y N N N U/B

Y = yes; N =  no 
 ̂ remote potential for interference 
 ̂DDD mode only 
 ̂piezo crystal-based pacemakers 
 ̂ impedance-based pulse generators
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Table 1.9:

Civil and Military Aircraft Radio-Freauencv Transmitters

Transm itter Frequency (MHz)

HF communications 2 - 3 0

Tactical communications 3 0 - 8 8

VHP communications 108 - 156

Maritime communications 156 - 174

VHF communications 225 - 400

DME and ATC transponders 960 - 1215

Secondary surveillance radar 1030,1090

Radio altimeters 4200 - 4400

Weather radar 9345 - 9375

Military radar 9400- 16000

Special purpose military radar 35000,64000,94000
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Figure 1.1: Pacemaker implantation rates in Europe and the USA during

1989 (new implants)
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Figure 1.2: Trends in the use of the bipolar pacing configuration in the

United Kingdom 1981-1991. Data from the British Pacing and 

Electrophysiology Group (BPEG) database
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Figure 1.3: Cumulative survival, with respect to freedom from m^jor

failure, for single and dual chamber pacemakers from three 

manufacturers (arbitrarily designated M l, M2 and M3) 

implanted 1987-1991. Data from the BPEG database
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Figure 1.4: Cumulative survival performance of single and dual chamber

pacemakers from each of eight m anufacturers (arbitrarily 

designated A - H). Data from the Bilitch Report 1992

100

90 -

80 -

70 -to>
60 -

3 50 -m
>

IO 30 -

20  -

10 -

0 12 24 36 48 60 72 84 96 108 120 132 144 156

T ime  a f t e r  i m p l a n t a t i o n  ( mo n th s )

Single Chamber Pacemakers

100

90 -

80 -

70 -

80 ->
3

50 -
>
% *0- 
1 30 -

10  -

0 12 24 36 48 60 72 84 96 108 120 132 144 156

T i m e  a f t e r  i m p l a n t a t i o n  ( mo nt hs )  

Dual Chamber Pacemakers

63



Figure 1.5: Histograms indicating implant duration a t the time of failure

for single and dual chamber pacemaker failures occuring in 

1991. Data from the Bilitch report 1992
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CHAPTER 2:

METHODS. MATERTAI^S AND PATIENTS
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METHODS

The studies performed to explore the potential hazards of flying with a pacemaker covered 

six areas:

1. Review of clinical experience and expert opinion (Chapter 1).

2. Empirical studies of the behaviour of explanted pacemakers in aircraft (Chapter 3).

3. Characterisation of the electromagnetic (EM) environment in aircraft (Chapter 4).

4. Assessment of electromagnetic interference (EMI) susceptibility of explanted 

pacemakers in EM fields comparable to those found in aircraft (Chapter 5).

5. Assessment of the EMI susceptibility of implanted pacemakers in EM fields 

comparable to those found in aircraft (Chapter 6).

6. Characterisation of the vibration levels in aircraft and evaluation o f the potential 

for interference with the function of vibrationsensitive activity-sensing pacemakers 

(Chapter 7).

In view of the disparate methodology between the various studies, full details are given in 

the relevant chapters.

The studies involving aircraft in flight were predominantly made during crew training or 

airworthiness test flights. Studies of aircraft on the ground were made at the convenience 

of the aircraft operators and airport authorities. This necessitated an opportunisticapproach 

and inevitably imposed some constraints on the mode and extent of testing. Similarly, the 

laboratory studies relied on the availability of the resources of the Procurement Executive 

of the Ministry of Defence and a degree of pragmatism was occasionally required.

MATERIALS

AIRCRAFT:

The aircraft studied were chosen to represent a wide range of size, construction and engine 

type (figures 2.1-2.9). Details of the aircraft are shown in tables 2.1 (fixed-wing) and 2.2 

(rotary-wing). Those used for each study are indicated in the relevant chapters.
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PACEMAKERS:

A total of 13 pacemakers were studied in the assessment of electromagnetic interference. 

Those used in each study are indicated in the relevant chapters. The devices were all in 

current usage and included products from six of the leading manufacturers. Those studied 

in vitro were either demonstration models or normally functioning explants and were 

obtained from the manufacturers or from clinical centres. All devices were tested prior to 

use to ensure normal function. Eleven of the devices studied were in the unipolar 

configuration and 2 were in the bipolar configuration (table 2.3). Detailed specifications 

of the devices are shown in appendices 2.1-2.13. Details of the devices studied in chapter 

7 are given separately.

PATIENTS

Details of the patients involved in the clinical studies are given in the relevant ch^ ters  

(chapter 6 and chapter 7). All patients gave fully informed written consent prior to the 

studies which were approved by the Wandsworth Health Authority District Medical Ethical 

Committee.
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Table 2.1: Fixed-Wing Aircraft

Manufacturer/Model

Slingsby Firefly (T 67B)

Gulfstream Grumman Cougar (GA 7) 

Beechcraft Baron (95 B55)

Piper Turbo Navajo (PA 31-325)

British Aerospace Jetstream 

Hawker Siddely HS125 (Series 700B)

British Aerospace BAG 1-11 (111-510ED) 

Boeing 737 (737-236 Advanced)

Boeing 747 (747-136)

Boeing 757 (757-236)

McDonnell Douglas DCIO 

Lockheed Tristar (L 1011-2(X))

British Aerospace/Aerospatiale Concorde (102)

Registration

G-BLLS

G-BGJW

G-SUZI

G-BFBH

G-AWVK

G-CCAA

G-AVMH

G-BGDI

G-AWNJ

G-BIKS

G-BHDI

G-BHBP

G-BOAA

Operator

Trent Air Services 

Trent Air Services 

Private (Dr M. Joy)

Civil Aviation Authority 

Racal Avionics 

Civil Aviation Authority 

British Airways 

British Airways 

British Airways 

British Airways 

British Caledonian Airways 

British Airways 

British Airways
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Table 2.2: Rotarv-Wing Aircraft and Air Cushioned Vehicle

(a) Rotary-Wing Aircraft (Helicopters): 

M anufacturer/M odel

Bell Jetranger 

Sikorsky S76 

Wessex W30 

Boeing Vertol Chinook

Registration

G-TPTR

G-BZAC

G-BKGD

G-BISP

Operator

Alan Mann Helicopters 

British Airways Helicopters 

British Airways Helicopters 

British Airways Helicopters

(b) Air-Cushioned Vehicle (Hovercraft): 

M anufacturer/M odel

British Hoverspeed SRN4 
Mk 3 Mountbatten Class

Registration 

GH 2007

Operator

Hoverspeed
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Table 2.3: Cardiac Pacemakers

M anufacturer Model

Unipolar: Biotronik Neos (M 01-2)

Cordis Multicor Gamma (SN337A)

Cordis Multicor II (SN402B)

Cordis Stanicor S (SN342A7)

Intermedics Quantum (253-19)

Medtronic Activitrax (8403)

Medtronic Spectrax-SXT (8423)

Sorin Lit 610/A

Sorin Orion 30

Telectronics Optima

Telectronics Optima MP

Bipolar: Medtronic Activitrax (84(X))

Telectronics Optima MP Series II
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Figure 2.1: Fixed-Wing Aircraft: Slingsby Firefly (top), Gulfstream
Grumman Cougar (centre) and Beechcraft Baron (bottom)
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Figure 2.2: Fixed-Wing Aircraft: Piper Turbo Navajo (top), British Aerospace

Jetstream (centre) and Hawker Siddely HS125 (bottom)
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Figure 2.3: Fixed-Wing Aircraft: British Aerospace BAC 1-11 (top) and
Boeing 737 (bottom)
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Figure 2.4: Fixed-Wing Aircraft: Boeing 757 (top) and Lockheed Tristar
(bottom)

.  __

% -:

74



Figure 2.5: Fixed-Wing Aircraft: McDonnell Douglas DCIO (top) and
Boeing 747 (bottom)
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Figure 2.6: Fixed-Wing Aircraft: British Aerospace/Aerospatiale Concorde (102)
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Figure 2.7: Rotary-Wing Aircraft: Bell Jetranger (top) and Sikorsky S76

(bottom)
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Figure 2.8: Rotary-Wing Aircraft: Wessex W30 (top) and Boeing Vertol

Chinook (bottom)
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Figure 2.9: Hovercraft: British Hovers peed SRN4 Mk3 Mountbatten Class
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Appendix 2.1: Pacemaker Specification

Manufacturer:
Model:
Serial:

Biotronik
Neos M 01-2 (Unipolar) 
18212069

Physical Characteristics:

Height X Length x Thickness: 41mm X 51mm x 8.8mm

Mass: 31g

Displacement Volume: 13cc

External Shield: Titanium

Power Source: Lithium-iodine

Programmable Parameters:'

Mode: VOO, W I

Pulse Amplitude: 2.4, 3.1, 3.6, 4.8, 6.2, 7.2, 9.6V

Pulse V^dth: 0.25, 0.5, 0.75, 1ms

Sensitivity :̂ 0.8, 1.6, 2.4, 3.2, 4.0, 4.8, 5.6mV

Basic Rate: 30, 40, 50, 55, 60, 65, 70, 75, 80, 85, 90, 
100, llOppm

Hysteresis Rate: 0, 40, 50, 60ppm

Refractory Period: 250, 300, 350, 400ms

Non-Programmable Parameters:

Magnet Rate: Programmed Basic Rate

Magnet Mode: VOO

Rate Limit (±3ppm): 130ppm

Interference Rate: Programmed Basic Rate

1. Values at body temp & SOOÛ load. Nominal values in bold.
2. With a 40ms sine^ waveform.
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Appendix 2.2: Pacemaker Specification

Manufacturer:
Model:
Serial:

Cordis
Multicor Gamma (SN337A) (Unipolar) 
3902R

Physical Characterisdcs:

Height X Length x Thickness: 57mm x 48mm x 10mm

Mass: 41g

Displacement Volume: 19cc

External Shield: Titanium

Power Source: Lithium-cupric sulphide

Programmable Parameters:'

Mode: VOO, W I, W T

Pulse Amplitude: 4.1V

Pulse Vî dth: 1.25 ms

Sensitivity: 0.8, 1.5, 2.5, 3.0, 3.5, 4.0, 5.0, 5.5mV

Basic Rate: 25-dOppm (5ppm intervals), 60-120ppm 
(lOppm intervals), 70 ppm

Non-Programmable Parameters:

Refractory Period: 188-900ms (rate-dependent)

Magnet Rate: Programmed Basic Rate

Magnet Mode: VOO

Rate Limit: 150ppm

Interference Rate: Programmed Basic Rate

1. Values at body teny & 510Û load. Nominal values ia  bold.
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Appendix 2.3: Pacemaker Specification

Manufacturer:
Model:
Serial:

Cordis
Multicor II (SN402B) (Unipolar/Bipolar) 
123R

Physical Characteristics:

Height X Length x Thickness; 57mm x 48mm x 10mm

Mass: 42g

Displacement Volume: IScc

External Shield: Titanium

Power Source: Lithium

Programmable Parameters:'

Mode: VOO, W I, W T

Polarity: Unipolar, Bipolar

Pulse Amplitude: 4.1, 8.2V

Pulse Width: 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 2.0ms

Sensitivity: 0.5, i J ,  2.5, 4.0mV

Basic Rate: 30-70-150ppm (5ppm intervals)

Hysteresis Delay: 0, 75, 100, 125, 150, 175, 200, 250ms

Refractory Period: 250, 300, 350, 400, 500ms

Backup Pacinĝ : On, Off

Non-Programmable Parameters:

Magnet Rate (BOL): 70ppm

Magnet Rate (EOL): 62.5ppm

Magnet Mode: VOO

Rate Limit: 160ppm

Interference Rate: 52.5ppm

1. Values at body temp & 510Û load. Nominal values in bold.
2. Activated by battery depletion, con^nent malfunction or electrical interference.
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Appendix 2.4: Pacemaker Specification

Manufacturer:
Model:
Serial:

Cordis
Stankor S (SN342A7) (Unipolar) 
2937R

Physical Characteristics:

Height X Length x Thickness: 57mm x 48mm x 10mm

Mass: 39g

Displacement Volume: 18cc

External Shield: Titanium

Power Source: Lithium-cupric sulphide

Non-Programmable Parameters:*

Mode: W I

Pulse Amplitude: 4.1V

Pulse Vf̂ dth: 1.65 ms

Sensitivity: 1.5mV

Basic Rate: TOppm

Refractory Period: 311ms

Magnet Rate: TOppm

Magnet Mode: VOO

Interference Rate: TOppm

1. Values at body temp Sc S10Û load.
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Appendix 2.5: Pacemaker Specification

Manufacturer:
Model:
Serial:

Intermedics
Quantum (253-19) (Unipolar) 
55248

Physical Characteristics:

Height X Length x Thickness: 52mm x 47mm x 11mm

Mass: 48g

Displacement Volume: -

External Shield: Titanium

Power Source: Lithium-iodine

Programmable Parameters: ‘

Mode: VOO, W I, W T

Pulse Amplitude: 2.7, 5.4, 8.1V

Pulse Width: 0.15, 0.31, 0.46, 0.61, 0.76, 0.92, 1.07, 1.22, 
1.37, 1.53, 1.68, 1.83, 1.98, 2.14, 2.29ms

Sensitivity: 0.6, 1.2, 1.8, 2.4, 3.0, 3.6mV

Basic Rate: 30, 40, 50, 60, 66, 69, 72, 76, 80, 85, 90, 96, 
103, 111, 120ppm

Non-Programmable Parameters:

Refiractory Period: 332ms for rates 30-103ppm 
290ms for rates 111 and 120ppm

Magnet Rate: 86ppm

Magnet Mode: VOO

Rate Limit: 125.7ppm

Interference Rate: 90ppm or Programmed Basic Rate if >90ppm

1. Values at body temp Sc SOOÛ load. Nominal values in bold.

84



Appendix 2.6; Pacemaker Specification

Manufacturer:
Model:
Serial:

Medtronic
Activitrax 8403 (Unipolar) 
IY1000309R

Physical Characteristics:

Height X Length x Thickness: 46mm x 59mm x 10mm

Mass: 40g

Displacement Volume: 20cc

External Shield: Titanium

Power Source: Lithium-iodine

Programmable Parameters:'

Mode: VOO, W I, W I + Activity, VOO + Activity

Pulse Amplitude  ̂(±10%): 5V (full), 2.7V (half)

Pulse Widtĥ  (±  10%): 0.05, 01-0.5-1.5ms

Sensitivity* (±20%): 1.25, 2.5, 5mV & Asynchronous

W I  +  Activity Mode W I  & VOO Mode

Basic Rate (±1%): 60, 70 & SOppm 40-70-130ppm 
(lOppm intervals)

Max Activity Rate (±  1 %): 100,125 & 150ppm -

Hysteresis Rate (±1%): - None, 40 & 50ppm

Activity Threshold: Low, Medium & High -

Rate Response: 1-5-10 -

Non-Programmable Parameters:

Refiractory Period  ̂(±2%): 225ms 225ms

Magnet Rate* (±  1 %) (BOL): 85ppm Programmed Basic Rate

Magnet Rate* (±  1 %) (EOL): 65ppm 65ppm

Magnet Mode: VOO VOO

Rate Limit (±10ppm): 160ppm 160ppm

Interference Rate: Programmed Basic Rate Programmed Basic Rate

1. Values at body temp <& S10Û load. Parameters 'typical' where no tolerance stated. Nominal values in bold.
2. At 0.25ms in to pulse.
3. At IV from baseline at BOL.
4. With a 40ms sine^ waveform.
5. Measured using lOOmv.lms square wave of opposite phase to pulse generator output.
6. The first 3 pulses after magnet implication constitute the threshold margin test Sc, occur at lOOppm.
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Appendix 2.7: Pacemaker Specification

Manufacturer:
Model:
Serial:

Medtronic
Spectrax-SXT 8423 (Unipolar) 
HN3003564K

Physical Characteristics:

Height X Length x Thickness: 45mm x 59mm x 10mm

Mass: 45g

Displacement Volume: 20cc

External Shield: Titanium with insulative coating

Power Source: Lithium-iodine

Programmable Parameters: ‘

Mode: VOO, W I, W T

Pulse Amplitude :̂
At BOL: 5V (full), 2.7V (half)
At EOL; 3.6V (full), 2V (half)

Pulse Width’: 0.05, 0.1-0.5-2ms (at 0.1ms intervals)

Sensitivity :̂ 1.25, 2.5, 5mV

Basic Rate: 30-70-129ppm (Ippm intervals)

Hysteresis Rate: 0, 40, 50 & 60ppm

Refractory Period’: 220, 325, 400ms

Non-Programmable Parameters:

Magnet Rate®: Programmed Basic Rate

Magnet Mode: VOO

Rate Limit (±10ppm): 140ppm

Interference Rate: Programmed Basic Rate

1. Values at body temp & 510Û load. Parameters 'typical' where no tolerance stated. Nominal values in bold.
2. At 0.25ms in to pulse.
3. At 0.5V from baseline at BOL.
4. With a 40ms sine^ waveform.
5. Measured using lOOmv.lms square wave of opposite phase to pulse generator output.
6. The first 3 pulses after magnet yplicationconstitutethe threshold margin test Sc occur at lOOppm.
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Appendix 2,8: Pacemaker Specification

Manufacturer;
Model:
Serial:

Sorin
LIT 610/A (Unipolar) 
14064127

Physical Characteristics:

Height X Length x Thickness; 45mm x 47mm x 10.5mm

Mass: 42g

Displacement Volume: 19cc

External Shield: Titanium

Power Source: Lithium-iodine

Non programmable Parameters:

Mode: W I

Pulse Amplitude: 5.2V

Pulse Width: 0.55ms

Sensitivity: 2.3mV

Basic Rate: 72ppm

Refractory Period: 320ms after stimulus 
365ms after sensed R wave

Magnet Rate: 85ppm

Magnet Mode: VOO

Rate Limit: 160ppm

Interference Rate: 72ppm
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Appendix 2.9: Pacemaker Specification

Manufacturer:
Model:
Serial:

Sorin
Orion 30 (Unipolar) 
22113075

Physical Characteristics:

Height X Length x Thickness: 51mm X 47mm x 11mm

Mass: 48g

Displacement Volume: 20cc

External Shield: Titanium

Power Source: Lithium-iodine

Programmable Parameters:'

Mode: W I

Pulse Amplitude: 2.7, 5.2V

Pulse V^dth: 0.52, 0.77ms

Sensitivity: 2.1, 4.0mV

Basic Rate: 30, 50, 62, 71, 75, 80, 91, lOlppm

Refractory Period: 312, 437ms

Non-Programmable Parameters:

Magnet Rate: 80ppm

Magnet Mode: VOO

Rate Limit: 150ppm

Interference Rate: Basic Programmed Rate

1. Nominal values in bold.
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Appendix 2.10: Pacemaker Specification

Manufacturer:
Model:
Serial:

Telectronics 
Optima (Unipolar) 
A1504778

Physical Characteristics:

Height X Length x Thickness; 56mm x 51mm x 9mm

Mass: 48g

Displacement Volume: 20cc

External Shield: Titanium

Power Source: Lithium-iodine

Non-Programmable Parameters:

Mode: W I

Pulse Amplitude: 5.2V

Pulse Width: 0.53ms

Sensitivity: 2.1mV

Basic Rate: 72ppm

Refractory Period: 325ms

Magnet Rate: 95ppm

Magnet Mode: VOO

Rate Limit: 1 SOppm

Interference Rate: Basic Rate
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Appendix 2.11: Pacemaker Specification

Manufacturer:
Model:
Serial:

Telectronics
Optima MP (Unipolar)
A1167790

Physical Characteristics:

Height X Length x Thickness: 56mm x 51mm x 9mm

Mass: 49g

Displacement Volume: 20ml

External Shield: Titanium

Power Source: Lithium-iodine

Programmable Parameters: ‘

Mode: VOO, W I

Pulse Amplitude: 2.5, 5, lOV

Pulse Width: 0.25, 0.5, 0.75, 1ms

Sensitivity: 1.3, 1.7, 2.3, 2.9mV

Basic Rate: 30, 40, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 
100,105, 110, 115, 120,125, 130, 135,140, 
150ppm

Hysteresis Rate: 0, 125, 250, 375ms

Refractory Period: 250,312, 437ms

Non-Programmable Parameters:

Magnet Rate: 99ppm

Magnet Mode: VOO

Rate Limit: 180ppm

Interference Rate: Programmed Basic Rate

1. Nominal values in bold.
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Appendix 2.12: Pacemaker Specification

Manufacturer:
Model:
Serial:

Medtronic
Activitrax 8400 (Bipolar) 
IJ1002031R

Physical Characteristics:

Height X Length x Thickness: 42mm x 59mm x 10mm

Mass: 40g

Displacement Volume: 20cc

External Shield: Titanium

Power Source: Lithium-iodine

Programmable Parameters:'

Mode: VOO, W I, W I + Activity, VOO + Activity

Pulse Amplitude  ̂(±  10%): 5V (full), 2.7V (half)

Pulse Widtĥ  (±10%): 0.05, 0.1-0.5-1.5ms

Sensitivity  ̂(±20%): 1.25, 2.5, 5mV & Asynchronous

W I  +  Activity Mode W I & VOO Mode

Basic Rate (±1%): 60, 70 & SOppm 40-70-130ppm 
(lOppm intervals)

Max Activity Rate (±  1 %): 100,125 & 150ppm -

Hysteresis Rate (±  1 %): - None, 40 & 50ppm

Activity Threshold: Low, Medium & High -

Rate Response: 1-5-10 -

Non-Programmable Parameters:

Refiractory Period  ̂(±2%): 225ms 225ms

Magnet Rate® (±  1 %) (BOL): 85ppm Programmed Basic Rate

Magnet Rate® ( ±  1 %) (EOL): 65ppm 65ppm

Magnet Mode: VOO VOO

Rate Limit (±10ppm): 160ppm 160ppm

Interference Rate: Basic Rate Progranuned Basic Rate

1. Values at body temp &  5100 load. Parameters 'typical* where no tolerance stated. Nominal values in bold.
2. At 0.25ms in to pulse.
3. At IV from baseline at BOL.
4. With a 40ms sine^ waveform.
5. Measured using lOOmv.lms square wave of opposite phase to pulse generator output.
6. The first 3 pulses after magnet application constitute the threshold margin test St occur at lOOppm.
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Appendix 2.13: Pacemaker Spécification

Manufacturer:
Model:
Serial:

Tdectronics
Optima MP Series II (Bipolar) 
A1438282

Physical Characteristics:

Height X Length x Thickness: 56mm x 51mm x 9mm

Mass: 49g

Displacement Volume: 20ml

External Shield: Titanium

Power Source: Lithium-iodine

Programmable Parameters:'

Mode: VOO, W I

Pulse Amplitude: 2.5, 5, lOV

Pulse Width: 0.25, 0.5, 0.75, 1ms

Sensitivity: 1.3, 1.7, 2.3, 2.9mV

Basic Rate: 30, 40, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 
100, 105, 110, 115, 120, 125, 130, 135, 140, 
150ppm

Hysteresis Rate: 0, 125, 250, 375ms

Refiractory Period: 250, 312, 437ms

Non-Programmable Parameters:

Magnet Rate: 99ppm

Magnet Mode: VOO

Rate Limit: 180ppm

Interference Rate: Programmed Basic Rate

1. Nominal values in bold.

92



CHAPTER 3:

R M PraiCA L STUDIES OF PACEMAKER FUNCTION IN AIRCRAFT
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INTRODUCTION

The experience of the major British airlines, suggests that passengers with pacemakers 

may travel safely by air. This accords with the experience of many foreign airlines and 

of physicians in major pacing centres in the UK and USA (Toff & Camm, 1988). 

There are, however, reasons why a possible adverse effect of the aircraft environment 

on pacemaker function might not be evident. Transient malfunction of the pacemaker 

might cause sub-clinical effects that would pass undetected or occur at times during 

which the patient was not dependent on the pacemaker. There are a number of 

unpublished, anecdotal reports of pacemaker patients who developed symptoms 

suggestive of EMI during flights in various aircraft. In some instances, specific items 

of equipment were cited as having been operating in close proximity including ground 

radar (Gold, 1986) an auto-pilot (Hayes, 1986), the aircraft control flaps (Rickards, 

1986) and a microwave oven (Evans, 1986). In no case was clear documentary 

evidence of EMI available and in some, the likelihood of a causal relationship was 

remote.

In considering the possibility of EMI, the controlled exposure of an explanted device 

to the environment in question is often helpful in assessing the degree of risk. Test 

exposure of operating pacemakers to the aircraft environment was first reported by 

Carleton et al in 1964. They observed no adverse effect on the behaviour of two early 

pacemakers in the passenger compartments of a DC-3, a DC-8 and a Boeing 727. 

Although not specified, the pacemakers used were almost certainly of the asynchronous 

type as the study antedated the widespread introduction of demand pacing. A later report 

in 1973 (Brown et al, 1973) referred to a study undertaken by United Airlines in the 

USA, in which operating pacemakers were taken in various aircraft. Details were not 

given but it was concluded that there was nothing in the aircraft studied that would 

interfere with a pacemaker except for the transponder and it was suggested that a patient 

would have to be within 2 or 3 inches for an adverse effect to arise. More recently, an 

unpublished study showed no disturbance of the function of an explanted Intermedics 

W I  pacemaker (model 25304) in the cockpit of two light aircraft (a Piper Arrow PA 

28R-180 and a Bonanza B36TC) with the engines running (Hopping, 1986).

94



As a prelude to a more systematic analysis of the possible hazards, an empirical study 

of the behaviour of explanted pacemakers of the current generation in modem civilian 

aircraft was undertaken.

METHODS

A purpose-built test apparatus was constructed, based on a model described by Gold 

(Gold, 1986). This incorporated a box housing circuitry designed to simulate the load 

impedance normally presented to the pacemaker output by the body tissues and a wire 

loop aerial analogous to that formed by the implanted pacing lead (figure 3.1). The box 

and aerial were mounted on a perspex board measuring 26cm by 36cm (figure 3.2). A 

switch on the surface of the box enabled either of two pacemaker mounting plates and 

lead sockets, acting as anode and cathode connectors respectively, to be connected to 

the circuit. Two pacemakers could thereby be studied alternately in rapid succession. 

The output from the pacemaker under test was monitored by means of an audible 

'bleep' tone from a loudspeaker adjacent to the box and a light-emitting diode (LED) 

on its surface. A minor modification to the circuit provided the facility to connect the 

output via two standard surface BCG electrodes to the input of an ambulatory BCG 

recorder although this was not used in the present study.

Two unipolar pacemakers were studied, the Cordis Multicor Gamma and the 

Telectronics Optima MP. The two devices were programmed to nominal settings and 

studied during a 4 hour flight in the Boeing 747 and a 3 hour flight in the McDonnell 

Douglas DCIO aircraft. During periods of monitoring, the pacemakers were each 

studied for 15s in turn.

The apparatus was held at chest height in seats at the port wing-root during take-off and 

at the starboard wing-root during landing and the pacemaker output was observed. 

Particular attention was paid to times of flap actuation and leading edge retraction. In 

flight, the apparatus was again held at chest height while walking the length of the aisles 

in each of the passenger compartments. It was then held in various locations in close 

proximity to possible sources of electromagnetic radiation. Pacemaker output was
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observed during operation and switching of the galley equipment including fan-assisted 

electric warming ovens, refrigerators and the cart-lift to the upper deck in the Boeing 

747 (figure 3.3(a) and (b)). The in-flight video entertainment equipment and concealed 

electrical equipment bays (figure 3.3(c)) were also located and assessed as were the 

toilet areas. The apparatus was also passed through the cockpit and held at the chest of 

the pilot, co-pilot and flight engineer and in close proximity to the flight-deck control 

panels. Additional observations were made as close as possible to the external aerials 

(figure 3.4) and transponders during timed operation of the HF and VHP radio and 

radar and in the vicinity of the wheel bays during retraction and lowering of the landing 

gear. On the ground, observations were made in the rear of the aircraft during operation 

o f the auxiliary power unit (APU). At each location, the orientation of the test apparatus 

was varied about its vertical and horizontal axes.

Two further in-flight studies were subsequently made using a more sophisticated test 

apparatus described in chapter 5. This included the capability to inhibit the pacemaker 

output by injection of simulated R waves thereby enabling reversion to the interference 

mode to be recognised and distinguished from normal demand pacing. The Cordis 

Multicor Gamma was observed during a 2 hour flight in the Hawker Siddely HS125 and 

the Telectronics Optima MP was observed during a 2 hour flight in the Piper Navajo. 

During each flight, the apparatus was moved about the aircraft in a similar manner to 

that described for the Boeing 747 and McDonnell Douglas DCIO.

RESULTS

In the Boeing 747 no disturbance of function was observed in either pacemaker while 

the test apparatus was held at the various test locations. Occasional missed or extra 

pacing pulses were noted during movement in the region of the cockpit door and on the 

flight deck. Movement or oscillation of the test apparatus at other locations was also 

associated with occasional missed beats.

The findings were similar in the DCIO. In the case of the latter, however, it was noted 

that oscillation of the test apparatus at l-2Hz could inhibit successive beats in either
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pacemaker and effectively slow the pacing rate for as long as the movement was 

continued.

Prior to take-off in the Boeing 747, the aircraft was held for several minutes within 

100m of an active ground radar installation (figure 3.5). No adverse effects were 

observed in either pacemaker.

In the Hawker Siddely HS125 and Piper Navajo no disturbance of function occurred 

apart from occasional missed beats during movement in the cockpit area. Sustained 

reversion to interference mode did not occur although occasional pulses were noted 

during movement of the test apparatus.

DISCUSSION

The findings in this study were similar to those previously reported by others (Carleton 

et al, 1964; Brown et al, 1973; Hopping, 1986) and suggest that the risk of sustained 

EMI in aircraft is remote. The only adverse effects, occasional missed or extra pacing 

pulses, are unlikely to cause any clinically significant effects, even in pacemaker 

dependent patients. The missed pulses that were noted in association with movement 

were most likely due to inductive effects associated with passage of the test apparatus 

through static electric and magnetic fields, the induced current in the aerial inhibiting 

the pacemaker for one or two beats. The occurrence of extra beats is more difficult to 

explain but might reflect either a direct magnetic effect on the pacemaker (as opposed 

to a lead-mediated effect) or intermittent reversion to the interference mode (Escher et 

al, 1971; Sinnaeve et al, 1982). The latter was not seen in the Hawker Siddely HS125 

or Piper Navajo but cannot be excluded in the studies on the Boeing 747 and McDonnell 

Douglas DCIO as it would not have been evident with the test apparatus used on those 

aircraft and both of the pacemakers used had interference mode rates identical to the 

programmed basic rates. Reversion to interference mode might engender a small risk 

of arrhythmia from competitive pacing but it is a relatively safe response to interference 

for brief periods.
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Explanted devices in free space generally disclose 'worst case' effects in respect of 

sensitivity to EMI due to the absence of any tissue shielding that might attenuate 

electromagnetic penetration (Mansfield, 1966; Hunyor et al, 1971). The paucity of 

adverse effects in the present study obviates the need for a patient study which would, 

in any event, be of limited value due to the many uncontrollable variables in a small 

group of patients such as body morphometry, implant location, depth and type and 

pacemaker dependence.

In conjunction with the favourable experience reported by the airlines and physicians in 

pacing centres (Toff & Camm, 1988), these data may serve to reassure patients with 

implants proposing to fly as passengers. There are, however, important limitations of 

the data that limit their value in assessing the fitness to fly of prospective aircrew with 

implants. The present and previous studies are essentially anecdotal and the results are 

only applicable to the particular pacemakers and aircraft studied. It is well recognised 

that different pacemakers show marked variation in susceptibility to EMI and results 

from a small number of devices cannot be generalised (Mitchell & Hurt, 1976; Hardy, 

1979; Irnich, 1984). Similarly, the electromagnetic environment in different aircraft 

may vary with alternative equipment specifications, under different operational 

conditions and at different locations.

The contribution from radio-frequency sources is likely to be the most variable 

component and potentially the most hazardous, in view of the power of the transmitters 

used and the time-variable nature of the electromagnetic fields produced. In the present 

study, the pacemakers were exposed to a limited range of specific radio-frequencies for 

short periods and the field strengths at the various locations were not determined. 

Comparable responses at other frequencies and field strengths cannot be inferred.

Previous studies, have shown significant pacemaker EMI on exposure to a variety of 

radio-frequency sources (Walter et al, 1973; Bonney et al 1973; Mitchell et al, 1974 

& 1975; Mitchell & Hurt, 1976; Hardy, 1979). These studies also showed marked 

variation in EMI susceptibility at different frequencies and with modulation and pulsing 

of different types. The devices used, however, were not of the current generation and 

there was a suggestion of improved electromagnetic compatibility with time, attributed 

to design improvements.
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Against this background, it was felt that a systematic assessment of the electromagnetic 

environment in aircraft and the sensitivity to radio-frequencies of currently available 

devices would be required before inferences could be made regarding the fitness to fly 

of pilots with implants.

CONCLUSIONS

The findings in this study accord with the previously reported clinical observations 

which suggest that the risk of EMI is generally low during air travel. Minor effects on 

pacemaker function, consisting of one or two missed or extra pacing pulses may occur 

but sustained and clinically relevant EMI has not been observed. These data may serve 

to underwrite the reassurance offered to pacemaker patients wishing to travel by air as 

passengers. The limitations of the study, its empirical and essentially anecdotal nature, 

however, limit the inferences that may be made with regard to the level of risk in pilots 

with implanted pacing systems, in whom exposure may be prolonged and frequently 

repeated under varying electromagnetic conditions in different aircraft and operational 

conditions. The stringent airworthiness requirements invite a more systematic 

assessment of the potential hazards in considering such pilots' fitness to fly.
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Figure 3.1: Circuit diagram of test apparatus
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Figure 3.2: Test apparatus showing box housing circuitry with two

pacemakers, selector switch (A or B) and LED on its surface 

and the rectangular wire loop aerial below. The battery and 

loudspeaker are mounted to the left of the box and the terminals 

for attachment of an ambulatory ECG recorder to the right

&
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Figure 3.3: Electrical equipment on Boeing 747: Electric warming ovens (left), cart-lift to upper deck (centre) and concealed electrical

equipment bay

I
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Figure 3.4: View from starboard wing root of Boeing 747 showing HF

aerial at wing tip
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Figure 3.5: Ground radar installation at London Heathrow airport viewed

from port wing root of Boeing 747 prior to take-oH
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CHAPTER 4:

MEASUREMENT OF AIRCRAFT ELECTROMAGNETIC FIELD

STRENGTHS
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INTRODUCTION

The complex and dynamic nature of the electromagnetic (EM) environment on aircraft 

and its sources have been outlined in chapter 1. The principal sources of prolonged EM 

radiation likely to cause electromagnetic interference (EMI) in aircraft are the on-board 

communications and navigational radio transmitters and radar transponders. All aircraft 

systems and avionic equipment are required to meet defined criteria for sensitivity to 

EM radiation in order to ensure safe function in the operational environment. In 

selecting the EM radiation levels to which susceptibility is tested, the preferred method 

is to use the EM field strengths measured on the relevant aircraft as a guide. This is 

particularly recommended for systems performing critical functions (EUROCAE, 

1993). The studies reported in this chapter were intended to characterise the EM 

environment likely to be encountered in the cockpit and passenger compartments of 

civilian aircraft under operational conditions. No comparable data were previously in 

the public domain.

METHODS

AIRCRAFT:

Ten fixed-wing aircraft were studied, the selection representing a wide range of sizes, 

capacities and airframe constructions. All of the aircraft were fitted with VHP 

communications radio and 4 had HF communications radio. All had secondary radar 

(SSR and DME) and 7 were also equipped with primary radar. The aircraft studied and 

the type of equipment fitted are shown in table 4.1. Full details of the aircraft are given 

in chapter 2.

All aircraft were studied on the ground. Three aircraft were also studied in flight to 

obtain comparative measurements free from distortion due to reflection of transmitted 

signals by the ground or nearby buildings and to obtain a true representation of flight 

conditions with respect to atmospheric and barometric factors and operation of other 

equipment. The in-flight recordings were made on test flights on which few passengers 

were present. The ground assessments were made with the aircraft engines off, the

106



transmitters being powered by the aircraft batteries or auxiliary power units (APU). 

Two of the light aircraft were also studied on the ground with the engines on for 

comparison. The test environments in which the aircraft were studied are indicated in 

table 4.1.

RECORDING EQUIPMENT:

Three Eaton tuneable receivers models NM17/27, NM37/57 and NM67, 

(Eaton/Comtest Ltd, Wokingham, Berkshire) were used (Figure 4.1), the frequency 

ranges covered being lOkHz - 32MHz, 30MHz - IGHz and IGHz - 18GHz 

respectively. The receivers were tuneable to any frequency within their range and had 

variable bandwidth and input attenuation. The peak reading detector function was 

selected to hold the maximum value of the signal received and the meter was scaled to 

indicate the root mean square (rms) value of that maximum. For electric field 

components in the HF band (3 - 30MHz), a purpose designed and built triaxial dipole 

aerial (ERA Technology, Leatherhead, Surrey) was used (figure 4.2(a)). The aerial 

incorporated a relay switch enabling each of the three orthogonal dipole outputs to be 

measured in turn. For magnetic field components in the HF band, a similar three axis 

aerial in which the elements were three electrostatically shielded loops (ERA 

Technology, Leatherhead, Surrey) was used (figure 4.2(b)). In the VHF band, only the 

electric field component was measured using a purpose designed and built monoconical 

aerial (RAE/DRA, Farnborough, Hampshire) (figure 4.3(a)). In the microwave band, 

an Eaton log periodic aerial (Eaton/Comtest Ltd, Wokingham, Berkshire) was used 

(figure 4.3(b)). For each of the aerials, a calibration factor was derived to correct the 

output signal to give a receiver reading in volts per metre for the electric field 

component and amperes per metre for the magnetic field component. The loss factors 

of all connecting cables were measured and taken into account to ensure accurate 

readings.

PROTOCOL:

Electric field strength measurements were made during test transmissions on the HF 

and VHF communications radio and during operation of the radar and other microwave 

transponders (figure 4.4). In the Boeing 747, magnetic field strengths were also 

assessed in the HF range.
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In each band studied, the frequencies chosen were the upper and lower limits and 

central values so as to cover frequency-related variations in coupling into the aircraft. 

In the microwave band, the operating frequencies of the various radar and other aids 

were scanned and a general sweep was made to check for any unknown or extraneous 

transmissions.

In the Beechcraft Baron, broadband noise was also assessed during actuation of the 

flaps and other control surfaces in flight. The difficulties of maintaining sufficiently 

close communication with the pilot during manoeuvres made it impractical to make 

similar controlled observations in the larger aircraft. A general sweep, however, was 

made in Concorde where the audio frequency range was also scanned.

In the smaller aircraft, field strength measurements were made only in the cockpit 

between the pilots. In the larger aircraft, comparative measurements were also made 

in the passenger areas. Where possible, recording locations were selected as close as 

possible to the site of the relevant transmitting aerial or transponder.

In the microwave band, the aircraft emitters are designed to direct the radiated beam 

away from the aircraft. In most of the aircraft studied, field strengths were therefore 

measured only in the cockpit as this is the site closest to the primary and other radar 

emitters. In the Boeing 747, however, the lower deck fore cabin (usually used as the 

first-class passenger area) is closer than the cockpit to the various microwave emitters 

and was used as the principal recording site. In view of the relative proximity of the 

primary radar emitter in the nose-cone, field strengths at the primary radar frequency 

(9.3GHz) were also measured in the cockpit.

STATISTICS:

The Wilcoxon signed rank test was used to assess the significance of the observed 

differences in field strength in different parts of the aircraft and in different modalities. 

Significance was assessed at the 5% level (p<0.05) unless otherwise stated.
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RESULTS

PEAK FIELD STRENGTHS:

The maximum recorded electric field strengths on the different aircraft ranged from 

0.20 - 35.00 Vm'^ (mean 6.55; sd 11.54) in the VHF band, 0.20 - 1.12 Vm^ (mean 

0.54; sd 0.44) in the HF band and 1.60 - 18.00 Vm*̂  (mean 7.31; sd 6.14) in the 

microwave band (table 4.2). The detailed electric field measurements are presented in 

appendices 4.1 - 4.10. The maximum recorded magnetic field strength in the HF band 

in the Boeing 747 was 0.79 mAm'^ (appendix 4.11).

REGIONAL VARIATIONS IN FIELD STRENGTH:

In the VHF band, comparative data were available from 6 aircraft. There was no 

significant difference between the averaged peak or mean electric field strengths in the 

cockpit (peak 0.350 Vm*‘ [sd 0.238]; mean 0.184 Vm'^ [sd 0.090]) and cabin area 

(peak 0.268 Vm ‘ [sd 0.187]; mean 0.156 Vm * [sd 0.118]).

In the HF band, comparative data were available from four aircraft. In the Boeing 747, 

electric and magnetic field strengths were consistently higher in the cockpit than in the 

upper deck cabin or in the main cabin at the wing root. In Concorde, electric field 

strengths were consistently higher in the galley area than in the cockpit. Overall, 

however, there was no significant difference between the averaged peak or mean 

electric field strengths in the cockpit (peak 0.260 Vm*‘ [sd 0.106]; mean 0.106 Vm^ 

[sd 0.032) and cabin areas (peak 0.369 Vm'^ [sd 0.506]; mean 0.192 Vm'^ [sd 0.250]) 

of the four aircraft studied.

In the microwave band, the only comparative data obtained were from the Boeing 747 

at the primary radar frequency (9.3MHz). The electric field strength at that frequency 

was higher in the lower deck fore cabin (2.7 Vm'^) than in the cockpit (0.8 Vm'^).

COMPARISON OF BATTERY AND ENGINE POWER:

In the Slingsby Firefly and Grumman Cougar, mean electric field strengths in the VHF 

band were higher when the engines were running (17.333 Vm * [sd 12.248] and 7.583 

Vm'^ [sd 6.273] respectively) than when the engines were off and the transmitters 

powered direct from the aircraft batteries (12.217 Vm*̂  [sd 9.510] and 6.433 Vm'^ [sd 

5.425] respectively). The differences, however, were not statistically significant.
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COMPARISON OF GROUND AND IN-FLIGHT MEASUREMENTS!

In the Grumman Cougar, mean electric field strengths in the VHF band were higher 

in flight (8.380 Vm'^ [sd 7.740]) than on the ground (7.583 [sd 6.273] with engines on 

and 6.433 Vm'^ [sd 5.425] with engines off) but the differences were not statistically 

significant.

In the Boeing 747, only one comparative measurement was made. In the HF band at 

22MHz, electric field strength was 0.045 Vm'^ in flight and 0.630 Vm ‘ on the ground.

In Concorde, mean electric field strengths in the VHF band were higher on the ground 

(0.164 Vm ‘ [sd 0.095]) than in flight (0.047 Vm ‘ [sd 0.036]) but the difference fell 

just short of statistical significance (p=0.05). Mean electric field strengths in the HF 

band were higher in flight (0.200 Vm*̂  [sd 0.113]) than on the ground (0.013 Vm'^ [sd 

0.009]) but the difference was not statistically significant. Mean electric field strengths 

in the microwave band were higher on the ground (7.301 Vm'^ [sd 9.616]) than in-flight 

(0.150 Vm'^ [sd 0.212]) but, once again, the difference was not statistically significant.

EXTRANEOUS EM RADIATION:

During the in-flight tests on the Boeing 747, field strength readings of 0.200 Vm^ at 

2.88MHz and 0.500 Vm'^ at 3.03GHz were noted. These were attributable to the 

Southampton airfield radar installation (ARI) which was being overflown at the time. 

Similarly, in the Boeing 757, a field strength reading of 0.670 Vm'^ at 2.90GHz was 

noted during the ground study, attributable to a local ARI.

BROADBAND NOISE:

In the Beechcraft Baron during flight, electrical noise was detected with peaks at 

1.8MHz, 2.7MHz and 20MHz of 0.006 V m \ 0.013 Vm*̂  and 0.005 Vm'^ 

respectively, all with lOkHz bandwidth. There was no increase in these noise levels 

during control surface actuation.

In Concorde during flight, electrical noise levels at frequencies up to 30MHz did not 

exceed 0.010 Vm '\ Levels of broadband radiation in the audio frequency range are 

shown in table 4.3.
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DISCUSSION

The principal determinants of the electromagnetic environment on an aircraft in flight 

are the on-board radio transmitters, radar transponders and other avionic equipment. 

Although the transmitters and transponders are located externally, the airframe is not 

a closed metal shield and does not function as a true Faraday cage due to the 

incorporation into its structure of glass and carbon fibre, composite materials and 

windows, all of which are permeable to EM radiation. In most aircraft, the largest 

aperture is the cockpit windscreen which provides minimal attenuation to direct 

incoming EM radiation although metal films used for windscreen heating may provide 

a degree of attenuation at frequencies greater than IGHz. Additional entry points for 

EM radiation include apertures through which cable bundles and mechanical linkages 

are exposed to the external environment in exposed areas such as the wheel wells and 

at the leading and trailing edges of the wings, the seals around the doors and hatches 

and the seams between body panels incorporating non-conductive sealant. Similarly, 

non-conductive rubbing strips are used to allow relative movement where the engine 

pylons are joined to the wing or fuselage fairings and composites, including glass and 

carbon fibre, are often used to close the fairings at the junction between the fuselage 

and the wings or tailplane. Cable conduits may act as ’raceways' and allow the ingress 

of EM radiation as well as coupling into the bundles they are intended to protect. 

Aircraft design and testing aims to minimize vulnerability to EM penetration but 

protection is inevitably incomplete (EUROCAE, 1993).

The data presented demonstrate that significant electric and magnetic field strengths may 

arise within the aircraft from its own radio transmitters and microwave transponders and 

give some indication of the level to which implanted devices should be immune in order 

to ensure normal function.

The observed peak field strengths in the VHF band were inversely related to the size 

of the aircraft and robustness of the airframe, with substantially higher levels being 

found in the smaller aircraft. In the larger passenger jets, the differences in peak VHF 

field strength between different aircraft were less marked. In the HF band, there was 

less variation in peak field strengths between the four aircraft studied but higher field
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strengths were recorded on the Boeing 747 and Concorde possibly reflecting increased 

transmitter power, commensurate with a greater operating range and higher cruising 

altitude. In the microwave range, peak field strengths showed no correlation with 

aircraft size. The effects of increased transmitter power on the larger aircraft may be 

offset by decreased permeability due to a more robust airframe construction and 

transponder location and directional selectivity may be more important determinants of 

field strengths within the aircraft.

Regional variations in field strength within the aircraft were observed in all frequency 

bands but there was no common pattern. In each aircraft and frequency band, the 

internal field strength at a given location will be determined by proximity to the 

transmitting aerial or transponder, the transmitter power and the nature of the interposed 

airframe. Measurements were intentionally made at points in closest proximity to the 

external sources. The locations of the VHF aerials, small fin-like structures on the 

upper or lower fuselage, can be seen in the various aircraft in figures 2.1 - 2.6. The 

HF aerials are located in the leading edge of the tail-fin in the Boeing 757, Lockheed 

Tristar and Concorde and on the trailing edge of the wing tip in the Boeing 747. The 

primary radar transponder, when fitted, is usually located in the nose cone of the 

aircraft and the secondary radar and other microwave emitters are located well forward 

on the lower fuselage. The data suggest that proximity to the transmitting aerial may 

not always determine the location at which the highest internal field strength will arise. 

Thus, in the Boeing 747, HF field strengths were higher in the cockpit than in either 

the upper deck cabin or the main cabin at the wing root, despite the closer proximity 

of the latter to the transmitting aerials. This might be explained by relatively greater 

permeability of the cockpit to EM penetration, perhaps through the windscreen.

The failure to detect significant differences in field strengths in flight and on the ground 

may be partly due to small sample sizes (only 3 or 4 readings in each frequency band). 

It does, however, suggest that the figures obtained in the aircraft that were studied only 

on the ground are likely to reflect those in flight. Similarly, although there was a trend 

to higher field strengths with engine power than with battery power in the Slingsby 

Firefly and Grumman Cougar, the difference was not significant and suggests that
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measurements made using ground or auxiliary power units to run the transmitters are 

also likely to reflect those in flight.

The diversity of aircraft studied should provide a good representation of the overall civil 

aviation environment with some caveats. The EM field strength measurements made 

define the EM environment during radio transmission and transponder operation. In 

considering the implications of the results, it is important to recognize that many 

emissions, particularly radio transmissions, are intermittent. HF communications, in 

particular, are short and infrequent with perhaps 7 or 8 transmissions of 15 to 20 

seconds each, during a typical trans-Atlantic crossing.

The field strength measurements in this study are specific to the frequencies used. In 

practice, transmissions may be made on other frequencies and give rise to different 

peak field strengths due to frequency-dependent differences in coupling. The selection 

of the upper, lower and central frequencies for each band was intended to give a wide 

representation and it is unlikely that the peak values observed will be greatly exceeded 

at other frequencies.

The only other deviation from normal operation was that few passengers were present 

during the studies and some attenuation might be expected in fully-laden aircraft due to 

the absorbtion of radio-frequency energy.

With the exception of the broadband noise recording made on the Beechcraft Baron and 

Concorde and the audio frequency assessment in Concorde, field strength measurements 

were restricted to those generated by communications radio and microwave 

transmissions. No systematic attempt was made to characterise the broadband transient 

emissions related to switching in the control surface or landing gear actuators, de-icing 

equipment, galley equipment, cabin lighting, pressurization or in-flight entertainment 

circuits. Neither were the D.C. fields arising from these sources measured. Transients, 

by definition are only likely to be of brief duration, in the order of milliseconds, and 

the design and testing of all avionic equipment aim to minimize their occurrence and 

magnitude. They are unlikely to be of sufficient magnitude to cause damage to a 

pacemaker and their brief duration will limit any interference to the omission of, at
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most, one or two pacing pulses. The observations made in the Beechcraft Baron and 

Concorde support this view. Static D.C. fields are unlikely to pose any significant 

hazard and they were, therefore, not assessed systematically. Special instances, such 

as lightening strike, may pose particular problems due to very powerful transients but 

meaningful evaluation of their likely effects is beyond the scope of this study.

The characterization of the EM environment in aircraft described in this chapter is 

intended to define the normal internal operating environment with particular regard to 

the EM radiation from the aircrafts' own transmitters. The observation of significant 

field strengths from ground emitters at an airfield radar installation in Southampton 

whilst overflying the South coast, underlines the importance of external sources of EM 

radiation. There are numerous powerful transmitters on land (at airfields and 

elsewhere), at sea and in the air that may irradiate an aircraft during its normal flight 

profile or during deviation in case of an emergency (table 4.4). These contribute to the 

total environment to which the aircraft may be exposed, referred to as the severe or 

worst case environment (EUROCAE, 1993).

Some of the emitters identified are very powerful and may produce radiated EM fields 

outside the aircraft in excess of 5000 Vm'^ (EUROCAE, 1993). The corresponding 

internal field strengths will be attenuated but may still vastly exceed those of the normal 
internal environment. Clearly, the proximity and power of the source and the time for 

which the aircraft remains irradiated by it, will determine the level of risk of 

electromagnetic interference with the aircraft equipment and systems. In most instances 

during flight, the aircraft will rapidly pass through the irradiating beam and exposure 

will be brief, thereby limiting the risk of an adverse effect. In the event of an adverse 

effect, the consequences will depend on the functional criticality of the equipment 

involved. This is reflected in the certificatory requirements for electromagnetic 

compatibility of avionic equipment. Systems performing essential functions must not 

be adversely affected by exposure to the normal environment whereas systems 

performing critical functions must not be adversely affected by exposure to the severe 

environment. The mode of testing required is also related to criticality. Any system 

whose malfunction can cause a catastrophic effect upon the aircraft must demonstrate 

its performance in the appropriate high intensity radiated field (HIRE) environment by
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means of an aircraft test. Any system whose malfunction can cause a hazardous or 

major effect upon the aircraft must demonstrate its performance in the appropriate 

HIRF environment by means of a system bench test. The italicised terminology is 

specific and intended to refer to the airworthiness codes of the Joint Airworthiness 

Requirements which relate the acceptable probability of an adverse occurrence to the 

severity of its effects (table 4.5) (JAR-25, 1979; Lloyd & Tye, 1982).

The key requirement of the airworthiness regulations is that the aeroplane systems and 

associated components, considered separately and in relation to other systems, must be 

designed so that the occurrence of any failure condition which would prevent the 

continued safe flight and landing of the aeroplane is extremely improbable (Lloyd & 

Tye, 1982). The remainder of this thesis is concerned with establishing whether or not 

cardiac pacing systems satisfy that requirement.

CONCLUSIONS

The normal internal electromagnetic environment has been characterised for 10 fixed- 

wing aircraft with particular regard to the EM fields associated with the on-board HF 

and VHF radio transmitters and radar transponders. There is wide variation in field 

strengths at different frequencies and in different aircraft. Regional variations in field 

strength occur within each aircraft but these are idiosyncratic with no common pattern 

and relative field strengths cannot be predicted by reference to the location of the 

transmitting aerial alone. EM field strengths are broadly similar on the ground and in

flight although there may be frequency-related differences of uncertain significance. 

Radio-frequency emitters on the ground may influence the internal EM environment on 

the aircraft in flight and the field strengths arising may match or exceed those 

attributable to the on-board transmitters.

The characterisation of the electromagnetic environment in civilian aircraft and the 

airworthiness principles described in this chapter, provide a basis for assessing the 

electromagnetic compatibility of cardiac pacing systems, with particular regard to the 

suitability for flying duties of pilots with implants.
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Table 4.1:

Aircraft Equipment Specification and Test Environment (G=ground. F=flight)

M anufacturer/M odel VHF HF Radar Test Environment

Slingsby Firefly (T 67B) + - + G

Gulfstream Grumman Cougar (GA 7) + - + G & F

Beechcraft Baron (95 B55) + - Œ

Piper Turbo Navajo (PA 31-325) + - + G

British Aerospace BAG 1-11 (111-510ED) + - + G

Boeing 737 (737-236 Advanced) + - + G

Boeing 757 (757-236) + + + G

Lockheed Tristar (L 1011-200) + + + G

Boeing 747 (747-136) + + + G & F

British Aerospace/Aerospatiale Concorde (102) + + G & F

’ SSR and DME not assessed 
 ̂additional in-flight assessment of broadband noise
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Table 4.2;

Maximum recorded electric field strengths (FS_.) and the frequencies (Freo) at which they were recorded

Aircraft
VHF

(Vm ') Freq (MHz) F S „  (Vm ')

HF

Freq (MHz)

Microwave 

F S _  (Vm ') Freq (GHz)

Slingsby Firefly (T 67B) 35.00 127 - - 18.00 1.090

Gulfstream Grumman Cougar (GA 7) 19.00 136 - - 1.80 1.136

Beechcraft Baron (95 B55) 4.00 120/123 - - - -

Piper Turbo Navajo (PA 31-325) 5.01 118 - - 2.82 1.096

British Aerospace BAG 1-11 (111-510ED) 0.79 118 - - 11.20 9.490

Boeing 737 (737-236 Advanced) 0.50 135 - - 10.00 9.300

Boeing 757 (757-236) 0.50 127 0.20 14.7 1.60 1.300

Lockheed Tristar (L 1011-200) 0.20 118 0.20 21.9 3.55 9.300

Boeing 747 (747-136) 0.20 127 0.63 22.0 2.70 9.330

British Aerospace/Aerospatiale Concorde (102) 0.28 127 1.12 21.9 14.10 9.300
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Table 4.3;

Measured audio frequency field strengths in Concorde

Frequency (kHz) Field Strength (Am ')'

0.25 0.1

0.35 0.3

0.40 0.79

0.85 0.07

1.10 0.05

1.20 0.05

1.70 0.06

2.00 0.06

2.50 0.03

4.50 0.04

5 -  10 0.03

1 0 -2 0 0.04

2 0 - 3 0 0.02

3 0 - 5 0 0.07

‘ measured near cockpit in flight
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Table 4.4:

Radio-frequencv emitters contributing to the total (severe) environment

The airport environment:

i) Fixed ground emitters: Marker Beacons
ILS (localiser and glideslope)
Ground controlled approach radar 
Distance measuring equipment 
TACAN
Microwave landing systems
Airport surface detection systems
Non-directional beacon
Airport surveillance radar
Air-route surveillance radar
Weather radar
ATC - RES interrogator
VHF and UHF communications and telemetry

ii) Mobile ground emitters: Weather radar
HF, UHF and VHF communications 
TACAN
Doppler navigational radar 
Radio altimeter 
ATC - RES beacon

The ground environment: Commercial HF, VHF FM & AM radio transmitters
TV broadcast transmitters
Radars
Troposcatter communications 
LoranC installations

Aircraft-to-alrcraft: HF, VHF and UHF communications 
Weather and other radar

The shipborne environment; HF, UHF and VHF communications
Various radars 
IFF/SIF
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Table 4.5:

Airworthiness terms and their meaning in relation to the probability and consequence of an adverse event

Effect on aircraft 
& occupants

Normal Nuisance

Operating
limitations;
emergency
procedures

Significant reduction 
in safety margins; 

difficult for crew to 
cope with adverse 

conditions; passenger 
injuries

Large reduction in 
safety margins; crew 
extended because of  

workload or 
environmental 

conditions, serious 
injury or death of  
small number of 

occupants

Multiple deaths, 
usually with loss of  

aircraft

JAR-25 terms & 
maximum  

permissible 
probability (per 

flying hour)
10

Probable Improbable
Extremely
improbable

Frequent Reasonably probable Remote Extremely remote

° 10' 10^ 10^ 10"* 10* 
I I  I I

10^ 10^ 
1

10^ 10’ 
1

C at^ory o f effect Minor Major Hazardous Catastrophe

Functional 
criticality o f  
equipment

Ittaih.tàiliâ ■■ .................... —

Non-essential Essential Critical
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“  •  \
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Figure 4.2: Recording aerials: Triaxial dipole aerial (HF electric field

component) (top) and triaxial shielded loop aerial (HF magnetic 

field component) (bottom)
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Figure 4.3: Recording aerials: Monoconical aerial (VHF electric field

component) (top) and Eaton log periodic aerial (microwave 

electric field component) (bottom)
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Figure 4.4: Measurement of HF electric field strength on Concorde flight deck
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A p p e n d i x  4 . 1 ;  M e a s u r e d  e l e c t r i c  f i e l d  s t r e n g t h s  i n  S l in iF s b v  F i r e f l y

Transmitter Frequency (MHz) Field strength (Vm ‘) at selected monitor location and aircraft modality

Cockpit (between pilots)

Ground (battery power) Ground (engine on) Flight

VHP 1 ' 118.00 7.000 6.300 -

127.05 7.000 11.000 -

135.75 4 .700 4.700 -

VHP 2" 118.00 20.000 28.000 -

127.05 28.000 35.000 -

135.75 6.600 19.000 -

Microwave ’ 1090.00 18.000 - -

 ̂ 1134.00 2.900 - -

' antenna at tail fin leading edge
 ̂antenna at centre of upper fuselage approx Im aft of cockpit 
 ̂SSR transponderon lower fuselage below cockpit (forward)

* DME transmitter on lower fuselage below cockpit (aft)
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Appendix 4.2: Measured electric field strengths in Grumman Cougar

Transmitter Frequency (MHz) Field strength (Vm ‘) at selected monitor location and aircraft modality

Cockpit (between pilots)

Ground (battery power) Ground (engine on) Flight

VHF 1 ' 118.00 2.300 3.500 1.700

127.05 1.250 2.300 1.580

135.75 1.050 1.300 1.500

VHF 2 : 118.00 11.000 16.000 14.000

127.05 12.500 14.000 12.500

135.75 10.500 8.400 19.000

Microwave ’ 1090.00 1.120 - -

 ̂ 1136.00 1.800 - -

common antenna for both VHF sets at centre of upper fuselage approx Im aft of cockpit 
(marked difference between sets suggests possible transmitter malfunction on VHF 1)

* SSR transponderon lower fuselage below cockpit
* DME transmitter on lower fuselage below cockpit
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Appendix 4.3; Measured electric field strengths in Beechcraft Baron

Transmitter Frequency (MHz) Field strength (Vm ') at selected monitor location and aircraft modality

Cockpit (between pilots)

Ground Flight

VHF ' 119.90 4.000 -

123.43 4.000 -

' antenna at centre of fuselage directly above cockpit
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Appendix 4 .4: Measured electric field strengths in Pioer Navaio

Transmitter Frequency (MHz) Field strength (Vm ‘) at selected monitor location and aircraft modality

Cockpit (between pilots)

Ground Flight

VHF 1 118.00 5.010 -

" 127.00 3.550 -

" 135.00 2.820 -

VHF 2 118.00 4.470 -

127.00 2.240 -
" 135.00 1.410 -

Microwave 1096.00 2.820 -

" 1155.00 1.580 -
" 9390.00 1.000 -
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Appendix 4.5: Measured electric field strengths in British Aerospace BAC 1-11

Transmitter Frequency (MHz) Field strength (Vm ‘) at selected monitor location and aircraft modality

Cockpit (between pilots) Cabin (10 feet aft o f door)

Ground Flight Ground Flight

VHF 1 118.00 0.790 - 0.178 -
" 127.00 0.224 - 0.112 -
" 135.00 0.126 - 0.126 -

VHF 2 118.00 0.158 - 0.224 -

" 127.00 0.282 - 0.141 -
" 135.00 0.126 - 0.141 -

Microwave 1279.00 1.120 - - -

" 4390.00 - - - -

" 9490.00 11.200 - - -
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Appendix 4.6: Measured electric field strengths in Boeing 737

Transmitter Frequency (MHz) Field strength (Vm ') at selected monitor location and aircraft modality

Cockpit Cabin

Ground Flight Ground Flight

VHF 1 118.00 0.316 - 0.141 -

127.00 0.398 - 0.089 -

135.00 0.178 - 0.141 -

VHF 2 118.00 0.316 - 0.447 -

127.00 0.200 - 0.355 -

135.00 0.447 - 0.501 -

Microwave 1065.00 0.562 - - -

1300.00 0.891 - - -

4300.00 0.059 - - -

9300.00 10.000 - - -
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Appendix 4.7: Measured electric field strengths in Boeing 757

Transmitter Frequency (MHz) Field strength (Vm ’) at selected monitor location and aircraft modality

Cockpit Cabin - door area Cabin - aft

Ground Flight Ground Flight Ground Flight

HF 3.60 0.008 - - - 0.039
" 7.40 0.056 - - - 0.039 -

" 14.70 0.200 - - - 0.126 -
" 21.90 0.178 - - - 0.100 -

VHF 1 118.00 0.056 - 0.398 - - -

" 127.00 0.126 - 0.501 - - -
" 135.00 0.178 - 0.447 - - -

VHF 2 118.00 0.178 - 0.224 - - -

127.00 0.178 - 0.100 - - -

" 135.00 0.141 - 0.224 - - -

Microwave 1300.00 1.600 - - - - -

" ' 2900.00 0.670 - - - - -

" 4300.00 0.266 - - - - -

" 9300.00 0.790 - - - - -

local ARI
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Appendix 4.8; Measured electric field strengths in Lockheed Tristar

Transmitter Frequency (MHz) Field strength (Vm ') at selected monitor location and aircraft modality

HF 1

HF 2

VHF 1

VHF 2

Microwave

3.60

7.40

14.70

21.90

3.60

7.40

14.70

21.90

118.00

127.00

135.00

118.00

127.00

135.00

1277.00

9300.00

Cockpit

Ground

0.020
0.031

0.141

0.141

0.031

0.039

0.126

0.158

0.200
0.126

0.063

0.056

0.050

0.089

1.120
3.550

Flight

Cabin - aft

Ground

0.158

0.035

0.070

0.200

0.056

0.089

0.100

0.100
0.100
0.126

Flight
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Appendix 4.9 (a): Measured electric field strengths in Boeing 747

Transmitter Frequency (MHz) Field strength (Vm ‘) at selected monitor location and aircraft modality

Cockpit Upper Deck Cabin Lower Deck Fore Cabin Main Cabin at Wing Root

Ground Flight Ground Flight Ground Flight Ground Flight

HF 1 3.60 - 0.001 - - - - - -

7.40 - 0.220 - - - - - -
" 14.70 - 0.079 - - - - - -
" 22.00 - 0.316 - - - - - -

HF 2 3.60 - 0.400 - 0.001 - - - 0.028
" 7.40 - 0.040 - 0.003 - - - 0.020
" 14.70 - 0.100 - 0.011 - - - 0.013
" 22.00 0.630 0.045 - 0.022 - - - 0.010

VHF 1 118.00 - 0.126 - 0.079 - - - -

" 127.00 - 0.200 - 0.063 - - - -
" 135.00 - 0.141 - 0.063 - - - -

VHF 2 118.00 - - - - - - - 0.010

127.00 - - - - - - - 0.020
" 135.00 - - - - - - - 0.025

. . . . / c o n t ’d
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. . . / c o n t 'd

Appendix 4.9 fb)r Measured electric field strengths in Boeing 747

Transmitter Frequency (MHz) Field strength (Vm ') at selected monitor location and aircraft modality

Cockpit Upper Deck Cabin Lower Deck Fore Cabin Main Cabin at Wing Root

Ground Flight Ground Flight Ground Flight Ground Flight

VHF 3 118.00 - - - 0.006 - - - -

" 127.00 - - - 0.011 - - - -

" 135.00 - - - 0.018 - - - -

Microwave 1109.00 - - - - - 0.079 - -

- 1577.00 - - - - - 0.084 - -

" ' 2214.00 - - - - - 0.033 - -

"  ̂2880.00 - - - - - 0.200 - -
"  ̂ 3030.00 - - - - - 0.500 - -

" 9330.00 - 0.800 - - - 2.700 - -

' harmonic of 1109 MHz transponder 
 ̂Southampton ARI radar
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Appendix 4.10: Measured electric field strengths in British Aerospace/Aerospatiale Concorde

Transmitter Frequency (MHz) Field strength (Vm ') at selected monitor location and aircraft modality

Cockpit Cabin Galley

Ground Flight Ground Flight Ground Flight

HF 1 3.60 0.025 0.200 - - - -
" 7.40 0.014 0.280 - - - -
" 14.70 0.011 0.280 - - - -
" 21.90 0.003 0.040 - - - -

HF 2 3.60 0.004 - - - 0.251 -

" 7.40 0.014 - - - 0.316 -
" 14.70 0.039 - - - 0.562 -
" 21.90 0.031 - - - 1.120 -

VHF 1 118.00 0.251 0.080 0.178 0.100 - -
" 127.00 0.282 0.030 0.071 0.020 - -
" 135.00 0.158 0.040 0.044 0.010 - -

VHF 2 118.00 0.031 - 0.031 - - -
" 127.00 0.089 - 0.031 - - -
" 135.00 0.044 - 0.035 - - -

Microwave 1100.00 0.501 n s - - - -
" 4300.00 - n s - - - -
" 9300.00 14.100 0.300 - - - -

ns = no signal above receiver noise level
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Appendix 4.11: Measured magnetic field strengths in Boeing 747

Transmitter Frequency (MHz) Field strength ()xAm'') at selected monitor location and aircraft modality

Cockpit Upper Deck Cabin Lower Deck Fore Cabin Main Cabin at Wing Root

Ground Flight Ground Flight Ground Flight Ground Flight

HF 1 3.60 - 2.50 - - - - - -
" 7.40 - 2.80 - - - - - -
" 14.70 - 56.00 - - - - - -
" 22.00 - 350.00 - - - - - -

HP 2 3.60 - 790.00 - 25.00 - - - 56.00
" 7.40 - 710.00 - 71.00 - - - 45.00
" 14.70 - 710.00 - 22.00 - - - 71.00

22.00 - 630.00 - 40,00 - -
. ........«—

40.00
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CHAPTF.R S:

THE ELECTROMAGNETIC INTERFERENCE SUSCEPTIBILITY OF 

lOTMPLANTOD PACEMAKERS
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INTRODUCTION

Electromagnetic interference (EMI) with pacemaker function has previously been 

demonstrated in a variety of radio-frequency fields (Bonney et al, 1973; Walter et al, 

1973; Mitchell et al, 1974) but the data relate to older devices that are no longer in 

production and their relevance to the present generation of pacemakers is uncertain. 

Serial studies of the older devices suggested improvements in electromagnetic 

compatibility with time, which were attributed to improved design (Mitchell & Hurt, 

1976; Hardy, 1979). There is ample evidence that modern devices are not immune to 

electromagnetic interference (Sowton, 1982; Warnowicz-Papp, 1983; Irnich, 1984; 

Baroldet al, 1991) and a systematic evaluation of susceptibility to radio-frequency fields 

of the type found on aircraft was therefore undertaken.

The techniques applied were comparable to those used for assessing the electromagnetic 

compatibility of avionic equipment. The measurements of field strengths on aircraft 

detailed in chapter 4 provided a benchmark against which pacemakers could be 

evaluated. Where possible, devices were exposed to field strengths considerably higher 

than those likely to be encountered in the normal aircraft environment in order to 

determine the margin of safety. The aim was to identify any potential hazard and in 

order to maximise the sensitivity of the study, "worst case" assumptions were made 

throughout. A problem fundamental to studies of this type is to avoid interference 

effects in the recording apparatus. This was achieved by the development of a 

monitoring system using fibre optic cable to remotely monitor and control pacemaker 

function.

METHODS

PACEMAKERS:

Ten unipolar and 2 bipolar pacemakers were studied (table 5.1), including models from 

6 of the principal manufacturers supplying the UK market. The pacemakers tested were 

demonstration units provided by the manufacturers or units that had been explanted 

prematurely within their normal service life. All programmable and non-programmable
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pacing parameters were tested prior to and after completion of the test protocol to 

ensure satisfactory function and check for "phantom" programming. The programmable 

pacemakers studied were tested at nominal settings as supplied by the manufacturers 

(see chapter 2). All pacemakers were studied in each field type apart from the 

Intermedics Quantum which was not available during the microwave field studies.

PACEMAKER TEST APPARATUS:

i) Unipolar pacemakers:

The pacemaker under investigation was mounted in a stainless steel clamp which 

provided electrical contact with the pacemaker case (the anodal electrode). The loop 

formed by the implanted pacemaker catheter was simulated by a wire loop aerial shaped 

into a rectangle measuring 23cm by 23cm. These dimensions were selected as they 

enclosed approximately the same area that would be enclosed by drawing a straight line 

between the ends of a 58cm pacing electrode lying uncoiled in a semi-circle (7ir^/2 

where r = SS/tt cm), that approximating to the arrangement of an implanted electrode.

The inductance of the loop aerial used was measured at lOkHz using a Wayne-Kerr 

B605 automatic component bridge (Wayne-Kerr, Bognor Regis, West Sussex) and 

compared with that of a standard pacing electrode to ensure that their inductive 

properties were comparable. The reactance at different frequencies was calculated from 

the relationship: X = 2itfL (where X = reactance, f = frequency and L =  inductance). 

Attenuation at different frequencies was derived from the relationship: V̂ , =  % 

RZv (̂R -̂l-X )̂ (where = modulus of the output voltage, V, =  modulus of the input 

voltage, R =  ohmic resistance (4700) and X = reactance).

One end of the aerial was connected through a load, intended to simulate the different 

impedances of the myocardium at high and low voltages, to the clamp in contact with 

the pacemaker can. The other end was connected to the active (cathodal) output terminal 

of the pacemaker via a short wire to a terminal on the side of a screened die-cast 

aluminium box. The pacemaker clamp and the terminal sockets for connection of the 

aerial were mounted on the surface of the box and the circuitry of the myocardial load 

simulator was housed within it (figure 5.1).
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The pulses generated across the pacemaker load were used to switch a common-emitter 

connected transistor with a light emitting diode having a peak spectral output of 

approximately 670nm as a collector load (figure 5.2). The light pulses thus generated 

were transmitted to a receiver in a remote monitoring area adjacent to the test chamber 

by one core of a two-core polymethylmethacrylate fibre optic cable. Power for the unit 

was provided by a 9V PP3 battery situated in the box.

The pacing pulse receiving circuitry (figure 5.3) was housed in a second die-cast 

aluminium box situated in the monitoring area. A reverse biased PIN photodiode was 

used as the fibre optic receiver connected in series with a 3.9MÛ resistor. Infra-red 

light pulses from the pacemaker test box reaching the photodiode resulted in 

proportional voltage pulses across the resistor. For the purposes of this study it was not 

necessary to monitor the width of the pacing pulses as information was only required 

about their presence or absence and their rate. Very narrow pulses at relatively low 

repetition rates are difficult to see and record. These pulses, after amplification, were 

therefore fed to a CMOS 555 timer connected as a monostable multivibrator in order 

to stretch them to approximately 200ms. These stretched pulses were then used to drive 

an LED mounted on the box, a 'bleep' tone, which could be switched off if not 

required, and an output socket for connection to an oscilloscope or recorder.

In order to inhibit the pacemaker under test, a variable R wave simulator was required. 

The output of a Devices type 'B' external pacemaker, modified to give a wide pulse 

output, was used to trigger an R wave simulator circuit (figure 5.4) contained in the 

pacing pulse receiver box. This produced triangular pulses of approximately 20ms width 

which were then used to drive another infra-red fibre optic transmitter. The resultant 

light pulses were transmitted to a fibre optic receiver in the pacemaker test box in the 

test chamber via the second core of the polymethyl methacrylate cable. A photodiode 

was used to convert the light pulses back to electrical pulses in the same manner as the 

pacing pulse receiver. The resultant triangular pulses, of approximately 20ms duration 

and 6mV amplitude, were fed to the active terminal of the pacemaker under test (figure 

5.2). It was thus possible by setting the rate of the R wave simulator above the basic 

rate of the pacemaker, to inhibit the pacemaker output when operating in the demand 

mode. The complete test apparatus is shown in figure 5.5.
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ii) Bipolar pacemakers:

For studies of bipolar pacemakers the test apparatus described above was modified. The 

loop aerial was removed and two crocodile clips were mounted in the terminal sockets. 

The jaws of one clip were then closed on the anodal electrode and the jaws of the other 

on the cathodal electrode at the distal end of a bipolar pacing catheter, the proximal lead 

connector being inserted into the pacemaker under test in the usual way. The modified 

apparatus is shown in figure 5.6.

ELECTROMAGNETIC FIELD EXPOSURE:

Test facility:

Pacemaker function was evaluated in a screened test facility situated in the 

Electromagnetic Hazards and Compatibility Section of the Royal Aircraft Establishment 

at Farnborough, Hampshire. The facility consisted of a screened chamber 7.3m long, 

5.5m wide and 3m high. A second smaller chamber was used as a monitoring and 

instrumentation annex (figures 5.7 and 5.8).

Field generation:

Continuous wave fields were used in the HF, VHF and microwave bands. In addition, 

in the HF band the effects of amplitude modulation at IkHz prf with pulsing at 2Hz 

were also examined. Similar modulation with and without pulsing (40ms on/ 40ms off) 

was also used at l-2GHz in the microwave band. These patterns simulate the airborne 

transmitter function and are standard techniques in electromagnetic compatibility testing 

of avionic equipment (Carter, 1985 & 1986; EUROCAE, 1993). A target maximum 

field strength of 30Vm'^ was selected, which encompassed most of the measurements 

made on the aircraft, described in chapter 4, and exceeded them considerably in most 

cases. A variety of signal generators and power amplifiers were utilised to cover the 

frequency range. The field strength achieved was monitored using an Instruments for 

Industry EFSl sensor coupled by a fibre optic link to a remote indicating receiver 

situated in the instrumentation annex.

Transmitting aerials:

In the HF band, a parallel plate transmission line aerial was used comprising a ground 

conductor, 3m long and 0.5m wide, with a parallel live conductor spaced 0.43m above.
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The aerial was terminated in its characteristic impedance and produced a vertical electric 

field and a horizontal magnetic field. In the VHF band an Amplifier Research 

Cavitenna aerial was used which excited the screened test chamber as a cavity. The 

pacemaker test apparatus and EFSl sensor were placed on a ground plane bench. In the 

microwave band, an RGA50 double ridge guide horn was used as the radiating aerial 

with a second horn connected to a spectrum analyzer in the instrumentation annex.

Test procedure:

Each of the pacemakers was studied in turn. The pacemaker under test was mounted 

in the test apparatus described above and placed in the screened chamber. The loop 

aerial was orientated to achieve maximum coupling with the applied electromagnetic 

field in order to obtain "worst case" results. The position of the test apparatus in the 

parallel plate and on the bench was marked to ensure that each pacemaker was exposed 

to the same conditions.

In the HF band, a sweep was first made over the range l-36MHz (continuous wave) 

in sub-ranges of 5MHz at a constant field strength of 30Vm'^ to identify susceptible 

frequencies. The range was then examined again at selected discrete frequency 

increments of no more than 5MHz, the field strength being slowly increased from 0- 

30Vm * at each level. Where abnormal responses were encountered the frequency of 

maximum sensitivity and the minimum field strength at which the response occurred 

were defined. The range was then studied again with modulation at IkHz and pulsing 

at 2Hz.

In the VHF band, the range 100-150MHz (continuous wave) was studied at discrete 

increments of 5MHz, the field strength being gradually increased from 0-30Vm'^ at 

each level.

In the microwave band, the range l-12GHz (continuous wave) was studied by 

continuous sweeps of the sub-ranges l-2GHz, 2-4GHz, 4-8GHz, 8-lOGHz and 10- 

12GHz. Transmitter power was set to generate field strengths of at least 30Vm'^ and 

actual field strengths were measured at intervals. Where adverse effects were noted, 

field strength thresholds were determined. The range was then studied again with
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modulation using lOp-s puises at IkHz prf. The effects of pulsing (40ms on, 40ms off) 

were also examined at l-2GHz.

The tests were carried out initially with the R wave simulator switched off. In this 

condition, normal function was indicated by regular pacing. However, for pacemakers 

in which the pacing rate in interference mode was the same as the basic rate, reversion 

to interference mode could not be excluded by the presence of regular pacing. Each 

exposure was therefore repeated with the R wave simulator switched on and set to 

deliver stimuli at or above the basic rate of the pacemaker. This caused the pacemaker 

(in W I  mode) to be inhibited when functioning normally. Any output from the 

pacemaker in this condition suggested reversion to the interference mode.

The patterns of pacemaker response and the field strengths at which interference 

(abnormal pacing or reversion to interference mode) and/or failure (arbitrarily defined 

as cessation of pacing for 30s or more) occurred were noted and recorded. Selected 

examples were recorded on a 4 channel Mingograph 34 recorder (Elema-Schonander, 

Stockholm, Sweden) connected to the output socket of the pacing pulse receiver.

STATISTICS:

The Kendall rank correlation coefficient (r^) was used to assess whether susceptibility 

to interference was correlated with the preset or programmed nominal sensitivity of the 

different pacemakers. Fisher's exact test (two-tailed) was applied to contingency tables 

to assess the significance of variation in interference susceptibility at different 

frequencies within each band.
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RESULTS

UNIPOLAR PAŒMAKERSi

All of the unipolar pacemakers studied showed interference and failed in at least one 

field type. Failures were often abrupt and occurred without prior reversion to 

interference mode. Recovery following failure was occasionally delayed for a few 

seconds although permanent damage was not seen.

Patterns of response:
Four patterns of response were observed:

I. No effect;

II. Reversion to interference mode:

a) continuous;

b) intermittent or irregular;

III. Abnormal pacing:

a) missed pacing pulses:

- occasional;

- frequent or repetitive;

b) abnormal pacing rates:

- fast or slow;

- regular or irregular;

IV. Complete cessation of pacing (^30s).

Full details of the pacemaker responses observed are tabulated in appendices 5.1-5.10 

(HF continuous wave), 5.11-5.20 (HF with modulation and pulsing), 5.21-5.30 (VHF) 

and 5.31-5.39 (microwave). The most significant aberration of function for each 

pacemaker in the various field types studied is indicated in table 5.2.

Field strength dependence:
The minimum field strengths at which interference (category Ha, lib. Ilia or Illb) and 

failure (category IV) occurred are shown in table 5.3. The mean levels (±  sd) for 

interference and failure respectively were 3.2 ±  1.9Vm^ and 7.7 ±  1.5Vm'^ in 

continuous wave HF fields, 0.49 ±  0.2Vm'^ and 1.5 ±  0.93Vm^ in modulated HF 

fields and 5.7 ±  3.0Vm^ and 11.2 ±  6.6Vm'* in VHF fields. Only one pacemaker
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showed sustained interference in microwave CW fields (at 16Vm‘̂ ) although four others 

missed occasional pulses during sweeps in the l-2GHz range, probably related to 

fluctuation of the frequency and/or field strength. Modulation alone had no discernible 

effect in the microwave range l-2GHz but the addition of pulsing caused a variable 

degree of interference and/or failure of some devices. Minimum field strengths for 

these effects were not defined. At higher frequencies, continuous wave, modulated and 

pulsed fields had no effect.

There was a weak positive correlation between preset or programmed nominal 

pacemaker input sensitivity (appendices 2.1 - 2.11) and interference susceptibility 

(minimum field strength for interference) (table 5.3) in HF CW fields (r^ 0.55; 

p<0.05) but no significant correlation in HF modulated or VHF CW fields.

Although interference generally increased with increasing field strength, occasional 

paradoxical effects were observed. For example, the Telectronics Optima MP reverted 

to interference mode at 24MHz in the HF CW field at 4Vm*  ̂but as the field strength 

was increased, a brief 'window' of normal pacing was observed before interference 

mode resumed. The same device failed at 22MHz in the HF modulated field at 2.9Vm * 

but recovered as the field strength was increased. Similarly, the Medtronic Spectrax 

failed at 135MHz in the VHF CW field at 5Vm'^ but recovered as the field strength 

was increased to 9Vm '\ without reversion to interference mode.

Hysteresis-like effects were also observed. Thus, failure of the Medtronic Activitrax 

persisted in the HF modulated field after the field strength was decreased below the 

threshold at which it first occurred. A similar effect was seen at 145MHz in the VHF 

CW field. Recovery following failure at 27Vm ‘ did not occur until the field strength 

was reduced to 7Vm'^ and was delayed for 2-3s. In the same device, the onset of 

failure was also at times delayed after first exposure to the causal field. Failure of the 

Telectronics Optima persisted in the HF modulated field after gradual reduction of the 

field strength below the threshold at which it first occurred. In contrast, however, 

recovery occurred immediately if the field was switched off abruptly. Delayed recovery 

was also seen in the Sorin Lit 610/A which took 5s to recover following failure at 

120MHz in the VHF CW field when the field strength was reduced.
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Frequency dependence:

Susceptibility to interference and failure varied at different frequencies within each band 

for each of the pacemakers studied. Frequency 'windows' within which interference or 

failure occurred at low field strengths were commonly observed. A graded response was 

typically seen at adjacent frequencies with a gradual increase in the field strength 

required to provoke interference or failure. The variation in interference susceptibility 

at different frequencies was statistically significant in both the HF band (p< 10'*) and 

the VHF band (p=0.059).

In the microwave band, interference was uncommon and confined to the range l-2GHz, 

even with modulation and pulsing. Only one device, the Medtronic Activitrax, showed 

sustained interference in microwave CW fields with abnormal slow pacing (37ppm) at 

1-1.2GHZ (16Vm‘̂ ). Other devices missed occasional pulses or momentarily reverted 

to interference mode, typically in response to changes in field strength and/or 

frequency.

The interference behaviour of each pacemaker was idiosyncratic and the response in one 

field type or frequency range did not predict the outcome in another. There were, 

however, trends suggesting frequencies of increased susceptibility common to the 

majority of the pacemakers studied. For example, all pacemakers showed interference 

or failure at 20 - 25MHz in the HF band (CW and modulated) and 135 - 145 MHz in 

the VHF band, at relatively low field strengths. The proportionof pacemakers affected, 

the maximum grade of interference and the mean and standard deviation of the 

minimum field strengths at which interference and failure occurred at different 

frequencies within each band are indicated in figures 5.9 - 5.11 for HF (CW), HF 

modulated and VHF (CW) fields respectively.

Effects of modulation and pulsing:

All devices showed sensitivity to rapid changes in field strength and/or frequency, with 

missed pulses or momentary reversion to interference mode. Modulation and pulsing 

in the HF band consistently increased susceptibility to EMI (compared with CW) with 

an increase in the prevalence of abnormal responses and a lowering of interference 

thresholds in all devices. Failure also occurred more often and at lower thresholds in 

all devices except the Biotronik Neos in which, despite an increase in interference
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susceptibility in modulated HF, failure only occurred during the CW exposure. Pulsing 

appeared to be more disruptive than modulation although both increased EMI 

susceptibility to some extent and their relative importance was not formally assessed. 

In the microwave band, modulation alone had no effect but when combined with 

pulsing, caused occasional missed pulses or transient reversion to interference mode in 

5 devices and failure in 2.

Reproducibility:

The reproducibility of the findings in this study was not formally assessed but 

occasional spot checks were made during different test sessions and showed a high 

degree of concordance with previous findings. The devices tested were consistently 

sensitive to EMI at the same frequencies although there was some variation in threshold 

field strengths.

Inductance of test aerial & unipolar pacing lead:

The measured inductance of the test apparatus aerial at lOkHz was 2.4pH. The 

calculated reactance ranged from 15.10 at IMHz to ISlkO at 12GHz. The measured 

inductance of a standard pacing catheter at lOkHz was 9pH and the calculated reactance 

ranged from 56.50 at IMHz to 678kO at 12GHz. The reactance at different frequencies 

and corresponding attenuation is shown in table 5.4.

Pacing characteristics before & after exposure:
There was no significant change in pacing parameters before and after testing and no 

evidence of "phantom programming" (table 5.5).

BIPOLAR PACEMAKERS:

The bipolar pacemakers were only studied in HF (CW and modulated) and VHF fields. 

Exposure to microwave fields was not carried out in view of the paucity of adverse 

effects in the studies of unipolar devices. Full details of the pacemaker responses 

observed are tabulated in appendices 5.40 - 5.55. The bipolar Medtronic Activitrax was 

unaffected in HF CW but EMI was noted in the modulated HF field from 21-25MHz 

with interference at 18.5Vm'^ and failure at 30Vm'\ the latter persisting until the field 

strength was reduced below 7Vm'\ VHF CW caused only one or two missed pulses 

during field strength fluctuations. The bipolar Telectronics Optima was unaffected in
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HF CW and modulated fields but VHF CW caused occasional missed pulses during 

field strength changes and reversion to interference mode 135MHz (27Vm'^) and 

133.8MHz (29Vm ').

DISCUSSION

Notwithstanding improved interference protection, the current generation of demand 

pacemakers remains sensitive to interference from radio-frequency sources. The studies 

reported in this chapter have shown inhibition and failure in many devices at field 

strengths that are likely to be encountered on aircraft under normal operating conditions. 

Sensitivity appears to be greatest in the HF and VHF range and is increased by 

modulation and pulsing. In the microwave band, interference is less common but may 

occur at higher field strengths at the lower end of the frequency range, particularly with 

pulsing. The decreased susceptibility in the higher frequency ranges may partly be due 

to more effective filtering and noise recognition by the pacemakers' sensing circuitry. 

It may also be relevant that lead reactance increases with frequency (table 5.4) and at 

high frequencies, the greater attenuation renders inductive effects and pacemaker 

interference less likely.

The interference caused in radio-frequency fields is thought to be mediated almost 

entirely by current induction in the sensing electrode. This is supported by occasional 

spot tests carried out during these studies, in which short-circuiting the aerial of the test 

apparatus during interference, promptly restored normal pacing. The possibility of 

additional direct effects on the pacemaker circuitry due to time-varying magnetic fields, 

cannot be ruled out and may be of particular relevance in the response to rapid changes 

in field strength and frequency. Efforts were made to minimise the possible generation 

of heat within the pacemaker circuitry by switching off the power and pausing between 

exposures but local heating effects of discrete components may explain some of the 

effects seen, such as hysteresis and delayed recovery.

Pacing systems with bipolar leads, although much less sensitive, were also affected to 

some extent at higher field strengths over a narrow frequency range. The capacity of 

a bipolar lead to minimise the risk of EMI due to the smaller distance between 

electrodes is well recognised but it does not confer immunity (Irnich, 1984).
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The test apparatus used was deliberately designed to expose "worst case" effects. The 

area encompassed by the aerial was equivalent to the maximum that might be delineated 

by a 58cm pacing lead, a condition unlikely to be matched in practice. The impedance 

of the aerial was also lower than that of a standard pacing electrode and it was therefore 

more sensitive to inductive effects. The magnitude of the difference in reactance, 

however, was relatively small when compared to the variation with changing frequency. 

The orientation of the test apparatus to the incident field was also selected to maximise 

electromagnetic coupling.

The field strengths at which interference and failure occurred were generally lower than 

in previous studies (Mitchell et al, 1975; Hardy, 1979). Although this may partly be 

due to changes in the devices and their interference protection circuitry, it is likely that 

it also reflects the use of a more rigorous protocol. Previous studies assessed only a 

small number of discrete frequencies within each band, selected either arbitrarily or to 

assess sensitivity to particular radio-frequency emitters. In the present study, each band 

was scanned either continuously or in small frequency increments. The occurrence of 

'windows' of susceptibility, both for frequency and field strength, suggests that the 

selective approach previously used, may miss or underestimate important effects. This 

has important implications for safety standards and manufacturer's perceptions of EMI 

susceptibility. The safety standards in the UK are currently under review but the 

approach in the USA and that adopted by many manufacturers is based on 

recommendations of the Association for the Advancement of Medical Instrumentation 

(AAMI, 1975), which limit testing to a small number of discrete frequencies. High 

field strengths are applied (up to 200Vm^) but these may simply serve to provide 

inappropriate reassurance regarding the risk of EMI, based on negative results at 

insensitive frequencies. The field strengths at which EMI occurred in these studies were 

well below the reference levels for environmental exposure proposed by the National 

Radiological Protection Board (NRPB, 1989) and the International Non-Ionizing 

Radiation Committee (INIRC, 1988).

In these studies, free-field exposure was used, in preference to a saline-filled test 

chamber of the type recommended by the AAMI (1975), in order to disclose 'worst 

case' responses that reflect the true EMI susceptibility of the devices. It is recognised
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that implantation may attenuate the risk of EMI but the attenuation provided by a saline 

model is arbitrary and represents neither the 'worst case' nor the true response of an 

implant. Attenuation in saline models has been shown to vary between a factor of ~3 

at 450MHz and ~5 at 3.1GHz (Mitchell et al, 1975). In determining EMI 

susceptibility, it may be more appropriate to determine 'worst case' responses in a free- 

field exposure and then apply the attenuation factors to predict the response of an 

implant.

It is clear that there is scope for further improvement in pacemaker interference 

protection (Irnich, 1984). The devices used in this study were from a variety of 

manufacturers, none of whom appear to have resolved the potential problem of EMI. 

Details of the interference protection methods used by each manufacturer are not in the 

public domain and no attempt was made to correlate the findings in this study with the 

technical characteristics of the devices. The low prevalence of clinically significant EMI 

may discourage manufacturers from investing heavily in efforts to further improve the 

interference protection of their devices. If meaningful national and international safety 

standards are to be developed and applied, the limitations of the current methods of 

interference protection will need to be recognised and more rigorous test methods than 

those presently applied will be required.

CONCLUSIONS

The studies reported in this chapter have demonstrated that explanted unipolar 

pacemakers are susceptible to EMI in radio-frequency fields at levels likely to be 

encountered in aircraft. Susceptibility varies in different devices and is related to 

frequency and field strength. It is greatest in the HP and VHP bands and it is increased 

by modulation and pulsing. In the microwave band, EMI is less evident but it may 

occur towards the lower end of the frequency range at high field strengths, particularly 

in pulsed fields. Bipolar systems are less susceptible but they are not immune to EMI 

and may be affected at higher field strengths. There is considerable scope for 

improvements in interference protection. The test methods previously applied may 

underestimate EMI susceptibility and their limitations should be recognised by 

appropriate revision of the national and international safety standards.
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Table 5.1:

Pacemakers studied

M anufacturer Model Polarity

Biotronik Neos Unipolar

Cordis Multicor Gamma (SN337 A) Unipolar

Cordis Stanicor S (SN342 A7) Unipolar

Intermedics Quantum Unipolar

Medtronic Activitrax (8403) Unipolar

Medtronic Spectrax (8423) Unipolar

Sorin Lit 610A Unipolar

Sorin Orion 30 Unipolar

Telectronics Optima Unipolar

Telectronics Optima MF Unipolar

Medtronic Activitrax (8400) Bipolar

Telectronics Optima MF Bipolar
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Table 5.2

Responses of explanted pacemakers to radio-frequency fields of different types (see text for explanation of classification)

Pacemaker HF(CW ) HF (modulated) VHF(CW) Microwave (CW)

Biotronik Neos IV Ilia IV I

Cordis Gamma Illb Ilb/IIIb IV I

Cordis Stanicor S Ilb IV IV Ilb/IIIb

Intermedics Quantum Ilb IV IV -

Medtronic Activitrax IV IV IV Ilb/IIIb

Medtronic Spectrax IV IV IV I

Sorin Lit610A IV IV IV Ilb/IIIa

Sorin Orion 30 IV IV IV Ilia

Telectronics Optima Ila/IIIa IV IV Ilia

Telectronics Optima MP Ilb/IIIb IV Ilb/IIIb I
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Table 5.3

Minimum field strengths (Vm ‘) for interference^ and failure* in explanted pacemakers in radio-frequency fields of different types

P a c e m a k e r
H F  ( C W ) H F  ( m o d u l a t e d ) V H F  ( C W ) M i c r o w a v e  ( C W )

I n t e r f e r e n c e F a i l u r e I n t e r f e r e n c e F a i l u r e I n t e r f e r e n c e F a i l u r e I n t e r f e r e n c e F a i l u r e

Biotronik Neos (7) 7 0.6 - 7 11 - -

Cordis Gamma 3 - 0.25 - 3.5 7.3 - -

Cordis Stanicor S 2 - 0.4 0.75 3 22.5 • -

Intermedics Quantum 2.5 - 0.5 1 5.5 7 (not leated) (not lealed)

Medtronic Activitrax (7.5) 7.5 0.35 0.9 7.5 20 16 -

Medtronic Spectrax 7 10 0.9 2 5 5 - -

Sorin Lit 6 IDA 4 8 0.55 1.2 3 3 -

Sorin Orion 30 (6) 6 0.3 2.8 13 13 -

Telectronics Optima 2.2 - (0.55) 0.55 4.5 12 -

Telectronics Optima MP 1.5 - 0.6 2.9 5 - - -

 ̂ 'Interference' denotes missed beats, abnormal pacing rate or reversion to interference mode.
* 'Failure' denotes cessation o f pacing for at least 30s.

Occasional missed beats during sweep l-2GHz; minimum levels for interference were not determined.
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Table 5.4:

Reactance and attenuation of test apparatus aerial and a standard pacing electrode at different frequencies Qoad resistance 470 Û):

Frequency
Aerial Pacing lead

Reactance (Û) Attenuation (V/VJ Reactance (Û) Attenuation (V/VJ

IMHz 15.1 1.001 56.5 1.007

36MHz 5.44 1.530 2.03 xlO: 4.433

lOOMHz 1.51 xlÔ 3.365 5.65 xlÔ 12.06

150MHz 2.27 xlQ3 4.932 8.48 xlÔ 18.07

IGHz 15.1 xlO" 32.14 56.5 xlOf 120.2

12GHz 

_______________

18.1 xlÔ 385.1 678 xlO" 1443
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Table 5.5:

Pacing characteristics before and after test exposures

Pacemaker
Rate (ppm) R-R interval (ms) Pulse Amplitude (mV)* Duration (ms) Area (pVs) Droop Index*

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

Biotronik Neos 69.8 69.8 859 859 102 75 0.49 0.49 50 31 99 87

Cordis Gamma 64.9 66.2 924 908 43 44 1.24 1.24 46 48 87 88

Cordis Stanicor S 69.2 69.7 867 861 57 85 1.74 1.66 60 135 60 96

Intermedics Quantum^ 72.4 - 829 - 93 - 0.61 - 50 - 88 -

Medtronic Activitrax* - 69.9 - 858 - 112 - 0.50 - 56 - 99

Medtronic Spectrax 69.9 69.9 858 858 113 84 0.50 0.49 56 37 99 90

Sorin Lit 610A 68.3 68.0 879 884 89 84 0.52 0.51 42 39 90 90

Sorin Orion 30 71.2 71.2 843 843 86 79 0.53 0.52 40 36 88 89

Telectronics Optima 70.4 70.3 852 853 91 84 0.52 0.51 42 38 88 89

Telectronics Optima MP 70.5 70.5 851 851 113 112 0.74 0.72 81 80 99 99

 ̂ the Intermedics Quantum was not available for post-exposure tests but data from the manu facturer con fumed normal function and unchanged parameters
* the Medtronic Activitrax was not available for pre-exposure tests but was supplied by the manufacturer programmed to nominal settings
* values reflect surface electrogram amplitude 
 ̂ reflects decay of leading edge voltage
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Figure 5.1: Detail of test apparatus showing pacemaker mounted on box
h o u s i n g  m y o c a r d i a l  l o a d  s i m u l a t o r
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Figure 5.2: Test apparatus circuit diagram showing myocardial load

simulator, LED output and photodiode-triggered R wave 
detection circuit
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Figure 5.3: Test apparatus circuit diagram showing infra-red pacing pulse

reciving circuit, pulse stretching CMOS 555 timer and LED and 

'bleep' tone output
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Figure 5.4; Test apparatus circuit diagram showing R wave simulator with 

infra-red LED output
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F i g u r e  5 . 5 :  C o m p l e t e  t e s t  a p p a r a t u s  i n  u n i p o l a r  c o n f i g u r a t i o n  s h o w i n g

D e v i c e s  e x t e r n a l  p a c e m a k e r  f o r  R  w a v e  s i m u l a t i o n  ( l e f t ) ,  

p a c e m a k e r  u n d e r  t e s t  a n d  a e r i a l  m o u n t e d  o n  b o x  c o n t a i n i n g  

m y o c a r d i a l  l o a d  s i m u l a t o r ,  L E D  o u t p u t  a n d  R  w a v e  r e c e i v e r  

( r i g h t )  a n d  p a c e m a k e r  t e s t  b o x  i n c o r p o r a t i n g  a u d i t o r y  a n d  

v i s u a l  o u t p u t  w i t h  f i b r e  o p t i c  l i n k s  ( c e n t r e )

1
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Figure 5.6: Complete test apparatus in bipolar configuration. Layout as in

figure 5.5 but with lead-simulating aerial removed and 

pacemaker connected to myocardial load simulator by standard 

bipolar pacing catheter
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Figure 5.7: External view of test facility showing screened chamber (left)

with smaller instrumentation annex (right)

i 4

A
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Figure 5.8: Interior of test facility: Screened chamber with field strength monitor 

and pacemaker test apparatus in the field of the HF parallel plate transmission line 

aerial (top); instrumentation annex with test equipment including (left to right) 

oscilloscope, Devices external pacemaker for R wave simulation, pacemaker test box 

with auditory and visual output, field strength monitor, signal generator and power 

amplifier stacks. Fibre-optic and cable connections can be seen passing through an 

apperture in the wall with the microwave guide horns above (bottom)

r

ii
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Figure 5.9: Summary of pacemaker responses to HF CW field exposure showing the proportion of pacemakers studied affected at

different frequencies, the maximum grade of interference (II, III or IV) and the mean and standard deviation of the

minimum field strengths at which interference and/or failure occurred
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Figure 5.10: Summary of pacemaker responses to HF modulated field exposure showing the proportion of pacemakers studied affected

at different frequencies, the maximum grade of interference (II, III or IV) and the mean and standard deviation of the

minimum field strengths at which interference and/or failure occurred
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Figure 5.11: Summary of pacemaker responses to VHF CW field exposure showing the proportion of pacemakers studied affected at

different frequencies, the maximum grade of interference (II, III or IV) and the mean and standard deviation of the
minimum field strengths at which interference and/or failure occurred
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Appendix S .l;

EXPLANTED PACEMAKER TEST DATA; HF CONTINUOUS WAVE

Manufacturer: Biotronik Pacing Rate Set: 70ppm

Modd: Neos M 01-2 Reversion Rate: Basic Rate

Serial: 18212069 Mode & Polarity: W I;  unipolar

Frequency
(MHz)

Fidd Strength 
(Vm ')

Demand Pacing Response Interference Mode 
(R-wave Inhibited)

1-5 30 NAD No

5 0-30 NAD No

5-10 30 NAD * No

10 0-30 NAD No

10-15 30 NAD No

15 0-30 NAD No **

15-20 30 Failed (abruptly @ 18.2MHz) No ~

20 16 Failed (abruptly) No

23.5 7 Failed (abruptly) ^ No

27 23.5 Failed (abruptly) ** No

30 27 Failed (abruptly) ** No

33 30 NAD ** No

36 30 NAD ~ No

Sensitive to changing frequency (MB)
** Sensitive to changing field strength (MB or occ pulses in interference mode)
 ̂ Short circuiting aerial eliminated interference (up to 30Vm *) implying aerial effect rather than direct

NAD: regular pacing at set rate
MB: missed beats
APR: abnormal pacing rate
ppm: pulses per minute
Failed: no pulse generation for at least 30s
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Appendix 5.2;

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Cordis Pacing Rate Set: 65ppm

Model: Gamma Reversion Rate: Basic Rate

Serial: 3902R Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

1-5 30 NAD No

5 30 NAD * No

5-10 30 MB ** No

10 22.5 MB (freq; 5s pause) Yes
25 APR (irreg 44ppm) Yes

13 28 NAD * Yes

16 16 NAD * Yes (irreg)
30 NAD * Yes (reg 65ppm)

19 8 NAD " Yes

22 3 NAD * Yes

25 3.5 NAD * Yes

28 9.5 NAD * Yes

32 23 NAD * Yes

36 15 NAD * Yes

Sensitive to changing field strength (MB)
" Sensitive to changing frequency (MB) 

(Smooth transitions to interference mode)
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Appendix S3:

EXPLANTED PACEMAKER TEST DATA: HF CONTEVUOUS WAVE

Manufacturer: Cordis Pacing Rate Set: 70ppm

Model: Stanicor S Reversion Rate: Basic Rate

Serial: 2937R Mode & Polarity: W I; unipolar

Frequency
(MHz)

Field Strength 
(Vm ‘)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-5 30 NAD ’ No

5 30 NAD * No

5-10 30 NAD No

10 30 NAD Yes (int)

10-15 30 NAD * No

15 16 NAD Yes (int)

18 9 NAD Yes

21 2.5 NAD Yes

22.75 2 NAD Yes

24 2.5 NAD Yes

27 8 NAD * Yes

30 8 NAD * Yes

33 14 NAD * Yes

36 14 NAD * Yes

Sensitive to changing field strength and frequency 
Smooth transitions to interference mode
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Appendix 5.4;

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Intermedics Pacing Rate Set; 66ppm

Model: (Quantum Reversion Rate: 90ppm

Serial: 55248 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

11.5 30 NAD Yes (occ)

14 29 IM (RR) Yes

16 23 IM (RR) Yes

18 12 IM (RR) Yes

20 5.5 IM (RR) (occ MB) Yes (int) (occ MB)

22 2.5 IM (RR) (occ MB) Yes (occ MB)

24 3.5 NAD Yes (occ)
5.5 MB (occ) Yes (occ)
6 IM (RR) Yes (reg)

26 6 IM (RR) Yes

28 19 NAD Yes (occ)
25 IM (RR) Yes (reg)

30 21 IM (RR) (occ MB) Yes

32 25.5 IM (RR) (pause 1.9s) Yes

34 21 NAD Yes (occ)
24 IM (RR) Yes (reg)

36 24 IM (RR) Yes
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Appendix SS:

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Medtronic Pacing Rate Set: 70ppm

Modd: Activitrax Reversion Rate: Basic Rate

Serial: lY 1000309R Mode & Polarity: W I  + activity; unipolar

Frequency
(MHz)

Field Strength 
(Vm ')

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-5 30 NAD No

5 30 NAD No

5-10 30 NAD No

10 30 NAD * No

10-15 30 NAD No

15 30 NAD ’ No

15-20 30 Failed (abruptly @ 18.3MHz) No*

20 15 Failed (abruptly) No

23.2 7.5 Failed (abruptly) No

25 9 Failed (abruptly) No

28 27.5 Failed (abruptly) No

31 24.5 Failed (abruptly) No *

33 28 MB/APR (irreg/int pacing) No

36 30 NAD * No

Sensitive to changing field strength (MB or occ pulses in interference mode)
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Appendix 5.6;

EXPLANTED PACEMAKER TEST DATA; HF CONTINUOUS WAVE

Manufacturer: Medtronic Pacing Rate Set: 70ppm

Model: Spectrax Reversion Rate: Basic Rate

Serial: HN 3003564K Mode & Polarity: W I;  unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

15 30 NAD Yes (occ)

16.9 29 MB Yes (occ)

18 29 MB No

20 28 Failed No

22 7 MB * No *
10 Failed No

24 6 MB * No
13 Failed No

26 8 MB * No
15 Failed No

27.12 12 MB * No
25 Failed No

29 27 MB No

30 26 MB No
30 MB Yes (occ)

31 22 NAD No

34 28 NAD No

* Sensitive to changing field strength (MB or occ pulses in interference mode) 
 ̂Pauses up to 4s
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Appendix 5.7;

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Sorin Pacing Rate Set: 68 ppm

Model: Lit610/A Reversion Rate: Basic Rate

Serial: 14064127 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

9 30 NAD Yes (occ)

11.7 30 NAD Yes (occ)

12.2 30 NAD Yes (occ)

14.5 30 Yes (APR 133ppm; occ MB)

15.6 30 MB No

16.7 25 MB No

18 20 Failed No

19 11 MB Yes

20 10 Failed*** No

21 5 Yes

22 4 Yes

23 5 Yes

24 5.5 Yes
8 Failed No

26 8.5 Yes

27 13 Failed No

27.12 30 Failed No

28 30 Failed No

30 30 Failed No

32 30 NAD No

33 24 Failed Yes (occ prior to failure)

34 28 Failed No

36 30 APR (46ppm) Yes (APR 46ppm)

'* Failure prececdcd by APR (43ppm)
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Appendix 5.8;

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Sorin Pacing Rate Set: 71ppm

Model: Orion 30 Reversion Rate: Basic Rate

Serial: 22115075 Mode &  Polarity: W I; unipolar

Frequency
(MHz)

Field Strength 
(Vm ’)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-5 30 NAD No

5 30 NAD No

5-10 30 NAD No

10 30 NAD No *

10-15 30 NAD No

15 30 NAD ’ No*

15-20 30 Failed (abruptly @ 17.5MHz) No

20 10 Failed (abruptly) Yes (reg @ i30Vm ')

20.9 6 Failed (abruptly) Yes (reg @ i30Vm'')

24 13.5 Failed (abruptly) No

27 27 MB * No*

30 30 NAD * No *

33 26.5 Failed (abruptly) No

36 30 NAD * No

Sensitive to changing field strength (MB or occ pulses in interference mode)
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Appwidix 5.9:

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Telectronics Pacing Rate Set: 72ppm

Model: Optima Reversion Rate: Basic Rate

Serial: A 1504778 Mode & Polarity: W I; unipolar

Frequency
(MHz)

Field Strength 
(Vm ‘)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-5 30 NAD

5 30 NAD * No

5-10 30 NAD

10 30 NAD * Yes (reg; MB 1 in 4)

10-15 30 NAD

15 19.5 NAD * Yes (reg)

15-20 30 NAD

20** 5.5 NAD * Yes (reg)

20-25 30 NAD

25 4 NAD * Yes (reg)

25-30 30 NAD

30 10.25 NAD * Yes (reg)

30-36 30 NAD

36 19 NAD * Yes (reg)

Sensitive to changing field strength (MB)
Maximum sensitivity at 22.8MHz; reg interference mode @ 2.2Vm ' 
(Smooth transition to interference mode)
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Appendix 5.10;

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Telectronics Pacing Rate Set: 70ppm

Modd: Optima MP Reverrion Rate: Basic Rate

Serial: A 1167790 Mode & Polarity: W I; unipolar

Frequency Fidd Strength Demand Pacing Response interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

9.55 30 NAD Yes (occ)

10 30 NAD Yes (occ)

12 27 MB (occ) Yes (67ppm)

14 19 NAD Yes (occ)
20 NAD Yes (17ppm)
22 MB (occ) Yes (34ppm)
30 Yes (67ppm)

16 16 MB (occ) Yes

18 10 MB (occ) Yes (irreg/int)
13 Yes (reg)

20 4.5 NAD Yes (occ)
5.5 NAD Yes (37ppm)
6 MB (occ) Yes (reg)
10 No
19 Yes (reg)

22 1.5 MB (occ) Yes (occ)
5 Yes (reg)
10 No
15 Yes (reg)

24 2 NAD Yes (occ)
3 MB (occ)
4 Yes (reg)

26 3 NAD Yes (occ)
4 MB (occ)
5 Yes (reg)

27.12 4 NAD Yes (occ)
6 MB (occ)
7 Yes (reg)

28 14 MB (occ)

30 13 MB (occ)

32 20 APR (43ppm transiently)

34 16 NAD Yes (occ)
18 APR (43ppm transiently)
19 Yes (reg)

36 17 MB (occ)

Brief 'window' of normal pacing as field strength increased
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Appendix 5.11;

EXPLANTED PACEMAKER TEST DATA; HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer;

Model:

Serial:

Biotronik 

Neos M 01-2 

18212069

Pacing Rate Set: 

Reversion Rate; 

Mode & Polarity;

70ppm 

Basic Rate 

W I; unipolar

Frequency
(MHz)

Field Strength 
(Vm-‘)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1 30 MB ’ No

3 30 MB * No

4 30 MB (1 in 3) No

5 27 MB (1 in 3) No

6 25.5 MB (1 in 3) No

7 23 MB (1 in 3) No

8 20.5 MB (1 in 3) No

9 19 MB (1 in 3) No

10 16.5 MB (1 in 3) No

11 13 MB (1 in 3) No

12 10.5 MB (1 in 3) No *

13 10.5 MB (1 in 3) No *

14 8.75 MB (1 in 3) No

15 7 MB (1 in 3) No

16 6 MB (1 in 3) No

17 5 MB (1 in 3) No

18 4 MB (1 in 3) No •

19 2.5 MB (1 in 3) No

20 2.5 MB (1 in 3) No

21 2.25 MB (1 in 3) No

22 1.2 MB (occ) No

23 0.8 ^ MB No

24 1 MB No

25 1.3 MB No

26 1.9 MB No

27 4.4 MB No

28 5.9 MB No

29 6 MB No

30 6 MB No

31 5.5 MB (1 in 3) No

32 16.5 MB (1 in 3) No

33 11 MB (1 in 3) No

34 10 MB (1 in 3) No

35 11 MB (1 in 3) No

36 11.5 M B f l ia i ) No

'  sensitive to changing Held strength (MB; occ pulse in interference mode)
 ̂APR (43ppm) noted at 0.6Vm * when pulse frequency reduced to iHz

When pulsing stopped (modulation continued) normal demand pacing resumed although pacing pulses noted in interference mode 
at 36ppm from 24 - 36MHz
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Appendix 5.12;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Cordis Pacing Rate Set: 65ppm

Model: Gamma Reversion Rate: Basic Rate

Serial: 3902R Mode & Polarity: W I; unipolar

Frequency Field Strength Donand Pacing Response Interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

1 3 MB (1 in 3) No
18 Yes (irreg; 2 in 3)

4 3 APR (43ppm) No
20 Yes (irreg; 2 in 3)

7 3 MB (1 in 3) No
15 Yes (irreg; 2 in 3)

10 2.5 MB (1 in 3) No

13 2 MB (1 in 3) No

16 1.5 MB (1 in 3) No
7 Yes (irreg; 2 in 3)

19 0.65 MB (1 in 3) No
<1 Yes (irreg; 2 in 3)
1.5 APR (43ppm)

22.5 0.25 MB (1 in 3) No
<1 Yes (irreg; 2 in 3)

23 0.3 MB (1 in 3) No

26 0.65 MB (1 in 3) No
1.5 Yes (irreg; 2 in 3)
2 MB Ç. in 4; 3-4s pause)

29 1.95 MB (1 in 3)/ APR (43ppm) No
6 Yes (APR 35ppm)
30 Yes (APR 46ppm)

33 3 MB (1 in 3) No

36 4 MB (1 in 3) No
7 Yes (occ)
13.5 Yes (irreg; 2 in 3)
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Appendix 5.13;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHi AND PULSING AT 2Hz

Manufacturer: Cordis Pacing Rate Set: 70ppm

Model: StanicorS Reversion Rate: Basic Rate

Serial: 2937R Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm-‘) (R-wave inhibited)

1 4.5 APR (47ppm) No
21 Yes (irreg; 2 in 3)

4 4 MB (1 in 3) No
21 Yes (irreg; 2 in 3)

7 4 APR (47ppm) No
21.5 APR (33ppm) Yes

10 3.5 APR (47ppm) No
18 Yes (irreg; 2 in 3)

14 3 APR (47ppm) No
12 Yes (irreg; 2 in 3)

17 3 APR (47ppm) No
5 Failed No
5.75 Recovered; MB (1 in 3) Yes (irreg; 2 in 3)

20 1.3 MB (1 in 3) No
4.2 Yes (irreg; 2 in 3)

23 0.4 MB No
0.75 Failed No
1 Recovered; MB Yes (initially irreg/APR

<30ppm; later reg)

26 0.9 MB No
1.6 Failed No
>1.6 Recovered; MB Yes (occ)
5.2 Yes (irreg; 2 in 3)

29 3 MB No
4.6 MB (frcq 3 in 4) Yes (occ; 1 in 4)
7.2 Yes (irreg)

33 5 MB No
9.4 MB (frcq 3 in 4) Yes (occ; 1 in 4)
10.2 Yes (irreg; APR 30-40ppm)

36 6.1 MB No
7.2 Failed^ No
8.5 Recovered; MB Yes (irreg; APR 47ppm)

 ̂ recovered when pulsing stopped (modulation continued)
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Appendix 5.14;

EXPLANTED PACEMAKER TEST DATA; HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Intermedics Pacing Rate Set: 66ppm

Model: Quantum Reversion Rate: 90ppm

Serial: 55248 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

I 30 NAD No

4 30 MB (1 in 3) No

7 18 MB (1 in 3) No
26 APR (43ppm) No *
30 MB (1 in 3) No

11 9 MB (1 in 3) No
11.5 APR (43ppm) No
19 Failed* No

14 6 MB (1 in 3) No
11 Failed ° No

16 1.3 NAD No
5.2 MB (1 in 4) No
9.8 Failed ° No

19 1.3 NAD Yes (occ)
2 MB (1 in 3)
3.5 Yes (irreg)
3.6 Failed * No
15 Yes (reg)
30 Yes (irreg; occ)

21.3 0.5 MB (occ; 1 in 6)
1 Failed No

22 0.7 MB (1 in 4) No
1.4 Failed ° No
2 Yes (irreg)
3 Yes (reg)

25 1.4 MB (1 in 4) No
2.7 Failed No
3 Yes (irreg; 3 in 6)
4.5 Yes (reg)
10.5 Failed No

28 5 MB (1 in 4)
9.2 Failed

31 4.9 APR (irreg; 45ppm)
7.4 Failed No

34 10 APR (45ppm)
20 Yes (reg; occ MB)

36 12.5 MB (occ) No
22 Yes

 ̂ switching r wave generator off during interference mode test was not followed by resumption of normal demand pacing (i.e. 
device failed); recovery occurred when pulsing stopped (modulation continued)
* recovered when pulsing stopped (modulation continued) or prf reduced to &0.6Hz 
° recovered when prf reduced to x0.7Hz
* failure occurred even when pulsing stopped
Adverse effects at I9MHz and 25 MHz prevented by short-circuitingpacemaker terminals (i.e. effects dependent on lead aerial 
effect)
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Appendix 5.15;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Medtronic Pacing Rate Set: 70ppm

Model; Activitrax Reversion Rate: Basic Rate

Serial: lY 1000309R Mode & Polarity: W I  + activity; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

1 30 NAD No

4 30 Failed No

7 30 NAD No

10 18 APR (35ppm) No
30 Failed ^ No

13 9.5 APR (36ppm) No
20 Failed No

16 5 APR (36ppm) No
12 Failed No

19 2 APR (36ppm) No
4.5 Failed No
8.5 Yes (APR 36ppm)
22 Yes (occ)

22.7 0.35 APR (36ppm) No
0.9 Failed No

23 0.4 APR (36ppm) No
2.1 Yes (irreg; APR 36-70ppm)

26 0.9 APR (36ppm) No
1.9 Failed No

29 2.3 APR (36ppm) No
8 Failed No
15 Yes (irreg/int)
30 No

33 6.6 APR (36ppm) No
14 Failed No

36 6 APR (36ppm) No
13 Failed No
25 Yes (occ)
30 Yes (reg; occ MB)

 ̂Failure persisted after field strength reduced to TVm'' ('hysteresis' effect) 
Occurrence of failure often delayed following initial exposure to causal field
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Appendix 5.16;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Medtronic Pacing Rate Set: 70ppm

Model: Spectrax Reversion Rate: Basic Rate

Serial: HN 3003564K Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

1 13.5 Failed^ No

3 16.75 MB (1-2 in 3)
22 Failed f No

5 22 MB (1 in 3) No
27 Failed + No

7 20 MB (2 in 3)
30 MB (frequent)

9 16.5 MB (1 in 3)
30 MB (frequent) ^

10 30 Yes (occ)

11 11.75 MB (1 in 3)
29 Failed * No

13 10 APR (37ppm)
25 Failed ♦ No

15 7 MB (1 in 3)
16 Failed ^
25 Yes (occ)

17 4.5 MB (1-2 in 3)
10.5 Failed No

19 2.6 MB (1 in 3)
5 Failed No

20 7.5 Yes (occ)
12 Yes (reg)

21 1.75 MB (1 in 3)
4.1 Failed No

23 0.9 APR (37ppm) No
2 Failed No
3 Yes (int)
4.75 Yes (reg)

25 1 APR (37ppm) No
2.8 Failed No
3.5 Yes (int)
5.25 Yes (reg)

27 2.8 APR (37ppm)
7.4 Failed No

29 3.75 APR (37ppm)
8.6 Failed No

30 5 No
11 Yes (occ)
20 Yes (reg)
30 No

31 2.9 APR (37ppm)
7.6 Failed No

33 5.8 APR (37ppm)
10.3 Failed No

35 4.5 APR (37ppm) No
11 Failed No
16 Yer(iizeg; 2 in 3)
28 Yes ( r ^  °

 ̂ recovered when pulsing stopped (modulation continued) 
* APR 43ppm when pulsing frequency reduced to IHz 
° with or without pulsing (modulation continued)
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Appendix 5.17:

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Sorin 

Model: Lit 610/A 

Serial: 14064127

Pacing Rate Set: 

Reversion Rate: 

Mode & Polarity:

68ppm 

Basic Rate 

W I; unipolar

Frequency
(MHz)

Field Strength 
(Vm'>)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1 30 NAD No

4 30 NAD No

7 22 MB (occ) No

10 12.75 MB (1 in 3) No
28 Failed No

13 8 MB (1 in 4-5) No
16 Failed No

16 4.5 MB (1 in 4) No
11.25 Failed No

19 1.45 MB (1 in 4) No
3.2 Failed No

22 0.55 MB (1 in 4) No
1.2 Failed t No

25 0.9 MB (1 in 4) No
2.2 Failed No

28 4 MB (1 in 4) No
9 Failed No

31 5.2 MB (1 in 4) No
10 Failed No

33 9.6 MB (1 in 4) No
15 Failed No

36 7.5 MB (1 in 4) No
14 Failed No

 ̂failed at 3Vm ' when pulsing frequency reduced to IHz; failed at 2.5Vm'* when pulsing stopped (modulationcontinued); failed 
at 2.8Vm ' when pulsing and modulation stopped
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Appendix S.IB;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Sorin Pacing Rate Set: 71ppm

Model: Orion 30 Reversion Rate: Basic Rate

Serial: 22115075 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm*) (R-wave inhibited)

1 30 NAD No

4 30 NAD No

5 27 MB (1 in 3) No

7 18 MB (1 in 3) No
30 MB (2 in 3)/APR (33ppm) No

10 11 MB (1 in 3) No
27.5 Yes (occ)
30 MB (2 in 3)

13 7 MB (1 in 3)

16 4.5 APR (47ppm) No
14 Yes (occ)
16 Yes (irreg)

19 1.2 MB (1 in 3)

22 0.3 MB (1 in 3) No
9.2 Failed ^ No

25 0.9 MB (1 in 3) No
2.8 Failed No
6 Yes (irreg)
14 No

28 3.2 MB (1 in 3) No
10.1 Failed No
24 Yes (reg/int)

31 2.9 MB (1 in 3) No
10.2 Failed No
12 Yes (irreg; 2 in 3)

33 5.2 MB (1 in 3)

36 5 MB (1 in 3) No
30 Yes (irreg; 2 in 3) *

 ̂ failed at 8Vm ' when pulsing and modulation stopped 
* effect dependent on modulation
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Appendix 5.19;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Telectronics Pacing Rate Set: 72ppm

Model: Optima Reveruon Rate: Basic Rate

Serial: A 1504778 Mode Sc Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

1 7.75 Failed No
22.5 Yes (occ; 1 in 4-5)
28 Yes (reg)

4 7.5 Failed No

7 7 Failed * No
21 Yes (occ)
30 Yes (irreg; APR 39ppm)

10 6 Failed No
18 Yes (occ)
30 Yes (irreg)

13 6 Failed No

16 4.5 Failed No
9 Yes (irreg)

19 1.7 Failed ♦ No

21 0.95 Failed No

22 0.55 Failed No
0.8 Yes (transient)

23 0.7 Failed No

26 1.4 Failed No

29 6.6 Failed No
28 Yes (APR slow)
30 Yes (reg)

33 10.4 Failed No

36 9 Failed No
15 Yes (APR 35ppm)
30 Yes (faster but still APR)

 ̂gradual reduction of field strength resulted in resumption of pacing at 4Vm'*
* gradual reduction of field strength resulted in resumption of pacing at O.SVm * 
Immediate recovery following failure on switching off field
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Appendix 5.20;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer: Telectronics Pacing Rate Set: 70ppm

Model: Optima MP Reveruon Rate: Basic Rate

Serial: A 1167790 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm-‘) (R-wave inhibited)

1 6.5 MB (1 in 3) No
18 Yes (irreg)

4 6.5 MB (1 in 3)

5 22 Yes (irreg)

7 6.25 MB (1 in 3)

10 5.25 MB (1 in 3) No
11 Yes (irreg)

13 4.5 MB (1 in 3)
28 Failed No

15 7 Yes (irreg)

16 3 MB (1 in 3)
15.5 Failed No

19 2.5 MB (occ)
5.75 Failed No

20 3 Yes (irreg)

21 1.1 MB (1 in 4)

22 0.6 MB (1 in 3)
2.9 Failed f No

23 0.6 APR (irreg; 37ppm)

25 1.2 APR (37ppm)
1.5 Yes (int)
4.1 Failed Yes (int)

28 4.1 MB (1 in 4)

30 3 MB (occ)
6.5 Yes (irreg/int; APR 43ppm)
9.75 Failed

33 5.75 MB (occ)
23 Failed No

36 6 MB (occ)
22 Failed Yes (irreg/int)

 ̂recovered as voltage increased ('window' eHect)
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Appendix 5.21;

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Biotronik Pacing Rate Set: 70ppm

Model: Neos M 01-2 Reversion Rate: Basic Rate

Serial: 18212069 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

100 7 NAD * Yes (int)
19.5 Yes (reg)
24.5 Failed No

105 14.5 MB (7s pause) No
29 Yes
30 MB (7s pause)

110 30 NAD No

115 20 NAD No
20.5 Yes (int)
30 Yes (reg)

120 12.5 NAD Yes (irreg)
20 Yes (reg)
29 Failed No

125 19 NAD Yes (irreg)
23 APR (39ppm)
29 Yes (reg)

130 11 MB APR (30ppm)
16 Yes (reg)
24 Failed No

135 9 MB APR (30ppm)
15 Yes (reg)
22 Failed No

140 7 MB APR (35ppm)
7.5 Yes (reg)
11 Failed No

145 15 MB APR (30ppm)
21 Yes (reg)
28 Failed No

150 30 NAD No

Very sensitive to changing fields strength (MB)
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Appendix 5.22;

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Cordis Pacing Rate Set: 65ppm

Model: Gamma Reversion Rate: Basic Rate

Serial: 3902R Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ‘) (R-wave inhibited)

100 7 APR (35ppm) No
8.5 NAD Yes (reg)
10.5 Failed No
11.5 NAD Yes (reg)

105 5 APR (34ppm) Yes (APR 49ppm)
7.25 Failed No
13 NAD Yes (reg)

110 12 APR (35ppm) Yes (irreg/int;
APR 35ppm/65ppm)

115 9 NAD * Yes (APR 43ppm)
10 NAD Yes (reg)

120 5.5 APR (35ppm) Yes APR (35ppm)
7 NAD Yes (reg)

125 8.5 APR (35ppm) Yes (APR 35ppm)
10 NAD Yes (reg)

130 4.5 APR (40ppm) Yes (APR 40ppm)
5.5 Yes (reg)
6.5 NAD
10 NAD Yes (reg; occ MB at

at 10Vm‘)

135 4.75 MB (freq; 15s pause) No
5.5 Yes (APR 40-50ppm)
6 Yes (reg)

140 3 NAD Yes (irreg/int)
3.5 MB (freq; 5s pause)
19 MB (transient) Yes (reg)

145 8 APR (35ppm) Yes (APR 35ppm)
9 NAD Yes (reg; occ APR 35ppm;

occ normal demand
pacing)

150 10.5 Yes (APR 35ppm)
11 Yes (APR 35ppm)
12 Yes (reg; occ APR 35ppm)
30 APR (79ppm) No

Very sensitive to changing field strength (MB)
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Appendix 5.23;

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Cordis Pacing Rate Set: 70ppm

Model: StanicorS Reversion Rate: Basic Rate

Serial: 2937R Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave Inhibited)

100 10 NAD * Yes (reg)

105 9 NAD * Yes (reg)
12 APR (42ppm) Yes (APR 42ppm)

110~ 5 NAD ’ Yes (APR 42ppm)
9 APR (42ppm)
15 Yes (reg)
25 Failed No

115 5.5 APR (42ppm) Yes (APR 42ppm)
19 Yes (reg)

120 26 NAD * Yes (reg)

125 9.5 NAD ’ Yes (reg)

130 6 NAD * Yes (reg)

135 5.5 NAD * Yes (reg)

140 4 NAD * Yes (reg)

145 8.5 NAD ' Yes (reg)

150 9.5 NAD * Yes (reg)

Sensitive to changing Held strength (MB)
At 113.4 MHz APR (42ppm) occurred at 3Vm ' with failure at 22.5Vm''
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Appendix 5.24:

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Intermedics Pacing Rate Set: 66ppm

Model: Quantum Reversion Rate: 90ppm

Serial: 55248 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm*) (R-wave inhibited)

100 15 NAD * Yes (APR 65ppm)
15.5 Failed No

105 19 Failed No

110 25 MB (occ) Yes (int)
27.5 Failed No

Recovered as voltage increased
Yes (reg)

115 23.5 MB (occ) Yes (int)
25 Yes (reg)
27.5 Failed No

120 16 MB (freq; 8s pause) No
18 Failed No

125 24 MB (1 in 3-4) Yes (irreg/int)
26 Failed No

130 12 MB (1 in 3; 5s pause) Yes (irreg/int)
14 Yes (reg)
15 Failed No

135 10 MB (1 in 2-5; 6s pause) Yes (irreg/int)
11 Yes (reg)
13 Failed No

140 5.5 MB (1 in 2-5); 6s pause) Yes (irreg/int)
6 Yes (reg)
7 Failed No

145 17 Failed No

150 17 MB (1-2 in 3) No
24 Failed No

Very sensitive to changing field strength (MB)
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Appendix 5.25;

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Medtronic Pacing Rate Set: TOppm

Model: Activitrax Reversion Rate: Basic Rate

Serial: lY 1000309R Mode & Polarity: W I  + activity; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ') (R-wave inhibited)

100 30 MB (occ) No

105 30 NAD No

110 30 NAD No

115 30 NAD No

120 22 MB (occ) No
26 Failed No

125 30 NAD No

130 30 NAD No

135 1.5 MB (occ) No
20 Failed No

140 20 MB (occ) No
30 Failed No

145 10 MB (occ) No
21 Failed ~ No

150 30 NAD * No

Sensitivity noted in response to changing field strength at some frequencies (MB)
On gradual reduction of field strength, recovery did not occur until a level of TVm L At TVm ' recovery was delayed by 2-3s 
following removal of the field
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Appendix 5.26;

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Medtronic Pacing Rate Set: TOppm

Model: Spectrax Reversion Rate: Basic Rate

Serial: HN 3003564K Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

100 30 NAD * No

105 30 NAD * No

110 30 NAD * No

115 30 NAD* No

120 30 NAD * No

125 30 NAD * No

130 30 NAD * No

135 5 Failed ** No

140 20 MB (1-2 in 3) No

145 17 MB (1-2 in 3) No
25 Yes (irreg/int)

150 30 NAD No

Very sensitive to changing field strength (MB)
* Recovered when voltage increased to 9Vm ’; no reversion to interference mode
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Appendix 5.27;

EXPLANTED PACEMAKER TEST DATA; VHF CONTINUOUS WAVE

Manufacturer: Sorin Pacing Rate Set: 68ppm

Model: Lit610/A Reversion Rate: Basic Rate

Serial: 14064127 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

100 30 MB (occ) * No

105 30 NAD No

110 30 NAD No

115 30 NAD No

120 10 NAD Yes (irreg/int)
12 APR (43ppm) Yes (APR 43ppm)
15 Yes (reg)
17 Failed** No

125 30 NAD No

130 30 NAD No

135 3 Failed *** No

140 15 NAD Yes (reg)
18 Failed No

145 6 MB (occ) Yes (irreg/int)
8 Failed

150 26 MB (occ) No
30 Failed No

Sensitivity noted in response to changing field strength at some frequencies (MB) 
Recovery delayed 5s after voltage reduced 
Failure preceeded by APR (43ppm)
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Appendix 5.28;

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Sorin Pacing Rate Set: 71ppm

Model: Orion 30 Reversion Rate: Basic Rate

Serial: 22115075 Mode & Polarity: W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

100 15 NAD * Yes (reg)
17 NAD No

105 22 APR (irreg 35ppm; 4s pause) Yes (irreg/int)

110 30 NAD No

115 22 NAD Yes (APR 35ppm)
25 APR (40ppm)
28 Yes (reg)

120 20 APR (int/variable rate) Yes (irreg/int)
10s pause

125 23 APR (int/irreg 36ppm) Yes (irreg/int APR 36ppm)
29 Yes (reg/int)

130 28 Failed No

135 25 Failed No

140 13 Failed No

145 30 NAD No

150 30 NAD No

Very sensitive to changing field strength (MB)
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Appendix 5.29;

EXPLANTED PACEMAKER TEST DATA; VHF CONTINUOUS WAVE

Manufacturer: Telectronics Pacing Rate Set: 72ppm

Model: Optima Reversion Rate: Basic Rate

Serial: A 1504778 Mode & Polarity: W I; unipolar

Frequency Fidd Strength Demand Pacing Response Interference Mode
(MHz) (Vm') (R-wave inhibited)

100 8 NAD * Yes (reg)

105 4 NAD Yes (reg)
12 Failed No

110 19 Yes (reg)
29.5 Failed No

115 30 NAD No

120 8 NAD Yes (reg)

125 12 NAD Yes (reg)

130 8.5 NAD Yes (reg)

135 8 NAD Yes (reg)

140 4.5 NAD Yes (reg)

145 11 NAD Yes (reg)

150 13 NAD Yes (reg)

Very sensitive to changing field strength (MB)
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Appendix 5J0:

EXPLANTED PACEMAKER TEST DATA: VHF CONTINUOUS WAVE

Manufacturer: Telectronics Pacing Rate Set: 70ppm

Model: Optima MP Reversion Rate: Basic Rate

Serial: A 1167790 Mode & Polarity: W I;  unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ') (R-wave inhibited)

100 5 • Yes (irreg/int)
8 MB (max pause 4s)
30 Yes (reg)

105 9 MB (1-2 in 3) No
21 Yes (reg)

110 18 MB (1-2 in 3) Yes (irreg/int)

115 23 MB (1-2 in 3) Yes (occ)
25 Yes (reg)

120 6 APR (41 ppm) Yes (APR 41ppm)
10 Yes (reg)

125 24 APR (41ppm) Yes (APR 41ppm)
27 Yes (reg) *

130 21 MB (occ) Yes (irreg)
24 Yes (reg)

135^ - - -

140 8 MB (occ) No
10 Yes (int)

145 18 NAD Yes (reg)

150 13 APR (41 ppm) No
14 Yes (irreg)
15 Yes (reg)
25 Yes (int)

very sensitive to changing fields strength (MB)
resonance
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Appendix 5J1;

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Biotronik Pacing Rate Set: 70ppm

Model: Neos M 01-2 Reversion Rate: Basic Rate

Serial; 18212069 Mode & Polarity: W I; unipolar

Frequency
(GHz)

Field Strength 
(Vm Y

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-2 CW NAD No

1-2 modulated 
(lOps pulse, prf IkHz)

NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

MB (occ) * Yes (reg at 1.6GHz; 35Vm ' and 
occ at lower field strength)

4 -8 C W NAD No

4-8 modulated 
(lOps pulse, prf IkHz)

NAD No

8-10 CW NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

' circa 30Vm'^ unless otherwise stated 
* sensitive to changing frequency and field strength (MB)
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Appendix 532:

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Cordis Pacing Rate Set: 6Sppm

Modd: Gamma Reversion Rate: Basic Rate

Serial: 3902R Mode & Polarity: W I; unipolar

Frequency
(GHz)

Field Strength 
(Vm ‘)‘

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-2 CW (60) NAD No

1-2 modulated 
(lOjis pulse, prf IkHz)

NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

(20) Failed (occ pulses only) No

4 -  8CW NAD No

4-8 modulated 
(lOps pulse, prf IkHz)

NAD No

8-10 CW NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

circa 30Vm ‘ unless otherwise stated
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Appendix 5.33;

EXPLANTED PACEMAKER TEST DATA; MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer:

Model:

Serial:

Cordis

StanicorS

2937R

Pacing Rate Set; 

Reversion Rate: 

Mode & Polarity:

70ppm 

Basic Rate 

W I; unipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(GHz) (V m ')' (R-wave inhibited)

1-2 CW MB/APR (42ppm) * Yes (irreg/int) *

1-2 modulated 
(lOps pulse, prf IkHz)

NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

Failed (occ pulses) Yes (irreg/int)

2 -  4CW - -

2 - 4  modulated 
(lOps pulse, prf IkHz)

- -

4 -  8CW (28-30)2 NAD No

4-8 modulated 
(lOps pulse, prf IkHz)

NAD No

8-10 CW NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

' circa 30Vm * unless otherwise stated
 ̂28Vm * @ 4GHz, 28Vm ' @ 5GHz, 30Vm ' @ 6GHz, 28Vm ‘ ®  7GHz, 20Vm * @ 8GHz

* sensitive to changing frequency and Held strength at 1 - l.SGHz (APR 42ppm or total inhibitionwith irregular switching to 
interference mode)
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Appendix 534:

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Medtronic Pacing Rate Set: 70ppm

Model: Activitrax Reversion Rate: Basic Rate

Serial: lY 1000309R Mode & Polarity: W I  + activity; unipolar

Frequency
(GHz)

Field Strength 
(V m ‘)'

Demand Pacing Response In te rfe rw e  Mode 
(R-wave inhibited)

1-2 CW (25-50) APR (37ppm)
(at 11.2GHz 16Vm‘)

Yes (APR 37ppm)
(at 1-1.2GHz 16Vm')

1-2 modulated 
(lOps pulse, prf IkHz)^

(25-50) NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

- -

2 -  4CW (35-44) NAD No

2 - 4  modulated 
(lOjis pulse, prf IkHz)^

NAD No

4 -  8 CW (28-30)2 NAD No

4-8 modulated 
(lOpa pulse, prf IkHz)

(28-30)2 NAD No

8-10 CW NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

' circa 30Vtn'' unless otherwise stated
2 28Vm ' @ 4GHz, 28Vm ‘ @ 5GHz, 30Vm ' @ 6GHz, 28Vm ‘ @ 7GHz, 20Vm ‘ @ 8GHz
 ̂38kHz 100% square wave modulation also studied; caused no effect on demand pacing and no reversion to interference mode
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Appendix S3S'.

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Medtronic Pacing Rate Set: 70ppm

Model: Spectrax Reversion Rate: Basic Rate

Serial: HN 3003564K Mode & Polarity: W I; unipolar

Frequency
(GHz)

Field Strength 
(Vm-‘)‘

Demand Pacing Response Interference Mode 
(R-wave Inhibited)

1-2 CW (30) NAD * No

1-2 modulated 
(lOps pulse, prf IkHz)

NAD No

1-2 modulated &  pulsed 
(40ms on/ 40ms oR)

MB (occ) Yes (occ)

4 -  8CW NAD No

4-8 modulated 
(lOps pulse, prf IkHz)

NAD No

8-10 CW NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

‘ circa 30Vm ' unless otherwise stated 
* sensitive to changing frequency and field strength (MB)
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Appendix 536:

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Sorin Pacing Rate Set; 68ppm

Modd: Lit 610/A Reversion Rate: Basic Rate

Serial: 14064127 Mode & Polarity: W I; unipolar

Frequency
(GHz)

Fldd Strength 
(Vm ‘)'

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-2 CW MB (occ at 1.2-1.4GHz) Yes (occ at 1.3GHz)

1-2 modulated 
(10(18 pulse, prf IkHz)

NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

MB (occ at l.l-1.3GHz) Yes (reg/int at l.l-1.5GHz)

4 -  8CW NAD No

4-8 modulated 
(10(18 pulse, prf IkHz)

NAD No

8-10 CW (60-71)2 NAD No

8-10 modulated 
(10(is pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(10(is pulse, prf IkHz)

NAD No

' circa 30Vm'* unless otherwise stated 
 ̂60Vm ' @ 8GHz, 7IVm * @ lOGHz
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Appendix 5.37;

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Sorin Pacing Rate Set: 71 ppm

Modd: Orion 30 Reversion Rate: Basic Rate

Serial: 22115075 Mode & Polarity: W I; unipolar

Frequency
(GHz)

Field Strength 
(V m ')‘

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-2 CW MB (occ) No

1-2 modulated 
(lOps pulse, prf IkHz)

NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

MB Yes (irreg/int)

4 -8 C W NAD No

4-8 modulated 
(lOps pulse, prf IkHz)

NAD No

8-10 CW NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

circa 30Vm ' unless otherwise stated
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Appendix 5.38;

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Telectronics Pacing Rate Set: 72ppm

Model: Optima Reversion Rate: Basic Rate

Serial: A 1504778 Mode & Polarity: W I; unipolar

Frequency
(GHz)

Fldd Strength 
(Vm-‘)‘

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-2 CW MB (occ @ 1.7-1.8GHz) No

1-2 modulated 
(lOjis pulse, prf IkHz)

NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

MB (occ @ l-1.5GHz) Yes (reg; occ MB 
at 30Vm ')

4 -8 C W NAD No

4-8 modulated 
(lOps pulse, prf IkHz)

NAD No

8-10 CW NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

NAD No

10-12 CW NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

circa 30Vm ' unless otherwise stated
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Appendix S39:

EXPLANTED PACEMAKER TEST DATA: MICROWAVE CONTINUOUS WAVE AND MODULATED

Manufacturer: Telectronics Pacing Rate Set: 70ppm

Model: Optima MP Reversion Rate: Basic Rate

Serial: A 1167790 Mode & Polarity: W I;  unipolar

Frequency
(GHz)

Field Strength 
(Vm-*)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1-2 CW NAD • No

1-2 modulated 
(iOps pulse, prf IkHz)

NAD No

1-2 modulated & pulsed 
(40ms on/ 40ms off)

- -

2 -  4CW NAD No

2 - 4  modulated 
(lOps pulse, prf IkHz)

NAD No

4 -  8 CW ^8-30)2 NAD No

4-8 modulated 
(lOps pulse, prf IkHz)

(28-30): NAD No

8-10 CW (40-56): NAD No

8-10 modulated 
(lOps pulse, prf IkHz)

(40-56): NAD No

10-12 CW (56 @ 12GHz) NAD No

10-12 modulated 
(lOps pulse, prf IkHz)

NAD No

* circa 30Vm ' unless otherwise stated
 ̂28Vm ' @ 4GHz, 28Vm ' @ 5GHz, 30Vm ‘ @ 6GHz, 28Vm ' ® 7GHz, 20Vm ' @ 8GHz 
 ̂40Vm ' @ 8GHz, 56Vm ‘ @ 9GHz, 42Vm ‘ @ lOGHz

* occasional MB with rapid frequency variation at lower end of range
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Appendix 5.40;

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer; Medtronic Pacing Rate Set: 70ppm

Model: Activitrax Reversion Rate: Basic Rate

Serial: D 100203IR Mode & Polarity: W I  + activity; bipolar

Frequency
(MHz)

Field Strength 
(Vm ‘)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1 30 NAD No

3 30 NAD No

5 30 NAD No

7 30 NAD No

10 30 NAD No

12 30 NAD No

14 30 NAD No

16 30 NAD No

18 30 NAD No

20 30 NAD No

22 30 NAD No

24 30 NAD No

26 30 NAD No

27.12 30 NAD No

28 30 NAD No

30 30 NAD No

32 30 NAD No

34 30 NAD No

36 30 NAD No
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Appendix 5.41;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer:

Model:

Serial:

Medtronic 

Activitrax 

U 100203IR

Pacing Rate Set: 

Reversion Rate: 

Mode & Polarity:

70ppm 

Basic Rate

W I  + activity; bipolar

Frequency
(MHz)

Field Strength 
(Vm ‘)

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1 30 NAD No

4 30 NAD No

7 30 NAD No

10 30 NAD No

13 30 NAD No

16 30 NAD No

19 30 NAD No

21 18.5

30

Slightly irreg pacing 
at near normal rate 
APR (38ppm)

No

22 30 NAD No

23 30 APR (53ppm; variable) 
Failed

No

25 30 Int delay of 250ms 
between pulses

No

28 30 NAD No

30 30 NAD No

33 30 NAD No

36 30 NAD No

 ̂Failure persisted after Held strength reduced to 7Vm ‘ ('hysteresis' effect) 
Occurrence of failure often delayed following initial exposure to causal field
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Appendix 5.42;

EXPLANTED PACEMAKER TEST DATA: VHP CONTINUOUS WAVE

Manufacturer: Medtronic Pacing Rate Set: 70ppm

Model: Activitrax Reversion Rate: Basic Rate

Serial: U 100203IR Mode & Polarity: W I  + activity; bipolar

Frequency
(MHz)

Field Strength 
(Vm')

Demand Pacing Response Interference Mode 
(R-wave inhibited)

100 30 NAD No

104^ 30 NAD* No

108.3^ 30 NAD No

115 30 NAD No

120 30 NAD No

125 30 NAD No

130 30 NAD No

133.8^ 30 NAD No

141.7^ 30 NAD* No

145 30 NAD No

149.2 30 NAD No

* Slightly sensitive to changing field strength (MB)
 ̂Minor deviation from reference frequencies required to achieve 30Vm''
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Appendix 5.43:

EXPLANTED PACEMAKER TEST DATA: HF CONTINUOUS WAVE

Manufacturer: Telectronics Pacing Rate Set: 70ppm

Model: Optima MP Reversion Rate: Basic Rate

Serial: A 1438282 Mode & Polarity: W I; bipolar

Frequency
(MHz)

Field Strength 
(Vm')

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1 30 NAD No

3 30 NAD No

5 30 NAD No

7 30 NAD No

10 30 NAD No

12 30 NAD No

14 30 NAD No

16 30 NAD No

18 30 NAD No

20 30 NAD No

22 30 NAD No

24 30 NAD No

26 30 NAD No

27.12 30 NAD No

28 30 NAD No

30 30 NAD No

32 30 NAD No

34 30 NAD No

36 30 NAD No
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Appendix 5.44;

EXPLANTED PACEMAKER TEST DATA: HF WITH MODULATION AT IkHz AND PULSING AT 2Hz

Manufacturer:

Model:

Serial:

Telectronics 

Optima MP 

A 1438282

Pacing Rate Set: 

Reversion Rate: 

Mode & Polarity:

70ppm 

Basic Rate 

W I; bipolar

Frequency
(MHz)

Field Strength 
(Vm')

Demand Pacing Response Interference Mode 
(R-wave inhibited)

1 30 NAD No

4 30 NAD No

7 30 NAD No

10 30 NAD No

13 30 NAD No

16 30 NAD No

19 30 NAD No

22 30 NAD No

25 30 NAD No^

28 30 NAD No

30 30 NAD No

33 30 NAD No

36 30 NAD No

 ̂single pulse in interference mode at 30Vm '
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Appendix S.4S:

EXPLANTED PACEMAKER TEST DATA: VHP CONTINUOUS WAVE

Manufacturer: Telectronics Pacing Rate Set: 70ppm

Model: Optima MP Reversion Rate: Basic Rate

Serial: A 1438282 Mode & Polarity: W I; bipolar

Frequency Field Strength Demand Pacing Response Interference Mode
(MHz) (Vm ') (R-wave inhibited)

100 30 NAD No

104^ 30 NAD No

108.3^ 30 NAD No

115 30 MB (1 in 2-8)* No

120 30 NAD No

125 27 NAD Yes*
30 NAD Yes

130 30 NAD No

133.8^ 29 NAD Yes*
30 NAD* Yes

141.7^ 30 NAD No

145 30 NAD* No

149.2^ 30 NAD No

* slightly sensitive to changing fields strength (MB)
 ̂minor deviation from reference frequencies required to achieve 30Vm'*

* smooth transition to interference mode
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CHAPTER 6 :

THE ELECTROMAGNETIC INTERFERENCE SUSCEPTIBILITY OF 

IMPLANTED UNIPOLAR PACEMAKERS
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INTRODUCTTON

In the assessment of interference susceptibility, free-field exposure (i.e. with the pacing 

system unimplanted and surrounded only by air) is a valuable technique to determine 

'worst-case' responses. The results obtained are informative regarding the inherent 

characteristics of the pacing system but they are of limited value in determining the 

degree of risk of any adverse effects in the clinical setting. The data presented in 

chapter 5 indicate that cardiac pacing systems are inherently susceptible to 

electromagnetic interference (EMI) in the radio-frequency range and at field strengths 

comparable to those found in aircraft. The experimental set-up used was designed to 

maximise radio-frequency coupling into the simulated pacing lead and the free-field 

exposure was deliberately chosen to demonstrate the 'worst-case' response. Implanted 

devices are likely to be less susceptible. The lead configuration and geometry may be 

less conducive to electromagnetic coupling and there may be a shielding effect due to 

the interposed tissue of the anterior chest wall. In order to determine the significance 

of tissue shielding and other factors associated with implantation, patients with 

implanted pacemakers were exposed to radio-frequency fields and the responses of the 

implanted devices were compared to those of explanted devices of the same type.

METHODS

PATIENTS:

Three patients were studied, all of whom had unipolar implants of types previously 

assessed in vitro. The patients were selected from those attending a pacemaker clinic 

as they had been noted to be pacing at routine follow-up but had a satisfactory escape 

rhythm when the pacemaker was inhibited. All were in good general health, with no 

symptoms of ischaemic heart disease and all were able and willing to give fully 

informed written consent.

Patient 1 (SC): A 41 year old female, weight 61.5kg, first paced 3 years prior to the 

study for a history of recurrent syncope since childhood associated with congenital 

complete heart block. The initial implant was replaced after 2 years due to problems
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with the lead and/or respiratory rate sensor. The implant at the time of study was a 

Medtronic Activitrax 8403 (serial no. 1200194R) in the right pectoral region with a 

Medtronic unipolar lead (6957-65) inserted via the right cephalic vein. The pacemaker 

settings were: W I  (activity sensing off); sensitivity 1.25mV; pulse width 500ms; pulse 

amplitude 2.7V; refractory period 225ms; no hysteresis. The rates selected to minimize 

and maximize demand pacing respectively (vide infra) were 40ppm and SOppm.

Patient 2 (KB): A 61 year old male, weight 74kg, first paced 2 years prior to the study 

for symptomatic 2:1 atrioventricular block and intermittent complete heart block. The 

implant at the time of study was a Biotronik Neos M-01 2A (serial no. 18212061) in 

the right pectoral region with an APC unipolar lead (3362IM) inserted via right cephalic 

vein. The pacemaker settings were: W I; sensitivity 0.8mV; pulse width 500ms; pulse 

amplitude 4.8V; refractory period 300ms; hysteresis off. The rates selected to minimize 

and maximize demand pacing respectively (vide infra) were 40ppm and lOOppm.

Patient 3 (JW): A 74 year old male, weight circa 65kg, first paced 6 months prior to 

the study for symptoms associated with Mobitz type II atrioventricular block with 

intermittent left and right bundle branch block. The implant at the time of study was a 

Telectronics Optima MP 158 (serial no. A1581693) in the left pectoral region with a 

Telectronics unipolar lead (030.281) inserted via the left cephalic vein. The pacemaker 

settings were: W I; sensitivity 1.3mV; pulse width 500ms; pulse amplitude 5V; 

refractory period 312ms; hysteresis off. The rates selected to minimize and maximize 

demand pacing respectively (vide infra) were 40ppm and llOppm.

TEST PROCEDURE:

Each of the patients in turn was seated on a wooden chair in the shielded chamber, 

orientated such that their torso was at right angles to the direction of the magnetic field, 

to provide a 'worst case' exposure. A nurse remained with the patient throughout and 

audio-visual contact was maintained with the operators in the investigation annex by 

means of intercom links and closed circuit fibre optic television (figure 6.1). Specific 

enquiry with regard to the occurrence of symptoms was made during and after the 

experiment.
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Three pre-gelled surface ECG electrodes were attached to the patient's chest and 

connected via an Arbo type VD screened 3 lead patient cable (Henleys Medical 

Suppliers, London) to a Rigel 302 cardiac memory monitor (Rigel Research Ltd, 

Morden, Surrey) selected for its good common mode interference rejection properties. 

A permanent printed ECG record was obtained by connecting the output of the monitor 

to a 4 channel Mingograf 34 recorder (Elema-Schonander, Stockholm, Sweden). The 

recording system enabled both the surface ECG and the pacing artefact to be visualised 

on the monitor and recorded in separate channels on the Mingograf recorder.

An explanted pacemaker of the same manufacture and model as the implant under study 

was positioned at chest height immediately adjacent to the patient and monitored 

simultaneously, using the equipment and techniques described in chapter 5. The output 

of the explanted pacemaker monitoring circuit was also connected to the Mingograf 

recorder. Prior to the study, the implants and explants were programmed to identical 

settings with the sensitivity set to the lowest available threshold (vide supra), in order 

to provide a 'worst case' evaluation of interference susceptibility.

Tests were initially performed with the implanted pacemaker set to a pacing rate at least 

lOppm above the patient's intrinsic heart rate, in order to ensure continuous demand 

pacing. The tests were then repeated with the pacing rate set at least lOppm below the 

patient's intrinsic rate to minimise pacing by the implanted device. This enabled 

reversion to the interference mode to be recognised by the occurrence of pacing. The 

explanted pacemaker was set to pace at the same rate as the implant in each of the two 

tests. In the second test, the Devices external pacemaker and R wave injection system 

described in chapter 5 was used to inhibit the explanted device and enable reversion to 

the interference mode to be detected.

The ECG monitor was scrutinized throughoutand a continuous paper trace was recorded 

at chart speeds of 2.5-5mms'\ The function of the explanted pacemaker was constantly 

monitored as described in chapter 5. All adverse effects and the field strengths at which 

they occurred were noted and recorded.
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FIELD GENERATION:

Electromagnetic fields were generated as described in chapter 5. Only VHP (CW) and 

HF (CW and modulated) were studied in view of the potentially harmful effects of 

microwave irradiation. In the VHP band, the range from 100 to 150MHz (CW) was 

scanned in increments of 5MHz, the field strength being slowly increased from 

0-30Vm^ at each stage. In the HP band, the range from l-36MHz (CW) was scanned 

in increments of approximately 4MHz, the field strength being slowly increased from 

0-30Vm^ at each stage. The HP band was then restudied with constant amplitude 

modulation at IkHz and pulsing at 2Hz. On completion of the protocol, areas of 

susceptibility were further characterised by studies of interposed frequencies. At some 

frequencies, the maximum field strength achieved was limited by interference with the 

cardiac monitor or the capability of the transmitting aerials in use and 30Vm * could not 

be achieved. The transmitter power was switched off during frequency increments to 

avoid local heating effects in the pacemaker components.

VALIDATION OF EXPLANT LEAD SIMULATION:

The test apparatus used for studying the explanted pacemaker incorporated a wire loop 

aerial measuring 23cm x 23cm, representing the maximum area demarcated by a 58cm 

pacing lead arranged in a semi-circle. In order to relate this to the area demarcated by 

an implanted lead, a postero-anterior(PA) and lateral chest X-ray was obtained for each 

patient (figures 6.2-6.4) and the area demarcated by the implanted lead was measured 

using a proprietary computer software package and digitizer board. The pacemaker 

casing was used for calibration, the dimensions being obtained from the manufacturers' 

literature. In each case, three measurements was taken and the mean was calculated.

RESULTS

PACEMAKER RESPONSES:

All of the explanted pacemakers showed interference and failure in each field type 

except for the Telectronics Optima MP, which showed interference in all field types but 

only failed in the modulated HP field exposure. The responses of the explanted devices 

were similar to those reported in chapter 5, with maximum sensitivity to interference
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occurring at comparable frequencies, although there was some variation in the field 

strength thresholds. In contrast, the implanted devices were all unaffected. The only 

change in pacing in the implanted devices was an occasional missed pulse following a 

ventricular premature beat during the exposure with demand pacing maximized. Details 

of the maximum field strengths applied and the most significant aberration in function 

of each of the implanted and explanted devices are given in appendices 6.1-6.9.

The maximum field strength achieved during some of the tests was limited by 

interference with the cardiac monitor or the capability of the transmitting aerials. These 

limitations, combined with the requirement of the protocol to limit exposure to 30Vm'\ 

precluded assessment of the thresholds for interference and failure of the implanted 

devices. It is noteworthy, however, that the maximum field strengths to which the 

implanted devices were exposed without adverse effect, exceeded the threshold for 

interference in the explants by a factor of 2.9 times in HF (CW), 8.3 times in VHP 

(CW) and >13 times in HF (modulated), for the most sensitive devices and 

frequencies.

No symptoms were reported during the tests except by one patient (SC) who reported 

feeling hot with palpitation during exposure to a modulated HF field at 22.7MHz with 

pulsing at IHz. The patient's ECG at the time showed sinus tachycardia with inhibition 

of the implanted pacemaker which was set to pace W I  at SOppm. The explant 

concurrently showed interference at <  lV m '\ The field was switched off and the patient 

recovered promptly and completed the study uneventfully. The patient was not re

challenged with the same field conditions and the significance of the findings is 

uncertain.

PACING LEAD AREAS:

The areas encompassed by the implanted pacing leads, as determined from the chest 

X-rays of the three patients SC, KB and JW respectively, were 114cm^, lOScm^ and 

309cm^ in the PA projection and 137cm^, 121cm^ and 167cm^ in the lateral projection. 

The aerial of the explanted pacemaker test apparatus encompassed an area of 529cm^. 

The maximum area that could be encompassed by a 58cm pacing lead laid flat in a 

semi-circle is 536cm^.
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DISCUSSION

Early reports of radio-frequency interference related to external or unimplanted 

pacemakers (Carleton et al, 1964; Lichter et al, 1965) but it was soon recognised that 

caution was required in applying the results to implanted devices as the screening effect 

of the body and altered electromagnetic coupling might markedly reduce the risk of 

interference (Mansfield, 1966). In the 1970's, a series of experiments was carried out 

at the United States Air Force School of Medicine using dogs with implanted pacing 

systems to assess the risk of EMI from a variety of radio-frequency sources (Bonney 

et al, 1973; Walter et al, 1973). The practical difficulties associated with these studies 

prompted the development of an artificial model to simulate implantation. This was 

based on a design proposed by the Association for the Advancement of Medical 

Instrumentation (AAMI) and consisted of a low-dielectric plastic chamber (80cm x 

40cm X 20cm) filled with 0.03 molar saline. The pacing lead was stretched out 

horizontally within the chamber and the pacing responses were detected by copper mesh 

electrodes at either end. The results obtained using the model showed good correlation 

with those in the implanted dogs (Mitchell & Hurt, 1976). The AAMI model has 

subsequently been widely adopted in experimental work and incorporated into a 

proposed standard for electromagnetic compatibility testing of pacemakers (AAMI, 

1975). More recently, deficiencies of the proposed model have been identified and an 

alternative has been proposed (Irnich, 1984).

The present study was designed to assess the significance, in the clinical setting, of the 

adverse effects observed in the free-field exposures described in chapter 5. The use of 

a saline-filled model was considered but rejected as it was felt to be of limited value as 

a representation of implantation. The dielectric properties of saline are not the same as 

those of skin, fat, muscle and blood and they also vary with temperature (Duck, 1990). 

The saline model provides little more than an arbitrary estimate of the effects of tissue 

attenuation. Comparative studies of free-field and saline model exposure showed 

attenuation factors of ~3 at 450MHz and ~5 at 3100MHz but the degree of attenuation 

may vary considerably even at the same frequency (Mitchell et al, 1974& 1975). Apart 

from tissue shielding, there are other factors related to implantation which may also 

affect the response, such as variation in the patients' morphometry (height, weight and
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build) and the geometry and orientation of the implanted lead. Whilst most of the 

factors associated with implantation tend to reduce the risk of EMI, there are some that 

may increase it. In particular, the development of polarization voltages at the electrode

tissue interface in implanted systems may lead to after-potential sensing, compounding 

the effects of EMI (Barold et al, 1985). In the present study, 'worst-case' responses 

were determined by the explants and the patients were used to assess the degree of 

attenuation offered by implantation. Although patient studies are of limited value in 

assessing 'worst-case' responses, due to inter-patient variability, they are of great 

relevance in assessing attenuation and clinical risk. The results of this study clearly 

show that implantation considerably attenuates the risk of EMI. It would be 

inappropriate, however, to infer that there is no risk, as the threshold for interference 

in the implants was not determined and they might have been affected if higher field 

strengths had been used.

A number of factors may have contributed to the differences in the responses of the 

explanted and implanted systems. Previous studies have shown variation in EMI 

susceptibility between different devices, even in devices of the same model (Rustan et 

al, 1973). In this study, differences between the explants and implants cannot be ruled 

out but the concordant results, with all three models failing as explants but being 

unaffected as implants, suggests that the different responses were due to the effect of 

implantation. Tissue shielding is almost certainly a factor. This assumes greater 

significance at higher frequencies due to limited penetration depth. In the microwave 

range, this may be only a few millimetres. Certain features of the explanted pacemaker 

test apparatus may favour adverse effects when compared with implanted systems. The 

area encompassed by the implanted pacing leads was considerably less than that of the 

optimised model. The measured lead areas in the implants, in the PA projection, were 

only 20.4% and 21.6% of those in the explant test apparatus for the right-sided implants 

and 58.4% for the left-sided implant. The lead areas of the right-sided implants were 

only marginally greater in the lateral projection (25.9% and 22.9%) and it was felt that 

little would be gained from further studies with the patient rotated although the 

geometrical arrangement of the implanted lead may have been less favourable for 

electromagnetic coupling than that of the aerial in the explant test apparatus. A further 

factor favouring EMI in the explant, was the lower reactance of the aerial, compared
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with that of a standard pacing lead (table 5.4). Bench testing showed that the 

corresponding difference in attenuation is negligible at IMHz but assumes greater 

significance at higher frequencies. Although this may exaggerate the EMI susceptibility 

of the explant to some extent, it is noteworthy that clear differences emerged even in 

the HF range where attenuation was comparable, particularly at lower frequencies. In 

view of the multiple attenuating factors, the significance of each is difficult to 

determine.

The protective effect of implantation observed in this study is clearly an important factor 

in explaining the rarity of clinical effects due to EMI, despite the well-recognised 

theoretical risk. Other factors are also important and are relevant in considering the 

risks to pilots or passengers with implants. Exposure to sources of electromagnetic 

radiation is often brief and both the source and the patient may be moving, thereby 

minimizing the occurrence of prolonged periods of optimal electromagnetic coupling. 

The low prevalence of pacemaker dependence and the fact that exposure to EMI may 

not always coincide with a period of active pacing, further reduce the risk of an adverse 

effect. Even if EMI does occur during active pacing, it may simply result in one or two 

missed pacing pulses or reversion to the interference mode, either of which may pass 

unnoticed. The pre-requisites for clinically significant EMI are a sustained hostile 

electromagnetic environment and a susceptible patient with a sensitive implant. In 

practice, these rarely coincide.

CONCLUSIONS

Whilst explanted unipolar pacemakers are susceptible to EMI from radio-frequency 

sources in the HF and VHF range at field strengths comparable to those found in the 

normal aircraft environment, the effects appear to be attenuated in implanted pacing 

systems. The degree of attenuation is uncertain but implanted systems were unaffected 

at field strengths several times higher than the threshold for interference in explanted 

devices at sensitive frequencies. The effects of higher field strengths are unknown.
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Figure 6.1: Interior of test facility: Patient (right) and nurse (left) seated in screened

chamber with ex planted pacemaker test apparatus (top); instrumentation annex with 

test equipment (left to right: Mingograph recorder, Devices external pacemaker for R 

wave injection, explanted pacemaker monitoring equipment, cardiac monitor, closed 

circuit television, signal generating and field monitoring equipment) (bottom)

%
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Figure 6.2: PA and lateral chest X-ray of patient 1 (SC) showing pacing lead in situ



Figure 6.3: PA and lateral chest X-ray of patient 2 (KB) showing pacing lead in situ

à
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Figure 6.4: PA and lateral chest X-ray of patient 3 (JW) showing pacing lead in situ
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Appendix 6.1;

Medtronic Activitrax HF (CW) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm’) Implant Explant

1 22 I 1

5 23 1 I

9 17 I I

13 17 I I

17 14 I I

21 18 I Ilia (12)

23 15 I IV

24 14.5 I IV (14.5)

25 13 I Ilia (9.5)

29 23 I I

32 22 I I

36 15 I I

* Response (field strength in brackets): I no effect
II reversion to interference mode
Ilia missed pulses
Illb abnormal rate) 
rV failure

225



Appendix 6.2;

Biotronik Neos HF (CW) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm ‘) Implant Explant

1 25 I I

5 25 I I

9 18.5 I Ilia

13 13 I II

17 15 I 1

21 22 I Ilia

23.5 9 I IV (9)

25 10 I Ilia

29 27 I II

32 23 I II

36 17 I I

 ̂Response (field strength in brackets): I no effect
II reversion to interference mode
Ilia missed pulses
Illb abnormal rate)
IV failure
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Appendix 6.3:

Telectronies Optima MP HF (CW) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm ') Implant Explant

1 20 I I

5 25 I I

9 17 I I

13 18 I Ilia (14.5)

17 15 I I

21 25 I Ilia (24)

25 15 I Ilia (10.5)

29 25 I Ilia (24)

32 24 I II (24)

36 27 I II (10)

 ̂Response (field strength in brackets): I no effect
II reversion to interference mode
Ilia missed pulses
Illb abnormal rate)
IV failure
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Appendix 6.4;

Medtronic Activitrax HF (modulated) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm ‘) Implant Explant

1 14 I I

5 15 I I

9 13 I Ilia (11)

13 11 I Ilia (7)

17 13 I Ilia (7)

21 19 I IV (4.5)

22.7 13 I IV (2)

23 15 I IV (3)

25 14 I IV (5.5)

29 24 1 IV (9)

32 23 I IV (13)

36 11.5 I Ilia

 ̂Response (field strength in brackets): I no effect
II reversion to interference mode
Ilia missed pulses
Illb abnormal rate)
IV failure
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Appendix 6.5;

Biotronik Neos HF (modulated) exposure: Response of implant and explant

Frequency (MHz) Maximum field 
strength (Vm ‘) Implant Explant

1 15 I I

5 14 I I

9 11 I Illb (10)

13 9.5 I Illb (7)

17 10.5 I Illb (5)

21 17 I IV (5)

23 9.5 I Illb (1.5)

25 14 1 IV (7)

29 27 I IV (12)

32 12 I IV (10)

36 10 I Illb (6)

 ̂Response (field strength in brackets): I no effect
II reversion to interference mode
llla missed pulses
Illb abnormal rate)
IV failure
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Appendix 6.6:

Telectronies Optima MP HF (modulated) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm ‘) Implant Explant

1 19 1 I

5 25 1 llla (19)

9 17 I llla (15)

13 10 1 llla (9.5)

17 11 I llla (9)

21 17 1 IV (5)

22 22 I IV (3.5)

25 11 1 IV (10)

29 30 I IV (13)

32 26 I Ilia (26)

36 11 1 II (11)

 ̂Response (field strength in brackets): I no effect
II reversion to interference mode
llla missed pulses
lllb abnormal rate) 
rV failure
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Appendix 6.7;

Medtronic Activitrax VHF (CW) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm ‘) Implant Explant

100 26 I IV (16)

105 30 I IV (22.5)

110 30 I IV

115 30 I II

120 30 I IV

125 30 I II (25)

130 25 I IV (10)

135 25 I IV

140 30 I IV (24)

145 30 I Ilia (30)

150 30 I IV

 ̂Response (field strength in brackets): I no effect
II reversion to interference mode
Ilia missed pulses
Illb abnormal rate)
IV failure
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Appendix 6.8;

Biotronik Neos VHF (CW) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm ‘) Implant Explant

100 30 I IV (12)

105 30 I IV (20)

110 30 I Ilia (15)

115 30 I II (20)

120 30 I Ilia (20)

125 30 I IV (26)

130 30 I Ilia (10)

135 30 I Illb (30)

140 30 I Ilia (30)

145 30 I II (19)

150 30 I II (20)

 ̂Response (field strength in brackets): I no effect
II reversion to interference mode
Ilia missed pulses
Illb abnormal rate)
IV failure
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Appendix 6.9:

Telectronies Optima MP VHF (CW) exposure: Response^ of implant and explant

Frequency (MHz) Maximum field 
strength (Vm *) Implant Explant

100 30 I Illa (30)

105 30 I llla (30)

110 30 I Ilia (10)

115 30 I Ilia (15)

120 30 I Ilia (30)

125 30 I II (30)

130 30 I Ilia (16)

135 30 I Ilia (30)

140 30 I Ilia (20)

145 30 I Ilia (15)

150 30 I II (30)

Response (field strength in brackets): I no effect
II reversion to interference mode
Ilia missed pulses
Illb abnormal rate) 
rV failure
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CHAPTER 7:

ACTIVITY-SENSING PACEMAKER FUNCTION DURING AIR TRAVEL
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INTRODUCTION

The clinical use of a pacemaker incorporating an activity sensor to match the pacing 

rate to the perceived level of user activity was first described in 1983 (Humen et al, 

1983). In common with other types of rate-responsive pacemaker it has been shown to 

achieve improvements in symptoms, exercise tolerance, cardiac output and anaerobic 

threshold greater than those offered by fixed-rate pacing (Humen et al, 1985, 

Lindemans et al, 1986; Bendittet al, 1987; Lipkinet al, 1987; Smedgardet al, 1987).

The first generation and most widely used devices of this type incorporate a piezo

electric crystal inside the pacemaker casing to detect the vibration associated with body 

acceleration. Vibration, however, is a relatively non-specific indicator of activity and 

attention has been drawn to the potential susceptibility of activity-sensing devices to the 

effects of extraneous mechanical and acoustic stimuli, such as might be encountered in 

various forms of transport (Rickards, 1985). During early clinical trials inappropriate 

rate rises up to about lOOppm were observed in a farmer while driving a tractor. Rate 

rises were also seen during travel by car, bus, tram, subway and railway train. During 

car travel these varied with road surface quality and ranged from 10 to 30ppm (Rankin 

& Lindemans, 1985; Heuer et al, 1986; Stangl et al, 1986; Lindemans et al, 1986). 

One study (Heuer et al, 1986) reported a rate increase of 5ppm in an unspecified type 

of aircraft.

The studies reported in this chapter were designed to determine the extent to which 

aircraft vibration might affect the subject with an implanted activity-sensing pacemaker 

during air travel. Three commercially developed activity-sensing devices were available 

at the time the studies were performed and all were evaluated to determine their 

susceptibility to aircraft vibration.

235



METHODS

PACEMAKERS:

i) Activitrax 8400 (Medtronic Inc, Minneapolis, USA)

The Activitrax was the first activity-sensing pacemaker and is the most widely used in 

clinical practice with almost 150,000 implants worldwide (unpublisheddata, Medtronic 

Inc; 1993). It contains a piezo-electric crystal bonded to the inside of the non-engraved 

surface of the pacemaker can. The device is intended to be implanted with this side 

towards the pectoral musculature and away from the skin surface. Vibration transmitted 

to the pacemaker during activity results in mechanical deformation of the crystal, 

thereby causing an increase in its electrical output. Signal strengths exceeding a 

programmable threshold amplitude are registered as counts (figure 6.1(a)). There are 

three threshold settings, designated 'low', 'medium' and 'high'. A second 

programmable parameter, the 'rate response', determines the degree to which an 

increase in the output from the activity detection circuit affects the pacing rate within 

the range defined by the programmed lower and upper limits. One of a family of ten 

curves describing the stimulus/response relationship is selected (figure 6.1(b)).

The performance of the Activitrax was evaluated during flights in a variety of aircraft. 

A vibration simulator was then used to determine whether the effects observed might 

be attenuated by reprogramming the pacemaker settings and to assess the effects of 

changes in the amplitude and axis of vibration.

ii) Sensolog 703 (P48) (Siemens-Elema AB, Solna, Sweden):

The Sensolog 703 (Siemens-Elema, Solna, Sweden) (designated P48 during the 

investigational phase) is an alternative implementation by a different manufacturer of 

the same principle as is used in the Activitrax. A piezo-electric crystal is again used to 

sense vibration but a different algorithm is used for signal processing. Three 

programmable parameters determine the responsiveness to sensed 'body pressure 

waves'. The 'slope' (0-7) determines how sensitive the pacemaker is to changes in 

sensor signals. The 'threshold' (0-15) establishes the portion of the sensor signal that 

occurs in low work situations such as sitting, slow moving or vehicle riding. 'RR gain' 

permits the choice of two amplification settings (high or low) for the sensor signal by
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altering the 'slope' by a factor of three. The 'reaction time' () and 'recovery time' can 

also be programmed to determine respectively the speed with which the pacing rate 

increases from minimum to maximum after onset of work and returns to minimum after 

cessation of work. The device can be interrogated to give a 'rate-read' of the 

instantaneous sensor-determined pacing rate (regardless of whether the sensor is active) 

and short- or long-term rate histograms. In addition to on/off options, the sensor has 

a passive mode enabling sensor-determined rate responses to be observed without 

implementation. The ability of this device to reject the effects of spurious environmental 

vibration was evaluated in the vibration simulator.

iii) Sensolog P49 (Siemens-Elema AB, Solna, Sweden):

The Sensolog P49 (Siemens-Elema, Solna, Sweden) was an investigational device that 

has subsequently been released commercially as the Sensorhythm (Siemens-Elema AB, 

Solna, Sweden). It is based on the Sensolog 703 but the sensor and sensor output 

processing are different. The sensor consists of a small ball which rolls with alteration 

in body posture to open and close a number of electric switches (Manton, 1993). Full 

details are not in the public domain but the principle is analogous to that described by 

Alt et al (Alt et al, 1988). This device was also evaluated in the vibration simulator.

EVALUATION OF ACTIVITRAX 8400:

Flight Tests:

A bipolar Activitrax model 8400 was firmly attached to the skin of the left pectoral area 

of a normal subject using adhesive tape (figure 7.2(a)). The pacemaker was 

programmed to a basic rate of 60ppm, with a maximum rate of 150ppm, rate-response 

5 and medium activity threshold. Three miniature Entran EGA lOD accelerometers 

(Entran Ltd, Crowthorne, Berks) were mounted at right angles to each other on the 

exposed engraved face of the pacemaker can and connected to a Mini Nagra portable 

tape recorder (Mini Nagra, Chalfont St Peter, Bucks) modified to incorporate an 

encoding device capable of recording six channels over a frequency range from 0-50Hz.

The pacing rate was continuously monitored using a Medtronic 5309 pacing system 

analyzer (Medtronic, Minneapolis, USA) incorporating a digital display and recorded 

every 15 seconds during flights in eight fixed-wing aircraft, four helicopters and a
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hovercraft (figure 7.2(b)). Accelerometer signal levels were continuously recorded 

during the flights and subsequently subjected to fast Fourier transformation, using a 

Hewlett Packard HP 5451C computer, to determine the dominant frequencies and the 

amplitude of vibration at each frequency and overall, in each axis, on each of the 

aircraft studied. The aircraft studied are listed in table 7.1 and described in detail in 

chapter 2. The aircraft were selected to represent a wide range of sizes, modes of 

propulsion and operation types.

Comparison of implanted and epicutaneous devices:

In order to assess the validity of the data obtained using an epicutaneous pacemaker, 

a patient with an implanted Activitrax was fitted with an epicutaneous pacemaker on the 

contralateral side in the manner described above. The patient, a 41 year old female with 

a right-sided implant, was paced for congenital complete heart block and was selected 

for the study as she exhibited a relatively slow escape rhythm and consistently paced 

rhythm at routine follow-up. Three orthogonal ECG leads were attached to the chest 

wall to monitor the pacing rate of the implant. The pacing rate of the explant was 

monitored using the Medtronic 5309 pacing system analyzer. Both devices were 

programmed to medium threshold with rate response 5 and lower and upper rate limits 

of 70ppm and 150ppm respectively. The patient underwent treadmill exercise and the 

pacing rates of the epicutaneous and implanted pacemakers were recorded at 15s 

intervals and compared.

Effects of Reprogramming:

To determine the extent to which adjustment of the rate-response and activity threshold 

settings of the Activitrax could attenuate the observed effects of aircraft vibration the 

pacemaker was taped to the table of the Royal Aircraft Establishment man-carrying 

three axis vibration rig (Silver Ridge Technology, Slough) (figures 7.3 & 7.4) which 

was programmed to simulate the principal vibration components as measured at the 

level of the epicutaneous pacemaker during the flight test in the Chinook helicopter. The 

pacing rate was recorded for all possible permutations of rate-response and activity 

threshold. The simulated environment was used to obviate the need to perform multiple 

flight tests and offered the advantage of reliable reproduction of vibration levels which 

might vary both within a single flight and between different flights, even in the same 

aircraft.
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EVALUATION OF SENSOLOG 703 (P48h

A patient with a Sensolog 703 implanted in the left pectoral region was seated in the 

man-carrying vibration rig and subjected to the simulated vibration environment of a 

Chinook helicopter. The simulation was achieved by using the taped accelerometer 

recordings to program the vibration rig computer. The rig was only able to vibrate along 

two axes simultaneously and the two of higher amplitude in the aircraft were selected.

The Sensolog was programmed to a range of 60-150ppm with slope 4, threshold 6 and 

high gain. Reaction and recovery times were both medium. The simulation was 

continued for 10 minutes and the rate of the implant was determined at 15s intervals 

from the patient's surface ECG which was recorded using three orthogonal chest leads. 

The Dialog 700 programmer (Siemens-Elema AB, Solna, Sweden) was also used to 

check the sensor-indicated pacing rate, using the rate-read function, at 1 minute 

intervals. This represents the pacemaker's interpretation of an ideal rate at any given 

time and is the rate at which it will pace. In contrast to the rate recorded from the 

ECG, this value is not influenced by the patient's intrinsic rhythm and is thus a more 

reliable indicator of the sensor-mediated rate-response.

An explanted Activitrax was also firmly attached to the skin of the right pectoral area 

and the pacing rate during the simulation was determined using the Medtronic 5309 

pacing system analyzer and recorded at 15s intervals for comparison. The Activitrax 

was programmed to a basic rate of 60ppm, with a maximum rate of 150ppm, rate- 

response 9 and low activity threshold.

EVALUATION OF SENSOLOG P49:

A patient with an implanted Sensolog P49 was seated in the man-carrying vibration rig 

which was programmed to reproduce the vibration environment of a Chinook helicopter. 

In this experiment, for technical reasons, it was not possible to use the original aircraft 

tape. The environment was therefore simulated by programming the rig to produce 

typical vibration amplitudes at the dominant frequencies for this helicopter, as 

determined from analysis of the tapes. The pacemaker was programmed to a range of 

70-150ppm with slope 4, threshold 3 and low gain. Reaction and recovery times were 

both medium. These were the patient's usual settings and they were not adjusted. The
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pacing rate was recorded at 15 second intervals during an 8 minute exposure to this 

environment, using the rate-read function of the Dialog 700 programmer.

RESULTS

FLIGHT TESTS OF MEDTRONIC ACTIVITRAX 8400!

i) Pacing Rates:

In the fixed-wing aircraft, marked elevations of the pacing rate were seen but were 

confined to specific periods of flight including pre-flight checks, taxiing, take-off, 

severe turbulence (simulated by stalling) and landing. Pacing rates at other times 

showed little departure from the programmed lower rate except in the smaller piston- 

engine aircraft where modest rises were noted. In the helicopters and hovercraft, 

sustained elevations of the pacing rate were seen throughout the flights with median 

rates exceeding lOOppm in every case. The observed pacing rates are plotted in the 

form of a flight profile for each aircraft in figures 7.5-7.8. The data from all of the 

aircraft are summarised in figure 7.9. This shows the maximum pacing rates observed 

together with the median and inter-quartile ranges. The latter were used in preference 

to the mean and standard deviation to avoid a disproportionate influence from 

intermittent pacing rate rises in flights of shorter duration.

ii) Vibration Levels:

In each of the helicopters, vibration levels were maximal at one or more characteristic 

frequencies with lesser peaks at their harmonics. In contrast, vibration in the fixed-wing 

aircraft was broad band and of considerably lower amplitude. The vibration 

characteristics of the hovercraft most closely resembled those of the helicopters. The 

vibration levels during flight are summarised in figure 7.10 which shows the integrated 

acceleration levels for each aircraft presented in the same format as for the pacing 

rates. Comparison of figures 7.9 and 7.10 shows good correlation between the 

measured vibration amplitude and the pacing rate response.
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COMPARISON OF IMPLANTED AND EPICUTANEOUS DEVICES:

There was good correlation between the rate response of the implanted and epicutaneous 

pacemakers during treadmill exercise and subsequent recovery. The pacing rates are 

displayed graphically in figure 7.11. Towards the end of the exercise and in the early 

part of the recovery phase, the patient developed an escape rhythm that inhibited the 

implanted pacemaker and prevented its rate being determined for 90s.

EFFECTS OF REPROGRAMMING:

The variation in rate-response of the explanted Activitrax to vibration at 11 Hz (0. Ig rms 

in the vertical axis and 0.05g rms in the antero-posterior axis) at different pacemaker 

settings is tabulated in table 7.2 and displayed graphically in figure 7.12. The pacing 

rates were not significantly different at high, medium or low activity threshold settings. 

Adjustment of the rate response setting attenuated the pacing rate to some extent but 

even at the minimum level, the pacing rate could not be reduced below 105ppm. The 

maximum rate reductions achieved by increasing the activity threshold and decreasing 

the rate response were 4.2% and 29.5%% respectively.

EVALUATION OF SENSOLOG 703 (P48):

The patient's spontaneousrhythm intermittently inhibited the pacemaker duringthe study 

and the sensor-indicated rate determined by the rate-read function was used to assess 

the response. The maximum recorded pacing rate during the simulation was 96ppm. 

The pacing rate response was relatively modest when compared to that of the Activitrax 

(figure 7.13). It should be noted, however, that the Activitrax was programmed to near 

maximum sensitivity (low threshold and rate response 9) as no programmer was 

available on the day of the study. Allowing for the effects of reprogramming as 

described earlier, the responses would be expected to have been comparable during the 

early part of the test and the more marked difference between the devices during the 

latter part of the test would be substantially reduced.

EVALUATION OF SENSOLOG P49:

During the early part of the test, the rate response was intermediate between that of the 

Sensolog 703 (P49) and the Activitrax with a maximum sensor-indicated pacing rate of 

120ppm. During the fourth minute of the test, however, the rate decreased and
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gradually returned to the basic rate of 70ppm. This was attributed to electromagnetic 

interference with the sensor ftinction.

DISCUSSION

The principal source of vibration in fixed-wing aircraft in flight is air turbulence, which 

is most marked during storm cloud penetration or high-speed flying at low level (Stott,

1988). Most of the vibration is at low frequency in the vertical axis, typically less than 

lOHz. Within that range, lower frequencies (often ^IHz) predominate but the 

distribution is broadband and sharp peaks are uncommon. The spectrum may, however, 

reflect the flexural resonances of the wings and fuselage, showing broad maxima at 

these frequencies, often around 3Hz (Leeks, 1987). An aircraft with a large wing area 

relative to its weight undergoes greater amplitude low frequency excursions from level 

flight as a result of turbulence, typical in the range 0 .1-lHz. Vibration may also arise 

from the power source. In propeller-driven aircraft, this may correspond to the blade- 

pass frequency which is in the region of lOOHz although lower frequencies may arise 

from the beating effects of two propellers running at different speeds. In jet aircraft, 

a single-stage turbine typically rotates at about 8,000rpm (130Hz) and the high-pressure 

stage of a dual-stage turbine at about 14,000rpm (230Hz). These rotational speeds are 

reflected in the vibration spectrum.

In helicopters, high vibration levels occur throughout flight. In helicopters, the rotor 

typically revolves at 4 revolutions per second and generates vibration at 4Hz but levels 

at that frequency are generally kept low by matching of the mass of each blade and 

aerodynamic trimming to ensure that the blades rotate in the same plane. Vibration of 

greater amplitude occurs at the blade-pass frequency (the product of the rotor frequency 

and the number of blades) and at its higher harmonics. Some vibration may also arise 

from the tail rotor (related to its rotation speed) and from the gearbox and transmission 

systems.

In hovercraft, vibration originates from the four large gas turbines at the rear of the 

craft. These drive the two lift fans and the four large deck-mounted propellers and are 

connected to them by drive shafts running the length of the vessel on each side.
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Vibration arises directly from the drive shafts and transmission but also from the 

variabie-pitch propellers. Sea impact contributes a variable amount to the vibration 

environment according to the sea conditions, the low pressure air cushion providing 

some attenuation.

The results of this study suggest that the vibration environment in fixed-wing aircraft 

is unlikely to present any problem to the subject with an activity-sensing pacemaker. 

There may be transient rises in pacing rate during certain phases of the flight, such as 

taxiing, take-off, landing and turbulence. These might almost be regarded as 

physiological since they occur during high-risk phases of flight, when arousal or 

anxiety-related heart rate responses might be expected, even in normal passengers or 

aircrew. The observed pacing rate responses accord well with the sinus rate responses 

previously documented in aircrew (Ruffell Smith, 1967; Bateman et al, 1970; Hasbrook 

& Rasmussen, 1970). Heart rate response in pilots has been used to assess flight deck 

workload (Roscoe, 1975 & 1984) and there is evidence to suggest that pilot under

arousal, as reflected by an inadequate rise in heart rate, is a potential cause of aircraft 

accidents during approach and landing (Roscoe, 1987). Increasing the heart rate by 

means of a vibration-sensingpacemaker may not necessarily increase arousal but it may 

nonetheless be appropriate in aircrew during specific stages of flight. Little is known 

of the heart rate response of normal passengers but it is likely that the variable degree 

of anxiety associated with flying would be reflected in a wide spectrum of heart rates. 

Sinus rates were not measured in the volunteer in these studies as it was felt that data 

collected in one subject under rather unusual experimental conditions would be of 

limited value.

In contrast to the findings in fixed-wing aircraft, the present study showed high pacing 

rates to be sustained throughout flight in helicopters and hovercraft. The clinical 

significance of such protracted pacing at excessive rates is uncertain but possible effects 

might include fatigue, palpitation, rate-related ischaemia or myocardial dysfunction. 

Rate responsive pacemakers with upper rate limits above the ischaemic or anginal 

threshold are contra-indicated in patients with rate-related symptoms but it is possible 

that in patients with progressive coronary artery disease, prolonged pacing at excessive 

rates might be the first precipitant of such symptoms.
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In patients who require to fly with this type of pacemaker, particularly in rotary-wing 

aircraft or hovercraft, it would be prudent to lower the programmed maximum pacing 

rate to lOOppm or temporarily reprogram the pacemaker to the non-activity-sensing W I  

mode. An alternative approach, which patients could be taught to use themselves would 

be to place a magnet over the chest wall during the flight, to switch the pacemaker to 

its asynchronous magnet mode (VOO). This solution may be less appropriate for 

subjects who are pacemaker dependent or who fly regularly as the risks associated with 

competitive pacing, although generally small, may assume greater significance when 

it is prolonged or frequently repeated. Similarly, in patients with myocardial ischaemia, 

hypoxia or electrolyte imbalance and in those on certain drugs, such as class III anti- 

arrhythmic agents, the risks may be increased. In such patients, it may be more 

appropriate to temporarily disable the activity-sensor.

Following the initial report of these studies (Toff et al, 1987), a case report documented 

a sustained rise in heart rate to a maximum of 129ppm in a patient with an implanted 

Activitrax undergoing inter-hospital transfer in a Messerschmitt-Bolkow-Blohm(MBB) 

BK-117 helicopter (French & Tillman, 1989). A subsequent study at the same institute 

assessed the response of two models of the Activitrax, strapped to the left infra- 

clavicular fossa of healthy volunteers during flight in Aerospatiale Dauphin and Twinstar 

helicopters. Rate rises to an average of 94ppm and 118ppm respectively were seen 

during flight and successfully over-ridden by application of a magnet. Only minor 

attenuation of the rate rise was achieved by increasing the Activity threshold. These 

findings accord with the previously reported data presented in this thesis.

The Activitrax was the first pacemaker to use a piezo-electric crystal as an activity

sensor to determine the appropriate pacing rate. Its clinical benefits are well- 

documented and its simplicity of implantation and programming compare favourably 

with other rate-adaptive pacemakers, as does the prompt response at the onset of 

exercise. There are, however, important limitations of the device. Rate decay after 

exercise ceases is arbitrarily determined although influenced to some extent by the 

maximum rate attained. During exercise of various types, the Activitrax pacing rate 

shows relatively weak correlation with the sinus rate in normal subjects (r=0.51) (Lau 

et al, 1988(a) & (b)). The device essentially counts peaks (or phase reversals) in the
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signal output from the sensor, provided that their amplitude exceeds the set level. 

During walking, it functions as a step counter with poor proportionality to workload, 

as evidenced by a failure to increase the rate on walking up an incline. The device is 

also sensitive to extraneous mechanical noise which saturates the sensor if the vibration 

amplitude exceeds a threshold level within the appropriate frequency range, as 

demonstrated in the present study. The piezo-electric sensor used in the device has a 

broad frequency response, with maximum sensitivity between 3-70Hz (Stangl et al,

1989). This encompasses the range typically associated with vibration arising from 

many forms of transport. In an extension of the studies reported in this thesis, it has 

been shown using triaxial accelerometry measurements during various activities, that 

the dominant vibration frequencies during walking and other forms of exercise are 

below 4Hz (Lau et al, 1988(b)). It was also shown that the total rms value of 

acceleration in the antero-posterioror vertical plane was the variable that best correlated 

with the sinus rate. The implementation of this parameter with the addition of a low 

pass filter at 4Hz was proposed to improve the specificity of activity-sensing pacing.

In common with the Activitrax, the Sensolog 703 uses a piezo-electric crystal but this 

is mounted on a small springboard attached to the pacemaker can rather than directly 

to it. The device also employs a different signal processing algorithm but the frequency 

range of the crystal (3-50Hz) is similar to that of the Activitrax (Stangl et al, 1989). 

The Sensolog 703 shows some improvement in the proportionality of the rate response 

to the level of force applied in bench tests (in contrast to the 'all or none' response of 

the Activitrax) but the clinical performance of the implanted device is broadly similar 

to the Activitrax (Lau et al, 1988(d); Kubisch et al, 1988). Sensitivity to extraneous 

noise remains a feature (Lau et al, 1988(d); Kubisch et al, 1988; Stangl et al, 1989). 

This is confirmed in the present study which has shown that the device is sensitive to 

vibration of the type found in rotary-wing aircraft. The response in fixed-wing aircraft 

was not been assessed as it was felt to represent less of a clinical problem.

The Sensolog P49 incorporates a different type of sensor from the Activitrax and the 

Sensolog 703. Despite this, it was clearly affected by the simulated helicopter 

environment, demonstrating that the problem of susceptibility to extraneous noise has 

not been eliminated by the change in sensor. The probable occurrence of
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electromagnetic disturbance of the sensor function in this study was of particular interest 

and may be of relevance in aircraft. The manufacturers believe that the problem has 

been resolved to some extent by subsequent modification of the sensor in the devices 

recently introduced into clinical use (Manton, 1993).

The laboratory evaluation of the Activitrax, the Sensolog 703 and the Sensolog P49 in 

this study was intended to assess noise susceptibility in an empirical fashion. The 

studies were neither controlled nor strictly comparable in terms of the simulated 

vibration environment and programmed settings of the pacemakers. It would be 

inappropriate to infer that any one device performs better or worse than another, 

although it is evident that all of the devices are susceptible to external vibration of the 

type found in rotary-wing aircraft.

More recently, a number of alternative activity-sensing devices incorporating low pass 

filters and a variety of accelerometer-based sensors have become available, intended to 

overcome the limitations highlighted in this and related studies. The devices available 

include the Ergos (Biotronik, FRG) and the Legend (Medtronic Inc, Minneapolis, USA) 

both of which use piezo-electric crystal sensors and the Dash (Intermedics Inc, 

Angleton, Texas), Excel (CPI, St Paul, USA), Relay (Intermedics Inc, Angleton, 

Texas) and Vigor range (CPI, St Paul, USA) which use various alternative 

accelerometers. It is anticipated that these may offer improved performance with less 

susceptibility to the effects of extraneous vibration and preliminary results are 

encouraging (Snoecket al, 1992; Mahaux, 1992; Charles et al, 1993). Notwithstanding 

these improvements, the way forward in rate-adaptive pacing is likely to involve multi

sensor devices in which the advantages of each sensor can be exploited, with attenuation 

of any deficiencies by input from an alternative sensor to the rate response algorithm 

(Lau, 1992(a) & 1993).

The increasing use of rate-adaptive pacemakers, particularly in more active and thus 

more mobile patients, coupled with increasing air travel make it ever more likely that 

patients with such pacemakers will wish to fly as passengers and occasionally as 

aircrew. In addition, patients may occasionally require repatriation or transfer by air 

ambulance, in fixed- or rotary-wing aircraft. In the USA, helicopters are already widely
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used for the emergency transport of sick and injured patients to medical centres. In the 

UK, they have been used for some time by the air-sea rescue services of the armed 

forces but civilian services have only recently been introduced (Earlam & Wilson, 

1989; Ramage et al, 1990; Wilson & Cross, 1992). It is likely that the use of such 

services will increase in the future and an appreciation of the idiosyncrasies of various 

pacemakers and an understanding of the potential hazards will enhance patient safety.

CONCLUSIONS

Vibration associated with air travel may increase the pacing rate of activity-sensing rate- 

adaptive pacemakers. In fixed-wing aircraft, such increases are modest and transient 

but in helicopters and hovercraft they are marked and sustained and might prove 

problematic in some patients.

Piezo-electric and accelerometer-based systems of different types may vary in their 

sensitivity to extraneous vibration but the problem is unlikely to be eliminated in a 

single-sensor device and the use of multi-sensor systems is likely to increase.
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Table 7.1: Aircraft Studied

Fixed“Wing Aircraft

Gulfstream Grumman Cougar 

Beechcraft Baron 

Piper Turbo Navajo 

British Aerospace Jet Stream 

Hawker Siddely HS125 

McDonnell Douglas DCIO 

Boeing 747

British Aerospace/Aerospatiale Concorde

Rotary-Wing Aircraft (Helicopters):

Bell Jetranger 

Sikorsky S76 

Wessex W30 

Boeing Vertol Chinook

Air Cushioned Vehicle (Hovercraft):

British Hoverspeed SRN4 Mk 3 Mountbatten Class
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Table 7.2: Effect of Reprogramming on Activitrax Rate-Response to Vibration at llH z^

Threshold
1 2 3 4

Rate Response 

5 6 7 8 9 10

Low 106 111 117 121 127 142 142 149 149 149

Medium 106 111 117 121 127 136 147 149 149 149

High 105 111 115 121 125 136 144 149 149 149

Basic pacing rate: 

Maximum pacing rate: 

Pacing Mode:

60ppm

150ppm

VVI +  Activity

^Vibration amplitude:

O.lg rms in the vertical axis 

0.05g rms in the antero-posterior axis
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Figure 7.1: Processing of the signal from the activity-sensor in the Medtronic

Activitrax (reproduced with permission; ^Medtronic Inc, 1985): Only signal 

strength peaks exceeding the programmed threshold level Gow, medium or high) 

are registered (top); one of 10 programmable rate response curves is used to 

determine the pacing rate (between the programmed lower and upper rate limits) 

for a given output from the activity detection circuit (bottom)
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Figure 7.2: In-flight monitoring of the rate-response of the Medtronic

Activitrax: Pacemaker taped securely to chest wall of a normal subject with 

three miniature accelerometers mounted on the pacemaker can (concealed by 

tape) (top); subject seated in Boeing 747 during recording (the portable tape 

recorder for vibration data and the Medtronic 5309 pacing system analyser 

can be seen on the right) (bottom)

/
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Figure 7.3: Vibration simulation equipment at the Royal Aircraft Establishment:

Three axis man-carrying vibration rig (top); the Medtronic 5309 pacing system 

analyser can be seen in the foreground connected to an explanted Activitrax 8400 

pacemaker attached securely to the rig table (bottom)
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Figure 7.4: Vibration rig control and instrumentation annex
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Figure 7.5: Profiles of Activitrax pacing rates during flight in four fixed-wing aircraft:
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Figure 7.6: Profiles of Activitrax pacing rates during flight in four fixed-wing aircraft:

HS 125 DC 10

130 

120 

. 1 1  O  - 

"1O0 

> 90- 

8 0 - 

7 0 -  

60  

5 0 - " 1  1—

40 60 80 

Time (m in )
1 OO 120 140

1 2 0 -  

. 1  1 O -  

'1 OO- 

1 9 0 -  

80 

70 

60 . J  J

60 80 1 OO 1 20 140 160 1 80

Time (m in )

BOEING 747 CONCORDE

1

1 4 0 -

1 50 - 

1 20 -  

. 1  1 O -

' 1 0 0 - i

-, 90— 

80 

7 0-  

6 0 -  

50

l J A

O 2 0  40 60 80 1 OO 120 140 160 1 80 200 220 240

Time (m in )

■ T I I I I I m  r — 1 r ~ I  r — i r ^ i  m  r  T  '  r — i i  i t 

s o  1OO 150 200 250

Time (m in )

255



Figure 7.7: Profiles of Activitrax pacing rates during flight in four rotary-wing aircraft:
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Figure 7.8: Profiles of Activitrax pacing rates during flight in hovercraft:
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Figure 7.9: Pacing rates during flight in eight fixed-wing aircraft, four rotary-wing aircraft and a hovercraft. For each aircraft the

maximum, median and inter-quartile range of rates are shown in a box and whisker’ plot
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Figure 7.10: Vibration levels during flight in eight fixed-wing aircraft, four rotary-wing aircraft and a hovercraft. For each aircraft

the maximum, median and inter-quartile range of overall vibration amplitude are shown in a 'box and whisker' plot
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Figure 7.11: Comparison of implanted and epicutaneous Activitrax pacing rates during treadmill exercise
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Figure 7.12: Effects of reprogramming on the Activitrax rate response to the 

simulated environment of a  Chinook helicopter; the pacing rate 

is indicated for each of the 10 possible rate response settings at 

high, medium and low activity thresholds
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Figure 7.13: Pacing rate responses of an implanted Sensolog 703 (P48), an 

implanted Sensolog P49 and an Activitrax pacemaker in the 

simulated vibration environment of a Chinook helicopter
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CHAPTER 8:

CONCLUDING REMARKS AND RECOMMENDATIONS
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CONCLUDING REMARKS

In this thesis, the nature and reliability of modern pacing systems and the characteristics 

of their users have been reviewed and the significance of possible hazards in the 

aviation environment has been assessed. The principal aim has been to facilitate the 

formulation of recommendations for the medical certification of pilots and other aircrew 

with implants.

In common with any sophisticated electronic device, there is a small inherent risk of 

pacemaker failure due to component malfunction. The available data, discussed in 

chapter 1, are imperfect but suggest a risk of failure that is less than 0.3% per annum 

for single chamber pacemakers and 0.6% per annum for dual chamber pacemakers. 

There is an additional risk of lead failure (including possible displacement or exit block) 

which appears to be less than 0.1% per annum for ventricular leads. Atrial leads, 

particularly those without active fixation, are less secure and have a failure rate, in 

terms of loss of sensing and/or capture, that may exceed 1 % per annum. A substantial 

proportion of pacemaker and lead failures occur within 3 months of implantation. 

Normal pacemaker battery depletion is usually predictable from a knowledge of the 

expected longevity and low-battery indicators are incorporated in the devices and 

monitored during routine follow-up. Significant attrition commences at about 4 years 

in dual chamber devices and a little later in single chamber devices. All devices require 

increased scrutiny as they approach their end of life.

The consequences of pacemaker failure will be determined in part, by the extent to 

which the subject is pacemaker dependent. This may vary from time to time and may 

be difficult for the licensing authority to determine. It may therefore be appropriate, for 

licensing purposes, to consider all subjects as if they were pacemaker dependent, 

although the true prevalence is estimated to be between 5% and 30%.

The reliability of modern pacing systems appears adequate to contemplate restricted 

certification to fly even in pacemaker dependent subjects. The small inherent risk of 

failure militates against unrestricted certification. Pacemakers and leads known to be at 

increased risk should be excluded and a period of 3 months should elapse following 

implantation before certification is considered, to exclude early failures and ensure that
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the applicant is asymptomatic. Co-existent structural heart disease or other disbarring 

conditions should also be excluded. The incidence of failure of atrial sensing and/or 

capture may exceed 1 % per annum and it is suggested that subjects dependent on atrial 

sensing or pacing should be excluded. Regular follow-up should be mandatory to ensure 

that battery depletion is anticipated and other complications are identified.

Whilst those responsible for assessing fitness for medical certification to fly should not 

normally attempt to influence the clinical management of applicants, inappropriate 

therapies should be recognised as such. The choice of pacemaker, pacing mode and 

other programmed settings should all be noted. Where these are other than optimal, the 

licensing authority should take account of any associated increase in risk and be guided 

by its own determination of acceptable risk in assessing fitness for certification.

The experimental work presented in this thesis has addressed the potential problem of 

electromagnetic interference (EMI). The empirical observations reported in chapter 3 

suggest a relatively low level of risk, with only occasional missed pacing pulses being 

observed in the pacemakers studied. These findings are reassuring but caution should 

be adopted in extrapolating from the findings to other devices and other aircraft under 

different operating conditions. The studies reported in chapter 5 have demonstrated that 

explanted unipolar pacemakers are susceptible to EMI (including sustained cessation of 

pacing) in fields comparable to those found in aircraft under normal operating conditions 

(chapter 4). Bipolar systems are much less susceptible than their unipolar counterparts 

but they are not immune.

In the study reported in chapter 6, it was shown that unipolar systems implanted in 

patients were unaffected at field strengths several times those at which the explanted 

devices failed. The difference may partly reflect the protective effect of tissue shielding 

on implanted systems, but factors related to the design of the explant test apparatus, 

which was designed to emulate 'worst case' effects, may also be relevant. The 

effectiveness of tissue shielding has not been quantified and it is likely that implanted 

systems would also be susceptible to EMI at higher field strengths than those applied. 

Aircraft may at times be exposed to electromagnetic fields much stronger than those 

measured (the 'severe' environment) and these may be sufficient to affect an implanted 

device. Although exposure to such conditions is likely to be transient, it is most likely
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to occur in proximity to airfields during critical stages of flight, such as take-off and 

landing, and militates against complacency regarding the risk of EMI.

The EMI susceptibility of atrial and dual chamber pacemakers was not assessed in these 

studies. The lower sensing threshold of the atrial channel, which may be as low as

0.3mV, will be partly offset by the smaller area encompassed by the shorter pacing 

lead. The studies reported in chapter 6 used sensitivities as low as 0.8mV and it appears 

from the studies in chapter 5, that there is only a weak correlation between input 

sensitivity and susceptibility to EMI. Further studies, of dual chamber systems may be 

of interest but since dependence on atrial pacing precludes certification, the possibility 

of slightly increased EMI susceptibility has no significant practical implications.

Operational factors precluded the assessment of electromagnetic field strengths in the 

rotary-wing aircraft. These typically have a large window area that may render them 

more susceptible to penetration by radio-frequency electromagnetic radiation. The risk 

is underlined by a case report of inability to reprogram an implanted device during 

helicopter aeromedical transport (Sumchai et al, 1988). This was attributed to EMI, 

most likely affecting the programming telemetry link, although the cause was not 

determined with certainty. With regard to pilots, incapacitation procedures are more 

difficult to implement in helicopters and restricted certification is not normally permitted 

or feasible. With the increasing use of helicopter transport for patients, further studies 

in this area may be of value.

In fixed-wing aircraft, the small but significant risk of EMI adds weight to the case 

against unrestricted certification to fly. In subjects for whom restricted certification is 

contemplated, bipolar systems are to be preferred in view of their lower susceptibility 

to external EMI and myopotentials. It is suggested that they should be mandatory in 

those who are known to be pacemaker dependent.

Although a lower standard is normally applied to private pilots, it is suggested that they 

should also be denied unrestricted certification. The electromagnetic environment from 

on-board transmitters in light aircraft may be more hostile than on larger aircraft and 

vulnerability to the severe environment from external sources may be considerably 

greater.
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In respect of passengers with implants, the low risk of EMI is reassuring. Passengers 

should be advised of the remote possibility, in general terms, and warned to move 

elsewhere in the aircraft and away from any evident potential sources of EMI if they 

experience attributable symptoms.

The EMI susceptibility of modern devices demonstrated in these studies highlights 

shortcomings in the interference protection achieved by manufacturers and required by 

the current safety standards. The frequency dependence observed, indicates the 

inadequacy of single frequency testing as advocated by the AAMI and this should be 

recognised in the revised standards currently under consideration in the UK and Europe. 

If EMI protection is felt to be of importance, it should be meaningfully evaluated.

Sensor-driven rate-adaptive pacing systems using active sensors may have reduced 

longevity and require close scrutiny. The studies reported in chapter 7, indicate that 

activity-sensing devices using piezoelectric crystal sensors may be subject to significant 

rate rises in rotary wing aircraft. The impracticality of restricted certification in 

helicopters will, in any event, preclude certification. Such devices would best be 

avoided in hovercraft (air-cushioned vehicle) pilots. Only minor rate rises are likely in 

fixed-wing aircraft, which are unlikely to be of significance.

Anti-tachycardia devices and implanted defibrillators have not been considered in this 

thesis. The nature of these devices is to react to sustained arrhythmia. Symptoms may 

occur before the devices are activated and activation may itself cause symptoms 

(Fogoros et al, 1989; Axtell & Akhtar, 1990). The majority of subjects in whom they 

are used have underlying structural heart disease that may, in itself, disbar. In addition, 

the risk of haemodynamically significant arrhythmia and sudden death, despite 

treatment, exceeds 1 % per annum (Fogoros et al, 1990; Larsen et al, 1990) and there 

is considerable mortality from non-sudden cardiovascular causes (Lehman et al, 1988; 

Larsen et al, 1992). The devices themselves are inherently less reliable and durable than 

conventional pacemakers (Larsen et al, 1992; Song, 1992) and there is evidence that 

they may be susceptible to clinically significant EMI (Schmitt et al, 1991). It is 

therefore suggested that these devices are inconsistent with any form of certification to

fly-
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RECOMMENDATIONS:

1. Pilots with implanted cardiac pacemakers should be denied unrestricted Class 

1 certification in view of the small but significant risk of device failure and the 

remote but unpredictable risk of EMI.

2. If restricted certification is contemplated:

i) It should be deferred for three months after implantation;

ii) There should be no other disqualifying conditions;

iii) Devices known to be at increased risk of failure should be excluded;

iv) Subjects dependent on atrial sensing or pacing should be excluded;

v) Bipolar leads are recommended for all subjects and mandatory in 

those who are pacemaker dependent;

vi) The pacing mode and programmed settings should be appropriate to 

the clinical problem;

vii) Regular follow-up should be ensured, including 24 hour Holter 

monitoring and pacemaker assessment by a designated cardiologist at 

intervals not exceeding 6 months.

3. The implant and lead model, manufacturer and serial number and the date of 

implantation should be registered with the licensing authority, the manufacturer 

and the appropriate pacemaker registry, to facilitate recall and review in 

response to advisory or warning notices.

4. Subjects with implanted antitachycardia devices and implantable defibrillators 

are unfit for any form of certification.

268



REFERENCES

AAMI (Association for the Advancement of Medical Instrumentation). Pacemaker 
Standard, August 1975; FDA Contract Nr. 223-74-5083.

Adamec R, Haefliger JM, Killisch JP, Niederer J, Jaquet P. Damaging effect of 
therapeutic radiation on programmable pacemakers. PACE 1982;5:146-50.

Aldini J. Essai théorique et experimental sur le galvanisme avec une serie d 'experiences. 
Paris: Foumier, 1804.

AlicandriC, Fouad FM, TaraziRC, Castle L, Morant V. Three cases of hypotension and 
syncope with ventricular pacing: possible role of atrial reflexes. Am J Cardiol 1978; 
42:137-42.

Alpert MA, Curtis JJ, Sanfelippo JF et al. Comparative survival after permanent 
ventricular and dual chamber pacing for patients with and without pre-existent congestive 
heart failure. J Am Coll Cardiol 1986; 7:925-33.

Alpert MA, Curtis JJ, Sanfelippo JF et al. Comparative survival following permanent 
ventricular and dual chamber pacing for patients with chronic symptomatic sinus node 
dysfunction with and without congestive heart failure. Am Heart J 1987; 113:958-65.

Alt E, Stangl K, Blomer H. Therapy with rate-responsive cardiac pacemakers. Herz 
Kreislauf 1986(a); 18:556-64.

Alt E, Hirosteiter C, Heinz M, Blomer H. Rate control of physiologic pacemakers by 
central venous blood temperature. Circulation 1986(b); 73:1206-12.

Alt E, Matula M, Thilo R et al. A new mechanical sensor for detecting body activity and 
posture, suitable for rate responsive pacing. PACE 1988; 11:1875-81.

AndersonK, Humen DP, Klein GJ, Brummell D, Huntley S. A rate variable pacemaker 
which automatically adjusts for physical activity. PACE 1983; 6:434.

Anderson KM, Moore AA. Sensors in pacing. PACE 1986; 9:954-9.

Anon. Medicine and the law: Fatal shock from a cardiac monitor. Lancet 1960; 1:872.

Anon. Pacemakers - practice and paradox. Lancet 1991; 338:1178-9.

Anon. Watching brief on medical devices. Lancet 1992; 339:865.

Astridge PS, Kaye GC, Camm AJ, Perrins EJ. Response of implanted DDD pacemakers 
with variable lead polarity to extraneous electrical interference. Eur J Cardiac Pacing 
Electrophysiol 1992; 2:A45.

269



Astridge PS, Kaye GC, Camm AJ, Perrins EJ. Electrical interference causes inappropriate 
rate increase in implanted unipolar QT sensing rate responsive pacemakers. Eur J Cardiac 
Pacing Electrophysiol 1992; 2:A62.

Auffret R, Charetteur MP. The European aeronautical environment. Eur Heart J 1992; 
13 (suppl H): 10-12.

Ausubel K, Furman S. The pacemaker syndrome. Ann Intern Med 1985; 103:420-9.

Axtell KA, Akhtar M. Incidence of syncope prior to implantable cardioverter defibrillator 
discharges. Circulation 1990; 82:111-211.

BacharachDW, HildenTS, Millerhagen JO et al. Activity-based pacing: Comparison of 
a device using an accelerometer versus a piezoelectric crystal. PACE 1992; 15:188-96.

Barold SS. Current problems with demand pacemakers. Eur J Cardiol 1984; 1:339-45.

Barold SS, Pupillo GA, Gaidula JJ, Linhart JW. Chest wall stimulation in evaluation of 
patients with implanted ventricular-inhibited demand pacemakers. Br Heart J 1970; 
32:783-9.

Barold SS, Ong LS, Scovil J et al. Reprogramming of implanted pacemakers following 
external defibrillation. PACE 1978; 1:514.

Barold SS, Falkoff MD, Ong LS, Heinle RA. Differential diagnosis of pacemaker pauses. 
In: Barold SS, ed. Modem Cardiac Pacing. Mount Kisko, NY: Futura, 1985; 587-613.

Barold SS, Falkoff MD, Ong LS, Heinle RA. Interference in cardiac pacemakers: 
Exogenous sources. In: El-Sherif N, ed. Cardiac Pacing and Electrophysiology. 
Philadelphia, PA: W.B. Saunders, 199.1: 608-33.

Bateman SC, Goldsmith R, Jackson KF, Ruffell Smith HP, Sutton Mattocks V. Heart 
rate of training captains engaged in different activities. Aerosp Med 1970; 41:425-9.

Batra YK, Bali IM. Effect of coagulating and cutting current on a demand pacemaker 
during transurethral resection of the prostate. A case report. Can Anaesth Soc J 1978; 
25:65-6.

Beck CS, Pritchard WH, Feil HS. Ventricular fibrillation of long duration abolished by 
electrical shock. JAMA 1947; 135:985.

Bellot PH, Sands S, Warren J. Resetting of DDD pacemakers due to EMI. PACE 1984; 
7:169-72.

Benditt DG, Mianulli M, Fetter J et al. Single-chamber cardiac pacing with activity- 
initiated chronotropicresponse. ; evaluation by cardiopulmonary testing. Circulation 1987; 
75:184-91.

270



Bennett G. Aviation accident risk and aircrew licensing. Eur Heart J 1984; 5 (suppl A):9- 
13.

Bennett G. Pilot incapacitation and aircraft accidents. Eur Heart J 1988; 9 (suppl G):21- 
24.

Bennett G. Medical-cause accidents in commercial aviation. Eur Heart J 1992; 13 (suppl 
H):13-15.

Berkovits BV, Castellanos A, Lemberg L. Bifocal demand pacemaker. Circulation 1969, 
39:40, m-44.

Bernstein AD, Camm AJ, Fletcher RD et al. The NASPE/BPEG generic pacemaker code 
for antibrady arrhythmia and adaptive-rate pacing and antitachy arrhythmiadevices. PACE 
1987; 10:794-9.

Bernstein AD, Parsonnet V. Survey of cardiac pacing in the United States in 1989. Am 
J Cardiol 1992; 69:331-8.

Bilitch M, Cosby RS, Cafferky EA. Ventricular fibrillation and competitive pacing. N 
Engl J med 1967; 276:598-604.

Blamires NG, Myatt J. X-ray effects on pacemaker type circuits. PACE 1982; 5:151-5.

Blaser R, Dittrich H, Kirsch U, Schaldach M. Elektromagnetische felder als 
Gefahrenquelle ftir schrittmacherpatienten. Dtsch Med Wschr 1972; 97:559-62.

Bonney CH, Rustan PL, Ford GE. Evaluation of effects of the microwave oven (915 and 
2450MHz) and radar (2810 and 3050MHz) electromagnetic radiation on noncompetitive 
cardiac pacemakers. IEEE Transactions on Biomedical Engineering 1973; 20:357-64.

Breivik K, Engedal H, Ohm GJ. Electrophysiological properties of a new permanent 
endocardial lead for uni- and bipolar pacing. PACE 1982; 5:268-74.

Broste SK, Kim JS. Extension of life-table methodology to allow for left-censoring in 
survival studies of pacing devices followed by commercial monitoring services. PACE 
1987; 10:853-61.

Brown JH, Carter ET, Silverstein MN, Mankin H, Lancaster MC. Would you fly with 
these pilots? Aerospace Med 1973; 44:786-93.

Brownlee WC, Hirst RM. Six years experience with atrial leads. PACE 1986; 9:1239-42.

BSI. British Standard: Cardiac Pacemakers. Part 1: Specification for implantable cardiac 
pacemakers. London: British Standards Institution, 1990; BS 6902.

Burchell HB. Hidden hazards of cardiac pacemakers. Circulation 1961; 24:161-3.

271



ButrousGS, Meldnim SJ, Barton DG, Male JC, Bonnell JA, Camm AJ. Effects of high- 
intensity power-frequency electric fields on implanted modern multiprogrammable cardiac 
pacemakers. J Roy Soc Med 1982; 75:327-31.

Butrous GS, Male JC, Webber RS, Barton DG, Meldrum SJ, Bonnell JA, Camm AJ. 
The effect of power frequency high intensity electric fields on implanted cardiac 
pacemakers. PACE 1983(a); 6:1282-92.

Butrous GS, Bexton RS, Barton DG, Male JC, Camm AJ. Interference with the 
pacemakers of two workers at electricity substations. Br J Indust Med 1983(b); 40:462-5.

Butrous GS, Kaye G, Allen A, Sutton R, Camm J. Bedside test of the effect of 50Hz 
external electrical interference on the function of implanted physiological pacemakers. 
PACE 1985; 8:775.

CAA. General aviation accident review 1987; CAP542. Cheltenham, Civil Aviation 
Authority 1988.

Calfee RV. Therapeutic radiation and pacemakers. PACE 1982; 5:160-1.

Callaghan F, Camerlo J, Tarjan P. The ventricular depolarization gradient: exercise 
performance of a closed-loop rate responsive pacemaker. PACE 1987; 10:1212.

Callaghan JC, Bigelow WG. An electrical artificial pacemaker for standstill of the heart. 
Surg Forum 1950; 1:265.

Camilli L, Alcidi L, Papeschi G. A new pacemaker autoregulating the rate of pacing in 
relation to metabolic needs. In: Watanabe Y, ed. Cardiac Pacing: Proceedings of the 5th 
International Symposium. Amsterdam: Excerpta Medica. 1977; 414-9.

Camilli L, Alcidi L, Papeschi G, Wiechmann V, Padeletti L, Grassi G. Preliminary 
experience with the pH triggered pacemaker. PACE 1978; 1:448-57.

Camm AJ, Katritsis D. Ventricular pacing for sick sinus syndrome - a risky business? 
PACE 1990; 13:695-9.

Camm AJ, Ward DE. Pacing for tachycardia control. Telectronics, London 1983.

Cardiac Pacemakers, Inc. Cardiac Rhythm Management Product Performance and 
Reliability Report. St Paul, Minnesota, U.S.A.: Cardiac Pacemakers, Inc, 1991.

Carleton RA, Sessions RW, Graettinger JS. Environmental influence on implantable 
cardiac pacemakers. JAMA 1964;190:938-40.

Carter NJ. Recommended Test Specification for the Electromagnetic Compatibility of 
Aircraft Equipment. Tech. Memo FS(F) 510. Famborough: Procurement Executive, 
Ministry of Defence (HMSO), 1985.

272



Carter NJ. The Revision of EMC Specifications for Military Aircraft Equipment. PhD 
thesis. University of Surrey, 1986.

Castellanos A Jr, Lemberg L, Berkovits BV. The "demand" cardiac pacemaker: A new 
instrument for the treatment of A-V conduction disturbances. Inter Am Coll Cardiol 
Meeting. Montreal, June 1964.

Castellanos A, Bloom MG, Sung RJ, Rozanski JJ, Myerburg RJ. Mode of operation 
induced by rapid external chest wall stimulation in patients with normally functioning QRS- 
inhibited (W I) pacemakers. PACE 1979; 2:2-10.

Castillo C, Lemberg L, Castellanos A, Berkovits BV. Bifocal (sequential atrioventricular) 
demand pacemaker for sinoatrial and atrioventricular conduction disturbances. Am J 
Cardiol 1970; 25:87.

Castillo A, Berkovits BV, Castellanos A, Lemberg L, Callard G, Jude JR. Bifocal 
demand pacing. Chest 1971; 59:360-4.

Chaplin J. In perspective - the safety of aircraft, pilots and their hearts. Eur Heart J 1988; 
9 (suppl G): 17-20.

Chardack WM, Gage AA, Greatbach W. A transistorized, self-contained, implantable 
pacemaker for the long-term correction of complete heart block. Surgery 1960; 48:643-54.

Charles RG, Heemels JP, Westrum BLet al. Accelerometer-based adaptive-rate pacing: 
A multicenter study. PACE 1993; 16:418-25.

Clarke M, Sutton R, Ward D et al. Recommendations for pacemaker prescription for 
symptomatic bradycardia. Report of a working party of the British Pacing and 
Electrophysiology Group. Br Heart J 1991; 66:185-91.

CPI (Cardiac Pacemakers Inc). Cardiac Rhythm Management Product Performance and 
Reliability Report. St Paul, Minnesota, U.S.A.: Cardiac Pacemakers, Inc, 1991.

Crick JCP, Rokas S, SowtonE. Identification of pacemaker dependent patients by serial 
décrémentai rate inhibition. Eur Heart J 1985; 6:891-6.

Cutler SJ, Ederer F. Maximum utilization of the life-table method in analyzing survival. 
J Chronic Dis. 1958; 8:699-712.

DeCaprio V, Hurzeler P, Furman S. A comparison of unipolar and bipolar electrograms 
for cardiac pacemaker sensing. Circulation 1977; 56:750.

DjordjevicZ, DjordjevicM, StojanovP, StojanovicZ, KocovicD, Ebneth H. The use 
of the special protective vest as a method of pacemaker protection against electromagnetic 
interference. Proceedings of the XXXIV International Congress of Aviation and Space 
Medicine. Belgrade, 1986.

273



Domino AB, Smith TC. Electrocautery induced reprogramming of a pacemaker using a 
precordial magnet. Anaesth Analg 1983; 62:609-12.

Dreifus LS, Zinberg A, Hurzeler Pet al. Transtelephonic monitoring of 25,919 implanted 
pacemakers. PACE 1989; 9:371-8.

Dreifus LS, Fisch C, Griffin JC, Gillette PC, Mason JW, Parsonnet V. Guidelines for 
implantation of cardiac pacemakers and anti-arrhy thmia devices. A report of the American 
College of Cardiology/AmericanHeart association Task Force on assessment of diagnostic 
and therapeutic cardio-vascular procedures (committee on pacemaker implantation). J Am 
Coll Cardiol 1991; 18:1-13.

DTI. Civil Aircraft Accident report 4/73, Department of Trade and Industry 1973. Trident 
1 G-ARPI. Report of the Public Inquiry into the causes and circumstances of the accident 
near Staines on 18th June 1972. London: HMSO, 1973.

Duck FA. Physical Properties of Tissue. London: Academic Press, 1990: 170-4.

Earlam R, Wilson AW. Helicopter emergency medical services - HEMS One. Ann R 
Coll Surg Engl 1989; 71 (suppl):60-4.

EdhagO, RosenquistM. Heart rhythm during permanent cardiac pacing. Br Heart J 1979; 
42:182-95.

Edhag O, Elmqvist H, Vallin HO. An implantable pulse generator indicating asystole or 
extreme-bradycardia. PACE 1983; 6:166-70.

Edhag OK. Regional pacemaker practice variations - Europe. Presentation to the 9th 
World Symposium on Cardiac Pacing and Electrophysiology, Washington; May 1991.

ELA Medical Reliability Report: Cardiac Pacing. Montrouge, France: ELA Medical 
S. A., 1990.

Elmqvist R, Senning A. An implantable pacemaker for the heart. In: Smyth CN, ed. 
Medical Electronics (Proc. Sec. Int. Conf. on Medical Electronics. Paris, 1959). London: 
Illiffe, 1960; 253-54.

Engelberg AL, Doege TC. Review of Part 67 of the Federal Air Regulations and the 
Medical Certification of Civilian Airmen. Volume II. Chicago, Illinois: American 
Medical Association, 1986; IV-27.

Engelberg AN, Gibbons HL, Doege TC. A review of the medical standards for civilian 
airmen. Synopsis of a two-year study. JAMA 1986; 255:1589-99.

Erikson M, Schuller H, Sjolund B. Hazards from transcutaneous nerve stimulation in 
patients with pacemakers. Lancet 1978; 1:1319.

Erlebacher JA, Cahill PT, Pannizzo F, Knowles RJR. Effect of magnetic resonance 
imaging on DDD pacemakers. Am J Cardiol 1986; 57:437.

274



Escher D, Parker B, Furman S. Influence of alternating magnetic fields on triggered 
pacemakers. Circulation 1971; 43-44 (Suppl 2): 162.

Escher DJ, Parker B, Furman S. Pacemaker triggering (inhibition) by electric toothbrush. 
Am J Cardiol 1976; 38:126-7.

EUROCAE User's Guide for AMJ No XX: Guidance to the Certification of Aircraft 
Electrical/Electronic Systems for Operation in the High Intensity Radiated Field (HIRF) 
Environment (Certification Requirements and Procedures) (Draft Version 2.2). Toulouse: 
EUROCAE, 1993.

Evans DW. Personal communication, 1986.

Feruglio GA, Rickards AF, Steinbach K, Feldman S Cardiac pacing in the world: A 
survey of the state of the art in 1986. Pacing and Clinical Electrophysiology 1987; 10:768- 
77.

Fetter J, Aram G, Holmes DR, Gray JE, Hayes DL. The effects of nuclear magnetic 
resonance imagers on external implantable pulse generators. PACE 1984; 7:720-7.

Fetter J, Hall DM, Hoff GL, Reeder JT. The effects of myopotential interference on 
unipolar and bipolar dual chamber pacemakers in the DDD mode. Clin Prog 
Electrophysiol & Pacing 1985; 3:368-79.

Fogoros RN, Elson JJ, Bonnett CA. Actuarial incidence and pattern of occurrence of 
shocks following implantation of the automatic implantable cardioverter defibrillator. 
PACE 1989; 12:1465-73.

French RS, Tillman JG. Pacemaker function during helicopter transport. Ann Emerg Med 
1989; 18:305-7.

Fujiwara H, Taniguchi K, Takeuchi J, Ikezono E. The influence of low frequency 
acupuncture on a demand pacemaker. Chest 1980; 78:96-7.

Funke HD. Ein Herschrittmacher mit belastung sabhangigerFrequenzregulation. Biomed 
Tech 1975; 20:225-8.

Funke HD. Eighteen months of clinical experience with the implantable optimised 
sequential stimulator (OSS). In: Meere C, ed. Proceedings of the 6th World Symposium 
on Cardiac Pacing. Montreal: Laplante and Langeuin, 1979; 16-3.

Funke HD, Neumann G, Herpers L, Orellano L. Performance of physiological pacing by 
DDD stimulation - two years of experience. PACE 1980; 3:371.

Furman S. Electric razor interference with cardiac pacemakers. JAMA 1972; 222:1658.

Furman S. Bipolar pacing. PACE 1986; 9:619.

Furman S. Pacing and cardiac physiology (editorial). PACE 1987; 10:453.

275



Furman S. Pacemaker follow-up. In: Furman S, Hayes DL, Holmes DR, eds. A Practice 
of Cardiac Pacing (2nd edn). Mount Kisko, New York: Futura, 1989(a): 511-44.

Furman S. Pacemaker longevity. PACE 1989(b); 12:1437-8.

Furman S. Basic concepts. In: Furman S, Hayes DL, Holmes DR Jr, eds. A Practice of 
Cardiac Pacing (2nd edn). Mount Kisco, New York: Futura, 1989(c): 23-78.

Furman S. [Editorial comment]. PACE 1989(d); 12:1010.

Furman S. Sensing and timing the cardiac electrogram. In: Furman S, Hayes DL, 
Holmes DR Jr, eds. A Practice of Cardiac Pacing (2nd edn). Mount Kisco, New York: 
Futura, 1989(e): 79-114.

Furman S, Robinson G. The use of an intracardiac pacemaker in the treatment of total 
heart block. Surg Forum 1958; 9:245-8.

Furman S, SchewedelJB, Robinson G, HurwittES. Use of an intracardiac pacemaker in 
the control of complete heart block. Surgery 1961; 49:98.

Furman S, Parker B, Krauthammer J, Escher DJ. The influence of electromagnetic 
environment on the performance of artificial cardiac pacemakers. Ann Thorac Surg 1968; 
6:90-5.

Furman S, BenedekZM (Implantable Lead Registry). Survival of implantable pacemaker 
leads.-PACE 1990; 13:1910-4.

Gabry MD, Behrens M, Andrews C, Wanliss M, Klementowicz PT, Furman S. 
Comparison of myopotential interference in unipolar-bipolar programmable DDD 
pacemakers. PACE 1987; 10:1322-30.

Giedwoyn JO. Pacemaker failure following external defibrillation. Circulation 1971; 
44:293.

Ginks W, Leatham A, Siddons H. Prognosis of patients paced for chronic atrioventricular 
block. Br Heart J 1979; 41:633-6.

Godin JF, Petitot JD, Pioger G. STIMAREC report. PACE 1992; 15:473-4.

Goldberg ME, McSherry RT, O’Connor ME. Electrocautery and pacemaker 
reprogramming. Anesth Analg 1984; 63:541-2.

Gold RG. Interference to cardiac pacemakers - how often is it a problem? Prescribers’ 
Journal 1984; 24:115-23.

Gold RG. Personal communication, 1986.

276



Grand A, Drouin B, Ferry M, Peyredieu Du Charlat G, Tabet R, Morel C. La protection 
des stimulateurs cardiaques "sentinelles" contre les influences électromagnétiques 
extérieures par une capsulle métallique: realite ou fiction? Nouve Presse Med 1977; 
6:855.

Greatbatch W, Chardack W. A transistorized implantable pacemaker for the long-term 
correction of complete heart block. Trans Northeast Electron Res Eng Meet Conf, Boston, 
MA, 1959; 1:8.

Grendahl H, Miller M, Kjekshus J. Overdrive suppression of implanted pacemakers in 
patients with AV block. Br Heart J 1978; 40:106-13.

Griffin JC. Sensing characteristics of the right atrial appendage electrode. PACE 1983; 
6:22-5.

Gross JN, Platt S, Ritacco R, Andrews C, Furman S. The clinical relevance of 
electromyopotential oversensing in current unipolar devices. PACE 1992; 15:2023-7.

Hardage ML, Marbach JR, Winsor DW. The pacemaker patient in the diagnostic and 
therapeutic environment. In: BaroldSS, ed. Modern Cardiac Pacing. Mount Kisko, NY: 
Futura, 1985; 857-73.

Hardy KA. Measured effects of 450-, 350-, and 250-MHz pulsed and 26-MHz CW 
radiofrequency fields on cardiac pacemakers. Texas: USAF School of Aerospace 
Medicine, 1979; Report SAM-TR-79-20.

Hasbrook AH, Rasmussen PG. Pilot heart rate during in-flight simulated instrument 
approaches in a general aviation aircraft. Aerosp Med 1970; 41:1148-52.

Hauser RG, Edwards LM, Stafford JL. Bipolar and unipolar sensing: Basic concepts and 
clinical applications. In: Barold SS, ed. Modern Cardiac Pacing. Mount Kisko, New 
York: Futura, 1985: 137-60.

Hauser RG, Wimer EA, Timmis GC et al. Twelve years of clinical experience with 
lithium pulse generators. PACE 1986; 9:1277-81.

Hayes DL. Personal communication, 1986.

Hayes DL. Programmability. In: Furman S, Hayes DL, Holmes DR Jr, eds. A Practice 
of Cardiac Pacing (2nd edn). Mount Kisco, New York: Futura, 1989(a): 563-96.

Hayes DL. Pacemaker electrocardiography. In: Furman S, Hayes DL, Holmes DR Jr, 
eds. A Practice of Cardiac Pacing (2nd edn). Mount Kisco, New York: Futura, 1989(b): 
289-321.

Hayes DL. Practical considerations. In: Furman S, Hayes DL, Holmes DR Jr, eds. A 
Practice of Cardiac Pacing (2nd edn). Mount Kisco, New York: Futura, 1989(c): 597- 
609.

277



Hayes DL, Holmes DR, Gray JE. Effect of 1.5 tesla nuclear magnetic resonance imaging 
scanner on implanted permanent pacemakers. J Am Coll Cardiol 1987; 10:782-6.

Hehrlein FW, Mulch J, Pahutan P et al. Programmable cardiac pacemakers. First 
experiences with the Omnicor system. J Cardiovasc Surg 1974; 15:522-7.

Heuer H, Koch T, Greve H. Untersuchungen uber das frequenzverhalten des 
aktivitatsgesteuerten schrittmachers Activitrax. Herzschrittmacher 1986; 6:39-44.

Hill PE. Complications of permanent transvenous cardiac pacing: A 14 year review of all 
transvenous pacemakers inserted at one community hospital. PACE 1987; 10:564-70.

Hopping MD. Personal communication, 1986.

Humen DP, Anderson K, Brumwell D, Huntley S, Klein GJ A pacemaker which 
automatically increases its rate with physical activity. In: Steinbach K, ed. Cardiac 
Pacing: Proceedings of the 7th World Symposium on Cardiac Pacing. Darmstadt: 
Steinkopff Verlag, 1983; 259-64.

Humen DP, KostukWJ, Klein GJ. Activity-sensing, rate-responsivepacing: Improvement 
in myocardial performance widr exercise. PACE 1985; 8:52-9.

Hunyor SN, Nicks R, Jones D, Coles D, Heath J. Interference hazards with Australian 
non-competitive ("demand") pacemakers. Med J Aust 1971; 2:653-5.

Hyman AS. Resuscitation of the stopped heart by intracardial therapy. II. Experimental 
use of an artificial pacemaker. Arch Intern Med 1932; 50:283.

ICAO. Manual of Civil Aviation Medicine 2nd edn. Montreal: ICAO; 1985.

INIRC. Guidelines on limits of exposure to radiofrequency electromagnetic fields in the 
frequency range lOOkHz to 300GHz. Health Physics 1984; 46:975.

Intermedics Product Performance Report. Angleton, Texas, U.S.A.: Intermedics, Inc.,
1991.

Irnich W. Interference in pacemakers. PACE 1984; 7:1021-48.

Imich W. Principles of interference detection and rejection in cardiac pacemakers. lEE 
Colloquium on Electromagnetic Interference and Cardiac Pacemakers. London: Institution 
of Electrical Engineers, 1985: Digest No. 1985/7.

Imich W, de Bakker JMT, Bisping HJ. Electromagnetic interference in implantable 
pacemakers. PACE 1978; 1:52-61.

Imich W, Barold SS. Interference protection in cardiac pacemakers. In: Barold SS, ed. 
Modern Cardiac Pacing. Mount Kisko, NY: Futura, 1985; 839-55.

278



Jessen C, Rosen J. Internal pacemaker: indications for its use and results of operation. 
Acta Chir Scand 1963; 125:567-76.

Johnson AD, Laiken SL, Engler RL. Hemodynamic compromise associated with 
ventriculoatrial conduction following transvenous pacemaker placement. Am J Med 1978; 
65:667-71.

Joint Airworthiness Requirements, JAR-25 (Airworthiness Authorities Steering 
Committee). London: Civil Aviation Authority, 1979.

Joy M. Cardiological aspects of aviation safety - the new Europeanperspective. Eur Heart 
J 1992; 13 (suppl H):21-26.

Joy M, Bennett G, eds. First United Kingdom Workshop in Aviation Cardiology. Eur 
Heart J 1984; 5 Suppl A: 1-164.

Joy M, Bennett G, eds. Second United Kingdom Workshop in Aviation Cardiology. Eur 
Heart J 1988; 9 (Suppl G); 1-192.

Kahn M, Senderoff E, Shapiro J, Bleifer SB, Grishman A. Bridging of interrupted A-V 
conduction in experimental complete heart block by electronic means. Am Heart J 1960; 
59:548.

KappenbergerU, Herpers L. Rate responsive dual chamber pacing. PACE 1986; 9:987- 
91.

Karlof I. Haemodynamic effect of atrial triggered versus fixed rate pacing at restand 
during exercise in complete heart block. Acta Med Scand 1975; 197:195-206.

Katzenberg CA, Marcus FI, Heusinkveld RS, Mammana RB. Pacemaker failure due to 
radiation therapy. PACE 1982; 5:156-9.

Kim JS, Sugalski JS. Appraisal of pacing lead performance using transtelephonic follow- 
up data. PACE 1990; 13:1921-4.

King GR, Hamburger AC, Parsa F, Heller SJ, Carleton RA. Effect of microwave oven 
on implanted cardiac pacemaker. JAMA 1970; 212:1213.

Kleinert M, Elmqvist H, Strandberg H. Spectral properties of atrial and ventricular 
signals. PACE 1979; 2:11.

Krull EA, Pickard SD, Hall JC. Effects of electrosurgery on cardiac pacemakers. J 
Dermatol Surg 1975; 1:43-5.

Kruse I, Arnman K, ConradsonT-B, Ryden L. A comparison of the acute and long term 
hemodynamic effects of ventricular inhibited and atrial synchronous ventricular inhibited 
pacing. Circulation 1982; 65:846-55.

279



Kubisch K, Peters W, Chiladakis I et al. Clinical experience with rate responsive 
pacemaker Sensolog P703. PACE 1988; 11:1829-33.

LagergrenH. How it happened: my recollection of early pacing. PACE 1978; 1:140-3.

Lagergren H, Johansson L. Intracardiac stimulation for complete heart block. Acta Chir 
Scand 1963; 125:562-6.

Lagergren H, Johansson L, Landegren J, Edhag O. One hundred cases of treatment for 
Adams-Stoke's syndrome with permanent intravenous pacemaker. J Thorac Cardiovasc 
Surg 1965; 50:710.

Lamas GA, Keefe JM. The effects of equitation (horseback riding) on a motion 
responsive DDR pacemaker. PACE 1990; 13:1371-3.

Larsen GC, Stupey MR, Walance CG et al. When should survivors of ventricular 
tachycardia/fibrillation resume driving? Circulation 1990; 82:111-83.

Larsen GC, Manolis AS, SonnenbergFA, Beshansky JR, Estes NAM, Pauker SG. Cost- 
effectiveness of the implantable cardioverter-defibrillator: Effect of improved battery life 
and comparison with amiodarone therapy. J Am Coll Cardiol 1992; 19:1323-34.

Lau CP. Personal communication, 1987.

Lau CP. Sensors and pacemaker mediated tachycardias. PACE 1991; 14:495-8.

Lau CP. The range of sensors and algorithms used in rate adaptive cardiac pacing. PACE 
1992(a); 15:1177-1211.

Lau CP, Tai YT, Fong PC et al. Clinical experience with an activity sensing DDDR 
pacemaker using an accelerometer sensor. PACE 1992(b); 15:334-43.

Lau CP. Rate Adaptive Cardiac Pacing. Mount Kisko, New York: Futura, 1993.

Lau C, Mehta D, Toff WD, Stott JRR, Ward DE, Camm AJ. Limitations of rate 
response of an activity-sensing rate-responsive pacemaker to different forms of activity. 
PACE 1988(a); 11:141-50.

Lau CP, Stott JRR, Toff WD, Zetlein MB, Ward DE, Camm AJ. Selective vibration 
sensing: a new concept for activity-sensing rate-responsive pacing. PACE 1988(b); 
11:1299-309.

Lau CP, Antoniou A, Ward DE et al. Initial clinical experience with a minute ventilation 
sensing rate modulated pacemaker: improvements in exercise capacity and
symptomatology. PACE 1988(c); 11:1815-22.

Lau CP, Tse WS, Camm AJ. Clinical experience with Sensolog 703: a new activity 
sensing rate responsive pacemaker. PACE 1988(d); 11:1444-55.

280



Lau CP, ButrousGS, Ward DE, Camm AJ. Comparison of exercise performance of six 
rate-adaptive right ventricular cardiac pacemakers. Am J Cardiol 1989; 63:833-8.

Leeks C. Personal communication, 1987.

Lehman MH, Steinman RT, Schuger CD, Jackson K. The automatic implantable 
cardioverter defibrillator as antiarrhythmic treatment modality of choice for survivors of 
cardiac arrest unrelated to acute myocardial infarction. Am J Cardiol 1988; 62:803-5.

Lemberg L, Castellanos A, Berkovits B. Pacing on demand in AV block. JAMA 1965; 
191:12-14.

Lemer SM. Suppression of a demand pacemaker by transurethral electrocautery. Anesth 
Analg 1973; 52:703-6.

Levine PA, Barold SS, Fletcher RD, Talbot P. Adverse acute and chronic effects of 
electrical defibrillation and cardioversion on implanted unipolar cardiac pacing systems. 
J Am Coll Cardiol 1983; 1:1413.

Lichter I, Borrie J, Miller WM. Radio-frequency hazards with cardiac pacemakers. Br 
Med J 1965; 1:1513-8.

Lidwill MC. Cardiac disease in relation to anaesthesia. In: Transactions of the Third 
Session, Australasian Medical Congress [British Medical Association] Sydney, Australia, 
September 2 to 7, 1929: 160.

Lillehei RC, Romero LH, Beckman CB et al. A new solid-state, long-life, lithium- 
powered pulse generator. Ann Thorac Surg 1974; 18:479-89.

Lindemans FW, Rankin IR, Murtaugh R, Chevalier PA. Clinical experience with an 
activity sensing pacemaker. PACE 1986; 9:978-86.

Lipkin DP, Buller N, Frenneaux M et al. Randomised crossover trial of rate responsive 
Activitrax and conventional fixed rate ventricular pacing. Br Heart J 1987; 58:613-6.

Lloyd E, Tye W. Systematic Safety. London: Civil Aviation Authority, 1982.

Mahaux V, Verboven Y, Waleffe A, Grodent C, Geradin P, Kulbertus H. In vitro 
evaluation of a sensor sensitive to acceleration forces included in a new rate modulated 
pacemaker. PACE 1992; 15:1867-72.

Manning GW, Thatcher R, Anderson IH. Aviation cardiology in Canada. Am J Cardiol 
1975; 36:576-83.

Mansfield PB. On interference signals and pacemakers. Am J Med Electronics 1966; 
5:61-3.

Manton S. Personal communication, 1993.

281



Manual of Civil Aviation Medicine, 2nd edn. Montreal; 1985: ICAO.

Marbach JR, Meoz-Mendez RT, Huffman JK, Hudgins PT, Almond PR. The effects on 
cardiac pacemakers of ionizing radiation and electromagnetic interference from 
radiotherapy machines. Int J Radiat Oncol Biol Phys 1978; 4:1055-8.

McWilliam JA. Electrical stimulation of the heart in man. Br Med J 1889; 1:348-50.

Medtronic Product Performance Report. Minneapolis, Minnesota, U.S.A.: Medtronic, 
Inc., 1991.

Meldrum SJ, Butrous GS, Camm AJ. Electrocardiographic recording in high-intensity 
electric fields: an application of radio-telemetry. J Med Eng Technol 1982; 7:66-8.

Michaelson SM, Moss AJ. Environmental influences of implanted cardiac pacemakers. 
JAMA 1971;216:2006-7.

Mickley H, Petersen J, Nielsen BL, Fabricius J. Permanent cardiac pacing and 
consequences to employment situation. Int J Cardiol 1987; 16:217-8.

Mickley H, Petersen J, Nielsen BL. Subjective consequences of permanent pacemaker 
therapy in patients under the age of retirement. PACE 1989; 12:401-5.

Millerhagen J, Bacharach D, Street G et al. A comparison study of two activity 
pacemakers: An accelerometer versus piezoelectric crystal device. PACE 1991; 14:665.

Milroy WC. Shields needed for cardiac pacemakers. N Engl J Med 1971; 284:501.

MirowskiM, Mower MM, StuevenWS, TabatznikV, Mendelhoff AI. Standby automatic 
defibrillator. Arch Int Med 1970; 126:158.

Mitchell JC, Hurt WD, Walters WH, Miller JK. Empirical studies of cardiac pacemaker 
interference. Aerospace Med 1974; 45:189-95.

Mitchell JC, Hurt WD, Steiner TO. EMC design effectiveness in electronic medical 
prosthetic devices. In: Michaelson SM, Miller MW, Magin R, Carstensen EL, eds. 
Fundamental and Applied Aspects of Nonionizing Radiation. New York: Plenum Press, 
1975: 351-63.

Mitchell JC, Hurt WD. The biological significance of radiofrequency radiation emission 
on cardiac pacemaker performance. Texas: USAF School of Aerospace Medicine, 1976; 
Report SAM-TR-76-4.

Mitsui T, Mizuno A, Hrsegawa T et al. Atrial rate as an indicator for optimal pacing rate 
and the pacemaking syndrome. Annales de Cardiologie et d'Angeiologie 1971 ; 20:371-9.

Mond HG, Sloman JG, Edwards RH. The first pacemaker. PACE 1982; 5:278-82.

Mooney S. Personal communication, 1986.

282



Mueller X, Sadeghi H, KappenbergerL. Complications after single versus dual chamber 
pacemaker implantation. PACE 1990; 13:711-4.

Mymin D, Cuddy TE, Sinha SN, Winter DA. Inhibition of demand pacemakers by 
skeletal muscle potentials. JAMA 1973; 223:527.

Nathan AW, Davies DW. Is W I  pacing outmoded? Br Heart J 1992; 67:285-8.

Nathan DA, Center S, Wu CY, Keller W. An implantable synchronous pacemaker for 
the long term correction of complete heart block. Am J Cardiol 1963(a); 11:362-7.

Nathan DA, Center S, Wu CY, Keller W. An implantable synchronous pacemaker for 
the long-term correction of complete heart block. Circulation 1963(b); 27:682-5.

Neu H, ThullR, Karr DE. Funftionsbeeinflussung implantierter herzschrittmacher durch 
hochspannungs-zundanlagen,teil 1. Biomed Tech 1980; 25:116-22.

Noordjik JA, Oey FTI, Tebra W. Myocardial electrodes and the danger of ventriculkar 
fibrillation. Lancet 1961; 1:975.

NRPB. Guidance as to restrictions on exposures to time varying electromagnetic fields and 
the 1988 recommendations of the International Non-Ionizing Radiation Committee. 
Chilton: NRPB, 1989; NRPB-GSll (London, HMSO).

NRPB. Electromagnetic fields and the risk of cancer. Report of an advisory group on non
ionising radiation. Chilton: NRPB, 1992; Documents of the NRPB Vol 3: No 1 (London, 
HMSO).

O ’Brien E. Environmental dangers for the patient with a pacemaker. Br Med J 1982; 
285:1677-8.

O ’Donoghue JK. Inhibition of a demand pacemaker by electrosurgery. Chest 1973; 
64:664-6.

Palmer EP. [Correspondence]. PACE 1989; 12:1009.

Parsonnet V, Hesselson AB, Harari DC. Long-term functional integrity of atrial leads. 
PACE 1991; 14:517-21.

Pavlicek W, Geisinger M, Castle L et al. The effects of nuclear magnetic resonance on 
patients with cardiac pacemakers. Radiology 1983; 147:149-53.

Perrins EJ, Morley CA, Chan SL, Sutton R. Randomised controlled trial of physiological 
and ventricular pacing. Br Heart J 1983; 50:112-7.

Phillips R, Frey M, Martin RO. Long-term performance of polyurethane pacing leads: 
Mechanisms of design-related failure. PACE 1986; 9:1166-72.

283



Pickers BA, Goldberg MJ. Inhibition of a demand pacemaker and interference with 
monitoring equipment by radio-frequency transmissions. Br Med J 1969; 2:504-6.

Radio Society of Great Britain (RSGB). Radio Communication Handbook (5th Edn). 
RSGB; Potters Bar, Herts. 1982.

Rahn R, Zegeiman M, Kreuzer J. The influence of dental treatment on the Activitrax. 
PACE 1988; 11:499.

Ramage C, Kee S, Bristow A. Interhospital transfer of the critically ill patient by 
helicopter. Br J Hosp Med 1990; 43:147-8.

Rankin 1, Lindemans F. Clinical report: Activitrax single chamber rate-variable 
implantable pulse generators. Kerkrade, Netherlands: Medtronic BV, 1985.

RCP. Cardiovascular fitness of airline pilots. Report of the Working Party of the 
Cardiology Committee of the Royal College of Physicians of London. Br Heart J 1978; 
40:335-50.

Rickards AF. Rate-responsivepacing. In: BaroldSS, ed. Modern Cardiac Pacing. Mount 
Kisko, New York: Futura Publishing Co; 1985: 799-809.

Rickards AF. Personal communication, 1986.

Rickards AF, Akhras F, Baron DW. Effects of heart rate on QT interval (abstract). In: 
Meere-C, ed. Proceedings of the 6th World Symposium on Cardiac Pacing. Montreal. 
Laplante and Langeuin. 1979; 2-7.

Rickards AF, Norman J. Relationship between QT interval and heart rate. New design 
of physiologically adaptive cardiac pacemaker. Br Heart J 1981; 45:56-61.

Rickards AF. The UK National Pacing Database Report. London: British Pacing & 
Electrophysiology Group and Medical Devices Directorate of the Department of Health;
1992.

Robinovitch LG. Resuscitation of a woman in profound syncope caused by chronic 
morphine poisoning; means used: rhythmic excitations with an induction current, the 
author's method and model of coil. J Ment Path 1907-09; 8:180.

Rogel S, Mahler Y. The universal pacer. A synchronized-demand pacemaker. J Thorac 
Cardiovasc Surg 1971; 61:466-71.

Rokas S, Crick JCP, Sowton E. Does pacemaker dependence exist? Br Heart J 1981; 
45:340.

Roscoe AH. Use of pilot heart rate measurement in flight evaluation. Aviat Space Environ 
Med 1976; 47:86-90.

284



Roscoe AH. Assessing workload in flight. In: Conference Proceedings No 373. Flight 
Test techniques. Paris: AGARD, 1984.

Roscoe AH. Pilot arousal during the approach and landing. Aviation Medicine Quarterly 
1987; 1:31-6.

Rosol Z, Sevcik J. Can patients with an implanted cardiac pacemaker travel by air? Cas 
Lek Ces 1973; 112:281-2.

Rossel CL, Alyn IB. Living with a permanent cardiac pacemaker. Heart and Lung 1977; 
6:273-9.

Rossi P. Rate-responsivepacing : Biosensor reliability and physiological sensitivity. PACE 
1987, 10:454-466.

Rossi P, Plicchi G, Canducci G, Rognoni G, Aina F. Respiratory rate as a determinant 
of optimal pacing rate. PACE 1983; 6:502-7.

Rossi P, Aina F, Rognoni G et al. Increasing cardiac rate by tracking the respiratory rate. 
PACE 1984(a); 7:1246.

Rossi P, Plicchi G, Canducci GC et al. Respiration as a reliable physiological sensor for 
controlling cardiac pacing rate. Br Heart J 1984(b); 51:7-14.

RozonskiJR, BlanksteinRL, Lister JW. Pacemaker arrhythmias: Myopotential triggering 
of pacemaker mediated tachycardia. PACE 1983; 6:795.

RSGB (Radio Society of Great Britain). Radio Communication Handbook (5th Edn). 
Potters Bar, Herts: RSGB, 1982.

Ruffell Smith HP. Heart rate of pilots flying aircraft on scheduled airline routes. Aerosp 
Med 1967; 38:1117-9.

Rustan PL, Hurt WD, Mitchell JC. Microwave oven interference with cardiac 
pacemakers. Med Instrum 1973; 7:185-8.

Sager DP. Current facts on pacemaker electromagnetic interference and their application 
to clinical care. Heart & Lung 1987; 16:211-21.

Salo RW, Pederson BD, Olive AL et al. Continuous ventricular volume assessment for 
diagnosis and pacemaker control. PACE 1984; 7:1267-72.

Samet P, Castillo C, Bernstein WH. Hemodynamic sequelae of atrial, ventricular and 
sequential atrioventricular pacing in cardiac patients. American Heart Journal 1966, 
72:725-9.

Samet P, Abbas SZ, Hildner FJ, Jarier RP, Befeler B, Schoenfeld CD. Effect of chest 
wall stimulation on cardiac pacemaker function. Am J Med sciences 1970; 260:285-98.

285



Schmitt C, Brachmann J, Waldecker B et al. Implantable cardioverter defibrillator: 
Possible hazards of electromagnetic interference. PACE 1991; 14:982-4.2

Siddons H. Deaths in long-term paced patients. Br Heart J 1974; 36:1201-9.

Sinnaeve A, Willems R, StroobandtR. Inhibition of on demand pacemakers by magnet 
waving. PACE 1982; 5:878-90.

Smedgard P, Kristensson BE, Kruse I et al. Rate-responsive pacing by means of activity 
sensing versus single rate ventricular pacing: a double-blind cross-over study. PACE 
1987; 10:902-15.

Snoeck J, Berkhof M, Claeys M et al. External vibration interference of activity based 
rate responsive pacemakers. PACE 1992; 15:1841-5.

Song SL. Performance of implantable cardiac rhythm management devices. PACE 1992; 
15:475-86.

Sowton E. Environmental hazards for pacemaker patients. J Roy Coll Phys Lond 1982; 
16:159-64.

Sowton E, Gray K, Preston T. Electrical interference in non-competitive pacemakers. Br 
Heart J 1970; 32:626-32.

Staessen J, Ector H, de Geest H. The underlying heart rhythm in patients with an artificial 
cardiac pacemaker. PACE 1982; 5:801-7.

Standards of fitness of aircrew. The First Bethesda Conference of the American College 
of Cardiology. Am J Cardiol 1966; 18:630-6.

Stangl K, Wirtzfeld A, Heinze H, Gobi G, Lochschmidt O. Activitrax pacemaker: 
Physiological rate response with a nonphysiological sensor? In: Sartini M, Pistolese M, 
Aliegro A, eds. Progress in Clinical Pacing. Rome: Cento Editoriale Publicitario Italiano, 
1986: 124-32.

Stangl K, Wirtzfeld A, Lochschmidt O et al. Physical movement sensitive pacing: 
Comparison of two activity-triggered pacing systems. PACE 1989; 12:102-10.

Stokes KB, Church T. Ten-year experience with implanted polyurethane lead insulation. 
PACE 1986;9:1160-5.

Stott JRR. Vibration. In: ErnstingJ, King P, eds. Aviation Medicine (2nd edn). London: 
Butterworths, 1988: 185-99.

Sulg lA, Cronqvist S, Schuller H, Ingvar DH. The effect of intracardial pacemaker 
therapy on cerebral blood flow and electroencephalogram in patients with complete 
atrioventricular block. Circulation 1969;39:487-94.

286



Sumchai A, Stembach G, Eliastam M, Liem LB. Pacing hazards in helicopter 
aeromedical transport. Am J Emerg Med 1988; 6:236-40.

Surawicz B, Donoso E, Escher DJW, Lancaster MC, Nelson WP, Selzer A. 
Cardiovascular problems associated with aviation safety: Eighth Bethesda Conference of 
the American College of Cardiology. Task Force IX Arrhythmias. Am J Cardiol 1975; 
36:624-8.

Sutton R, SharmaA, Ingram A, Camm AJ, Lindemans F, Bennett T. First-derivative of 
right ventricular pressure as a sensor for an implantable rate-responsive W I  pacemaker. 
PACE 1987; 10:1230.

Sweet WH. Stimulation of sino-atrial node for cardiac arrest during operation. Bull Am 
Coll Surg 1947; 32:234.

Tavel ME, Fisch C. Repetitive ventricular arrhythmia resulting from artificial internal 
pacemaker. Circulation 1964; 30:493-500.

Telectronics. Electromagnetic interference and the pacemaker patient. Denver: 
Telectronics Pacing Systems, 1991; Technical Note 110; May 1991.

Toff WD, Leeks C, Joy M, Bennett G, Camm AJ. The effect of aircraft vibration on the 
function of an activity-sensing pacemaker. British Heart Journal 1987; 57:573-4.

Toff WD, Camm AJ. Implanted devices and aviation. Eur Heart J 1988; 9 (suppl G): 133- 
8 .

Toff WD, Edhag O, Camm AJ. Cardiac pacing and aviation. Eur Heart J 1992; 13 (suppl 
H): 162-75.

Tse WS, Lau CP, Nadia S et al. Comparison of three activity sensing rate responsive 
pacemakers. PACE 1988; 11:799.

Tunstall-Pedoe H. Acceptable cardiovascular risk in aircrew. Eur Heart J 1988; 9 (suppl 
G ):9-ll.

Tunstall-Pedoe H. Cardiovascular risk and risk factors in the context of air-crew 
certification. Eur Heart J 1992; 13 (suppl H): 16-20.

Tyers GFO. FDA recalls: How do pacemaker manufacturers compare? Ann Thorac Surg 
1989; 48:390-6.

Tyers GF, Brownlee RR. The non-hermetically sealed pacemaker myth, or, Navy- 
Ribicoff 22,(XX)-FDA-Weinbergero. J Thorac Cardiovasc Surg 1976; 71:253-4.

Tyers GFO, Brownlee RR, Hughes HC, Manley NJ, Gorman IN. Chronic testing of a 
pacemaker that needs recharging only once every four years. Arch Surg 1976; 111:1231- 
4.

287



Vera Z, Awan NA, Amsterdam EA, Mason DT. Cardiac pacemakers: indications and 
complications. Heart Lung 1975; 4:444-51.

Wallace M, Todd I, Aber CP. Pacemaker discomfort induced by the wearing of seat 
belts. Postgrad Med J 1985; 61:305-6.

Walter WH, Mitchell JC, Rustan PL, Frazer JW, Hurt WD. Cardiac pulse generators 
and electromagnetic interference. JAMA 1973; 224:1628-31.

Waltz BJ, Reder RE, Pastore JO, Littman P, Johnson R. Cardiac pacemakers. Does 
radiation therapy affect performance? JAMA 1975; 234:72-3.

Wamowicz-Papp MA. The pacemaker patient and the electromagnetic environment. Clin 
Prog in Pacing & Electrophysiol 1983; 1:166-76.

Watson W. Discriminating sense amplifier: A method for dealing with muscle noise. 
PACE 1983;6:A-114.

Watson WS. Myopotential sensing in cardiac pacemakers. In: Barold SS, ed. Modern 
Cardiac Pacing. Mount Kisko, NY: Futura, 1985; 813-37.

Wegria R, Wiggers CJ. The physiologic basis for cardiac resuscitation from ventricular 
fibrillation: methods for serial defibrillation. Am Heart J 1940; 20:399.

Weinberg J, Artley JA, Whalen RE, McIntosh HD. Electric shock hazards in cardiac 
catheterization. Circ Res 1962; 11:1004.

Weirich WL, Gott VL, Lillehei CW. The treatment of complete heart block by the 
combined use of a myocardial electrode and an artificial pacemaker. Surg Forum 1957; 
8:360-2.

Weirich WL, Paneth M, Gott VL, Lillehei CW. Control of complete heart block by use 
of an artificial pacemaker and a myocardial electrode. Circ Res 1958; 6:410.

Wilson AW, Cross F. Helicopters. J Roy Soc Med 1992; 85:1-3.

Wirtzfeld A, Lampadius M, Ruprecht ED. Unterdruckung von demand-schrittmachern 
durch muskelpotentiale. Dtsch Med Wochenschr 1972; 97:61.

Wirtzfeld A, Goedel-Meinen L, Bock T et al. Central venous oxygen saturation for the 
control of automatic rate-responsive pacing. PACE 1982; 5:829.

Wirtzfeld A, Heinze R, Stanzl K et al. Regulation of pacing rate by variations of mixed 
venous oxygen saturation. PACE 1984; 7:1257.

Wooly LH, Woodworth J, Dobbs JL. A preliminary evaluation of the effects of electrical 
pulp testers on dogs with artificial pacemakers. J Am Dent Assoc 1974; 89:1099.

288



Yatteau RF. Radar-induced failure of a demand pacemaker. New Engl J Med 1970; 
283:1447-8.

Zimmerman BH, Paul DD. Artifacts and hazards in NMR imaging due to metal implants 
and cardiac pacemakers. Diagn Imag Clin Med 1984; 53:53-6.

Zoll PM. Resuscitation of the heart in ventricular standstill by electrical stimulation. New 
Engl J Med 1952; 247:768.

Zoll PM, Linenthal AJ. Long-term electric pacemakers for Stokes-Adams disease. 
Circulation 1960; 22:341-5.

289



PRESENTATIONS AND PUBLICATIONS:

The work described in this thesis has been presented in part to meetings of the British 

Cardiac Society, the British Pacing & Electrophysiology Group, the North American 

Society of Pacing and Electrophysiology, the Second UK Workshop in Aviation 

Cardiology, the First European Workshop in Aviation Cardiology and other national 

and international meetings.

Publications related to the work include:

Toff WD, Leeks C, Joy M, Bennett G, Camm AJ. The effect of aircraft vibration on 

the function of an activity-sensing pacemaker. British Heart Journal 1987; 57:573-4.

Toff WD, Leeks C, Joy M, Bennett G, Camm AJ. Activity-sensing pacemaker function 

during air travel. Pacing and Clinical Electrophysiology 1987; 10:424.

Toff WD, Leeks C, Joy M, Bennett G, Camm AJ. Function of the Activitrax 

rate-responsive pacemaker during travel by air. Pacing and Clinical Electrophysiology 

1987; 10:753.

Joy M, Toff WD. Is a cardiac pacemaker likely to be adversely affected by radar 

equipment on board a ship or aeroplane? British Medical Journal 1987; 1269.

Lau CP, Stott JRR, Toff WD, Zetlein M, Ward DE, Camm AJ. Vibration sensing: 

New design of activity sensing rate responsive pacemaker. Pacing and Clinical 

Electrophysiology 1987; 10:1217.

Toff WD, Deller AGMcC, Hobbs RA, Robb DJ, Joy M, Camm AJ. The risk of 

electromagnetic interference with pacemaker function in the aircraft environment. 

British Heart Journal 1988; 59:92.

Toff WD, Camm AJ. Implanted devices and aviation. European Heart Journal 1988; 

9 (Suppl G): 133-8.

290



Lau CP, Mehta D, Toff WD, Stott RJ, Ward DE, Camm AJ. Limitations of rate 

response of activity sensing rate responsive pacing to different forms of activity. Pacing 

and Clinical Electrophysiology 1988; 11:141-50.

Toff WD, Deller AGMcC, Lau CP, Joy M, Camm AJ. Radiofrequency interference 

with pacemaker function: A clinical study. Pacing and Clinical Electrophysiology 1988; 

11:853.

Lau CP, Stott JRR, Toff WD, Zetlein MB, Ward DE, Camm AJ. Selective vibration 

sensing: A new concept for activity sensing rate responsive pacing. Pacing and Clinical 

Electrophysiology 1988; 11:1299-309.

Toff WD, Deller AGMcC, Hobbs RA, Robb DJ, Joy M, Camm AJ. Radiofrequency 

interference with pacemaker function in the aircraft environment. New Trends in 

Arrhythmias 1988; III/IV:777-80.

Deller AGMcC, Toff WD, Hobbs RA, Robb DJ, Camm AJ. The development of a 

system for the evaluation of electromagnetic interference with pacemaker function with 

particular reference to hazards in the aircraft environment. Journal of Medical 

Engineering and Technology 1989; 13:161-5.

Toff WD, Edhag OK, Camm AJ. Cardiac pacing and aviation. European Heart Journal 

1992; 13 (Suppl H): 162-75.

Toff WD, Deller AGMcC, Hobbs RA, Robb DJ, Joy M, Bennett G, Camm AJ. 

Electromagnetic interference with pacemaker ftmction: Hazards in the aviation 

environment (in preparation).

Toff WD, Leeks C, Lau CP, Bennett G, Joy M, Camm AJ. The effect of aircraft 

vibration on the function of an activity-sensing rate-responsive pacemaker (in 

preparation).

291



LIST OF ABBREVIATIONS

SYMBOLS/UNITS:

A ampere

ft feet

H Henry

Hz Hertz

kg kilogram

L inductance

m metre

min minute

Ù Ohm

R resistance

Kendall rank correlation coefficient

s second

T Tesla

V Volt

Ÿ  - modulus of input voltage

Vo modulus of output voltage

w Watt

X reactance

ABBREVIATIONS:

AAMI Association for the Advancement of Medical Instrumentation

ADF automatic direction finding

AF atrial fibrillation

APR abnormal pacing rate

ARI airfield radar installation

ATC air traffic control

AV atrio-ventricular

BPEG British Pacing & Electrophysiology Group

CAA Civil Aviation Authority

CW continuous wave
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ABBREVIATIONS ...cont'd/

DME distance measuring equipment

DOH Department of Health

EEC European Economic Community

EMC electromagnetic compatibility

EMI electromagnetic interference

EWGCP European Working Group on Cardiac Pacing

FAA Federal Aviation Administration

FDA Federal Drug Administration

HF high frequency

lAPM International Association of Pacemaker Manufacturers

ICAO International Civil Aviation Organisation

IFF/SIF identification friend or foe/selective identification feature

INIRC International Non-Ionizing Radiation Committee

ILS instrument landing system

ISARP International Standards and Recommended Practices

JAA Joint Airworthiness Authorities

ppm pulses per minute

prf pulse repetition frequency

LORAN low frequency radio and navigation system

MB missed beats/pulses

NAD no abnormality detected

NDB non-directional beacon

NRPB National Radiological Protection Board

ns not significant

RBS range and bearing system

RF radio-frequency

rms root mean square

sd standard deviation

SSR secondary surveillance radar

TACAN tactical air navigation system

TENS transcutaneous electrical nerve stimulation

VHF very high frequency
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