
15Historical Milestones

During the same period, a surgical group in Florence, Italy, led by Dr. Leonardo 
Camilli and engineer Renato Pozzi invented a similar concept. Instead of locating 
the receiver just beneath the patient’s skin and connecting it to the heart by a wire 
lead, they constructed a receiver the size of two stacked U.S. quarters with two 
projecting pins and sutured it down directly on the ventricular surface. 

Dr. Leon Abrams at the University of Birmingham, Birmingham, United Kingdom, 
lead a group that invented another device (the Abrams-Lucas inductive coupled unit, 
made by Lucas Industries). The receiver consisted of a thousand turns of fine copper 
wire wound to form a ring and covered with silicone rubber (Figure 1.41). From this 
implanted coil, two wires were attached to the heart wall. Figures 1.42 a/b illustrate 
the concept.

Figures 1.39. (a) (b)  RF 
pacing system (courtesy 
Dr. Oswaldo Greco, 
Instituto de Moléstias 
Cardiovasculares, São 
José do Rio Preto, SP, 
Brazil). (a)

(b)

(b)(a)

Figures 1.40.  (a) Patient with RF pacemaker, (b) RF pacing system built in 
Bogota, Colombia. 

Figure 1.41.  Concept of Dr. 
Abrams’ device (courtesy Dr. 
Michael Gammage, University 
of Birmingham, Birmingham, 
United Kingdom).
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company, which acquired Intec in 1985. The device was given the trade name of 
automated implantable cardioverter defibrillator (AICD) (Figures 1.107 a/b). It 
was encased in titanium and weighed 250 gr. A sensing electrode was placed in the 
superior vena cava, and a rather large patch electrode was sutured over the apex of 
the heart. 

A sternotomy was required for implantation (Figure 1.108). The unit sensed 
ventricular fibrillation and stopped it with the application of an electrical shock of 
about 25 J directly over the heart. Epicardial patches and epimyocardial leads were 
used (Figures 109 a/b).

Figures 1.107. (a) (b)  
Automated implantable 
cardioverter defibrillator 
(AICD).

(a) (b)

Figure 1.108.  Sternotomy for implant of 
AICD (a large patch and 2 epicardial leads 
can be seen). The procedure was associated 
with surgical morbidity, postoperative 
hospital care requirement and hospital costs.

(b)(a)

Figures 1.109. (a)  Early ICD system, 
(b) epicardial patch electrodes used 
for defibrillation and epimyocardial 
screw-in leads for rate sensing.
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The generators had specific indicators marked on the case (words such as: “Nuclear”, 
“Curies”, the radiation symbol or the abbreviation “Pu-238”). Despite early 
encouraging results they went out of fashion mainly due to extensive regulatory 
paperwork and disposal of the energy source. Figures 3.12 a/b/c show nuclear-
powered IPGs built by several manufacturers.

Medtronic designed a nuclear-powered generator in cooperation with Alcatel, a 
French company which manufactured the power source (Figures 3.13 a/b). First 
human implant of the device was performed by Dr. Paul Laurens and Dr. Armand 
Piwnica in 1972 at Hôpital Broussais, Paris, France. 

Transcutaneous recharging technology was next developed in a joint effort between 
the industry (Pacesetter Systems, Inc.) and the John Hopkins Applied Physics 
Laboratory in Laurel, MD, USA (Figure 3.14). Two-way telemetry, a concept in 
common use today, was a feature of this system. The patient was responsible for 
insuring that the unit was recharged regularly and this led to compliance problems. 
More than 6,000 units were implanted between 1973 and 1978.

(a) (b) (c)

Figures 3.12.  Nuclear-powered IPGs manufactured by (a) Medtronic and Laurens-
Alcatel, (b) Coratomic, (c) Centro de Construcción de Cardioestimuladores del Uruguay 
(Courtesy David Prutchi, PhD.)

Figures 3.13.  (a) Nuclear-powered pulse generator manufactured by Medtronic and 
Laurens-Alcatel, (b) illustration of construction and components.

(a) (b)
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(c) (d)

(f)(e)

(h) (i)(g)

(k)(j)

Figures 3.20. (a) - (k)  Sketches and pictures of distal ends (active and passive fixation leads). 
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Figure 3.22.  Image taken just beneath 
the tricuspid valve, looking down into the 
RV. Bundles and bands of muscles can be 
seen at the bottom of the RV. Courtesy 
University of Minnesota and Medtronic, 
Inc.

Figure 3.23.  From deep within the 
trabeculation of the RV. Near the top, left 
corner of the image, the tricuspid valve 
can be seen in the open position. Courtesy 
University of Minnesota and Medtronic, 
Inc.

(a)

Figures 3.24. (a) 
(b) (c)  Close-ups 
of tines on passive 
fixation leads.

(c)(b)

(a) (b) (c)

Figures 3.25. (a) (b) (c)  Tines on passive fixation leads (courtesy Dr. Harry Mond, The Royal 
Melbourne Hospital, Victoria, Australia).

(b)(a)

(c)
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From 1982 until late 1991, the standard implantable system entailed the use of 
epicardial patches that had to be positioned and sutured around the heart. The 
electrical discharge was delivered through these patches. All implantable units were 
manufactured by Cardiac Pacemakers, Inc. (CPI). During the 1980s the CPI system 
consisted of semi rigid patches of a titanium mesh embedded in a clear plastic square 
design (Figures 4.13 a/b). 

(b)

(a)

Figures 4.11. (a)  PCD with three-patch leads (the 2 smaller electrodes shown on the 
left are the pacing electrodes adapted as a bifurcated bipolar system), (b) illustration 
of how the patch leads and the pacing electrodes were positioned.

Figures 4.12. (a) (b) ICD 
with a two-patch leads and 
two epimyocardial leads. 
Courtesy Dr. Harry Mond, 
The Royal Melbourne 
Hospital, Victoria, Australia.

(a) (b)

(b)(a)

Figures 4.13. (a)  CPI patch system sutured on the heart, (b) close-up of the patch 
showing the titanium mesh. Courtesy Dr. Ernesto Molina, University of Minnesota, 
Minneapolis, Minnesota, USA.
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Figure 4.49. Evolution of Medtronic HV lead design (coaxial on the left and 
multilumen for the other 4 cross sections).

Figure 4.50.  Cross sections of multilumen designs. From left to right: Durata 
7 Fr (St. Jude Medical), Fidelis 7 Fr and Sprint Quattro 9 Fr (Medtronic) and 
Reliance 9 Fr (Boston Scientific). Used with permission from St. Jude Medical, 
CRDM.

Figure 4.51. Cross sections ofmultilumen designs (to scale).  Courtesy Dr. 
Ernest Lau, Department of Cardiology, Royal Victoria Hospital, Belfast, United 
Kingdom.
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“S” shaped curve concept (Figures 5.34-35)

“3D - spiral” shaped concept (Figure 5.36)

 

(b)(a)

Figures 5.33. (a) Illustration and close-up of Attain Performa® LV lead within a cardiac 
vein, (b) chest x-ray with a CRT-D device and 3 leads (the LV lead is an Attain Performa®). 

(b)(a)

Figures 5.34. (a)  Quicksite™ LV lead (the distal preshaped “S” curve 
is aimed at pressing against the wall of the vein to provide a means of 
fixation), (b) Quartet® 4 electrode LV lead (used with permission from St. 
Jude Medical, CRDM).  

Figure 5.35. Attain Performa® 
with short spacing between the 2 
center electrodes (aimed at reducing 
the incidence of phrenic nerve 
stimulation).
.

Figure 5.36.   ACUITY™ spiral helical design. 
Three-dimensional helical bias is designed to 
maximize contact of the lead against the inner vein 
wall (courtesy Boston Scientific).



Chapter 6148

 

Ingenious thinking and experiments brought many other early concepts as illustrated 
in Figures 6.10-18.

Figure 6.8.  Early Chardack-
Greatbatch/Medtronic pulse generator 
with Chardack/Medtronic myocardial 
electrode.

 (a)
 (b)

Figures 6.9.  (a) (b) (c) (d)  Details 
of helical spring electrode and suture 
holes, (e) early sketch illustrating 
implant technique with sutures.

 (c)

 (e) (d)

Figure 6.10.  Sketch of various 
electrode concepts.
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An approach to steroid elution is to coat the electrode (acute benefit) as shown in 
Figure 8.54. Another option (chronic elution) is to provide steroid in a reservoir 
behind the electrode tip (Figures 8.55 a/b) or inside a drug-releasing collar within 
the distal sleeve (Figures 8.56-57). A third approach combines the presence of a 
reservoir and the coating of the electrode. 

Figure 8.53.  The illustration 
compares a steroid eluting lead (top 
views) to a lead without steroid 
(bottom views) from the day of 
implant into the chronic phase. The 
steroid eluting from the tip of the 
lead suppresses each stage of the 
inflammatory process. The result 
is less inflammation, and a thinner 
capsule surrounding the lead tip.

Figure 8.54.  Coated electrode.

 (a)  (b)

Figures 8.55. (a) (b)  Steroid-eluting electrodes (passive fixation). Behind 
the porous tip surface is a silicone rubber plug filled with an inflammation 
suppressing steroid. The secretion of this drug through the tip surface decreases 
inflammation and resulting encapsulation. This increases the electrode’s 
pacing efficiency and efficacy and sensing sensitivity.
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Today’s most commonly used wire is made of MP35N® (a nickel-cobalt alloy with 
the following nominal composition: 35% nickel, 35% cobalt, 20% chromium and 
10% molybdenum). MP35N® has unique combination of properties – mechanical 
strength, toughness, conductivity, ductility and outstanding corrosion resistance. This 
super alloy is initially melted using vacuum induction melting (VIM) techniques, 
followed by an electro slag remelt (ESR) to remove some impurities. This practice 
may be followed by vacuum arc remelting (VAR).

The MP35N® silver cored conductor has the same performance characteristics as 
the MP35N® but offers enhanced conductivity. The technology, known as drawn 
filled tube (DFT), is a metal-to-metal composite developed to combine the desired 
physical and mechanical attributes of two or more materials into a single wire or 
ribbon system (Figure 9.8). The composite typically uses the outer sheath to impart 
strength while the core material is designed to provide conductivity (silver is used in 
the range of 28-41% of the total cross-sectional area). DFT wires are further formed 
into multifilar coils or twisted into small wire cables to further increase flexibility 
and strength.

 

Table 1 shows typical electrical resistance of MP35N® wire with and without silver 
core (ohm/ft). Source: Fort Wayne Metals (www.fwmetals.com).

Size 28% 
Ag

41% 
Ag

Solid 
MP35N® wire

0.006” 0.950 0.663 16.5

0.004” 2.14 1.64 37.1

0.002” 8.55 6.57 149

0.001” 34.2 26.3 595

A new alloy (MP35N® low titanium) is being tested with the goal to provide 
measurable improvements in surface finish and fatigue life [1].

Figure 9.8.  Cross-section of silver cored 
conductor. The inner core can have varying 
percentages of silver to enhance the 
conductivity.

Table 1
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Eventually, two similar unipolar connector designs were developed: a “Medtronic 5 
mm” and a “Cordis 6 mm” designs. Figures 11.21 a/b/c/d show both connectors and 
figure 11.22 illustrates the connection into the device module. 

Figure 11.17.  ELA Stimulith 
(l’Electronique Appliquée, Montrouge, 
France) design. Courtesy Dr. Cristina 
Tentori, Hospital Juan A. Fernández, 
Buenos Aires, Argentina).

(a) (b)

Figures 11.18.  (a) (b)  Biotec connector (Biotec Biomedical Technologies 
of Bologna, Italy). Courtesy Dr. IWP Obel, Milpark Hospital, Johannesburg, 
South Africa.

Figure 11.19.  American Optical 
Corporation pacemaker and lead 
(Bedford, MA, USA).

Figure 11.20.  Illustration 
of an early connector 
module.

(a)Figures 11.21.  (a) (c)  Cordis 6 
mm connector, short pin, and (b) 
(d)  Medtronic 5 mm connector, 
long pin. Courtesy Dr. Harry 
Mond, The Royal Melbourne 
Hospital, Victoria, Australia.

(b)

(d)(c)
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A 510(k) is a premarketing submission made to the FDA to demonstrate that the 
device to be marketed is as safe and effective, that is, substantially equivalent (SE), 
to a legally marketed device that is not subject to premarket approval (PMA). 

Concepts of reliability

Reliability is the likelihood that a product will meet customers’ expectations by 
performing its intended function within specified tolerances, under stated conditions, 
for a given period of time. 

Reliability engineers often describe the lifetime of a population of products using 
a graphical representation called the bathtub curve (Figure 17.2). The bathtub 
shape is characteristic of the failure rate curve of many well designed products and 
components including the human body. The curve consists of three periods and 
associated types of failure: 

• Burn-in period or infant mortality: large and rapidly decreasing number 
of new component failures. Failures during infant mortality are caused by 
material defects, design mistakes, errors in assembly, etc.

• Normal life: constant failure rate. Normal life failures are normally considered 
to be random cases of “stress exceeding strength.”

• Wear-out period: post-expected product life with increasing number of 
failures over time. Wear-out is a fact of life due to fatigue.

The bathtub curve does not depict the failure rate of a single item, but describes the 
relative failure rate of an entire population of products over time. Some individual 
units will fail relatively early, most will last until wear-out, and some will fail during 
the relatively long period typically called normal life. The actual time periods for 
these three characteristic failure distributions can vary greatly. Infant mortality does 
not mean that a product will fail within, for example, 30 days or any other defined 

Failure 
rate Normal life 

Wear-out 
period

Burn-in period
Operating life of the product 

Figure 17.2.  Bathtub curve (failure rate versus time).
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Figure 18.5.  Fibrous encapsulation around lead body (courtesy Dr. 
Bruce Wilkoff, Cleveland Clinic, Ohio, USA).

(a) (b)

Figures 18.6. (a) (b)  Fibrous encapsulation around lead body (courtesy 
Dr. Bruce Wilkoff, Cleveland Clinic, Ohio, USA).

Figure 18.7.  Fibrous 
encapsulation around 
lead body (courtesy 
Dr. Bruce Wilkoff, 
Cleveland Clinic, 
Ohio, USA).

Figure 18.8. Encapsulating tissue 
accumulated around a lead body. 
Courtesy Dr. John Burgess and Dr. 
John Rothschild, Libin Cardiovascular 
Institute of Alberta, Calgary, Alberta, 
Canada.

(a) (b)

Figures 18.9. (a) (b)  Encapsulating tissue accumulated at the distal end of a lead. Courtesy Dr. 
Francisco Perez, Hospital San Lucas, Ponce, Puerto Rico.
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The reported frequency of Twiddler’s syndrome is around 0.07-7%. Risk factors 
for this condition include elderly age group, obesity, female gender, psychiatric 
illness, and the small size of the device relative to its pocket. Figures 19.37-39 offer 
additional examples of the Twiddler’s syndrome.

(b)(a)

Figures 19.37. (a) (b) (c) 
(d)  Twiddler’s syndromes 
(courtesy Dr. Héctor 
Mazzetti, Juan Fernandez 
Hospital, Buenos Aires, 
Argentina).

(c) (d)

Figure 19.38.  Twiddler’s syndrome 
with lead tip dislodgement and lead 
body twist (courtesy Dr. Santiago 
Nava and Dr. José Luis Morales, 
Instituto Nacional de Cardiología, 
México DF, México).

Figure 19.39.  RV and RA leads 
completely wrapped around the 
device and tip of LV lead on the left 
of the x-ray.
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The oxygen sensor operates on the principle that the optical reflectivity of the blood 
changes as a function of the oxygen saturation level (as the oxygen saturation 
decreases, the blood color spectrum turns from red to blue). Light emitting diodes and 
a photo-detector are sealed inside a capsule. The diodes are turned on alternately and 
the amount of light reflected back into the capsule from the venous blood is measured. 
The pulmonary artery pressure lead uses the principle of variable capacitance to 
measure absolute pressure. Change in pressure alters the distance between capacitor 
plates, and an integrated circuit compares the resulting capacitance with a reference 
capacitor. 

Figure 23.3 shows an IHM system with oxygen saturation and pressure sensors 
integrated in the distal end of the same lead.

Central venous blood temperature sensor

One of the indicators of metabolic demand that has been used for controlling the 
rate of pacemakers is central venous blood temperature (CVT). In 1983, Cook 
Pacemaker Corporation began working on a technology, initially developed at 
Purdue University, West Lafayette, IN, USA, into an improved prototype for a 
temperature-based exercise responsive pacemaker that was released as the Kelvin 
Sensor rate-responsive pacemaker a few years later. One of the first CVT rate-
adaptive pacemakers was the Cook Kelvin 500 series (Figure 23.4).

A

B

A

Figure 23.2.  IHM with two 
transvenous leads (system for 
investigation only). “A” is the RV 
oxygen saturation sensor lead and 
“B” is the pulmonary artery pressure 
sensor lead. B

Figure 23.3.  IHM with 
a lead for monitoring RV 
oxygen saturation and RV 
dynamic pressures (system for 
investigation only). 
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Along with the chemical and cellular environment around the implant, the body also 
exerts mechanical loads (forces) upon leads by interactions or juxtaposition with 
bones, muscles, and organs (Figure 24.4). The mechanical loads to which a lead is 
exposed can be classified by their directions and periodicity. Axial loads are applied 
along the axis of the lead (bending, tension or compression), transverse loads are 
applied across the axis of the lead (shear or crush) and torsional loads are applied 
around the axis (rotation or twisting).

(0) Medial border of the 
pectoralis minor

(1) Cephaloaxillary vein 
junction

(2) Pectoralis major fixation
(3) Axillosubclavian vein 

entry
(4) Base of the lung apex
(5) Aorta wrap
(6) Superior vena cava origin
(7) Right atrium
(8) Tricuspid valve

(a)

(b)

Figures 24.2.  Lead course based on anatomy. (a) Superimposed transverse sections at the 
axilosubclavian-brachiocephalic vein and the midventricular cavity levels, (b) coronal section at 
the midaxillary lines A circle with a dot inside points out of the plane; a circle with a cross inside 
points out into the plane.  Sections of the thorax based on the Visible Human Project.
Courtesy Dr. Ernest Lau, Department of Cardiology, Royal Victoria Hospital, Belfast, United 
Kingdom.

Venous entry

         Device

Figure 24.3.  The course of a 
lead depends on patient anatomy, 
implantation technique and lead 
construction/structure. 


