

Design of cardiac pacemakers



Electrodes, leads, and biocompatibility



6

Electrodes, Leads, and Biocompatibility

Brian K. Wagner

A pacemaker system applies electrical stimuli to induce cardiac muscle contraction. Pacemaker researchers apply principles of engineering and materials science to interface technology with body systems. Materials used in many other engineering applications are often not acceptable in the human body. We therefore find or develop biocompatible materials and shape them into useful pacemaker components. We must understand the body’s biochemical and pathological systems to minimize foreign body reactions. Reducing interactions between the pacemaker and body contributes to longevity of therapy. A patient’s safety, livelihood, and comfort rely upon successful adaptation of technology into his or her body. Successful pacing therapy depends upon the ability of an electrode to safely, effectively, and efficiently stimulate excitable heart tissue and sense intracardiac signals. Pacemaker leads deliver electrical signals to and receive signals from the heart. Lastly, the reaction of the body to the materials and device, or biocompatibility, must be acceptable. 

6.1  Pacemaker electrodes XE  "electrodes" 
Overall efficiency and efficacy of a pacemaker system depend upon an electrode’s ability to interface between the two realms of physiology and electronics. The utility of pacing technology is diminished or lost entirely if an effective interface cannot be established between these two systems. This section investigates roles and applications of pacemaker electrodes and how engineers, physicians, and scientists improve cardiac pacing via evolving electrode technology.

6.1.1 Electrode roles in pacemaker systems

The modern pacemaker electrode often fulfills two major roles. The first is the introduction of cathodal stimuli, produced by the pulse generator, into excitable myocardial muscle. If implemented, the second role is to optimally sense intracardiac electrocardiograms and conduct them back to the pulse generator for signal processing and algorithm control (Sinnaeve et al., 1987).


Figure 6.1 shows an example of a modern porous steroid eluting electrode. The implementation of porous electrodes began in the late 1970s at Cardiac Pacemakers, Inc. [CPI, St. Paul, MN U.S.A.] (Mugica et al., 1988). Various porous and steroid eluting electrodes have provided significant advances in the pacemaker industry. Porosity utilizes the principle that the ratio of the electrode tip’s electrically active surface area to the tip’s overall size should be large (Mugica et al., 1988; Schaldach, 1992). Steroid elution designs increase pacing efficiency and sensing sensitivity by reducing encapsulation of the electrode tip.

pic from (11,2,215). letter written.

Figure 6.1  A modern pacemaker electrode. The Medtronic [Medtronic, Inc., Minneapolis, MN U.S.A.] model 4003 CapSure® unipolar tined porous electrode XE  "porous electrode"  is an example of a porous steroid elution electrode. 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 From Mond, H., Stokes, K. B., Helland, J., Grigg, L., Kertes, P., Pate, B., and Hunt, D. 1988. The porous titanium steroid eluting electrode: a double blind study assessing the stimulation threshold effects of steroid. PACE, 11: 214–219.


The primary design criterion for electrode design is safe cardiac stimulation. A patient’s safety is of utmost importance. Minimizing energy loss from a small pulse generator battery source is another important electrode design consideration. Charge consumption from the battery is reduced to provide extended life. Electrodes used with today’s dual chamber and rate-responsive pacemakers, which inherently draw increased current from the power source, must especially reduce current drain. Because the heart beats an average exceeding 85,000 times a day, the potential exists that a relatively large amount of energy could be inefficiently used. During pacing, the pulse generator acts as a power source while the heart acts as an electrical load. When the pacemaker operates in sensing mode, the heart becomes the source of electrical energy and the pacemaker sensing circuit becomes the load. These differing and alternating roles sometimes require different design considerations.


Other important electrode design criteria include: biocompatibility, biostability, electrode size, invasiveness to cardiac and circulatory functions, fixation into heart tissue, and ease of clinical manipulation (implantation and if necessary removal). While overall system biocompatibility is addressed specifically in section 6.3, electrode tip biocompatibility is of special concern because it directly correlates to electrode efficiency.

6.1.2 Electrode–myocardium interface XE  "Electrode–myocardium interface" 
This section explores the electrochemical, ionic, and electrical current characteristics existing at the boundary layer between an electrode tip and heart tissue.


The primary reason a pacing electrode is introduced into the heart is to electrically stimulate excitable heart tissue and induce muscular contraction. To accomplish this, adequate electrical stimuli must first be applied to excitable cardiac cells, or myocardium. An artificial pacemaker supplies an electrical potential difference to myocardium via an electrode. The electrode and tissue interface is a complex one. Electrical engineering applications (such as pulse generator circuits) utilize electronic conduction while biological systems implement ionic conduction. The interface where these two different charge carrying systems come together is known as an electrochemical phase boundary.

Electrochemical phase boundary XE  "Electrochemical phase boundary" 
The human body is often modeled as a saline reservoir consisting of ions such as: H+, Na+, K+, Cl–, and others. These ions fulfill roles throughout bodily systems in electrochemical reactions sustaining cellular life. Bodily fluids, consisting primarily of water, are electrolytes due to their disassociated substance ions within solution.


Figure 6.2 shows an electrode surface and the resulting phase boundary with heart tissue prior to tip encapsulation. Note that the endothelial and endocardial tissue layers are not electrically active; they are protective cellular membranes. An electrical field introduced by an electrode must pass through these two thin layers to influence the nearest membrane of an excitable myocardial tissue cell.
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Figure 6.2  Electrode–tissue phase boundary prior to encapsulation. Voltage VT stimulates myocardial action potential.


Figure 6.3(a) shows a first order approximation of the electronic and ionic interactions occurring at the stimulating cathodal electrode–electrolyte interface. More complex models can and have been developed. An electrical phase boundary is defined as an interface where on one side electrical charge is carried by electrons, while on the other side charge is carried by ions. Electrons in the electrode are drawn to the interface surface by their attraction to positive ions present in the bodily electrolyte (Na+ and H+, for example). Electrolyte cations are drawn to the interface surface by their attraction to the electrode’s electrons. Equal and opposite charge concentrations arise on each side of the electrode–electrolyte interface and an electrical field is thus established (Deconinck, 1992).


 EMBED Word.Picture.8  


Figure 6.3  (a) First order approximation of stimulating cathodal electrode–electrolyte interface. Primary and secondary water layers comprise a simple interface model known as the Helmholtz double layer XE  "Helmholtz double layer" . Note cation–electron mutual attractions to one another. Water shells surrounding ions are known collectively as hydrated ions. Metal–oxide complexes (indicated as M–O) are valuable constituents in sustaining reversible interface reactions. Reversible reactions, as opposed to irreversible reactions, limit cellular damage and inflammation in nearby endothelium and endocardium. Electrode tips implementing metal oxide materials help prevent chemical reactions and thus limit corrosion. (b) The Helmholtz double layer physically exhibits characteristics of plate capacitor CH due to surface area of interface, dielectric constant of primary water layer, and distance between electrons and cations. Increasing the capacitance of CH increases reversible charge transfer (RCT) and thus reduces destructive Faradic current. Resistance attributed to electrolyte is shown by RE. This interface approximation is thus commonly modeled as a parallel RC network in series with resistive element RE From Schaldach, M. M. 1992. Electrotherapy of the heart. Berlin: Springer–Verlag.


Figure 6.3(a) shows a primary layer of water molecules nearest the electrode surface. More complex models may incorporate many more primary layers. These primary layer water molecules nearly completely cover the electrode tip’s surface. Note that dipoled water molecules tend to align themselves under the influence of the induced electric field (Walton et al., 1987).


Figure 6.3(a) also shows the attraction of positively charged cations to the electrode tip’s surface. Electric fields exerted by these cations are sufficient enough to draw dipoled water molecules around them. Thus, these ions develop hydration shells (Schaldach, 1992; Walton et al., 1987). These ion–water shell complexes are known as hydrated ions. Positive hydrated ions are drawn towards the electrode–electrolyte interface. Together the hydrated ions comprise the secondary water layer. The primary and secondary water layers comprise the Helmholtz double layer, as proposed by Helmholtz in 1879 (Schaldach, 1992; Walton et al., 1987).


Figure 6.3(b) shows that a simple Helmholtz double layer approximation corresponds to a plate capacitor schematically represented by CH. The value of this Helmholtz capacitance is determined by three physical factors: the dielectric constant of the primary water layer r; the active surface area of the electrode tip a; and the distance d between the electrode’s charge and the electrolyte’s ions:
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where 0 is the permittivity of free space.


Electrical current from the stimulating cathode into the tissue occurs as electrons pass from the electrode tip into the electrolyte. This type of current, known as Faradic current, is undesirable. We prefer instead to minimize electrochemical reactions as a means of charge transfer to reduce biological destruction.


The concentration of electrons present in the stimulating electrode exceeds by orders of magnitude the concentration of ions in the electrolyte (Bockris and Drazic, 1972; Schaldach, 1992). Resistance of electrons to flow from the electrode into the electrolyte is known as reaction inhibition and is shown in Figure 6.3(b) as RF, the Faradic resistance. Current flowing through Faradic resistance depends largely upon the tip’s stimulating potential. Faradic current XE  "Faradic current"  induces irreversible reactions in the electrolyte and would thus ideally be negligible.


Instead of destructive irreversible reactions induced by Faradic currents, reversible reactions are much more desirable. Reversible charge transfer XE  "Reversible charge transfer"  (RCT) can be achieved in two ways.


Note in Figure 6.3(a) the relationship between the particles indicated by the ‘M’ and ‘O.’ Platinum and iridium—two metals commonly implemented as electrode tip surfaces—are represented collectively by the ‘M’ indicating “metal.” ‘O’ represents oxygen. It is believed that platinum, iridium, and related metals absorb oxygen at an electrode–electrolyte interface (Walton et al., 1987). If true, a metal oxide (M–O) complex is most likely created as detailed in the following reduction–oxidation reactions. Platinum is used as the electrode material in the following example (Dymond, 1976):

4e– + O2 + 4H+ 2H2O                                 (6.2)

Pt + 2H2O  2PtO + 4H+ + 4e–                                  (6.3)

Thus, the first way to achieve RCT is by successful implementation of reversible reduction–oxidation reactions at the electrode–electrolyte interface. However, this charge transfer reversibility is limited by implemented electrode materials which may be contaminated by blood constituents.


The second method to obtain RCT is simply charging and discharging the Helmholtz capacitance shown in Figure 6.3(a) as CH. In order to improve the reversible charge transfer by means of CH, the capacitance must be increased. According to Equation 6.1, this can be achieved by increasing the active electrical surface area a. Section 6.1.4 discusses how a can be made substantially large by implementing surface porosity.

Overall pacing system electrical model 

Figure 6.4 shows a simple electrical model of a typical pacemaker system. 
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Figure 6.4  Simple pacing system electrical model as correlated with exhibited physical characteristics of: device, materials, tissue, and electrochemical components. This model is based only upon measurable system components and excludes empirical assumptions. Components include: the pulse generator, stimulating cathode, anode, and tissue. From Bolz, A., Fröhlich, R., and Schaldach, M. 1993. Elektrochemische aspekte der elektrostimulation–ein beitrag zur senkung des energiebedarfs. In M. Hubmann and R. Hardt (eds.) Schrittmachertherapie und hämodynamik. München: MMVverlag.


Four major model components are shown in Figure 6.4: the pulse generator, cathode, anode, and tissue. VB represents the pulse generator’s stimulation voltage. CR is the pulse generator’s reservoir capacity. Cc is the coupling capacity between the pulse generator and the leads. Switches S1 through S3 represent various switching elements designed in many pacemakers to permit charging and discharging of various system capacitances.


The lead resistances for the cathode and anode are shown by RC and RA, respectively. The cathode and anode specific Helmholtz capacitances CHC and CHA, respectively, multiplied by their respective electrode areas a and ai result in each individual electrode’s Helmholtz capacitance. The Faradic resistances RFC and RFA vary with the stimulating voltage.


In the tissue, RE represents the resistance comprised by electrolytes. RS designates the shunt capacitance in which current is able to pass through non-excitable tissue and blood outside the desired current path. The cellular membrane specific capacitance Cm multiplied by the cathode’s area divided by two sides is assumed as being proportional to the number of cells directly surrounding the cathode. Nonexcitable cells within the current path contribute to the tissue resistance Rt.


A stimulation pulse is considered effective if it charges a myocardial cell’s membrane above its stimulation threshold voltage VT. Using Laplace transformation analysis and knowing typical values for model components shown in Figure 6.5 enables calculation of this stimulation threshold.

	Parameter, symbol
	
	Typical value

	Reservoir capacity, CR
	
	10 F

	Coupling capacity, Cc
	
	10 F

	Specific Helmholtz capacity,
	Smooth
	0.2 F/mm2

	CHC, CHA
	Porous/

Fractal
	40 F/mm2

	Total lead resistance, RL = RC + RA
	
	50 

	Surface area of cathode, a
	
	10 mm2

	Surface area of anode, ai
	Unipolar
	10 cm2

	
	Bipolar
	50 mm2


	Pulse width, T
	
	0.5 ms

	Cell membrane capacity, Cm
	
	0.01 F/mm2

	Tissue/electrolyte resistance,
	Initial
	40 k

	R = RE + Rt
	Chronic
	70 k

	Shunt resistance, RS
	
	600 

	Depolarization voltage, VD
	
	30 mV


Figure 6.5  Typical values of pacing system electrical model components shown in Figure 6.4. From Bolz, A., Fröhlich, R., and Schaldach, M. 1993. Elektrochemische aspekte der elektrostimulation–ein beitrag zur senkung des energiebedarfs. In M. Hubmann and R. Hardt (eds.) Schrittmachertherapie und hämodynamik. München: MMVverlag.


The following simplifications can be made from Figure 6.4:

R = RE + Rt                                                     (6.4)

RL = RC + RA                                                  (6.5)
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Laplace transformation simplification results in the following expression for the stimulation threshold voltage XE  "stimulation threshold voltage"  VT: 
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                              (6.8)

where the poles p1 and p2 are defined as:
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and variables x and y are determined by:
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Equation 6.13 shows that C1 and C2 are significant factors in reducing the amount of charge required to raise the excitable cell’s membrane past stimulation threshold. Figure 6.5 shows that fractal or other porous tip surfaces clearly provide higher specific Helmholtz capacitances to more efficiently utilize available charge from the battery source.


The charge required for a single stimulation pulse QT is thus calculated by:
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Note that this model is based upon a two dimensional representation of a pacemaker system. Several tissue components represented by two lead resistors and capacitors are actually three dimensional biological regions. While resistive tissues shown in Figure 6.4 are modeled as being two dimensional, current is physically able to diverge through this tissue in three dimensions. More complex modeling systems can be developed using three dimensional finite element techniques.


This model is based only upon measurable components and excludes empirical assumptions (Bolz et al., 1993).

Inflammation, encapsulation, and stimulation threshold change

The introduction of a foreign body into human tissue often triggers a complicated process known as inflammation XE  "inflammation" . During inflammation, the body attempts to encapsulate and isolate a foreign object. We must comprehend the processes associated with tissue inflammation and encapsulation to explain electrode performance changes due to foreign body reactions.


As an electrode is implanted, it is often placed against the endocardium or into the myocardium. Proteins are absorbed to the electrode surface, where they change in structure, desorb, and induce an immune system reaction. Local capillary dilation then occurs. Phagocytic cells, including monocytes and macrophages, infiltrate the region and release lysosomal inflammatory mediators (various oxidants, hydrolytic enzymes, and chemotactic agents). In a more mature inflammation stage, this phagocytic activity occurs at both the electrode–electrolyte interface and in the surrounding myocardium, eventually resulting in the death of nearby myocytes and local necrosis (Henson, 1971; Henson, 1980; Salthouse, 1984; Stokes and Anderson, 1991). Additionally, the lysosomally released inflammatory mediators may dissolve the collagen structure holding nearby myocytic cells in their orderly fashion (Robinson et al., 1983). A collagen capsule then forms around the electrode tip (Mond and Stokes, 1991). Between the collagen capsule and the electrode exist one or more layers of remaining macrophages and foreign body giant cells, which become the interface between the electrode and the heart tissue (Stokes and Anderson, 1991).


Inflammation begins immediately upon electrode implantation (Schaldach, 1992; Stokes and Anderson, 1991). During inflammation, the required stimulation voltage required to induce myocardium contraction can increase. Some modern electrodes significantly suppress inflammation by using steroid elution techniques or relatively biocompatible materials. Much of the required stimulation voltage increase, if any, can be attributed to inflammation and the collagen network developing between the electrode and myocardium.


Figure 6.6 shows encapsulation of a vitreous (or glassy) carbon electrode tip. To some degree or another, this type of growth is typical for many pacemaker electrodes.
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Figure 6.6  Resulting encapsulation XE  "encapsulation"  of a vitreous carbon electrode tip (magnification: 250). The capsule, comprised primarily of collagen, adds a resistive element between the electrode and the electrolyte and increases the effective size of the electrode tip (the lighter area on the left). Myocardium is shown on the far right. From Beyersdorf, F., Schneider, M., Kreuzer, J., Falk, S., Zegelman, M., and Satter, P. 1988. Studies of the tissue reaction induced by transvenous pacemaker electrodes. I. microscopic examination of the extent of connective tissue around the electrode tip in the human right ventricle. PACE, 11: 1753–1759.


Macrophages and foreign body giant cells migrate into the pores, cracks, or grooves of an electrode tip’s surface. In addition to the collagen capsule surrounding the tip, these cells increase the effective electrically active size of the electrode. Indeed, an extremely small tip can be potentially biologically destructive due to Faradic current. Yet, too large an electrode size results in a decreased electric field density at the myocardium. Electric field density decreases as a function of the square of the distance between the electrode’s surface and the myocardium (Irnich, 1973; Irnich, 1975).
6.1.3  Ideal characteristics of electrode tip for pacing and sensing

Two primary electrode tip criteria are important electrically for pacing and sensing: the tip’s polarization XE  "polarization"  characteristics (dynamic interface impedance) and maximizing electric field density. Figure 6.7 shows ideal electrode tip design characteristics for efficient pacing and optimal sensing.
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Figure 6.7  Ideal electrical design criteria for intracardiac electrode tips. For both pacing and sensing, energy loss associated with electrode polarization is minimized by increasing the tip’s microscopic surface area a. Decreasing the geometric size of the electrode tip increases electric field density required to induce myocardial muscle contraction during pacing. Thus, a high ratio of microscopic surface area to macroscopic geometric size is desirable for tip implementations.

Pacing efficacy and efficiency
The goal of pacing is to safely introduce effective cathodal stimuli to myocardial tissue via the electrode tip. Figure 6.7 shows that to most efficiently accomplish this, electric field density is increased while polarization loss at the electrode–electrolyte interface is minimized.


Figures 6.8(a) and (b) show that as tip encapsulation XE  "encapsulation"  increases, the resultant effective size of the tip increases radially. Increasing the geometric tip size disperses the electrode’s induced electrical field and thus decreases the efficacy of the electrode. This reduction in field density decreases electrical influence on any one myocardial cell. More charge must therefore be supplied by the pulse generator to induce the same effect prior to encapsulation. To reduce radial dispersion of the induced electrical field, the tip’s geometric size should be decreased.


Section 6.1.2 describes how electrode polarization losses can be decreased. One way to decrease charge loss is described as successful implementation of reversible reactions at the electrode–electrolyte interface. The second method describes increasing the reversible charge transfer by increasing the Helmholtz capacitance CH. This second method requires that the electrode tip’s active surface area a be increased. Both methods increase pacing efficiency.
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Figure 6.8  Electrical field induced by an electrode tip. (a) In this ideal case, no encapsulation of the electrode tip has yet occurred. (b) In reality, however, process of encapsulation results in a collagenous network surrounding tip’s surface area. This effective enlargement of the tip’s geometric size results in a radial dispersal of emitted electric field and decreased pacing efficacy.

Detection sensitivity XE  "Detection sensitivity" 
The same electrode used to pace myocardial tissue is commonly also designed to sense, or detect, an electrogram signal from within the heart and deliver it to the pulse generator. Some pacemakers utilize this natural cardiac signal in algorithm control for demand and/or rate-adaptive pacing systems.


Because pacing and detection applications share the same electrode–electrolyte interface, electrode polarization losses for sensing are reduced in the same manner they are for pacing. Methods available for reducing these interface losses are described in section 6.1.2.


Chapter 8 discusses methods of enhancing detection sensitivity by utilization of sophisticated amplifier designs. Combined with highly selective filters, these amplifiers commonly have both extremely high input resistances and gains. They often provide high fidelity reproductions of cardiac signals to the pulse generator. A major criteria for electrode design is minimizing charge loss from a small battery source to increase device longevity. Much of a pacemaker system’s charge loss is attributed to pacing. Enhanced detection circuitry internal to the pulse generator provides design flexibility for increasing pacing efficiency and extending device longevity.

6.1.4  Modern electrode design

In addition to conservation of battery charge, there are other electrode design considerations. Some of these include: (1) tip size, shape, and porosity; (2) electrode body and tip materials; (3) steroid elution techniques; (4) electrode implantation and fixation; and (5) cost reduction. Generally accepted guidelines for electrode design include: small size (although not too small to limit Faradic currents), high active surface area, biocompatibility, and relatively inert, noncorrosive materials.

Tip size, shape, and porosity XE  "porosity" 
For traditional design, the electrode tip’s radius should be less than or equal to the thickness of the collagenous layer that will inevitably encapsulate the tip (Mond and Stokes, 1991). This criteria is the consequence of the phenomena that electric field strength decreases as a function of the square of the distance between the active tip surface and the myocardium (Irnich, 1973; Irnich, 1975). A correctly chosen radius results in a tip size optimized for maximal electric field density at the myocardium.


The geometric size of a hemispherical tip is determined by:
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If the thickness of the expected encapsulation layer is between 0.80 and 1.4 mm, the surface area of the tip is calculated to be between 4.0 and 12 mm2 as the optimal tip radius is assumed to be 0.80 to 1.4 mm, respectively. Effective traditional pacing cathodes commonly exhibit geometric sizes within this range. Note that as an encapsulation layer accumulates on the surface of the tip, the effective radius and size of the electric field emitting active surface increases. This reduces pacing efficiency.


Some more contemporary designs have tip sizes smaller than 4.0 mm2 due to suppressed inflammation and reduced encapsulation techniques. The next two sections will discuss how different tip materials and steroid elution techniques provide the capability to design smaller, more efficient electrodes.


In addition to size, the evolution of pacemaker electrodes has also included several types of tips not having simple rounded surfaces. During the past decade electrode designers have developed electrode tips having a wide variety of different geometric shapes. Some tips are nearly spherical or hemispherical. Other tips are flat, annular, ring-shaped, or barbed (similar to that of a fishhook). Intermedics [Intermedics, Inc., Angleton, TX U.S.A.] has introduced an IROX® model electrode implementing sharp edges and points for localized concentration of current. Debate still continues to whether any of these designs alone contribute to increased pacing efficacy (Adler et al., 1990; Djordjevic et al., 1986; Karpawich et al., 1992; Mugica et al., 1988; Pioger and Ripart, 1986).


To reduce electrode polarization losses for pacing and sensing, the active microscopic surface area of an electrode tip can be increased without necessarily increasing the tip’s geometric size. The active surface area can be greatly increased if the tip’s surface is designed to be conducive for bodily electrolytes to flow into any surface microcavities. Collectively known as being porous, several industrial processes have been developed to produce high active surface areas. Figures 6.9(a) through (e) show electron microscope scans of five different porous surfaces. Note that in all of the different porous surfaces shown in Figure 6.9 that microscopic grooves, crevices, or pores exist for electrolyte to flow into or between. The microscopic ridges and edges generated by these various surface processes increase the tip surface area. In modern porous electrodes, microscopic surface areas have been reported to exceed macroscopic surface areas by factors sometimes exceeding 1,000 (Schaldach, 1992). Other methods of creating porous surfaces not shown in Figure 6.9 include sintering XE  "sintering" —where metallic powder is partially welded together by application of nonmelting heat—and chemical vapor deposition (CVD) (Schaldach, 1992).
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Figure 6.9  Scanned electron micrographs of various porous surfaces. (a) Fractal coating (From Biotronik [Biotronik, Inc., Berlin, Germany]), (b) Meshed CPI model 4116. From Mugica, J., Henry, L., Atchia, B., Lazarus, B., and Duconge, B. 1988. Clinical experience with new leads. PACE, 11: 1745–1752, (c) Activated coating Sorin model S100. From Mugica, J., Henry, L., Atchia, B., Lazarus, B., and Duconge, B. 1988. Clinical experience with new leads. PACE, 11: 1745–1752, (d) Physical vapor deposited (PVD) coating. From Schaldach, M. M. 1992. Electrotherapy of the heart. Berlin: Springer–Verlag, and (e) Vitreous (Dead Sea Scroll, The Institute of Physical and Chemical Research, Saitama, Japan. From Katsumoto, K., Niibori, T., Takamatsu, T., and Kaibara, M. 1986. Development of glassy carbon electrode XE  "carbon electrode"  (dead sea scroll) for low energy cardiac pacing. PACE, 9: 1220–1229.


Figure 6.10 shows how pacing voltage loss can be reduced using a porous electrode tip surface as opposed to a relatively smooth tip surface.

Electrode materials

There are generally two different components comprising a standard electrode: the electrically active tip and the electrode body housing. Both must be blood and tissue compatible.


While general biocompatibility is discussed in section 6.3, electrode tip biocompatibility XE  "biocompatibility"  is especially important. Well chosen tip materials potentially reduce inflammation. In addition to being tissue compatible, the electrode tip must also be blood compatible. This means that the material must have a low affinity for protein binding and not induce thromboses and embolisms.


Materials commonly used for electrode tips include: titanium and its alloys, platinum and its alloys, iridium, carbon and metallic activated glass (commonly referred to as being vitreous XE  "vitreous" ), and Elgiloy XE  "Elgiloy" ®. Titanium or its alloys used as electrode tips are often coated with platinum and/or iridium to prevent nonconductive layers from developing.
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Figure 6.10  Pacing voltage loss at the myocardium–electrode interface is reduced by implementing a porous as opposed to relatively smooth tipped electrode. Decrease in voltage loss is largely contributed to by decreased electrode polarization associated with increased active surface area. From Schaldach, M. M. 1992. Electrotherapy of the heart. Berlin: Springer–Verlag.


Electrode housings are typically comprised of silicone rubbers or polyurethanes. All of these materials are discussed in detail in section 6.3.

Steroid elution XE  "Steroid elution"  techniques

The application of pharmacological antiinflammatory agents at the interface between myocardium and an electrode can significantly reduce both acute and chronic increase in stimulation threshold. Acute inflammation can contribute significantly to energy loss during the first one to four weeks following implantation. Various drug-eluting electrodes have been extremely successful in maintaining low-energy losses for both pacing and sensing by reducing postimplantation inflammation (Mond et al., 1988; Mond and Stokes, 1991; Stokes, 1988; Stokes and Church, 1987). 


Figure 6.11 shows a steroid-eluting electrode. It is a cross-sectional view of the same Medtronic CapSure electrode shown in Figure 6.1. Note that while this is indeed a steroid-eluting design, it also exhibits traditional design characteristics discussed in the preceding three sections. Its tip is nearly hemispherical and has a geometric area of approximately 8 mm2. In addition, it uses a porous, platinum-coated titanium surface to increase the active surface area while reducing tip incompatibility. While steroid elution is an important advancement in electrode technology, previously discussed design criteria are still important (Mond and Stokes, 1991).


The electrode shown in Figure 6.11 has behind its porous tip a silicone rubber plug (known as the monolithic controlled release device) filled with slightly less than 1 mg of dexamethasone sodium phosphate (DSP) (Mond and Stokes, 1991). When exposed to tissue, the drug elutes through the porous surface into the surrounding electrode–myocardial interface. DSP is a member of the potent antiinflammatory pharmacological family known as glucocorticosteroids. Many glucocorticosteroids are known to suppress inflammation (Mond et al., 1988; Mond and Stokes, 1991).
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Figure 6.11  Cross-sectional view of a steroid-eluting intracardiac electrode (Medtronic CapSure® electrode, model 4003). Note silicone rubber plug with impregnated steroid DSP. Steroid elutes through the porous tip into surrounding tissue, thus reducing inflammation. From Mond, H., and Stokes, K. B. 1991. The electrode–tissue interface: the revolutionary role of steroid elution. PACE, 15: 95–107.


While glucocorticosteroid chemical mechanisms are not yet completely understood, their success is theorized to be the result of suppression of early and late stages of inflammation (Stokes and Bornzin, 1985). Recall from section 6.1.2 that phagocytic cell activity around the electrode tip causes release of lysosomal inflammatory mediators. DSP is believed to stabilize the membranes of phagocytes by altering their permeability, thus decreasing their tendency to release lysosomal inflammatory mediators (Henson, 1971; Henson, 1980; Preston and Judge, 1969). Reduction of inflammatory mediator release can therefore reduce inflammation.


Other implementations of steroid-eluting intracardiac electrodes have also been developed. Several companies such as Medtronic and Telectronics and Cordis Pacing Systems [Telectronics and Cordis Pacing Systems, Sydney, Australia] have implemented external drug-releasing ceramic collars around some electrode tips. As discussed in the next section, atrial pacemaker electrodes are commonly actively fixed to the heart’s surface. Modern active fixation methods often use methods where a helical corkscrew tip is twisted into the atrial wall. By placing a permeable, drug-releasing collar around the helical screw, steroid is able to flow into the tissue directly surrounding the screw tip. Decrease in stimulation thresholds exhibited by collar steroid-eluting electrodes—which also commonly implement the DSP steroid—concur strongly with those found in other drug-eluting designs (Brewer et al., 1988).


Steroid-eluting designs implemented in several modern pacemaker electrodes provide an effective method of maintaining low acute and chronic stimulation thresholds. While technology is relatively new, glucocorticosteroid elution into tissue surrounding the electrode tip has already proven to be successful.

Electrode implantation  XE  "Electrode implantation " and fixation

Reliable electrode fixation near or into myocardium is critical to effectively interface the pulse generator and the heart. Implantation of a permanent pacing electrode is generally desired to endure the lifetime of the patient. In rare cases, cardiologists consider withdrawal of the electrode due to infection, thrombosis, or cardiac dysfunction. While fixation should withstand the natural mechanical and chemical conditions within the heart, reasonable ease of removal is desirable if the electrode induces more complications than it resolves.


There are three general categories of electrode fixation XE  "electrode fixation" . The first group consists of floating leads. Electrodes on these leads are not actually attached to heart tissue at all. Instead, they float inside the heart’s chambers. Complications attributed to lead movement and straying stimulation current make floating lead implementations less chronically desirable than electrodes having direct or near contact with myocardium. Floating leads are therefore most often utilized in temporary pacing systems. 


A more reliable method of attaching pacemaker electrodes is via active fixation. There are currently three types of active fixation: sutured, barbed, and helical. Sutured fixation commonly requires open-heart surgery. An epicardial electrode suture pad—often having an active electrode at its center—is actually sewn directly onto the epicardial tissue. This procedure, although not common, is prescribed most typically for children, whose physical growth increases lead tension and tugs at implanted electrodes (Gillette et al., 1985; Karpawich et al., 1992; Williams et al., 1986). Barbed fixation is analogous to a fishhook and also requires an open-heart procedure for implantation. A barbed, metal electrode tip initially placed against the endocardium is pulled or pushed into the tissue, thus rendering it immobile. It may or may not be surgically sutured further in place.


Helical active fixation electrodes XE  "Helical active fixation electrodes"  incorporate one or more helical screws at the tip that are rotated into the myocardial tissue. Electrodes using helical fixation can be implanted transvenously and have therefore become clinically popular for active fixation (Charles et al., 1977; Gillette et al., 1985; Stokes and Stephenson, 1982). In addition, if the lead must be clinically removed, a physician is able to simply unscrew the lead from the myocardium and withdraw it. The screw may or may not be implemented as the electrode’s pacing/sensing region. Helical fixation electrodes are commonly used for atrial implantation procedures to accommodate the lead bending required for introduction into the right atrial wall. Such fixation into myocardium decreases the opportunity for lateral force exerted by the lead to dislodge the implant.


However, transvenously passing sharp helical tips during implantation procedures sometimes causes inherent clinical implications such as slicing veins or excessively puncturing heart tissue. Problems associated with fixed helical tip implantation have led to the development of both retractable and coated helical fixation electrodes (Charles et al., 1977; Gillette et al., 1985; Ormerod et al., 1988). Retractable helical tips have rotational mechanisms within the lead to permit rotation of a pin external to the incision site to retract the fixation screw. The lead is then able to be safely passed transvenously into the heart. Once in the heart and ready to be implanted, a physician is able to re-extend the screw and twist it into place.


There are two disadvantages associated with many retractable tip designs. The first is the increased lead diameter required to accommodate rotational apparatus and protection of lead filament coils. In addition, lead flexibility is also decreased (Cameron et al., 1990; Ormerod et al., 1988). Section 6.2 discusses the physiological implications of both of these design disadvantages. Coated helical tips, however, permit less hazardous transvenous passage without having rotational apparatus incorporated into the lead (Ormerod et al., 1988). A nonretractable helical screw is encapsulated with a biocompatible gel that dissolves after implantation, thus making insertion and handling much simpler and less dangerous than other nonretractable models (Ormerod et al., 1988).


All three active fixation methods result in extremely low dislodgement rates (often lower than 1% of the total number of implantations). However, invasively puncturing heart tissue via active fixation is theorized to induce increased inflammation. It has already been determined that such an increase reduces pacing efficiency.


A third method of implanting pacemaker electrodes has also been developed: passive fixation. Passively fixated electrodes utilize natural tissue encapsulation of their physiologically foreign materials to anchor the devices in place. They do not puncture the myocardium—they gently lie against the endocardium very near the myocardium. This reduces inflammation. Several mechanisms have been developed to promote tissue passive fixation, including: wings, crowns, flanges, bristles, projecting wires, and tines. Often these fixation devices are comprised of polymers due to their relative biocompatibility and flexibility. While active fixation methods still exhibit lower dislodgment rates, improving technology contributes significantly to increasing passive fixation reliability (Mond and Sloman, 1980). Various tined fixation implementations currently exhibit the most passive fixation clinical success, exhibiting dislodgement rates averaging between 3–4%. These designs typically include three or more tines in a variety of configurations such as helically wound around the electrode body, symmetrically spaced in one or more rows spanning the length of the electrode body, and others.


Figure 6.12 shows various examples of active and passive fixation electrode XE  "passive fixation electrode" s.



       (a)


   (b)


(c)

   (d)

Figure 6.12  Examples of active and passive fixation electrodes. (a) Epicardial suture pad active fixation with disk-shaped, steroid eluting platinized porous platinum electrode in center (From Medtronic, Inc.); (b) Barbed epicardial polished platinum “fish–hook” electrode (Medtronic model 6917A, From Medtronic, Inc.); (c) Helical active fixation electrode; (d) Tined passive fixation electrode (BIOTRONIC, Inc. model DJP/JP, From BIOTRONIC, Inc.).

6.2  Leads XE  "Leads" 
Leads are an important component of a pacemaker system. While commonly addressed simultaneously with electrodes, many lead design criteria differ from those of electrodes. Permanent pacemaker electrodes are designed to remain in a fixed position once implanted. The lead, however, must be able to flex and possibly grow with the patient.


Leads are often threaded through vessels of the upper venous system into the heart to avoid open-heart procedures. They must therefore have diameters that do not occlude and be comprised of materials biocompatible with the cardiovascular system. Similar to electrodes, leads are usually intended to last the remainder of a patient’s life. Device longevity requires durable design which may compromise invasiveness and biocompatibility criteria. Recent advancements in lead technology have incorporated many effective compromises between flexibility, biocompatibility, and durability.

6.2.1  Lead roles in pacing system

The pacemaker lead often fulfills two roles: (1) delivering stimulation pulses from the pulse generator to the electrode and, if implemented, (2) delivering electrogram signals sensed by the electrode to the pulse generator.


Figure 6.13 shows two general types of modern pacemaker leads: unipolar and bipolar. Unipolar designs only require one lead conductor (known as a coil). The stimulating cathode is attached to the distal end of the lead. The pacemaker casing is often utilized as the anode. An advantage of unipolar implementations includes simple, single coil technology less prone to clinical and manufacturing difficulties. In addition, unipolar leads are typically thinner than bipolar designs (because they have only one coil as opposed to bipolar’s two coils). Unipolar leads sometimes appear to induce less inflammation than bipolar models because bipolar leads are stiffer and result in increased pressure on cardiac tissue (Cameron et al., 1990; Jacobs et al., 1993). In addition, lead compression damage attributed to medial subclavian caudal traction is commonly reduced in unipolar leads because of increased flexibility (Cameron et al., 1990; Jacobs et al., 1993; Magney et al., 1993).
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Figure 6.13  Unipolar and bipolar implementations of both J-shaped and nonpreshaped leads. All models have distal cathode. Bipolar designs typically have a ring anode proximal 10–15 mm on the lead.


Bipolar leads also have distal cathodal electrodes. In addition, each also typically has a ring anode that floats in the heart cavity proximal on the lead. The distance between these two electrodes varies by lead model from approximately 10–15 mm. Bipolar leads offer several potential advantages compared to unipolar designs, including: reduction of far-field potential amplitudes (Aubert et al., 1986; DeCaprio et al., 1977; Griffin, 1983), relative immunity to external interference and myopotentials (Antoniucci et al., 1981; Breivik et al., 1983; Daley and White, 1982; Levine et al., 1982; Levine and Klein, 1983; Secemsky et al., 1982), signal-to-noise ratio improvement (Aubert et al., 1986; DeCaprio et al., 1977; Griffin, 1983), and decreased skeletal muscle stimulation (Cameron et al., 1990).


A physician typically decides which type of lead is in the best clinical interest of his or her patient (Hayes, 1992). Due to lifestyle variances, different lead configurations are implanted in different people. Clinical advantages of bipolar leads commonly outweigh the advantages offered by unipolar designs (Hayes, 1992). Bipolar leads have been made even more clinically desirable as technological advancements have made them thinner and more flexible. In 1989, 76% of nonsurgeons and 60% of surgeons preferred bipolar configurations (Bernstein and Parsonnet, 1989). However, pacing and sensing differences between the two do not dramatically differ.

6.2.2 Lead implementation characteristics

There are several characteristics important to successful implementation of pacemaker leads. From an electrical perspective, lead conductance directly affects both the system’s pacing efficiency and ability to accurately sense electrogram signals. The material, thickness, and the length of lead conduit contribute to resistance induced losses. In addition, durability of the leads is important to overall device reliability. Stiffness of a lead is important for two reasons: ease of implantation and electrode efficiency. Stiffness is generally determined by the insulation material, coil materials, and coil configuration (unipolar versus bipolar). Lead insulation must be biocompatible to reduce pathological effects that could possibly induce thrombi, emboli, or infection of the cardiovascular system. Lastly, to avoid increase in lead resistance due to corrosion, insulation material must be both durable and flexible; it cannot wear away in the bloodstream or crack under repeated flexion.

Reducing lead voltage loss

Voltage loss in a lead is reduced by decreasing coil resistance. Coil resistance is determined by the expression:
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where  is the coil material’s resistivity, L the coil filament’s total length, and ac the coil filament’s cross‑sectional area. One way lead resistance can be lowered is by shortening its length. However, lead length is determined primarily by the physical characteristics of the patient. Especially in children, extra lead length must be coiled somewhere to accommodate both bodily flexion and physical growth. In child implantation cases, researchers are now able to determine within 95% accuracy how tall a child patient will become. Thus, excess lead allocation can be made (O’Sullivan et al., 1993). For both children and adults, patients are commonly requested to maximally inhale, exhale, and exert bodily movements typical to their lifestyles. From both expected height information and allowance required for physical movement, required lead length can be determined. While extra length can be coiled behind the pulse generator itself, considerable bulk added to the implant resulting in decreased cosmetic desirability and increased risk of lead extrusion make this a less attractive option (O’Sullivan et al., 1993). Excess lead length is now commonly looped in the right atrium (O’Sullivan et al., 1993).


Another method of lowering lead resistance is by choosing coil material having low resistivity. Lead coils are commonly manufactured from cobalt-based alloys such as MP35N (35% Co, 35% Ni, 20% Cr, 10% Mo) having silver-filled cores due to their extreme flexibilities and low resistivities. In addition, they are not difficult to manufacture or consistently coil (Cameron et al., 1990).

Lead reliability

Leads must be able to stretch and bend with the patient. To enable elongation capability and durable flexibility, the filaments of a lead are typically coiled. Axial elongations and flexions of 15% have been reported to withstand up to 200 million cycle durability tests with no decrease in lead performance (Adler et al., 1992). This is critical if the lead is to reliably endure the remainder of a patient’s therapy term.

Lead implantation apparatus 

In addition to providing flexibility and elongation capabilities, various lead coil configurations also provide a lumen for insertion and extraction of devices known as a stylets. Firm stylets are used in implanting and removing pacemaker leads. In some designs, the lead is already preshaped to accommodate the location into which it will be introduced (often J-shaped for upside-down introduction of electrode into right atrium). In such a preshaped lead, a straight stylet must be inserted through the coil lumen to allow venous transversal during the implantation procedure. In other leads, the lead itself is not preshaped and passed directly through a vein into the heart. If required, a preshaped stylet may then be inserted to permit and maintain the desired lead shape for effective electrode enlodgment until it is removed, if ever.

Lead testing

Common measurements of lead durability include: general lead reliability, flex fatigue, stylet insertion and extraction, vibration testing, and leak testing. General lead reliability is usually determined by the ability of the lead to tolerate normal stresses induced by handling and implantation. Flexural testing determines how well a lead performs both electrically and physically after repeated flexing and elongation. Stylet insertion and extraction tests determine if a lead is physically or electrically damaged by multiple stylet insertions and removals. Vibrations attributed to manufacturing, shipping, and handling processes may also contribute to lead deficiencies. Various vibration tests are often performed on multiple axes to determine if a lead can withstand such conditions. Leak testing is important to determine if lead insulation and joints can withstand chemical conditions similar to those found in the body.


After most lead tests have been performed, electron microscope scans (EMS) are routinely performed to determine coil integrity. Figure 6.14 shows two examples of coil deformation commonly attributed to compression induced by the scissoring effect between a patient’s clavicle and first rib upon an implanted lead (Brinker et al., 1991; Stokes and McVenes, 1988; Stokes et al., 1987). The procedure used to implant leads experiencing such deformations is known as the percutaneous subclavian vein approach. This procedure has recently accounted for between 75–95% of pacemaker lead implantations (Bernstein and Parsonnet, 1989). While clinical ease and speed of implantation have accounted for the popularity of this procedure (Hess et al., 1982; Jacobs et al., 1993), increase in coil fracture occurrence attributed to repeated scissoring compression have required evaluation of both the implantation procedure and lead design (Alt et al., 1987; Luck and Pae, 1991).




         (a)


                          (b)

Figure 6.14  Examples of compressed leads. (a) Compression damage to soft wire coil after a single application of compression in medial subclavian implantation. (b) Coil fracture morphology associated with repetitive and compressive scissoring between a patient’s clavicle and first rib. From Jacobs, D. M., Fink, A. S., Miller, R. P., Anderson, W. R., McVenes, R. D., Lessar, J. F., Cobian, K. E., Staffanson, D. B., Upton, J. E., and Bubrick, M. P. 1993. Anatomical and morphological evaluation of pacemaker lead compression. PACE, 16: 434–444.

Lead stiffness

Lead stiffness XE  "Lead stiffness"  is important to both ease of clinical insertion and electrode efficiency. If a lead is too stiff, transversal of its length is made difficult as the physician attempts to run it through one of several upper venous system veins. Although rare, clinical cases have been reported of electrodes piercing vessel walls due to overly stiff leads. Additionally, once an electrode has been implanted (whether actively or passively), minimal pressure should be exerted against the endo- and myocardium. This minimizes mechanically induced inflammation. If a bent lead excessively pushes its electrode against the heart tissue, increased inflammation results in reduced pacing efficiency. If a lead is extremely stiff or improperly implanted in a patient with deficient myocardial tissue, the patient may experience more severe conditions such as high threshold exit block, myocardial ischemia, or ventricular perforation (Cameron et al., 1990).


Bipolar leads are traditionally known to be stiffer than unipolar implementations (Cameron et al., 1990). While the distal length between the anode and cathode is structurally the same as with a unipolar lead, a bipolar lead often has a pair of coaxial coils comprising the remainder of its proximal length. This increased bulk can significantly increase lead stiffness. Intermedics has introduced a thin bipolar lead having greater flexibility than observed in many other bipolar designs (Adler et al., 1992). Figure 6.15 shows both traditional coaxial and Intermedics ThinLine® lead models.

PIC from(15,11,1987).

Figure 6.15  Comparison of traditional coaxial bipolar coil configuration with Intermedics, Inc. ThinLine design. Note that the ThinLine lead is significantly thinner than a standard bipolar lead. This results in increased lead flexibility and less invasiveness. From Adler, S. C., Foster, A. J., Sanders, R. S., and Wuu, E. 1992. Thin bipolar leads: a solution to problems with coaxial bipolar designs. PACE, 15: 1986–1990.

Lead insulation XE  "Lead insulation" 
Another lead consideration is insulation material. Important criteria to selecting these materials include: electrical insulation properties, stiffness, durability, and biocompatibility. Two classes of modern materials have been found to satisfactorily exhibit most of these characteristics: polyurethanes and silicone rubbers. Both are excellent electrical insulators, very durable, and are relatively biocompatible. Many polyurethanes used as lead insulation are less flexible than silicone rubbers and thus can contribute to the overall stiffness of the lead (Cameron et al., 1990). In addition, studies in recent years demonstrate higher rates of insulation cracking for leads using polyurethanes than those implementing silicone rubbers. However, polyurethanes have lower friction coefficients than silicone rubbers and are therefore easier to implant. The advantages and disadvantages of polyurethanes and silicon rubber as lead insulation have been a source of debate for years.

6.3  Biocompatibility XE  "Biocompatibility" 
It is important that anything implanted in the patient not compromise otherwise previous healthy body systems. Protecting the patient from adverse material side-effects is the primary goal of biocompatibility.


A secondary goal is protecting pacemaker operation from the body’s hostile environment. This is known as biostability. The human body exerts multiple processes to either destroy or isolate foreign materials from its otherwise normal physiologic operation. If materials are chosen poorly or not manufactured properly, foreign body processes may enter and possibly corrupt the integrity of any or all pacemaker components. To maintain effective pacing therapy, therefore, body fluids must be kept from entering any component, joint, or seal in the entire system.

6.3.1 Characteristics of pacemaker biomaterials XE  "biomaterials" 
There are no known entirely biocompatible materials. When implanted, all materials undergo various types and degrees of chemical interactions with bodily solutions. It is important, therefore, to find suitable materials for specific biological applications. Such materials are defined by the following:

A material of optimal biocompatibility is one that does not lead to an acute or chronic inflammatory response and that does not prevent a proper differentiation of implant-surrounding tissues (Williams, 1987).


The tissues affected by the three pacemaker components—the pacemaker, lead, and electrode—all differ. The pacemaker itself is usually pocketed between a patient’s skin and pectoral muscle. A lead typically transverses the subclavian or cephalic vein into the superior vena cava. The electrode is implanted into the right atrium or ventricle. It is important to select or develop materials compatible with the respective implant locations’ characteristics.


From these three locations (skin/muscle, venous, and inner heart), two different pacemaker material groups are distinguishable: soft tissue and blood compatible materials. For each, several characteristics need to be considered for implantation: physical, mechanical, chemical, electrochemical, physiological, pathological, and biological. Manufacturability, quality control, and cost reduction are also criteria important for mass production. Compromises made between physical and production criteria determine a pacemaker system’s biocompatibility success.


Physical and mechanical material characteristics include: density, hardness, flexibility, tensile strength, gas permeability, shear modulus, electrical and thermal conductivity, thermal coefficient of expansion, and surface roughness (Billmeyer, 1984; Brown, 1988; Fraker and Griffin, 1985; Mohtashemi and Hines, 1983; Rembaum and Shen, 1971; Schaldach and Bolz, 1991; Shalaby, 1988; Szycher, 1983; Williams, 1987). Pacemaker materials must be able to withstand various physical, mechanical, and chemical elements for decades.


Generally, the body is chemically modeled as a saline reservoir comprised of many different ions. It is also comprised of electrolytes. These characteristics make the pacemaker system vulnerable to a variety of chemical and electrochemical interactions. Reducing opportunity for pacemaker system materials to negatively affect the body and vice versa requires several chemical parameter considerations. These include: corrosion resistance, chemical stability, resistance to chemical solvents, sterilizability, water absorption, and surface tension characteristics (Billmeyer, 1984; Mohtashemi and Hines, 1983; Rembaum and Shen, 1971; Schaldach and Bolz, 1991; Szycher, 1983; Williams, 1987).


Chemical and electrochemical reactions occurring at material–tissue interfaces often induce physiologic, pathologic, and biologic changes. Clinical consequences of these interactions require that pacemaker designers also consider material criteria directly relevant to patient health. These clinical considerations include: carcinogenicity, toxicity, thrombogenicity, immunal responses, infection affinity, and allergic and inflammatory reactions (Mohtashemi and Hines, 1983; Schaldach, 1992; Schaldach and Bolz, 1991).


Common complications attributed to pacemaker materials and improvements required to for complication reduction are shown in Figure 6.16.
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Figure 6.16 Common complications attributed to pacemaker materials and goals for future development. From Schaldach, M. M. 1992. Electrotherapy of the heart. Berlin: Springer–Verlag.

6.3.2 Summary of pacemaker biomaterials

There are four general classes of biomaterials: metals, polymers, glasses, and ceramics. There are also composites of these materials. All are known as being alloplastic, meaning not biological in origin. The chemical bonds holding each material together generally determine implantation utility.

Metals

Metals XE  "Metals"  typically exhibit bonds characterized by free electrons in a lattice of positive atomic cores. These bonds and their free electrons contribute to the electrical conductivity of many metals (Brown, 1988; Fraker and Griffin, 1985; Schaldach, 1992; Szycher, 1983; Williams, 1987). In addition, metal lattices contribute to their relative strength, flexibility, and hardness compared to other materials. Titanium and two of its alloys, niobium and tantalum, are especially biocompatible because they spontaneously form nonconducting oxide layers at their surface (such as TiO2). This provides a protective surface preventing exchange of charge carriers across the phase boundary (Fraker et al., 1980; Zitter and Plenk, 1987). Platinum and/or iridium coated electrode tips have exhibited low chronic stimulation thresholds due to reduced local inflammation (Mond et al., 1988; Rubin et al., 1991; Schaldach et al., 1990). Titanium and its alloys also exhibit physical and mechanical properties equivalent or superior to many other metals (Schaldach, 1992). The modulus of elasticity of titanium and its alloys range between 100–120 GPa. Extreme resistance to corrosion and durability make titanium and its alloys ideal materials for hermetically sealed pulse generator cases (Schaldach, 1992; Tarjan and Gold, 1988). These cases are now commonly laser welded together.


Other metals implemented in pacemaker components have included various stainless steels (such as type 316L), cobalt and chromium alloys, platinum and some of its alloys, nonferrous alloys such as MP35N® [Standard Pressed Steel], Elgiloy [American Gage and Machine], and Tinel®/Nitinol® [Raychem], and iridium (Bittence, 1983; Boretos and Eden, 1984). In addition to titanium and its alloys, various stainless steels have also been used for both pacemaker cases and lead coils. Cobalt, chromium, silver, and nonferrous alloys are also commonly implemented as lead coil conduit due to electrical and flexural properties. Platinum, iridium, and Elgiloy are commonly used for electrode tips due to high biocompatibility. While these materials are generally not as biocompatible as titanium and its alloys, they suitably fulfill requirements of their respective biological implantation sites.

Polymers

Polymers XE  "Polymers" , or plastics, are commonly used as lead insulation, electrode housings, electrode case sealants, and for bonding lead components. In addition, they are also used for electrode fixation apparatus and forming the connector block between the pulse generator and the lead. Polymers are characterized by elongated molecular structures containing large quantities of covalently bonded carbon groups. Due to bonding covalency, many polymers exhibit very little chemical interaction with the body. However, because of the length of some of their molecular chains and the bonds that hold them together, polymer mechanical properties are often dependent upon temperature (Billmeyer, 1984; Rembaum and Shen, 1971; Schaldach, 1992; Szycher, 1983). Thus, properties such as: hardness, flexibility, and thermal coefficient of expansion are specifically of concern. Additionally, due to petroleum-based manufacturing processing, polymer materials often have carcinogenicity and toxicity considerations. Despite these possible disadvantages, polymer materials are generally cheaper and available in forms more easily manufacturable than most biocompatible metals. Polymers are commonly available in granules, pellets, or films. These forms are easily adapted to manufacturing processes such as extrusion, injection molding, or vacuum casting. Metal processes such as cutting, grinding, and polishing are less cost and time effective.


Common polymers used in pacemaker applications include various polyurethanes and silicone rubbers. Polydimethyls, siloxanes, and various polyurethanes are flexible, nonconductive, and abrasion resistant. They are also easily manufactured by injection molding and extrusion processes. All of these characteristics contribute to successful implementation as lead insulation and electrode housing materials (Llewellyn et al., 1988). Epoxy resins and silicone rubbers exhibit five advantageous pacemaker material characteristics, including being chemically resistant, exhibiting low shrinkage in warm, aqueous environments, strong adherence to metals, extremely flexible, and easily manufacturable in molding processes. Such resins are thus commonly used in pacemaker system joints and connectors, especially the pulse generator connector block (Billmeyer, 1984; Rembaum and Shen, 1971; Schaldach, 1992; Szycher, 1983).

Glasses XE  "Glasses"  and ceramics XE  "ceramics" 
Glasses and ceramics are extremely hard and exhibit desirable properties relevant to thermal coefficients of expansion, specific heats, insulation, and smoothness. There are several pacemaker uses for glasses and ceramics. One use includes ceramic encapsulation of the pulse generator for protection. This sealant layer is extremely smooth and very soft tissue biocompatible. Ceramics or glasses are also sometimes activated with metals or vitreous carbon to produce high active surface areas desirable for electrode tips (Katsumoto et al., 1986; Mund et al., 1986; Schaldach, 1992). Due to absorption characteristics, ceramic collars surrounding electrode tips have been used for containment and elution of steroids into surrounding tissue to minimize inflammation XE  "inflammation"  and collagenous accumulation (Anderson et al., 1990; Anderson et al., 1991; Mathivanar et al., 1990; Skalsky et al., 1990; Wilson et al., 1991). Lastly, glass is commonly used to both seal pulse generator can entry and comprise the connector block where lead connection occurs.
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6.5  Instructional objectives

6.1
State the two most common electrical roles of a pacemaker electrode. Explain briefly which is most important to extending pacemaker duration of service and why.

6.2
Excluding electrical roles requested in Instructional Objective 6.1, list six considerations important to electrode design physically. Explain briefly why each is important.

6.3
Sketch the first order approximation of the Helmholtz double layer formed by metal being submersed in electrolyte. Include electrical schematic model correlated to exhibited physical characteristics of this double layer. Why is metal–oxide formation desirable?

6.4
Explain why reversible reactions are preferable to irreversible reactions at the electrode–electrolyte interface. Explain briefly two possible ways that reversible charge transfer (RCT) is obtained at this interface.

6.5
Discuss the origin of Faradic current. Why is Faradic current undesirable?

6.6
Explain why the suppression of electrode induced inflammation is important to decreasing both acute and chronic stimulation threshold change. Explain briefly how steroid-eluting designs are theorized to accomplish this.

6.7
Describe the difference between electrode tip macroscopic size and microscopic surface area. Explain why the difference is important to electrode tip design.

6.8
Explain why porosity is important to electrode tip design. Discuss the theory behind its success.

6.9
List two general advantages to active helical fixation methods. With respect to pacing efficiency, state a disadvantage associated with general active fixation methods.

6.10
For a general ventricular electrode implantation, explain why a passive tined electrode may be preferable to an active helical tip implantation.

6.11
Sketch both unipolar and bipolar types of leads. List two advantages for each.

6.12
What is the difference between biocompatibility and biostability? Why is each important?

6.13
List four uses for metals in pacemaker technology. Explain why titanium and its alloys are so effective in their respective applications. 

6.14
Discuss two primary concerns associated with implanting polymers in the body. List the advantages polymers have over other biomaterials. List two polymers commonly used in pacemaker technology and their respective uses.
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