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INTRODUCTION 

Local anesthesia may be produced by many tertiary amine bases, certain alcohols, and a variety of other drugs and toxins. However, all currently available clinically useful agents are either aminoesters or aminoamides. These drugs, when applied in sufficient concentration at the site of action, prevent conduction of electrical impulses by the membranes of nerve and muscle. When local anesthetics are given systemically, the functions of cardiac, skeletal, and smooth muscle, as well as the transmission of impulses in the peripheral nervous system and the central nervous system (CNS) and within the specialized conducting system of the heart, may all be altered. Local anesthetics may provide analgesia in various parts of the body by topical application, injection in the vicinity of peripheral nerve endings and major nerve trunks, or instillation within the epidural or subarachnoid spaces. Toxicity may be local or systemic. The CNS and cardiovascular system are most commonly involved in acute clinical toxicity. 
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BASIC PHARMACOLOGY 

Chemistry 

Local Anesthetic Molecule 

The typical local anesthetic molecule, exemplified by lidocaine and procaine (Fig. 13–1), is a tertiary amine attached to a substituted aromatic ring by an intermediate chain. The tertiary amine is a base (proton acceptor). 

The chain always contains either an ester  or amide  linkage; local anesthetics may therefore be classified as aminoester or aminoamide compounds. The aromatic ring system gives a lipophilic character to its portion of the molecule, whereas the tertiary amine end is relatively hydrophilic, particularly because it is partially protonated and thus bears some positive charge in the physiologic pH range. Lidocaine, for example, is 65 percent protonated at pH 7.4. The structures of commonly administered local anesthetic drugs are given in Table 13–1, and their physicochemical properties are listed in Table 13–2 . 

FIGURE 13–1 Structures of two local anesthetics, the aminoamide lidocaine and the aminoester procaine. In both drugs, a hydrophobic aromatic group is joined to a more hydrophilic base, the tertiary amine, by an intermediate bond.
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TABLE 13–2. Relative In Vitro Conduction Blocking Potency and Physicochemical Properties of Local Anesthetic Drugs

 


PHYSICOCHEMICAL PROPERTIES

DRUG / RELATIVE CONDUCTION BLOCKING POTENCYa/
pKab
/HYDROPHOBICITYb

Low potency
 
 
 

Procaine
/1
/8.9
/100

Intermediate potency
 
 
 

Mepivacaine/
1.5/
7.7/
130

Prilocainec
/1.8
/8.0c
/129c

Chloroprocaine
/3
/9.1
/810

Lidocaine
/2
/7.8
/366

High Potency
 
 
 

Tetracaine
/8
/8.4
/5,822

Bupivacaine
/8
/8.1
/3,420

Etidocaine
/8
/7.9
/7,320
aData derived from C fibers of isolated rabbit vagus and sciatic nerve.

bpKa and hydrophobicity at 36°C; hydrophobicity equals octanol buffer partition coefficient of the base; ratio of concentrations

cValues at 25°C

From Strichartz, et al131
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Structure-Activity Relations and Physicochemical Properties 

The intrinsic potency and duration of action of local anesthetics are clearly dependent on certain features of the molecule. 

Lipophilic-Hydrophilic Balance 

The lipophilic versus hydrophilic character of the local anesthetic depends on the size of alkyl substituents on or near the tertiary amine and on the aromatic ring. Lipophilicity expresses the tendency of a compound to associate with membrane lipids, usually approximated by the equilibrium partitioning into a hydrophobic solvent such as octanol. 1  Such octanol/buffer partition coefficients are comparable with membrane/buffer partition coefficients for the uncharged species of local anesthetics, but they greatly underestimate the membrane partitioning for the charged, protonated species, octanol being a poor model for the polar regions near the membrane surface. 2  In this chapter, we use the term hydrophobicity, expressed by octanol/buffer partitioning, to describe a physicochemical property of local anesthetics. 

Compounds with a more hydrophobic nature are obtained by increasing the size of the alkyl substituents. These agents are more potent and produce longer-lasting blocks than their less hydrophobic congeners. 3, 4, 5  For example, etidocaine, which has three more carbon atoms than lidocaine in the amine end of the molecule, is four times as potent and five times as long-lasting when these compounds are compared in the isolated frog sciatic nerve. 

Hydrogen Ion Concentration 

Local anesthetics in solution exist in a chemical equilibrium between the basic uncharged form (B) and the charged cationic form (BH+ ). At a certain hydrogen ion concentration (log10–1 [–pH]) specific for each drug, the concentration of local anesthetic base is equal to the concentration of charged cation. This hydrogen ion concentration is called the pKa . The relationship is defined by 

The pKa values for standard local anesthetic agents are listed in Table 13–2 . The tendency to be protonated also depends on environmental factors, such as temperature and ionic strength, and on the medium surrounding the drug. 1  In the relatively apolar milieu of a membrane, the average pKa of local anesthetics is lower than in solution. 6  This is chemically equivalent to saying that the membrane concentrates the base form of the local anesthetic more than it concentrates the protonated cations. 

TABLE 13–2. Relative In Vitro Conduction Blocking Potency and Physicochemical Properties of Local Anesthetic Drugs 

The pH of the medium into which the local anesthetic is injected influences drug activity by altering the relative percentage of agent present in the basic or protonated forms. The relationship between pKa and the percentage of local anesthetic present in the cationic form is shown in Figure 13-2 . As described later, there are dual effects of pH, depending on where the local anesthetic is injected and on the importance of the base form for tissue penetration. 

FIGURE 13–2 The fraction of local anesthetic in the protonated, cationic form of aqueous solution at physiologic pH (7.4) as a function of the pKa of the drug. (From Covino and Vassallo123 )
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TABLE 13–1. Representative Local Anesthetic Agents in Common Clinical Use 

TABLE 13–2. Relative In Vitro Conduction Blocking Potency and Physicochemical Properties of Local Anesthetic Drugs 
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ANATOMY OF THE PERIPHERAL NERVE 

Each peripheral nerve axon possesses its own cell membrane, the axolemma. Nonmyelinated nerves, such as autonomic postganglionic and nociceptive afferent C fibers, are encased in a single Schwann cell sheath. Most large motor and sensory fibers are enclosed in many layers of myelin, which consists of plasma membranes of specialized Schwann cells that wrap themselves around the axon during axonal outgrowth. Myelin greatly increases the speed of nerve conduction by insulating the axolemma from the surrounding conducting salt medium and forcing the action current to flow through the axoplasm to the nodes of Ranvier, which are periodic interruptions in the myelin sheath where the action currents are regenerated (Fig. 13–3). The Na+ channels that serve impulse generation and propagation are highly concentrated at the nodes of Ranvier of myelinated fibers, 7  but they are distributed all along the axon of nonmyelinated fibers (see Fig. 13–3). A classification of peripheral nerves according to fiber size and physiologic properties is presented in Table 13–3 . 

TABLE 13–3. Classification of Peripheral Nerves According to Fiber Size and Physiologic Properties

FIBER CLASS
SUBCLASS
MYELIN
DIAMETER 
CONDUCTION VELOCITY (M/S)
LOCATION
FUNCTION
A
alpha
+
6–22
30–120


Afferent to and efferent from muscles and joints


Motor, proprioception

 
beta
+
6–22
30–120


Afferent to and efferent from muscles and joints


Motor, proprioception

 
gamma
+
3–6
15–35


Efferent to muscle spindles


Muscle tone

 
delta
+
1–4
5–25


Afferent sensory nerves


Pain, temperature, touch

B
 
+
<3
3–15


Preganglionic sympathetic


Various autonomic functions

C
sC
–
0.3–1.3
0.7–1.3


Postganglionic sympathetic


Various autonomic functions

 
d gamma C
–
0.4–1.2
0.1–2.0


Afferent sensory nerves


Various autonomic functions; pain, temperature, touch
Modified from Bonica234
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TABLE 13–3. Classification of Peripheral Nerves According to Fiber Size and Physiologic Properties 

FIGURE 13–3 The direction of action currents flowing in a large nonmyelinated axon (e.g., of the squid) (A) and in a myelinated axon (B). During propagation of impulses from left to right, current entering the axon at the initial rising phase of the impulse (open arrows) passes down the axoplasm (local circuit current) and depolarizes the adjacent membrane. This ionic current passes uniformly along the nonmyelinated axon but is funneled from one node of Ranvier to another in the myelinated axon.
A typical peripheral nerve consists of several axon bundles, or fascicles. Each axon has its own connective tissue covering, the endoneurium. Each fascicle of axons is encased by a second connective tissue layer, the perineurium, and the entire nerve is wrapped in a loose outer sheath called the epineurium (Fig. 13–4). To reach its site of action (the nerve axon), a local anesthetic molecule must traverse four or five layers of connective tissue and/or lipid membranous barriers. 
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FIGURE 13–4 Transverse sections of a peripheral nerve (A) showing the outermost epineurium, the inner perineurium that collects nerve axons in fascicles, and the endoneurium that surrounds each myeli-nated fiber. Each myelinated axon (B) is encased in the multiple membranous wrappings of myelin formed by one Schwann cell, each of which stretches longitudinally over approximately 100 times the diameter of the axon. The narrow span of axon between these myelinated segments, the node of Ranvier, contains the ion channels that support action potentials. Nonmyelinated fibers (C) are enclosed in bundles of 5 to 10 axons by a chain of Schwann cells that tightly embrace each axon with but one layer of membrane.
Select an item below
*


Structure of the Axonal Membrane 
*


Physiology of Nerve Conduction 
Copyright © 2000, 1995, 1990, 1985, 1979 by Churchill Livingstone
------------------------------------------------------------------------

Section 2: 
Scientific Principles 

Part C: 
Other Drugs Commonly Used in Anesthesia 

Chapter 13: 
Local Anesthetics 
------------------------------------------------------------------------

Structure of the Axonal Membrane 

Biologic membranes consist of a molecular lipid bilayer containing proteins adsorbed on the surfaces as well as embedded in or spanning the hydrocarbon core (Fig. 13–5). The bilayer character is imposed by the amphiphilic phospholipids, which have long hydrophobic fatty acyl tails that lie in the center of the membrane and polar hydrophilic head groups composed of zwitterionic (containing positive and negative charges) components that project into the cytoplasm or the interstitial fluid. Within the membrane there is some lateral and rotational diffusion, which allows lipids and certain proteins to migrate in a fluid mosaic, but most membrane proteins are fixed within specific regions of a membrane. 7  
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FIGURE 13–5 Drawing of a typical plasma membrane showing the lipid bilayer composed of phospholipids and cholesterol molecules (in a 10:1 ratio), embedding the membrane integral proteins, and the relationship of the cytoplasmic peripheral proteins and the carbohydrate moieties facing the extracellular medium. Probable sites for local anesthetics are also shown.
A dynamic interaction exists between the cell‘s membrane and cytoplasm. Although we focus here on the channel-blocking actions of local anesthetics, it is noteworthy that many other cellular activities are inhibited by these drugs. 
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Physiology of Nerve Conduction 

The neural membrane is able to maintain a voltage difference of 60 to 90 mV between its inner and outer aspects because at rest it is relatively impermeable to sodium ions but is selectively permeable to potassium ions. An active, energy-dependent mechanism, the Na+ -K+ pump, sustains the ion gradients that drive this potential difference by constant extrusion of sodium from within the cell in exchange for a net uptake of potassium, using adenosine triphosphate as an energy source. Although the membrane is relatively permeable to potassium ions, an intracellular-to-extracellular potassium ratio of 150 mmol/L to 5 mmol/L, or 30:1, is maintained because of the membrane‘s impermeability to other, potentially cotransported ions and the active removal of potassium. 

The nerve at rest behaves largely as a potassium electrode, according to the Nernst equation: 
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where Em is the membrane potential; Ek is the potassium equilibrium potential; R is the gas constant; T is temperature (Kelvin); F is Faraday‘s constant; and [K+ ] is the potassium ion concentration inside (i) and outside (o) the cell. For potassium, therefore, 

 [image: image7.wmf]
An opposite situation exists for Na+, which is at higher concentration outside the cell and has a Nernst potential, ENa, of about +60 mV. During an action potential, the nerve membrane transiently switches its permeability from K+ selective to Na+ selective, thus changing the membrane potential from negative to positive, and back again. 8  The progress of this potential change and the underlying events are graphed in Figure 13-6. They provide a basis for understanding local anesthetic conduction block. 

Ion permeation through membranes occurs via special proteins called ion channels. 9  The conformation of these channels is often sensitive to the membrane potential; both Na+ and K+ channels in nerve membranes are activated to an open conformation by membrane depolarization. Sodium channels, in addition, close to an inactivated conformation following their initial activation. A small membrane depolarization, extending along an axon from a region of excited membrane for example, begins to open both Na+ and K+ channels. The Na+ channels open faster, however, and because the membrane potential is initially much further from the Nernst potential for Na+ than from that for K+, the inwardly directed Na+ current is larger (see Fig. 13–6). Sodium ions thus entering the nerve depolarize it further, leading to the opening of more Na+ channels and increasing the current even further (Fig. 13–7). This sequence of events continues in the positive feedback of the depolarizing phase until some of the Na+ channels have become inactivated and enough of the potassium channels have opened to change the balance of current, resulting in a net outward current that produces membrane repolarization (see Fig. 13–7). After one action potential, the concentrations of Na+ and K+ have changed very little. The small amount of Na+ entering and K+ leaving the cell as a result of this process is restored by the Na+ -K+ pump. 10  
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FIGURE 13–6 Membrane potential (Em), conductances of sodium (gNa) and potassium (gK), and the corresponding membrane currents (INa and IK) that occur during a propagated action potential. Modeled from the original studies of Hodgkin and Huxley on the squid giant axon (see Hodgkin8 ), these relationships hold for almost all invertebrate and vertebrate nerve fibers. The direction of the total ionic current (It), which is the sum of INa and IK, is inward (negative values) for the depolarizing phase of the action potential and outward (positive values) for the repolarizing phase.
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FIGURE 13–7 Factors contributing to the regenerative, depolarizing phase of the action potential. Positive factors (solid arrows) increase the rate of depolarization, each element in the cycle favoring the subsequent one. Negative factors (open arrows) decrease the depolarization rate by reducing or opposing the related positive factor.
Depolarizations too weak to activate enough Na+ channels to produce a net inward current are below the membrane‘s excitability threshold. The precise value of the threshold varies among different regions of the cell and also changes with time. Directly after an impulse, when some Na+ channels are still inactivated and some K+ channels still activated, the threshold is higher than the resting value, and the membrane is refractory to stimulation. In the immediately repolarized membrane, as Na+ inactivation decays and as K+ channels return to their closed conformation, the original threshold value is progressively restored. 

The impulse is a wave of depolarization that is propagated along the axon by a continuous coupling between excited and nonexcited regions of membrane. Ionic current (the action current) entering the axon in the excited, depolarized region flows down the axoplasm and exits through the surrounding membrane, thus passively depolarizing the adjacent region (see Fig. 13–3). Although this local circuit current spreads away from the excited zone in both directions, the region behind the impulse, having just been depolarized, is absolutely refractory, and impulse propagation is thus unidirectional. 
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FIGURE 13–3 The direction of action currents flowing in a large nonmyelinated axon (e.g., of the squid) (A) and in a myelinated axon (B). During propagation of impulses from left to right, current entering the axon at the initial rising phase of the impulse (open arrows) passes down the axoplasm (local circuit current) and depolarizes the adjacent membrane. This ionic current passes uniformly along the nonmyelinated axon but is funneled from one node of Ranvier to another in the myelinated axon.

[image: image11.png]iy
R
R

MEMBRANE POTENTIAL (mV)




FIGURE 13–10 Decremental inhibition of conducted impulses modeled in a myelinated axon shows use-dependent block. In this computer simulation, the membrane potential at each of 26 sequential nodes of Ranvier is plotted as the impulse, stimulated at the leftmost node, propagating to the right. Fifteen nodes in the middle of this fiber are exposed to local anesthetics, which reduces both Na+ and K+ conductances to tonically inhibited levels (see Fig. 13-8) for the first impulse in a train (top frame). Although this impulse‘s amplitude decrements continuously over the exposed length, local current at the last exposed node is still sufficient to stimulate the next, unexposed node, and conduction continues. Use-dependent drug binding during this spike lowers the Na+ conductance available for subsequent impulses in the train, which therefore decreases further (compare spike 2 and spike 10) and fails to sustain conduction within the exposed region. (From Raymond et al.44  Reproduced with permission of S. Karger AG, Basel.)
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FIGURE 13–8 Inhibition of Na+ currents in myelinated nerves exposed to lidocaine or to bupivacaine. Traces show the inward ionic currents during a 16-ms-long depolarization to –20 mV, before drug addition (control), for the first depolarization imposed 5 minutes after beginning drug exposure (0, tonic inhibition), and for the subsequent pulses in a train of depolarizations applied to 10 Hz (identified numerically by their order in the sequence; use-dependent inhibition). T = 13°C. Toad node of Ranvier. (From Chernoff38 )
The local circuit current spreads rapidly along a length of insulated internode in a myelinated axon (see Fig. 13–3), and many nodes of Ranvier in sequence are depolarized to threshold with little intervening delay. Single impulses do not jump from node to node as separate, discrete events, but instead the active depolarization occurs simultaneously along several centimeters of the largest axons 11  (see Fig. 13-10). Indeed, the local circuit current is so robust that it can skip past two completely nonexcitable nodes and may successfully stimulate a third. 12  If nodal excitability is partially reduced, by inhibition of some of the Na+ channels for example, the amplitude of impulses in successive nodes falls decrementally, a process that can continue for many centimeters. 13  This situation probably occurs during certain phases of local anesthesia, as discussed later. However, when the inhibition of Na+ channels is sufficient, so that local circuit current fails to bring the adjacent resting region to threshold, then the impulse is extinguished. 
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MECHANISM OF ACTION OF LOCAL ANESTHETICS (PHARMACODYNAMICS) 

Active Form 

Local anesthetic bases are poorly to sparingly soluble in water, but they are soluble in relatively hydrophobic organic solvents. Therefore, as a matter of convenience, most of these drugs are marketed as the hydrochloride salts. The pKa of the drug and the tissue pH determine the amount of drug that exists in solution as free base or as positively charged cation when injected into living tissue (see earlier). Furthermore, the uptake of the drug by the tissue, largely resulting from lipophilic adsorption, also alters its activity, both by shifting the effective pKa downward, and thereby favoring the neutral base form, and by limiting the diffusion of the anesthetic away from the site of injection. Moderately hydrophobic local anesthetics act more rapidly than either hydrophilic or highly hydrophobic agents, delivered at the same concentration, for the following reasons. Moderately hydrophilic local anesthetics, such as lidocaine, are less bound to tissues than are very hydrophobic drugs (i.e., tetracaine), but they still are more membrane permeant than very hydrophilic ones (e.g., chlorprocaine). The highly hydrophobic local anesthetics also have higher intrinsic potency 4  (see Table 13–2), they are used in lower concentrations, and their rate of onset is correspondingly reduced. 

TABLE 13–2. Relative In Vitro Conduction Blocking Potency and Physicochemical Properties of Local Anesthetic Drugs

 


PHYSICOCHEMICAL PROPERTIES

DRUG
RELATIVE CONDUCTION BLOCKING POTENCYa
pKab
HYDROPHOBICITYb

Low potency
 
 
 

Procaine
1
8.9
100

Intermediate potency
 
 
 

Mepivacaine
1.5
7.7
130

Prilocainec
1.8
8.0c
129c

Chloroprocaine
3
9.1
810

Lidocaine
2
7.8
366

High Potency
 
 
 

Tetracaine
8
8.4
5,822

Bupivacaine
8
8.1
3,420

Etidocaine
8
7.9
7,320
aData derived from C fibers of isolated rabbit vagus and sciatic nerve.

bpKa and hydrophobicity at 36°C; hydrophobicity equals octanol buffer partition coefficient of the base; ratio of concentrations

cValues at 25°C

From Strichartz, et al131
  

Copyright © 2000, 1995, 1990, 1985, 1979 by Churchill Livingstone
TABLE 13–2. Relative In Vitro Conduction Blocking Potency and Physiochemical Properties of Local Anesthetic Drugs 

A lengthy debate has taken place over the issue of which form of the local anesthetic, charged cation or neutral base, is actually responsible for impulse blockade. Early observations showed that alkaline solutions of local anesthetics more effectively blocked nerve conduction. 14  In the desheathed nerve and in the isolated single axon, the rate of inhibition by tertiary amine anesthetics also was greater at alkaline than at neutral external pH. 15, 16  From these observations, it was concluded that either the neutral base in the external solution is the active species or membrane penetration and transport, highly favored by base over cation species, are essential for the channel-blocking action. The second possibility is, in fact, the explanation for the acceleration of rate in alkaline media. 15, 16, 17  Direct control of axoplasmic pH 18  or internal perfusion with permanently charged quaternary amine homologues shows the dominant potency of the cationic species acting from the cytoplasmic surface. 19, 20  The uncharged base also has intrinsic pharmacologic activity, however, and in addition to those molecules with tertiary amine moieties, those having hydroxyl (alcohols) or alkyl groups (e.g., benzocaine) can also inhibit Na+ channels and may block impulses. 16, 17, 21, 22  

To obtain a clear picture of the mechanism, the channel-inhibitory kinetics are necessary, but it is almost impossible to measure the rate of binding of local anesthetics to the receptor after their addition to a bathing solution. Drug diffusion through the unstirred layer of solution next to the membrane and the membrane itself present steps that limit the rate of receptor binding. 16, 23  However, once the drug has equilibrated with membranes and solutions, it is possible to perturb the channels by depolarizing the membrane and to follow the phasic inhibition by local anesthetics in order to clarify the details of the binding reaction, as described later. 
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Electrophysiologic Effect of Local Anesthetics 

The resting membrane potential of nerve is little affected by local anesthetics. 24  As the concentration of local anesthetic applied to the nerve is increased, a decrease in the rate and degree of impulse depolarization is produced. Until the impulse is abolished, however, it is not possible to derive direct data on the binding of local anesthetics to Na+ channels from measurement of nerve impulses. 

By using a voltage-clamp procedure instead, Na+ currents and their inhibition by local anesthetics can be directly assayed (Fig. 13–8). When the membrane is rapidly depolarized to a constant value by voltage-clamp, the time course of ionic currents is observed. Sodium currents are reduced during one initial depolarization by subclinical doses of local anesthetic (e.g., 0.2 mmol/L lidocaine) and are totally abolished by clinical doses (e.g., 1% lidocaine, which equals about 40 mmol/L). If the test depolarization is repeatedly applied, for example, at frequencies higher than 5 Hz (5 pulses/s), the partially depressed (tonically inhibited) Na+ current is further reduced, incrementally for each pulse, until a new steady-state level of inhibition is reached. 20, 25  This frequency-dependent inhibition, also called phasic inhibition, is reversed when stimulation is slowed or stopped, and currents return to the level of tonic inhibition observed in the resting nerve. The potency for local anesthetics to produce both tonic and phasic inhibition is similarly dependent on their structure, hydrophobicity, and pKa. 25, 26  At its simplest, there appears to be a single binding site for local anesthetics on the Na+ channel, with a tonic affinity at rest and increased phasic affinity occurring as a result of depolarization. The phasic blocking mode can thus be used to reveal the true kinetics of local anesthetic binding to the functional receptor, the Na+ channel itself. 
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FIGURE 13–8 Inhibition of Na+ currents in myelinated nerves exposed to lidocaine or to bupivacaine. Traces show the inward ionic currents during a 16-ms-long depolarization to –20 mV, before drug addition (control), for the first depolarization imposed 5 minutes after beginning drug exposure (0, tonic inhibition), and for the subsequent pulses in a train of depolarizations applied to 10 Hz (identified numerically by their order in the sequence; use-dependent inhibition). T = 13°C. Toad node of Ranvier. (From Chernoff38 )
There are two fundamental mechanisms of inhibition. Na+ currents are reduced by local anesthetics primarily because the drug-bound channels fail to open. Investigations with neutral and cationic compounds show that the channel-activation process is disrupted by local anesthetics. 27, 28  A sodium channel inhibited by a local anesthetic is functionally similar to an inactivated channel; both inactivation and anesthetic binding prevent the complete conformational changes of the activation process by partially immobilizing the channel. 29  Blockade of the ion-conducting pore, the second mechanism, plays a part in channel inhibition, but the contribution from this action seems minor. 

Are inactivated channels essential for local anesthetic binding and action? No, because when inactivation is prevented by various chemical reagents or toxins, there is only a small change in the tonic and phasic actions of local anesthetics. 30  Phasic channel inhibition occurs during depolarizations that are as short as neuronal impulses (1-5 ms) because local anesthetics bind more rapidly and with higher affinity to activated channels (some open, some in intermediate activated conformations preceding the open state) than to resting channels. During longer depolarizations, additional binding to drug-free inactivated channels also can occur 17, 25  ; this mode of binding probably accounts for much of the cardiotherapeutic action of local anesthetic-like class I antiarrhythmics. 31, 32  

Regardless of the channel state that binds the drug, by its very binding the local anesthetic stabilizes that state. During phasic block, therefore, more channels become drug-bound during activation, and reciprocally, less activation can occur. Thus, overall binding of anesthetic is increased by channel activation for two reasons: more binding sites become accessible during activation (the guarded receptor model), 33  and drug dissociation from activated channels is slower than from resting channels (the modulated receptor model). 17  

The specific binding rates and affinities for the different conformations of the sodium channel depend on the particular local anesthetic drug. When the details of this dependence are correlated with the physicochemical properties of the drug and with the experimental conditions, they provide insight into the nature of the local anesthetic binding site. 4, 5  
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Nature of the Local Anesthetic Binding Site 

Kinetic and equilibrium measurements of inhibition by diverse local anesthetics reveal much about the binding site. Like the rate of onset of tonic block, the rate of binding for phasic block is greater at more alkaline external pH. 26  Curiously, cytoplasmic pH has almost no effect on phasic inhibition. 34  Drugs of greater hydrophobicity are proportionately more potent for both tonic and phasic block than less hydrophobic congeners. 4, 35, 36  However, at equipotent doses for channel blockade of two local anesthetics that differ 100-fold in hydrophobicity and in intrinsic potency (but have very similar pKa ), the rate of phasic binding is almost the same despite the 100-fold difference in their concentrations in solution. The apparent discrepancy between rates and concentrations can be reconciled by postulating that the primary blocking reaction occurs from drugs that are in the membrane phase, in which the more potent drug is concentrated (even 100-fold) by hydrophobic uptake 17, 26  (Fig. 13–9). 

Dissociation of local anesthetic from the open channel depends little on hydrophobicity, pKa, or external pH, but it is faster for smaller molecules. In contrast, drug dissociation from the closed channels depends strongly on all these factors. Dissociation is slightly faster for more hydrophobic compounds, 4, 37, 38  markedly faster at more alkaline than at neutral external pH, 38, 39  and faster for drugs of lower pKa . The latter observation suggests that extracellular H+ can bind to the amine portion of the bound local anesthetic molecule and trap it in the Na+ channel. 26, 37, 40  One interpretation of these findings is that anesthetics can leave their blocking site by either a hydrophobic or a hydrophilic pathway. 17  The former accommodates the uncharged base primarily and is 20 to 50 times as fast as the latter, which accommodates the cationic species and is the preferred exit route from open channels. 

Integrating these physicochemical findings resolves a dynamic picture of local anesthetic action (see Fig. 13–9). The binding of tertiary amine compounds occurs primarily from the membrane phase and favors the neutral base species. Dissociation of drug involves primarily the closed conformations of the channel (excitation occurring only briefly) and is slowed by extracellular protons. In brief, hydrophobicity delivers the drug to the receptor and charge keeps it there. Studies with intentionally mutated Na+ channels show that decreasing the hydrophobicity of certain amino acid residues near the putative pore decreases local anesthetic affinity, indicating a locus for drug binding at the molecular level. 41, 42  
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FIGURE 13–9 Schematic drawing of drug access routes to a putative local anesthetic binding site on the Na+ channel. The hydrophilic route, from the cytoplasmic phase, mediates binding of aqueous drug (La) directly to the receptor site. The hydrophobic route mediates binding to membrane-associated drug (Lm) to the site. The activated channel (induced by membrane depolarization) binds drug more tightly than the resting channel, but both states of the protein appear to favor the hydrophobic route.
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Neurophysiologic Aspects of Phasic Inhibition 

Impulse blockade is also increased by repetitive stimulation. As the frequency of impulse traffic in an axon is increased, the probability of impulse blockade by local anesthetic also rises. This phenomenon develops along the length of axon exposed to drug, as shown by the simulation in Figure 13-10 . The first impulse to traverse the fiber, where 16 consecutive nodes have been exposed to lidocaine at a concentration that blocks 50 percent of the Na+ channels at rest, suffers decreasing conduction along the drug-exposed region 43 ; yet the reduced impulse still provides enough current at the last anesthetized node to raise the adjacent drug-free region to threshold. Impulse propagation is thus slowed, but it does not fail. However, the second impulse in the train encounters an exposed region of axon rendered less excitable by the residual phasic inhibition of the first impulse. Action currents at the end of the exposed region are now lower than the margin of safety, and propagation fails. 44  The third impulse propagates along a path of an even more sharply decreasing excitability. Each subsequent impulse in the train similarly fails to traverse the drugged axon; impulse activity entering the anesthetized region thus maintains its own failure. 

An identical phenomenon occurs in vivo. In this situation, the pattern of impulses encodes neuronal information (e.g., in sensory fibers, the intensity of the physiologic stimulation is encoded in the frequency of the discharge). Local anesthetics significantly disrupt this pattern, as shown by the example in Figure 13-11 of an afferent A fiber coupled to a slowly adapting mechanoreceptor in the rat‘s footpad. 44  Application of a subclinical dose of lidocaine to the ensheathed sciatic nerve in vivo leads to a progressive reduction in the average frequency of impulses propagated by one axon, even though the mechanical stimulus intensity is increased beyond the original control level. 

Different fiber types in the nerve are affected differently during local anesthesia. At least part of this difference arises from pharmacokinetic factors. At the onset of and during recovery from clinical block, in particular, the longitudinal and radial diffusion of drug produces concentration variations within and along the nerve. 45  This variation is superimposed on the dynamic use-dependent inhibition to provide variable propagation, which depends on a fiber‘s geometry, position within the nerve, and functional as well as electrophysiologic properties. Different fiber types are also differentially sensitive to local anesthetic blockade. No clear relationship has been established between an axon‘s diameter and its absolute susceptibility to block by local anesthetics. 46  Despite many claims to the contrary, the smallest sensory afferents, nociceptive C fibers, are actually less susceptible to local anesthetic blockade than are the larger-diameter mechanosensitive A beta or nociceptive A delta fibers. 47  Nevertheless, the temporal sequence of loss of various sensory and sympathetic functions during regional block is well documented. 48, 49  For an explanation of the clinical observation, we must look beyond the strictly geometric aspects of an axon. A consideration of fiber functions and physiologic properties, as well as the relationship between relative impulse blockade among different types of fiber and functional deficits, may provide a basis for developing functionally selective nerve blocks. 
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FIGURE 13–10 Decremental inhibition of conducted impulses modeled in a myelinated axon shows use-dependent block. In this computer simulation, the membrane potential at each of 26 sequential nodes of Ranvier is plotted as the impulse, stimulated at the leftmost node, propagating to the right. Fifteen nodes in the middle of this fiber are exposed to local anesthetics, which reduces both Na+ and K+ conductances to tonically inhibited levels (see Fig. 13-8) for the first impulse in a train (top frame). Although this impulse‘s amplitude decrements continuously over the exposed length, local current at the last exposed node is still sufficient to stimulate the next, unexposed node, and conduction continues. Use-dependent drug binding during this spike lowers the Na+ conductance available for subsequent impulses in the train, which therefore decreases further (compare spike 2 and spike 10) and fails to sustain conduction within the exposed region. (From Raymond et al.44  Reproduced with permission of S. Karger AG, Basel.)
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FIGURE 13–11 The pattern of impulses in vivo in a cutaneous afferent fiber of the rat is strongly modified by local anesthetic. Discharge frequency (upper traces, shown on a logarithmic scale) in response to increasing pressure on the rat‘s footpad (lower traces) maintains a relatively constant value (50/s, average) in this slowly adapting mechanoreceptor before drug. Bathing the ensheathed sciatic nerve with lidocaine (0.01% over a 2- to 3-cm length) inhibits impulse conduction through the exposed region, so that after 24 minutes of drug exposure, the average frequency has fallen by 90 percent, despite the faster and larger mechanical stimulation. (From Raymond et al.44  Reproduced with permission of S. Karger AG, Basel.)
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Summary of Local Anesthetic Mechanisms 

Impulse blockade by local anesthetics may be summarized by the following chronology: 4  

1.


Solutions of local anesthetic are deposited near the nerve. Diffusion of drug molecules away from this locus is a function of tissue binding, removal by the circulation, and local hydrolysis of aminoester anesthetics. The net result is penetration of the nerve sheath by the remaining drug molecules. 
2.


Local anesthetic molecules then permeate the nerve‘s axon membranes and equilibrate there and in the axoplasm. The speed and extent of these processes depend on a particular drug‘s pKa and on the lipophilicity of its base and cation species. 
3.


Binding of local anesthetic to sites on voltage-gated Na+ channels prevents opening of the channels by inhibiting conformational changes that underlie channel activation. 
4.


During onset of and recovery from local anesthesia, impulse blockade is incomplete, and partially blocked fibers are further inhibited by repetitive stimulation, which produces an additional, use-dependent binding to Na+ channels. 
5.


One local anesthetic binding site on the Na+ channel may be sufficient to account for the drug‘s resting (tonic) and use-dependent (phasic) actions. The access to this site may potentially involve multiple pathways, but for clinical local anesthetics, the primary route is the hydrophobic approach from within the axon membrane. 
6.


The clinically observed rates of onset and recovery from blockade are governed by the relatively slow diffusion of local anesthetic molecules into and out of the whole nerve, not by their much faster binding and dissociation to ion channels. 
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CLINICAL PHARMACOLOGY 

The successful use of regional anesthesia requires knowledge of the pharmacologic properties of the various local anesthetic drugs, as well as technical skill in the performance of the nerve block. Local anesthetic requirements vary considerably, depending on factors such as type of block, surgical procedure, and physiologic status of the patient. 

The clinically useful aminoester local anesthetics are procaine, chloroprocaine, tetracaine, and cocaine. The aminoamides consist of lidocaine, mepivacaine, prilocaine, bupivacaine, and etidocaine. The ester and amide local anesthetics differ in their chemical stability, locus of biotransformation, and allergic potential. Amides are extremely stable, whereas esters are relatively unstable in solution. The aminoesters are hydrolyzed in plasma by the cholinesterase enzymes, whereas the amide compounds undergo enzymatic degradation in the liver. The exception to this trend is cocaine, an ester that is metabolized predominantly by hepatic carboxylesterase. 50, 51  

p -Aminobenzoic acid is one of the metabolites of ester-type compounds that can induce allergic-type reactions in a small percentage of patients. The aminoamides are not metabolized to p -aminobenzoic acid, and reports of allergic reactions to these agents are extremely rare. 

Select an item below
*


General Considerations 
*


Factors Influencing Anesthetic Activity in Humans 
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General Considerations 

The clinically important properties of the various local anesthetics include potency, speed of onset, duration of anesthetic action, and differential sensory/motor blockade. As previously indicated, the profile of the individual drugs is determined by their physicochemical characteristics (see Table 13–2). 

TABLE 13–2. Relative In Vitro Conduction Blocking Potency and Physicochemical Properties of Local Anesthetic Drugs

 


PHYSICOCHEMICAL PROPERTIES

DRUG
RELATIVE CONDUCTION BLOCKING POTENCYa
pKab
HYDROPHOBICITYb

Low potency
 
 
 

Procaine
1
8.9
100

Intermediate potency
 
 
 

Mepivacaine
1.5
7.7
130

Prilocainec
1.8
8.0c
129c

Chloroprocaine
3
9.1
810

Lidocaine
2
7.8
366

High Potency
 
 
 

Tetracaine
8
8.4
5,822

Bupivacaine
8
8.1
3,420

Etidocaine
8
7.9
7,320
aData derived from C fibers of isolated rabbit vagus and sciatic nerve.

bpKa and hydrophobicity at 36°C; hydrophobicity equals octanol buffer partition coefficient of the base; ratio of concentrations

cValues at 25°C

From Strichartz, et al131
  

Copyright © 2000, 1995, 1990, 1985, 1979 by Churchill Livingstone
TABLE 13–2. Relative In Vitro Conduction Blocking Potency and Physiochemical Properties of Local Anesthetic Drugs 

Anesthetic Potency 

Hydrophobicity appears to be a primary determinant of intrinsic anesthetic potency, 5, 35, 51, 52  because the anesthetic molecule must penetrate the nerve membrane and must bind at a partially hydrophobic site on the Na+ channel. Clinically, however, the correlation between hydrophobicity and anesthetic potency is not as precise as in an isolated nerve. For example, etidocaine is more potent than bupivacaine in an isolated nerve whereas, clinically, etidocaine is actually less active than bupivacaine. 53, 54, 55  The difference between in vitro and in vivo results is related to a number of factors such as the vasodilator or tissue redistribution properties of the various local anesthetics. For example, lidocaine causes a greater degree of vasodilation than prilocaine, resulting in its more rapid vascular uptake, so that fewer lidocaine molecules are available for neural blockade. 56  The extremely high lipid solubility of etidocaine may result in a greater uptake of this agent by adipose tissue, such as in the epidural space, which again causes fewer molecules to be available for neural blockade as compared with bupivacaine. 

Onset of Action 

The onset of conduction block in isolated nerves is related to the physicochemical properties of the individual agents. In vivo latency is also dependent on the dose or concentration of local anesthetic. For example, 0.25 percent bupivacaine possesses a slow onset of action, but increasing the concentration to 0.75 percent results in a significant acceleration of anesthetic effect. 55  Chloroprocaine demonstrates a rapid onset of action in humans even though its pKa is approximately 9, its proportion of charged molecules is high (97%), and thus its onset of action in isolated nerves is relatively slow. 57  However, the low systemic toxicity of this agent allows its use in high concentrations (e.g., 3%). Therefore, the rapid onset in vivo of chloroprocaine may be related simply to the large number of molecules placed in the vicinity of peripheral nerves. In humans, 1.5 percent lidocaine produced a more rapid onset of epidural anesthesia than 1.5 percent chloroprocaine 58 ; however, 3 percent chloroprocaine resulted in a more rapid onset than 2 percent lidocaine. 

Duration of Action 

The duration of action of the various local anesthetics differs markedly. Procaine and chloroprocaine demonstrate a short duration of action. Lidocaine, mepivacaine, and prilocaine produce a moderate duration of anesthesia, whereas tetracaine, bupivacaine, and etidocaine have the longest durations. For example, with procaine, the duration of brachial plexus blockade is 30 to 60 minutes, whereas up to approximately 10 hours of anesthesia has been reported following the use of bupivacaine or etidocaine for brachial plexus blockade. 59  

In humans, the duration of anesthesia is markedly influenced by the peripheral vascular effects of the local anesthetic drugs. Many local anesthetics have a biphasic effect on vascular smooth muscle; at low concentrations, these agents tend to cause vasoconstriction, whereas at clinically employed concentrations, they cause vasodilation. 60, 61  However, differences exist in the degree of vasodilator activity produced by the various drugs. For example, lidocaine is a more potent vasodilator than mepivacaine or prilocaine. Although little difference in the duration of conduction block is apparent among these agents in an isolated nerve, in vivo the anesthesia produced by lidocaine is of shorter duration than that produced by mepivacaine or prilocaine. In spinal cord, the pial vessels are dilated by bupivacaine, but they are constricted by ropivacaine, a finding suggesting a stereoselective effect on vascular tone independent of nerve block per se. 62  

Differential Sensory/Motor Blockade 

Another important clinical consideration is the ability of local anesthetic agents to cause a differential inhibition of sensory and motor activity. Bupivacaine became popular in the 1980s for epidural blocks because it was better than previously available agents in producing adequate antinociception without profound inhibition of motor activity, particularly when dilute solutions are employed. Bupivacaine and etidocaine provide an interesting contrast in their differential sensory and motor blocking activity, although they are both potent, long-acting anesthetics 63  (Fig. 13–12). Bupivacaine is widely used epidurally for obstetric analgesia and postoperative pain management because it can provide acceptable analgesia with only mild muscle weakness, particularly when it is used in concentrations of 0.125 percent or less (Ch. 57). Ropivacaine appears to provide greater sensory selectivity than bupivacaine in some studies, but not in others (see later). 
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FIGURE 13–12 Comparative inhibition of sensory and motor activity following the epidural administration of varying concentrations of bupivacaine and etidocaine.
Traditional texts often state that small-diameter axons, such as C fibers, are more susceptible to local anesthetic block than are larger-diameter fibers. However, when careful measurements are made of single-impulse annihilation in individual nerve fibers, exactly the opposite differential susceptibility is seen. 64, 65  Repetitive stimulation, such as occurs during propagation of trains of impulses—the normal mode of operation for neuronal information coding (see Fig. 13–11) —produces a further, phasic inhibition of excitability, but it is unclear how this will effect a functionally selective failure of impulses. The length of drug-exposed nerve in the intrathecal space, imposed by anatomic restrictions, can explain clinically documented differential spinal or epidural blockade, 45  because longer drug-exposed regions yield block by lower concentrations of local anesthetic. 66  However, this reasoning does not explain the functionally differential loss from peripheral nerve block. Other factors may include the actual spread of the drug along the nerve, 67  or its selective ability to inhibit Na+ channels over K+ channels, 68  which in itself can produce a differential block because these channels are present in very different proportions in different types of nerves. 69  Because of these confounding factors, clinicians should be discouraged from making conclusions about fiber type involvement in chronic pain syndromes based on the dose or concentration requirement for pain relief in diagnostic nerve blockade. 70  

[image: image18.png]LOG INTERVAL (sec)

FORCE (g)

AR - SA Mechano Receptor
cv=325m/s

SOimpulses/sec 33 impulses/sec  Simpuises/ sec
3
Control Lidocaine (0.4 mM)

12min 2amin




FIGURE 13–11 The pattern of impulses in vivo in a cutaneous afferent fiber of the rat is strongly modified by local anesthetic. Discharge frequency (upper traces, shown on a logarithmic scale) in response to increasing pressure on the rat‘s footpad (lower traces) maintains a relatively constant value (50/s, average) in this slowly adapting mechanoreceptor before drug. Bathing the ensheathed sciatic nerve with lidocaine (0.01% over a 2- to 3-cm length) inhibits impulse conduction through the exposed region, so that after 24 minutes of drug exposure, the average frequency has fallen by 90 percent, despite the faster and larger mechanical stimulation. (From Raymond et al.44  Reproduced with permission of S. Karger AG, Basel.)
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Factors Influencing Anesthetic Activity in Humans 

Dosage of Local Anesthetic 

As the dosage of local anesthetic is increased, the probability and duration of satisfactory anesthesia increase, and the time to onset of block is shortened. The dosage of local anesthetic can be increased by administering either a larger volume or a more concentrated solution. For example, increasing the concentration of epidurally administered bupivacaine from 0.125 to 0.5 percent while maintaining the same volume of injectate (10 mL) resulted in shorter latency, improved incidence of satisfactory analgesia, and produced a longer duration of sensory analgesia. 71  Similarly, an increase in the concentration of epidural bupivacaine in surgical patients from 0.5 to 0.75 percent with a concomitant increase in dosage from approximately 100 to 150 mg produced a more rapid onset and prolonged sensory anesthesia, a greater frequency of satisfactory sensory anesthesia, and more profound motor blockade 55  (see Fig. 13–12). The volume per se of anesthetic solution probably influences the spread of anesthesia. For example, 30 mL of 1 percent lidocaine administered into the epidural space produced a level of anesthesia that was 4.3 dermatomes higher than that achieved when 10 mL of 3 percent lidocaine was given. 48  
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FIGURE 13–12 Comparative inhibition of sensory and motor activity following the epidural administration of varying concentrations of bupivacaine and etidocaine.
Addition of Vasoconstrictors 

Vasoconstrictors, usually epinephrine (5 g/mL or 1:200,000), are frequently included in local anesthetic solutions to decrease the rate of vascular absorption, thereby allowing more anesthetic molecules to reach the nerve membrane and so improve the depth and duration of anesthesia, as well as to provide a marker for inadvertent intravascular injection. 72  Epinephrine in a concentration of 1:200,000 has been reported to provide the optimal degree of vasoconstriction when it is employed with lidocaine for epidural or intercostal use. 67  Other vasoconstrictor agents, such as norepinephrine and phenylephrine, have been used, but they do not appear to be superior to epinephrine. For example, equipotent concentrations, for vasoconstriction, of epinephrine and phenylephrine prolong to a similar extent the duration of spinal anesthesia produced by tetracaine. 73  

The extent to which epinephrine prolongs the duration of anesthesia depends on the specific local anesthetic employed and on the site of injection. Epinephrine significantly extends the duration of both infiltration anesthesia and peripheral nerve blocks with many agents, such as lidocaine. 74, 75  Epinephrine does not markedly prolong the duration of motor blockade by epidural bupivacaine or etidocaine; however, it does extend sensory blockade by these epidural agents. 63  The depth and duration of epidural analgesia in obstetric patients were improved slightly when epinephrine 1:300,000 was added to 0.25 percent bupivacaine. 76  -Adrenergic receptors in the spinal cord are known to activate endogenous analgesic mechanisms, 77  and the increased depth of analgesic action produced by epinephrine with both epidural and intrathecal local anesthetics may arise both from this pharmacodynamic mechanism and from the pharmacokinetic (vasoconstrictive) action. 

Site of Injection 

The most rapid onset but the shortest duration of action occurs following intrathecal or subcutaneous administration of local anesthetics. The longest latencies and durations are observed following brachial plexus blocks. For example, intrathecal bupivacaine usually produces anesthesia within 5 minutes that persists for 3 to 4 hours. However, when bupivacaine is administered for brachial plexus blockade, the onset time is approximately 20 to 30 minutes, whereas the duration of anesthesia averages 10 hours. These differences in the onset and duration of anesthesia are due in part to the particular anatomy of the area of injection, which influences the rates of diffusion and vascular absorption and, in turn, affects the amount of drug employed for various types of regional anesthesia. In the subarachnoid space, for example, the lack of a nerve sheath around the spinal cord and the deposition of the local anesthetic solution in the immediate vicinity of the spinal cord are responsible for the rapid onset of action, whereas the relatively small amount of drug employed for spinal anesthesia probably accounts for the short duration of conduction block. 

On the other hand, the onset of brachial plexus blockade is slow, because the anesthetic agent is usually deposited at some distance from the nerve and must diffuse through various tissue barriers before reaching the nerve membrane. The prolonged blockade is probably related to the decreased rate of vascular absorption from that site and to the much larger doses of drug required for this regional anesthetic technique. 

Carbonation and pH Adjustment of Local Anesthetics 

The presence of bicarbonate carbon dioxide in a solution of local anesthetic applied to an isolated nerve results in a more rapid onset and a decrease in the minimum concentration required for conduction blockade. 78, 79, 80  Although the effect of carbon dioxide on local anesthetic activity is easily demonstrable in isolated nerve, 78, 79  controversy exists concerning the clinical utility of carbonated local anesthetic solutions. For example, some studies have failed to demonstrate a significantly more rapid onset of action for lidocaine carbonate as compared with lidocaine hydrochloride for epidural blockade, 81  whereas others have reported a significant reduction in onset time of epidural blockade with lidocaine carbonate. 82  Similar discrepancies existed when bupivacaine hydrochloride and bupivacaine carbonate were evaluated clinically. 83, 84  Although the general effect of carbon dioxide on the latency of conduction blockade may be controversial, carbonated solutions appear to improve the depth of sensory and motor blockade when they are administered into the epidural space. 81, 82  In addition, these solutions may produce a more complete blockade of the radial, median, and ulnar nerves when they are employed for brachial plexus blockade. 85  

Addition of sodium bicarbonate to local anesthetic solutions has also been reported to decrease the onset time of conduction blockade. 85, 86  An increase in the pH of the local anesthetic solution increases the amount of drug in the uncharged base form and thus should enhance the rate of diffusion across the nerve sheath and nerve membrane, resulting in a more rapid onset of anesthesia. Alkalinization of solutions of bupivacaine or lidocaine reportedly does significantly decrease the latency of onset of brachial plexus and epidural blockade. 85, 86  On the other hand, at least one study failed to demonstrate an improved onset of brachial plexus blockade when the pH of bupivacaine solution was increased by addition of sodium bicarbonate. 87  

Studies on isolated, desheathed nerves using a variety of impulse blocking agents at constant extracellular pH have shown that un-ionized anesthetics (e.g., benzocaine) and ionizable tertiary amines are potentiated by bicarbonate carbon dioxide buffers. 80  In contrast, the potency of permanently cationic (quaternary) local anesthetics is unaffected by bicarbonate carbon dioxide. Therefore, the mechanism of ion trapping, whereby the ionized form of the drug is concentrated in the axoplasm by the internal acidification wrought by membrane-permeant carbon dioxide molecules, does not fully account for potentiation by bicarbonate carbon dioxide. Furthermore, this potentiation in isolated, desheathed nerve is strongly dependent on bicarbonate concentration but is almost independent of carbon dioxide tension (PCO2). At present, there is no easy explanation for the potentiation of local anesthetics by bicarbonate buffers, nor has a clear connection been established between in vitro results and clinical phenomena. 

Mixtures of Local Anesthetics 

The use of mixtures of local anesthetics for regional anesthesia has become relatively popular in recent years. The basis for this practice is to compensate for the short duration of action of certain rapidly acting agents such as chloroprocaine and lidocaine and the long latency of other agents such as tetracaine and bupivacaine. Mixtures of chloroprocaine and bupivacaine theoretically should offer significant clinical advantages, owing to the rapid onset and low systemic toxicity of chloroprocaine and the long duration of action of bupivacaine. A mixture of 3 percent chloroprocaine and 0.5 percent bupivacaine was reported to produce a short latency and prolonged duration of brachial plexus blockade. 88  However, subsequent studies indicated that the duration of epidural anesthesia produced by a mixture of chloroprocaine and bupivacaine was significantly shorter than that obtained with bupivacaine alone, whereas time to onset of anesthesia was longer than that of chloroprocaine alone. 89  Isolated nerve studies suggest that a metabolite of chloroprocaine may inhibit the binding of bupivacaine to membrane sites. 90  At present, there do not appear to be any clinically significant advantages to the use of mixtures of local anesthetic agents. Etidocaine and bupivacaine provide clinically acceptable onsets of action and prolonged durations of anesthesia. In addition, the use of catheter techniques for many forms of regional anesthesia makes it possible to extend the duration of action of rapidly acting agents such as chloroprocaine or lidocaine indefinitely. Conversely, clinicians should be cautioned not to use maximum doses of two local anesthetics in combination in the mistaken belief that toxicities of these agents are independent. 91  In the absence of additional data, the toxicities should be presumed to be additive. 

Pregnancy 

The spread and depth of epidural and spinal anesthesia are reported to be greater in pregnant than in nonpregnant women 92  (Ch. 57). This finding was originally attributed to mechanical factors associated with pregnancy; that is, dilated epidural veins decrease the diameter of the epidural and subarachnoid space. Hormonal alterations may also play a role in the apparent increase in local anesthetic sensitivity during pregnancy, because a greater spread of epidural anesthesia occurs during the first trimester of pregnancy, preceding any gross change in vascular dimensions within the epidural or subarachnoid spaces. 93  A correlation appears to exist between progesterone concentrations in cerebrospinal fluid and the milligrams per segment requirement of lidocaine for spinal anesthesia in pregnant and nonpregnant patients. 94  Lidocaine‘s block of sciatic nerve functions in pregnant rats significantly outlasts that in age-matched nonpregnant female or male rats. 95  Isolated nerve studies have shown a more rapid onset and an increased sensitivity to local anesthetic-induced conduction blockade in vagus nerves obtained from pregnant rabbits as compared with nonpregnant control subjects. 96, 97  However, direct measures of lidocaine uptake kinetics in isolated rat nerve show no effect of pregnancy, 95  a finding suggesting that any pharmacokinetic differences are not due to the nerve per se. These results suggest that hormonal changes associated with pregnancy enhance the apparent potency of local anesthetics; thus, the dosage probably should be reduced in patients in all stages of pregnancy. 
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CHOICE OF LOCAL ANESTHETIC FOR VARIOUS REGIONAL ANESTHETIC PROCEDURES 

On the basis of anatomic considerations, regional anesthesia may be divided into infiltration anesthesia, intravenous regional anesthesia, peripheral nerve blockade, central neural blockade, and topical anesthesia (Chs. 42, 43 , 44, 69, and 70). An additional method of local anesthetic injection, tumescent anesthesia, is included, because it is widely used in office plastic surgery practice. 

Select an item below
*


Infiltration Anesthesia 
*


Intravenous Regional Anesthesia 
*


Peripheral Nerve Blockade 
*


Central Neural Blockade 
*


Topical Anesthesia 
*


Tumescent Anesthesia 
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Infiltration Anesthesia 

Any local anesthetic may be employed for infiltration anesthesia. Onset of action is almost immediate for all agents following intradermal or subcutaneous administration; however, duration of anesthesia varies (Table 13–4). Epinephrine markedly prolongs the duration of infiltration anesthesia by all local anesthetic drugs, although this effect is most pronounced when epinephrine is added to lidocaine. Choice of a specific drug for infiltration anesthesia basically depends on the desired duration of action. 

TABLE 13–4. Infiltration Anesthesia

 
 


PLAIN SOLUTION


EPINEPHRINE-CONTAINING SOLUTION

DRUG
CONCENTRATION
(%)
MAXIMUM DOSE
(mg)
DURATION
(min)
MAXIMUM DOSE
(mg)
DURATION
(min)

Short duration

Procaine

Chloroprocaine
1.0–2.0
800
15–30
1,000
30

Moderate duration

Lidocaine
0.5–1.0
300
30–60
500
120

Mepivacaine
0.5–1.0
300
45–90
500
120

Prilocaine
0.5–1.0
500
30–90
600
120

Long duration

Bupivacaine
0.25–0.5
175
120–240
225
180

Etidocaine
0.5–1.0
300
120–180
400
180
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TABLE 13–4. Infiltration Anesthesia 

The dosage of local anesthetic required for adequate infiltration anesthesia depends on the extent of the area to be anesthetized and on the expected duration of the surgical procedure. When large surface areas have to be anesthetized, large volumes of dilute anesthetic solutions should be used. These considerations are particularly important when performing infiltration anesthesia in infants and smaller children. As an example, consider a 4-kg infant receiving infiltration anesthesia using the maximum safe dose of lidocaine, 5 mg/kg. Dosing to 5 mg/kg Å~ 4 kg permits 20 mg, which is 1 mL of 2 percent solution, or 4 mL of 0.5 percent solution. Lidocaine is effective for infiltration in concentrations as dilute as 0.3 to 0.5 percent, so the more dilute solution can be used to anesthetize a larger area. 

Patients frequently experience pain immediately after subcutaneous injection of local anesthetic solutions. 98  This response is due in part to the acidic nature of these solutions. 99, 100  For example, neutralization of lidocaine solutions by addition of sodium bicarbonate reduces pain on skin infiltration and may improve onset (see earlier). In addition, certain agents such as etidocaine are associated with a greater frequency and intensity of pain, whereas lidocaine is perceived as less painful. 6, 99  
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Intravenous Regional Anesthesia 

Intravenous regional anesthesia involves intravenous administration of a local anesthetic into a tourniquet-occluded limb (i.e., Bier block). The local anesthetic diffuses from the peripheral vascular bed to nonvascular tissue such as axons and nerve endings. Both the safety and efficacy of this regional anesthetic procedure depend on the interruption of blood flow to the involved limb and on the gradual release of the occluding tourniquet. Intravenous regional anesthesia has been used primarily for surgical procedures on the upper limbs. Shorter procedures on the foot can also be successfully performed with the patient under intravenous regional anesthesia. If a lower leg tourniquet is used, it should be applied just below the fibular neck to avoid pressure over the superficial peroneal nerve. 

Lidocaine has been the drug most frequently used for intravenous regional anesthesia and is the only drug officially approved by the U.S. Food and Drug Administration for intravenous regional anesthesia in the United States. Prilocaine, mepivacaine, chloroprocaine, procaine, bupivacaine, and etidocaine have also been used successfully. One could suppose a safety advantage with the amino-ester linked compounds, because of their hydrolysis in blood; however, thrombophlebitis has been reported in several patients in whom chloroprocaine was used. 101  Cardiovascular collapse has been reported following the use of bupivacaine for intravenous regional anesthesia, and this use of bupivacaine is discouraged. 102  

In general, approximately 3 mg/kg (40 mL of 0.5% solution) of preservative-free lidocaine without epinephrine is used for upper extremity procedures. For surgical procedures on the lower limbs, 50 to 100 mL of 0.25 percent lidocaine has been used. 
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Peripheral Nerve Blockade 

Regional anesthetic procedures that inhibit conduction in fibers of the peripheral nervous system can be classified together under the general category of peripheral nerve blockade (Chs. 43 and 44). This form of regional anesthesia has been subdivided arbitrarily into minor and major nerve blocks. Minor nerve blocks are defined as procedures involving single nerve entities such as the ulnar or radial nerve, whereas major nerve blocks involve the blocking of two or more distinct nerves or a nerve plexus. 

Most local anesthetic drugs can be used for minor nerve blocks. The onset of block is rapid with most drugs, and the choice of drug is determined primarily by the required duration of anesthesia. A classification of the various drugs according to their duration of action is shown in Table 13–5 (Ch. 43). The duration of both sensory analgesia and motor blockade is prolonged significantly when epinephrine is added to the various local anesthetic solutions. 

TABLE 13–5. Minor Nerve Blocks

 
 


PLAIN SOLUTIONS


EPINEPHRINE-CONTAINING SOLUTIONS

DRUG
USUAL CONCENTRATION
(%)
USUAL

VOLUME
(mL)
DOSAGE
(mg)
AVERAGE DURATION
(min)
AVERAGE DURATION
(min)
Prilocaine
2
5–20
100–400
15–30
30–60

Chloroprocaine
2
5–20
100–400
15–30
30–60

Lidocaine
1
5–20
50–200
60–120
120–180

Mepivacaine
1
5–20
50–200
60–120
120–180

Prilocaine
1
5–20
50–200
60–120
120–180

Bupivacaine
0.25
5–20
12.5–50
180–360
240–480

Etidocaine
0.5
5–20
25–100
120–240
180–420
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TABLE 13–5. Minor Nerve Blocks 

In 1986, a technique of intrapleural regional analgesia was described as an alternative to multiple intercostal nerve blocks. 103  This procedure involves administration of local anesthetic solution into the pleural space. An epidural needle is inserted into the pleural space, usually by way of the fourth to the ninth intercostal space. An epidural catheter is then passed into the pleural space approximately 5 cm beyond the tip of the needle. The needle is removed, and the local anesthetic is administered through the catheter. Intrapleural analgesia can also be positioned by the surgeon through the open chest during thoracotomy. Although this technique appeared useful for unilateral postoperative analgesia following cholecystectomy, mastectomy, and nephrectomy, 104, 105  its efficacy for post-thoracotomy pain is doubtful. 106  Most frequently, 22 to 30 mL of 0.5 percent bupivacaine with epinephrine is employed in this technique; the duration of analgesia averages approximately 8 hours with a range of 4 to 24 hours. The advantage of the technique is the ability to administer subsequent injections of local anesthetics via catheter to provide long-lasting analgesia without subjecting patients to repeated multiple intercostal nerve blocks. Caution is advised, however, because this technique has been associated with extremely high plasma concentrations of anesthetic, with an associated risk of convulsions. 103  

Brachial plexus blockade for upper limb surgery is the most common major peripheral nerve block technique. A significant difference exists among the onset times of various agents when these blocks are used (Table 13–6) (Ch. 43). In general, the agents of intermediate potency exhibit a more rapid onset than the more potent compounds. Onset times of approximately 14 minutes for lidocaine and mepivacaine have been reported, compared with approximately 23 minutes for bupivacaine. 107  Etidocaine may be an exception, because it produces a relatively rapid onset and a long duration of block. 

TABLE 13–6. Major Nerve Blocks

DRUG WITH EPINEPHRINE 1:200,000
USUAL CONCENTRATION

(%)
USUAL VOLUME

(mL)
MAXIMAL DOSE

(mg)
USUAL ONSET

(min)
USUAL DURATION

(min)
Lidocaine
1–1.5
30–50
500
10–20
120–240

Mepivacaine
1–1.5
30–50
500
10–20
180–300

Prilocaine
1–2
30–50
600
10–20
180–300

Bupivacaine
0.25–0.5
30–50
225
15–30
360–720

Etidocaine
0.5–1.0
30–50
400
10–20
360–720

Tetracaine
0.25–0.5
30–50
200
20–30
300–600
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TABLE 13–6. Major Nerve Blocks 

Epinephrine prolongs the duration of most local anesthetics employed for brachial plexus blockade, but it is less effective with drugs having intrinsically longer durations of action. The variation in duration of anesthesia after brachial plexus blockade is also considerably greater than that observed with other types of conduction block. For example, durations of anesthesia varying from 4 to 30 hours have been reported for bupivacaine. It would be prudent to forewarn patients who are about to be given a major nerve block about the possibility of prolonged sensory and motor block in the involved region, particularly when agents such as bupivacaine and etidocaine are employed. Knowledge shapes expectation and can often relieve anxiety over unusual sensations and may thus increase comfort and reduce pain. 
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Central Neural Blockade 

Any of the local anesthetic drugs may be used for epidural anesthesia (Table 13–7), although procaine and tetracaine are rarely used, owing to their long onset times (Ch. 42). The drugs of intermediate potency produce surgical anesthesia of 1 to 2 hours‘ duration, whereas the long-acting drugs usually produce 3 to 5 hours of anesthesia. The duration of short- and intermediate-acting drugs is significantly prolonged by the addition of epinephrine (1:200,000), whereas the long-acting drugs benefit little from its addition. Onset of lumbar epidural anesthesia occurs within 5 to 15 minutes following administration of chloroprocaine, lidocaine, mepivacaine, and prilocaine. Bupivacaine has a slower onset of action. 

TABLE 13–7. Epidural Anesthesia

DRUG WITH EPINEPHRINE 1:200,000
USUAL CONCENTRATION

(%)
USUAL VOLUME

(mL)
MAXIMAL DOSE

(mg)
USUAL ONSET

(min)
USUAL DURATION

(min)
Chloroprocaine
2–3
15–30
300–900
5–15
30–90

Lidocaine
1–2
15–30
150–500
5–15

Mepivacaine
1–2
15–30
150–500
5–15
60–180

Prilocaine
1–3
15–30
150–600
5–15

Bupivacaine
0.25–0.75
15–30
37.5–225
10–20
180–300

Etidocaine
1.0–1.5
15–30
150–300
5–15
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TABLE 13–7. Epidural Anesthesia 

Bupivacaine at 0.125 and 0.25 percent produces adequate analgesia with minimal motor deficit. These solutions of bupivacaine are useful for obstetric epidural analgesia and postoperative analgesia. Bupivacaine at 0.5 to 0.75 percent is associated with a more profound degree of motor block, which makes these solutions most suitable for major surgical procedures. Etidocaine produces adequate sensory analgesia and profound, long-lasting motor block and is primarily useful for surgical procedures in which muscle relaxation is required. 

Drugs available for subarachnoid administration are shown in Table 13–8 (Ch. 42). Tetracaine is available both as crystals and as a 1 percent solution, which may be diluted with 10 percent glucose to obtain a 0.5 percent hyperbaric solution. 

TABLE 13–8. Spinal Anesthesia

DRUG/
USUAL CONCENTRATION

(%)
/USUAL VOLUME

(mL)
/TOTAL DOSE

(mg)
/BARICITY


/GLUCOSE CONCENTRATION

(%)
/USUAL DURATION(min)
Procaine/
10.0/1–2/100–200/Hyperbaric/0/30–60

Lidocaine
/1.5, 5.0/1–2/30–100/Hyperbaric/7.5/30–90

Mepivacaine/4/1–2/40–80/Hyperbaric/9.0/30–90

Tetracaine
/0.25–1.0
/1–4
/5–20
/Hyperbaric/5.0/75–200

/0.25
/2–6
/5–20
/Hypobaric/0/75–200

/1.0
/1–2
/5–20
/Isobaric/0/75–200

Dibucaine
/0.25
/1–2
/2.5–5.0
/Hyperbaric



/5.0
/75–180/0.5
/1–2
/5–10
/Isobaric/0/—

/0.06
/5–20
/3–12
/Hypobaric/0/—

Bupivacaine


/0.5
/3–4
/15–20
/Isobaric/0
/75–200

/0.75
/2–3
/15–22.5
/Hyperbaric/8.25
/75–200
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TABLE 13–8. Spinal Anesthesia 

Hypobaric solutions of tetracaine (tetracaine in sterile water) may be used for specific operative situations; for example, anorectal or hip surgery. Isobaric tetracaine obtained by mixing 1 percent tetracaine with cerebrospinal fluid or normal saline is occasionally used. Bupivacaine is widely used as a spinal anesthetic, either as a hyperbaric solution at a concentration of 0.75 percent with 8.25 percent dextrose or by using the nearly isobaric 0.5 percent solution. 

Intrathecal bupivacaine possesses an anesthetic profile similar to that of tetracaine. 108, 109  However, differences do exist between the two drugs. Although two-segment regression of anesthesia is similar for bupivacaine and tetracaine, the total duration of sensory anesthesia is significantly longer following the subarachnoid administration of tetracaine. The depth and duration of motor blockade are also greater with tetracaine than with bupivacaine. On the other hand, bupivacaine has been reported in some studies to be associated with less hypotension than tetracaine. In addition, the frequency of tourniquet pain in the lower limbs during certain orthopedic surgical procedures has been reported to be significantly reduced when bupivacaine instead of tetracaine is employed for spinal anesthesia. 110, 111  

Whereas tetracaine and bupivacaine are considered to be agents of long duration, lidocaine provides a short duration of spinal anesthesia. Onset of spinal anesthesia is extremely rapid with a drug such as lidocaine. The addition of vasoconstrictors may prolong the duration of spinal anesthesia: for example, addition of 0.2 mg of epinephrine to tetracaine solutions produces a 50 percent or greater increase in duration. The duration of spinal anesthesia produced by tetracaine can also be increased to a similar extent by adding 1 mg of phenylephrine. The addition of epinephrine to bupivacaine or lidocaine may not significantly prolong the duration of surgical anesthesia (e.g., in thoracic segments 112, 113  ) although the total duration of anesthesia (e.g., lower extremity motor block) is significantly increased. 
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Topical Anesthesia 

Several local anesthetic formulations are available for topical anesthesia (Table 13–9), most commonly lidocaine, dibucaine, tetracaine, and benzocaine. In general, these preparations provide effective but relatively short durations of analgesia when they are applied to mucous membranes or abraded skin. In addition, lidocaine and tetracaine sprays have been employed for endotracheal anesthesia prior to intubation. A topical anesthetic formulation, Emla, which is a eutectic mixture of 2.5 percent lidocaine base and 2.5 percent prilocaine base, is widely used for cutaneous analgesia. 114  Clinical studies have demonstrated that this preparation can decrease the pain associated with the percutaneous insertion of intravenous needles and cannulas. 115  In addition, Emla has been successfully employed for cutaneous anesthesia in skin grafting procedures. 116  This preparation must be applied under an occlusive bandage for 45 to 60 minutes to obtain effective cutaneous anesthesia. Emla appears quite safe in neonates, and methemoglobinemia from prilocaine is exceedingly uncommon. Emla is more effective for newborn circumcision than placebo, but it is less effective than dorsal penile nerve block. Several alternative topical local anesthetic formulations also are in use, including tetracaine. Physical methods to accelerate local anesthetic transit across skin are also under study, including iontophoresis and electrophoration. 

TABLE 13–9. Various Preparations Intended for Topical Anesthesia 

Topical anesthesia through cut skin may be provided by a mixture of tetracaine, epinephrine (adrenaline), and cocaine, known as TAC. TAC is widely used in pediatric emergency rooms in the United States for liquid application into lacerations that require suturing. TAC is usually supplied as tetracaine 0.5 percent, epinephrine 1:2,000, and cocaine 10 to 11.8 percent, although studies suggest that more dilute concentrations may be almost equally effective and are less likely to cause toxicity. The generally recommended safe maximum dose is 3 to 4 mL for adults or 0.05 mL/kg for children. TAC is ineffective through intact skin; in contrast, it can be absorbed rapidly from mucosal surfaces, thus leading to toxic reactions. There is a report of a fatal reaction following application to a nasal laceration, with presumed dripping into the mouth and rapid mucosal absorption. 117, 118  

Because of concerns regarding cocaine toxicity and the potential for diversion and abuse, several groups have investigated alternative cocaine-free topical preparations. Tetracaine-phenylephrine preparations were found to be as effective as TAC. 119  
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Tumescent Anesthesia 

A technique of local anesthesia most commonly employed by plastic surgeons during liposuction procedures involves subcutaneous injection of large volumes of dilute local anesthetic in combination with epinephrine and other agents. Total doses of lidocaine ranging from 35 to 55 mg/kg have been reported to produce safe plasma concentrations, which may peak more than 8 to 12 hours after infusion. 120  Despite these seemingly huge doses, very good outcomes have been reported in large series. 121  The factors governing uptake and clearance from this method of local anesthetic delivery deserve further study. Clinicians should use great caution in administering additional local anesthetics by infiltration or other routes for at least 12 to 18 hours following use of this technique. 
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PHARMACOKINETICS 

The concentration of local anesthetics in blood is determined by the amount injected, the rate of absorption from the site of injection, the rate of tissue distribution, and the rate of biotransformation and excretion of the specific drug. Patient-related factors such as age, cardiovascular status, and hepatic function influence the physiologic disposition and the resultant blood concentrations of local anesthetics. 

Select an item below
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Pharmacokinetic Alterations by Patient Status 
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Absorption 

The systemic absorption of local anesthetics is determined by the site of injection, dosage and volume, addition of a vasoconstrictor agent, and pharmacologic profile of the agent itself. A comparison of the blood concentration of local anesthetics following various routes of administration reveals that the anesthetic drug level is highest after intercostal nerve blockade, followed, in order of decreasing concentration, by injection into the caudal epidural space, lumbar epidural space, brachial plexus, and subcutaneous tissue 122  (Fig. 13–13). When a local anesthetic solution is exposed to an area of greater vascularity, a greater rate and degree of absorption occur. This relationship is of clinical significance because use of a fixed dose of a local anesthetic agent may be potentially toxic in one area of administration but not in others. For example, the use of 400 mg of lidocaine without epinephrine for intercostal nerve block results in an average peak venous plasma level of approximately 7 g/mL, which is sufficiently high to cause symptoms of CNS toxicity in some patients. 122  By comparison, this same dose of lidocaine employed for brachial plexus block yields a mean maximum blood level of approximately 3 g/mL, which is rarely associated with signs of toxicity. 
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FIGURE 13–13 Peak venous blood concentrations of various local anesthetics following injection into different sites. (From Covino and Vassallo123 )
The maximum blood level of local anesthetic drugs is related to the total dose of drug administered for any particular site of administration. For most drugs, there is a linear relationship between the amount of drug administered and the resultant peak anesthetic blood levels. 123  Higher blood levels also follow from administration of larger volumes of a correspondingly dilute solution than from the same dose in a smaller volume. 

Local anesthetic solutions frequently contain a vasoconstrictor agent, usually epinephrine, in concentrations varying from 5 to 20 g/mL. Epinephrine decreases the rate of absorption of certain agents from various sites of administration and thus lowers their potential systemic toxicity. A 5 g/mL dose of epinephrine (1:200,000) significantly reduces the peak blood levels of lidocaine and mepivacaine irrespective of the site of administration. The peak blood levels of bupivacaine and etidocaine are minimally influenced by addition of a vasoconstrictor following injection into the lumbar epidural space. 124  However, epinephrine significantly reduces the rate of vascular absorption of these drugs when they are used for peripheral nerve blocks such as brachial plexus blockade. 125  

Differences also exist in the rate of absorption of various local anesthetic drugs. For example, a comparison of drugs of similar anesthetic profiles reveals that lidocaine is absorbed more rapidly following brachial plexus blockade than is prilocaine, whereas bupivacaine is absorbed more rapidly than etidocaine. 123  
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Distribution 

The systemic distribution of local anesthetics can be described sufficiently by a two-compartment model. 126  The rapid disappearance phase is believed to be related to uptake by rapidly equilibrating tissues (i.e., tissues that have a high vascular perfusion). The slower phase of disappearance from blood is mainly a function of the particular compound 127  (Table 13–10). The half-lives of lidocaine and mepivacaine are similar, but a comparison of bupivacaine and etidocaine reveals that etidocaine has a more rapid rate of tissue redistribution and biotransformation than does bupivacaine. 128  

TABLE 13–10. Pharmacokinetic Properties of Various Amide Local Anesthetics

AGENT
t1⁄2(min)
/t1⁄2(min)/VDSS
(L)/t1⁄2(h)
/CLEARANCE(L/min)
Prilocaine
0.5
5.0
261
1.5
2.84

Lidocaine
1.0
9.6
91
1.6
0.95

Mepivacaine0.7
7.2
84
1.9
0.78

Bupivacaine
2.7
28.0
72
3.5
0.47

Etidocaine
2.2
19.0
133
2.6
1.22
t1⁄2, t1⁄2, t1⁄2, elimination half–life; Vdss, volume of distribution at steady state
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TABLE 13–10. Pharmacokinetic Properties of Various Amide Local Anesthetics 

Local anesthetic drugs are distributed throughout all body tissues, but the relative concentration in different tissues varies. In general, the more highly perfused organs show higher concentrations of local anesthetic drug than the less well perfused organs. Local anesthetics are rapidly extracted by lung tissue, so that the whole blood concentration of local anesthetics decreases markedly as these agents pass through the pulmonary vasculature. 129, 130  The highest percentage of an injected dose of a local anesthetic is found in skeletal muscle. Although this tissue does not show any particular affinity for this class of drugs, the mass of skeletal muscle makes it the largest reservoir for local anesthetic drugs. 
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Biotransformation and Excretion 

The pattern of metabolism of local anesthetic agents varies according to chemical classification. The ester, or procaine-like, drugs undergo hydrolysis in plasma by the pseudocholinesterase enzymes. Chloroprocaine shows the fastest rate (4.7 mol/mL/h), compared with a rate of 1.1 mol/mL/h for procaine and 0.3 mol/mL/h for tetracaine. 131, 132  

The aminoamide drugs undergo enzymatic degradation primarily in the liver. Lidocaine is metabolized more rapidly than mepivacaine, 132  and bupivacaine is metabolized more slowly than either lidocaine or mepivacaine. 133  Some degradation of the amide-type compounds may take place in tissues other than liver; in particular, the metabolism of lidocaine is discussed in detail elsewhere. 132  

The excretion of the metabolites of amide-type local anesthetics occurs via the kidney. Less than 5 percent of the unchanged drug is excreted via the kidney into the urine. 
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Pharmacokinetic Alterations by Patient Status 

A patient‘s age may influence the physiologic disposition of local anesthetics. The half-life of lidocaine following intravenous administration averaged 80 minutes in human volunteers whose ages varied from 22 to 26 years. On the other hand, volunteers 61 to 71 years of age demonstrated a significantly prolonged lidocaine half-life of 138 minutes 134  (Ch. 61). 

Newborn infants have immature hepatic enzyme systems and prolonged elimination of lidocaine and bupivacaine 135, 136  (Chs. 58 and 59). Prolonged elimination is particularly an issue for continuous infusions of local anesthetics in infants, and seizures have been associated with high bupivacaine infusion rates. 137, 138  Based on analysis of these cases, a maximum infusion rate of 0.4 mg/kg/h for prolonged bupivacaine infusions has been proposed for children and adults, whereas prolonged infusion rates for neonates and young infants should not exceed 0.2 mg/kg/h. Even at 0.2 mg/kg/h, plasma bupivacaine concentrations were found to be rising toward a toxic range in some younger infants after 48 hours. Similarly, prolonged lidocaine infusions in neonates should not exceed 0.8 mg/kg/h. 

The rate of degradation of the amide type of local anesthetic drugs is influenced by the hepatic status of the individual patient. In those patients in whom liver blood flow is abnormally low or liver function is poor, significantly higher blood levels of the amide drugs occur. An average lidocaine half-life of 1.5 hours was reported in volunteers with normal hepatic function, whereas patients with liver disease demonstrated an average half-life of 5.0 hours. 139  The rate of lidocaine disappearance from blood has also been shown to be markedly prolonged in patients with congestive heart failure. 140  
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TOXICITY 

Local anesthetic drugs are relatively free of side effects if these agents are administered in an appropriate dosage and in the correct anatomic location. However, systemic and localized toxic reactions can occur, usually owing to accidental intravascular or intrathecal injection or to administration of an excessive dose. In addition, specific adverse effects are associated with the use of certain drugs, such as allergic reactions to the aminoester drugs and methemoglobinemia following the use of prilocaine. 
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Systemic Toxicity 

Systemic reactions to local anesthetics primarily involve the CNS and the cardiovascular system (Chs. 42, 43, 44 and 70) In general, the CNS is more susceptible to the actions of systemic local anesthetics than the cardiovascular system, and thus the dose and blood level of local anesthetic required to produce CNS toxicity are usually lower than those resulting in circulatory collapse (Fig. 13–14). 
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FIGURE 13–14 Relationship between plasma concentration of lidocaine and various signs and symptoms of toxicity. (Modified from Mather and Cousins235 )
Central Nervous System Toxicity 

The initial symptoms of local anesthetic-induced CNS toxicity are feelings of lightheadedness and dizziness, followed frequently by visual and auditory disturbances such as difficulty in focusing and tinnitus. Other subjective CNS symptoms include disorientation and occasional feelings of drowsiness. Objective signs of CNS toxicity are usually excitatory and include shivering, muscle twitching, and tremors initially involving muscles of the face and distal parts of the extremities. Ultimately, generalized convulsions of a tonic-clonic nature occur. If a sufficiently large dose or a rapid intravenous injection of a local anesthetic is administered, the initial signs of CNS excitation are rapidly followed by a state of generalized CNS depression. Seizure activity ceases, and respiratory depression and, ultimately, respiratory arrest may occur. In some patients, CNS depression without a preceding excitatory phase is seen, particularly if other CNS depressant drugs have been administered. 

CNS excitation is thought to be the result of an initial blockade of inhibitory pathways in the cerebral cortex by local anesthetic drugs. 141  The blockade of inhibitory pathways allows facilitatory neurons to function in an unopposed fashion, which results in an increase in excitatory activity leading to convulsions. An increase in the dose of local anesthetic leads to an inhibition of activity of both inhibitory and facilitatory circuits, resulting in a generalized state of CNS depression. 

In general, a correlation exists between anesthetic potency and intravenous CNS toxicity of various drugs (Fig. 13–15). For example, in cats, the dose of intravenous procaine required to cause convulsions is approximately seven times greater than the convulsive dose of bupivacaine. 142  However, bupivacaine is also approximately eight times more potent than procaine as a local anesthetic. 143  Intravenous infusion studies in human volunteers have also demonstrated an inverse relationship between the intrinsic anesthetic potency of various drugs and the dosage required to induce CNS toxicity. 143, 144  
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FIGURE 13–15 Relationship between convulsive dose of procaine, lidocaine, and bupivacaine in cats and their relative in vivo anesthetic potency. The open bar represents convulsive dose during normocarbia, and the hatched bar is the convulsive dose under hypercarbic conditions.
The rate of injection and the rapidity with which a particular blood level is achieved alter the toxicity of local anesthetic drugs. For example, in human volunteers, an average dose of 236 mg of etidocaine and a venous blood level of 3.0 g/mL resulted in CNS symptoms when an infusion rate of 10 mg/min was employed. 143  When the infusion rate was increased to 20 mg/min, an average of 161 mg of etidocaine, which produced a venous plasma level of approximately 2 g/mL, caused symptoms of CNS toxicity. 

Respiratory or metabolic acidosis increases the risks of CNS toxicity from local anesthetics in animals and patients. In cats, the convulsive threshold of various local anesthetics was inversely related to the arterial PCO2 level 142  (see Fig. 13–15). An increase in PaCO2 from 25 to 40 mm Hg to 65 to 81 mm Hg decreases the convulsive threshold of procaine, mepivacaine, prilocaine, lidocaine, and bupivacaine by approximately 50 percent. 

An elevation of PaCO2 enhances cerebral blood flow, so that more anesthetic is delivered more rapidly to the brain. In addition, diffusion of carbon dioxide into neuronal cells decreases intracellular pH and thus facilitates the conversion of the base form of the drugs to the cationic form. The cationic form does not diffuse well across the nerve membrane, so that ion trapping occurs and increases the apparent CNS toxicity of local anesthetics. 

Hypercarbia and/or acidosis also decreases the plasma protein binding of local anesthetic agents. 145, 146  Accordingly, an elevation in PaCO2 or a decrease in pH increases the proportion of free drug available for diffusion into the brain. On the other hand, acidosis increases the cationic form of the local anesthetic, a change that should decrease the rate of diffusion through lipoid barriers. The clinical implication of this effect of hypercapnia and acidosis on toxicity deserves emphasis. Seizures and CNS depression produce hypoventilation and respiratory acidosis, which further exacerbates the CNS toxicity. In the setting of local anesthetic toxic reactions, it is essential to provide prompt assisted ventilation and circulatory support as needed to prevent or correct hypercapnia and acidosis. 

Cardiovascular System Toxicity 

Local anesthetic agents can exert a direct action on both the heart and the peripheral blood vessels. 

Direct Cardiac Effects 

The primary cardiac electrophysiologic effect of local anesthetics is a decrease in the rate of depolarization in the fast conducting tissues of Purkinje fibers and ventricular muscle. 141, 142  This reduction in rate is believed to be due to a decrease in the availability of fast Na+ channels in cardiac membranes. Action potential duration and the effective refractory period are also decreased by local anesthetics. 147  However, the ratio of effective refractory period to action potential duration is increased both in Purkinje fibers and in ventricular muscle. 

Qualitative differences may exist among the electrophysiologic effects of various agents. Bupivacaine depresses the rapid phase of depolarization (Vmax ) in Purkinje fibers and ventricular muscle to a greater extent than does lidocaine. 147  In addition, the rate of recovery from a use-dependent block is slower in bupivacaine-treated papillary muscles than in lidocaine-treated muscles. 148  This slow rate of recovery results in an incomplete restoration of Na+ channel availability between action potentials, particularly at high heart rates. In contrast, recovery from lidocaine is complete, even at rapid heart rates. These differential effects of lidocaine and bupivacaine have been advanced as explanations of the antiarrhythmic properties of lidocaine and the arrhythmogenic potential of bupivacaine. 

Electrophysiologic studies in intact dogs and in humans have shown that high blood levels of local anesthetics prolong conduction time through various parts of the heart, as indicated in the electrocardiogram by an increase in the PR interval and QRS complex duration. Extremely high concentrations of local anesthetics depress spontaneous pacemaker activity in the sinus node, resulting in sinus bradycardia and sinus arrest. 

Local anesthetic drugs also exert profound effects on the mechanical activity of cardiac muscle. All local anesthetics exert a dose-dependent negative inotropic action on isolated cardiac tissue. 149, 150  This depression of cardiac contractility is proportional to the conduction blocking potency of the various agents in isolated nerves 150  and in dogs 151, 152, 153  (Table 13–11). Thus, bupivacaine and tetracaine are more potent cardiodepressants than lidocaine, which, in turn, is a more potent cardiodepressant than chloroprocaine. 

TABLE 13–11. Comparative Effect of Various Local Anesthetic Drugs on Cardiac Contractility and Cardiac Output

DRUG
/RELATIVE ANESTHETIC POTENCY/ISOLATED GUINEA PIG ATRIA(50% ) (g/mL)/CARDIAC OUTPUT IN DOGS

(50% ) (mg/kg)
Procaine
1
277
100

Chloroprocaine


1
102
30

Cocaine
2
56
—

Lidocaine
2
67
30

Prilocaine
2
42
40

Mepivacaine
2
55
40

Etidocaine
6
—
20

Bupivacaine
8
6
10

Tetracaine
8
6
20
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Local anesthetics may depress myocardial contractility by affecting calcium influx and triggered release. For example, procaine blocks the intracellular release of calcium in isolated sarcoplasmic reticular preparations. 154  However, in the isolated guinea pig heart, an increase in the extracellular concentration of calcium failed to reverse the negative inotropic action of bupivacaine or lidocaine. 155  

Voltage-clamp studies show that lidocaine inhibits cardiac sarcolemmal Ca2+ currents as well as Na+ currents. 156  This action alone should be antagonized by an increase in extracellular Ca2+, so it is likely that the negative inotropy of local anesthetics involves several mechanisms, not just the blockade of inward currents. 

Direct Peripheral Vascular Effects 

Local anesthetic drugs exert a biphasic effect on peripheral vascular smooth muscle. Low concentrations of lidocaine and bupivacaine produced vasoconstriction in the cremaster muscle of rats, whereas high concentrations increased arteriolar diameter, indicative of vasodilation. 60, 61  

In vivo studies have also demonstrated that small doses of local anesthetics decrease peripheral arterial flow without any change in arterial blood pressure, whereas larger doses increased blood flow. 56  Cocaine is the only local anesthetic that consistently causes vasoconstriction at all concentrations, owing to its ability to inhibit the uptake of norepinephrine by storage granules and thus to potentiate neurogenic vasoconstriction. 157, 158  

Some studies in anesthetized animals and in isolated heart-lung preparations have found increases in pulmonary vascular resistance from local anesthetic infusions. 152, 153, 159  Addition of lidocaine to cultured smooth muscle cells acutely elevates intracellular Ca2+ and could be a mechanism for local vasoconstriction. How many of these pulmonary vascular effects are direct actions and how much they reflect responses to circulatory or respiratory depression from drug acting on the CNS are not determined. 
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Comparative Cardiovascular Toxicity 

In recent years, the more potent drugs (i.e., bupivacaine and etidocaine) have been reported to cause rapid and profound cardiovascular depression (Ch. 57). The cardiotoxicity of the more potent drugs such as bupivacaine appears to differ from that of lidocaine in the following manner: 49  

1.


The ratio of the dosage required for irreversible cardiovascular collapse (CC) and the dosage that produces CNS toxicity (convulsions)—that is, the CC/CNS ratio—is lower for bupivacaine and etidocaine than for lidocaine. 
2.


Ventricular arrhythmias and fatal ventricular fibrillation may occur often following rapid intravenous administration of a large dose of bupivacaine, but they occur far less frequently with lidocaine. 
3.


The pregnant animal or patient may be more sensitive to the cardiotoxic effects of bupivacaine than the nonpregnant animal or patient. 
4.


Cardiac resuscitation is more difficult following bupivacaine-induced cardiovascular collapse. 
5.


Acidosis and hypoxia markedly potentiate the cardiotoxicity of bupivacaine. 
Cardiovascular Collapse/CNS Ratio 

In sheep, the CC/CNS dose and blood level ratios for bupivacaine and etidocaine were found to be lower than those for lidocaine. 160  A CC/CNS dose ratio of 7.1 ± 1.1 was found for lidocaine, a finding indicating that seven times as much drug was required to induce irreversible cardiovascular collapse as was needed to produce convulsions (Fig. 13–16). The CC/CNS dose ratio for bupivacaine was 3.7 ± 0.5, whereas that for etidocaine was 4.4 ± 0.9, and the CC/CNS blood level ratio for lidocaine was 3.6 ± 0.3, compared with 1.6 to 1.7 for bupivacaine and etidocaine. At the time of cardiovascular collapse, higher concentrations of bupivacaine and etidocaine than of lidocaine were present in the myocardium, a finding that suggests that some of the enhanced cardiac toxicity of these more potent agents is due to greater myocardial uptake. 
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FIGURE 13–16 Dose of lidocaine, bupivacaine, and etidocaine that produces convulsive activity (CD) and cardiovascular collapse (CC) in sheep.
Ventricular Arrhythmias 

Bupivacaine and, to a lesser degree, etidocaine may produce severe cardiac arrhythmias, including ventricular fibrillation, in various animal species 155, 161, 162, 163, 164, 165  (Table 13–12). Ventricular arrhythmias were rarely seen with lidocaine, mepivacaine, or tetracaine. 166  These electrophysiologic effects of bupivacaine may result in conduction abnormalities, leading to a reentrant type of arrhythmia similar to torsades de pointes arrhythmias. 162  Although the cardiac arrhythmias observed in bupivacaine-treated animals are due in part to a direct cardiac effect, injection of bupivacaine directly into certain regions of the brain resulted in the development of cardiac arrhythmias, a finding that may indicate a relationship between the CNS and cardiotoxic effects of bupivacaine. 167, 168  

TABLE 13–12. Ventricular Arrhythmias Following the Use of Lidocaine and Bupivacaine in Various Animal Preparations

 


VENTRICULAR ARRHYTHMIAS

ANIMAL MODEL
LIDOCAINE
BUPIVACAINE
Unanesthetized paralyzed cat
6% PVC
100% PVC

Anesthetized dog
0
0

Unanesthetized dog
0
40%—VT, VF

Unanesthetized sheep
0
80-100%—PVC, VT

Hypoxic, acidotic sheep
0
17-50%—VT, VF

Isolated guinea pig heart
0
33-50%—PVC bigeminy, trigeminy

Intracoronary injection in anesthetized pigs
VF at 64 mg
VF at 4 mg

Intracranial injections in cats
17% VT
100% VT

Intracranial injections in rats
55% VT No deaths
55% VT 50% deaths
PVC: premature ventricular contractions; VF: ventricular fibrillation; VT: ventricular tachycardia
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Enhanced Cardiotoxicity in Pregnancy 

A number of the cardiotoxic reactions reported following the use of bupivacaine occurred in pregnant patients (Ch. 57). As a result, the 0.75 percent solution is no longer recommended for use in obstetric anesthesia in the United States. In studies in pregnant and nonpregnant sheep, the CC/CNS dose ratio of bupivacaine decreased from 3.7 ± 0.5 in nonpregnant to 2.7 ± 0.4 in pregnant animals. 160  However, little difference was observed in the CC/CNS blood level ratio, which varied from 1.6 ± 1.0 in nonpregnant animals to 1.4 ± 0.1 in pregnant ewes. The blood level of bupivacaine at which circulatory collapse occurred was lower in pregnant animals, but no difference in the myocardial uptake of bupivacaine in pregnant and nonpregnant sheep was observed at the time of cardiovascular collapse. Thus, if the pregnant patient is more susceptible to the cardiotoxic effects of bupivacaine, this effect apparently is not related to a greater myocardial uptake of drug. 

Subsequent electrophysiologic studies in rabbits in vivo have shown that both pregnancy and prolonged (4-day) progesterone treatment of previously ovariectomized females lead to increased myocardial 169, 170  and peripheral nerve 165, 166  conduction block by local anesthetics. In the myocardium of these animals, there are a reduction of excitability and the occasional appearance of secondary slow waves in response to a single stimulus that could develop into a circus rhythm and could support ventricular tachycardia, leading to fibrillation and cardiac collapse. 

Cardiac Resuscitation 

Studies in acidotic and hypoxic sheep have demonstrated that cardiac resuscitation following bupivacaine-induced toxicity is difficult. 171  Studies in cats and hypoxic dogs rendered toxic with bupivacaine indicate that resuscitation is possible 172, 173  if massive doses of epinephrine and atropine are employed. In addition, bretylium, but not lidocaine, could raise the ventricular tachycardia threshold that was lowered by bupivacaine. 174  Other agents have been tested for their effects in resuscitation from bupivacaine cardiotoxicity. Amrinone was found to be effective in two studies in dogs, but it was ineffective in a study in rats. Case reports have suggested that either bretylium or phenytoin may be effective. 

Ropivacaine 

In response to reports of cardiovascular toxicity from accidental intravenous injections of bupivacaine, 102  a long-lasting amide local anesthetic was developed. Ropivacaine (Naropin) differs from bupivacaine both in the substitution of a propyl for the butyl group on the piperidine ring‘s tertiary nitrogen atom and in that it consists of a single enantiomer, the S -stereoisomer. Commercial bupivacaine is a racemic mixture of both isomers, whereas lidocaine, lacking a chiral center, has no stereosymmetry. With these designed changes in molecular structure, it was hoped that ropivacaine would be less intrinsically cardiotoxic. The hope that it would be cleared more rapidly from the circulation if the drug were injected intravenously has, however, been confounded by the evidence that the S -enantiomers of mepivacaine and bupivacaine are metabolized by the liver more slowly than the corresponding R -enantiomers, as well as having a slower rate of total body clearance. 175, 176  

The cardiovascular toxicity of local anesthetics is complex, involving direct effects on the myocardium, 150  on vascular tissue 158  (both smooth muscle and its neuronal supply), and on the central innervation of the heart. 167, 177  In both neuronal and cardiac Na+ channels, the S-isomers of these piperidine-containing local anesthetics are less potent than the R -isomers, 178, 179  but the stereopotency of the cardiovascular effects mediated through vascular tissue and CNS is not known. Because of the smaller propyl substituent, (S-)ropivacaine is slightly less potent than S-bupivacaine in its effect on single sodium channels 180  and on isolated nerve action potentials. 181  More germane to the direct cardiotoxic actions is that the very slow reversal of Na+ channel blockade after a cardiac action potential, a hallmark of bupivacaine, is considerably faster with ropivacaine. 182  Such slow drug reversal has been related to persistent conduction slowing, reentry circuits, and the development of ventricular tachycardias leading to fibrillation. 148  In addition to these electrical differences, the negative inotropic potency of ropivacaine on isolated cardiac tissue appears to be considerably less than that of bupivacaine. 182, 183  Both electrical and mechanical differences in the toxic profiles may arise from the selective inhibition of Ca2+ currents by bupivacaine. 149, 166, 184  

Do the data so far support the claim of a greater therapeutic index for ropivacaine than bupivacaine, particularly with regard to cardiotoxicity? In clinical studies comparing potencies of ropivacaine and bupivacaine administered for brachial plexus 185  or lumbar epidural block, 186, 187  the anesthetic profiles of the drugs were almost identical. A third study comparing lumbar epidural 0.5 percent bupivacaine with 0.75 percent ropivacaine also found no significant differences in motor or sensory effects between the drugs at these different concentrations. 188  Overall, it appears that ropivacaine is slightly less potent than (11.3 to 11.5) or as potent as bupivacaine for regional anesthesia. In laboratory animals and in humans, ropivacaine also produces blocks of shorter duration than those due to bupivacaine. 187, 189, 190  

At the projected equipotent doses for nerve block, are the drugs equally toxic? The overall impression is that ropivacaine is less cardiotoxic than bupivacaine. In contrast to the studies on isolated tissues, ropivacaine and bupivacaine injected intravenously in vivo were cardiodepressant in the order of their nerve blocking potency. 191, 192  Electrical signs of conduction slowing in vivo are less with intravenous ropivacaine than with bupivacaine, 191  and cardiac collapse and ventricular fibrillation in dogs were far more frequent with bupivacaine than with ropivacaine delivered at the same doses. 193  Chirality rather than the difference between propyl and butyl N -piperidine substituent may account for the greater safety of ropivacaine, for many fewer cardiotoxic events also occur when S -bupivacaine (levobupivacaine) rather than racemic bupivacaine is administered to sheep. In contrast, death from ventricular arrhythmias is comparable between ropivacaine and bupivacaine at equipotent doses in sheep. Convulsant doses of ropivacaine are larger than those of bupivacaine, but they are smaller than those of lidocaine. 194, 195  

Perhaps the most notable difference between these two drugs is that aggressive cardiac resuscitation after an intentional intravenous bolus in dogs led to effective reversal of the toxic effects far more frequently with ropivacaine than with bupivacaine. 193  Furthermore, intravenous ropivacaine is cleared from the circulation more rapidly than intravenous bupivacaine. 196  This feature enhances the safety of ropivacaine relative to bupivacaine when the drugs are used for repeated dosing or by infusion. Finally, the major problem with intravenous bupivacaine that prompted the search for a new long-lasting local anesthetic, namely, increased cardiovascular toxicity during pregnancy, 197, 198  appears to have been overcome with ropivacaine. The cardiotoxic profile of ropivacaine in pregnant ewes is the same as the corresponding profile in nonpregnant ewes. 198  For these several reasons, it appears that ropivacaine may be a significantly safer drug than bupivacaine for local and regional anesthesia. 

Acidosis and Hypoxia 

Hypercarbia, acidosis, and hypoxia potentiate the negative chronotropic and inotropic actions of lidocaine and bupivacaine in isolated cardiac tissue, and the combination of hypoxia and acidosis markedly potentiates the cardiodepressant effects of bupivacaine. Hypoxia and acidosis also increased the frequency of cardiac arrhythmias and the mortality rate in sheep following intravenous administration of bupivacaine. 171, 199  Hypercarbia, acidosis, and hypoxia occur very rapidly in some patients following seizure activity owing to the rapid accidental intravascular injection of local anesthetic agents. 200  Thus, the cardiovascular depression observed in some patients following accidental intravenous injection of bupivacaine may be related in part to the severe acid-base changes that occur during toxic reactions to this agent. 

Copyright © 2000, 1995, 1990, 1985, 1979 by Churchill Livingstone

------------------------------------------------------------------------

Section 2: 
Scientific Principles 

Part C: 
Other Drugs Commonly Used in Anesthesia 

Chapter 13: 
Local Anesthetics 
------------------------------------------------------------------------

Methemoglobinemia 

A unique systemic side effect associated with a specific local anesthetic is the development of methemoglobinemia following administration of large doses of prilocaine. 201  A dose-response relationship exists between the amount of prilocaine administered epidurally and the degree of methemoglobinemia; in general, 600-mg doses are required for development of clinically significant levels of methemoglobinemia. The metabolism of prilocaine in the liver results in the formation of o -toluidine, which is responsible for the oxidation of hemoglobin to methemoglobin. 202  The methemoglobinemia associated with the use of prilocaine is spontaneously reversible or may be treated by intravenous administration of methylene blue. With increased use of Emla (which contains prilocaine) for neonates and young infants, there has been a concern regarding the risk of methemoglobinemia. 203  Standard dosing of Emla in term newborns produced minimal amounts of methemoglobin, and Emla should be regarded as very safe in the great majority of newborns. Risks may be increased in rare newborns made more susceptible by metabolic disorders and concomitant administration of other drugs that impair reduction of methemoglobin. 203  
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Allergies 

The aminoester drugs such as procaine may produce allergic-type reactions. These drugs are derivatives of p -aminobenzoic acid, which is known to be allergenic. The aminoamide local anesthetics are not derivatives of p -aminobenzoic acid, and allergic reactions to the aminoamides are extremely rare. Intradermal injections of aminoester anesthetics in patients without a presumptive history of local anesthetic allergy resulted in positive skin reactions in 30 percent of the patients, 204  but no cutaneous reactions occurred following the use of the aminoamide drugs. Similarly, the majority of patients with a history of alleged local anesthetic allergy showed a positive skin reaction to procaine, tetracaine, or chloroprocaine, but no positive cutaneous response was seen following administration of lidocaine, mepivacaine, or prilocaine. No signs of systemic anaphylaxis occurred in any of the patients. Although the aminoamide anesthetics appear to be relatively free of allergic-type reactions, solutions of these drugs may contain a preservative, methylparaben, whose chemical structure is similar to that of p -aminobenzoic acid. 
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Local Tissue Toxicity 

Local anesthetic drugs employed clinically rarely produce localized nerve damage. Concentrations of lidocaine required to produce irreversible conduction blockade in isolated desheathed peripheral nerves overlap the concentrations used clinically, such as 2 percent, but these are applied clinically to ensheathed nerve in situ, embedded in drug-absorbing tissue. Irreversible block in desheathed nerve by lidocaine has a threshold of 20 mmol/L and a 50 percent effective concentration (EC50 ) of 45 mmol/L (1.1%) as compared with the EC50 of 1 mmol/L for reversible impulse blockade in vivo. 205  The intrathecal administration of tetracaine or etidocaine in rabbits resulted in histopathologic spinal cord changes following the use of 2 percent tetracaine, which exceeds the maximum concentration of 1 percent employed for spinal anesthesia in humans. 206  

Although local anesthetics are usually packaged and injected at concentrations much higher than their physiologically effective range, in the process of delivery they are usually diluted sufficiently that no harm is done. If this dilution does not occur, however, long-term or permanent neural deficits do result. Thus, the application of 5 percent (200 mmol/L) lidocaine in viscous, dense solutions through narrow intrathecal catheters has been associated with a high frequency of cauda equina syndrome. 207  Laboratory investigations showed that such high concentrations of local anesthetics alone applied directly to bare nerve fibers produced irreversible conduction block in less than 5 minutes. 208  Indeed, previous studies on ensheathed peripheral nerves in vivo had shown neurologic and histologic changes following infiltration of the space surrounding the nerve with local anesthetics at concentrations as low as 1 to 2 percent. 209  Clinicians should be aware that the concentrations of formulated local anesthetic solutions are neurotoxic per se, and that their dilution, in situ or in the tissue, is essential for safe use. 

In the late 1970s and early 1980s, prolonged sensory and motor deficits were reported in some patients following the epidural or subarachnoid injection of large doses of chloroprocaine. 210, 211  Studies in animals have proved contradictory regarding the potential neurotoxicity of chloroprocaine 212, 213, 214, 215, 216, 217  (Table 13–13). The results of these studies suggest that the combination of low pH, sodium bisulfite, and inadvertent intrathecal dosing is responsible in part for the neurotoxic reactions observed following use of large amounts of chloroprocaine solution. Chloroprocaine itself at high concentrations may also be neurotoxic, but these concentrations are not achieved during properly positioned epidural anesthesia. The currently available commercial solutions of chloroprocaine do not contain sodium bisulfite. This was initially replaced by EDTA, a preservative and a high-affinity calcium chelator, which was occasionally reported to cause local muscle spasms after epidural administration. More recently, chloroprocaine has become available in an entirely preservative-free preparation. Chloroprocaine has unique utility when rapid plasma clearance is required to prevent excessive systemic accumulation of local anesthetic. Chloroprocaine has been used by epidural infusion in young infants when lidocaine and bupivacaine could not provide an effective therapeutic index. 218  

TABLE 13–13. Animal Studies Concerning Potential Neurotoxicity of 2-Chloroprocaine and Other Local Anesthetics

TYPE OF STUDY
RESULTS
In vitro rabbit vagus nerve
Local irritation with 2-CP but not lido and bup
In vivo rat sciatic nerve
No irritation with 2-CP and lido
In vitro rabbit vagus nerve
Irreversible block with commercial 2-CP and Na bisulfite but not with pure 2-CP

Spinal dog
Paralysis with 2-CP, but not with bup or low pH saline

Spinal rabbit
Paralysis with commercial 2-CP and Na bisulfite but not with pure 2-CP

Spinal sheep
Minimal toxicity with 2-CP, lido, bup, and control solution

Spinal monkey
Minimal toxicity with 2-CP and bup
bup, bupivacaine; 2-CP, 2-chloroprocaine; lido, lidocaine
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Concerns regarding local anesthetic–associated neurotoxicity were increased following studies of continuous spinal anesthesia using microcatheters. 207  A number of patients in these initial studies developed transient or longer-term radicular irritation or, in some cases, cauda equina syndrome. Investigations suggested that microcatheters may facilitate localized injection of high concentrations of drug, which are inadequately dispersed and diluted in cerebrospinal fluid, leading to high intraneural drug concentrations around sacral roots and consequent toxicity. 

Related investigations showed that single-shot spinal anesthesia with commonly recommended doses and concentrations of local anesthetics can produce more limited and transient neurologic symptoms (back pain, paresthesias, radicular pain, or hypesthesia). 219  Transient neurologic symptoms have since been observed with many different local anesthetics. Some studies have found that mepivacaine and lidocaine, at a range of dilutions, cause more frequent symptoms than bupivacaine. 220  The risk of transient neurologic symptoms following spinal anesthesia was not diminished by dilution of lidocaine from 5 to 1 to 2 percent. Differences in study design, method of questioning, and criteria for inclusion may be partially responsible for differences in prevalence of radicular sequelae in different studies. Intraoperative positioning also appears to be a risk factor. Patients having surgery in the lithotomy position appear at increased risk of neurologic symptoms following either spinal or epidural anesthesia. It is unknown at present why this association produces increased risk. Lithotomy position per se can produce neurologic sequelae and lower extremity compartment syndromes, particularly with prolonged surgery and use of the Trendelenburg position. Neurotoxicity appears to be unrelated to conduction block per se, because tetrodotoxin, a highly potent blocker of sodium channels, can produce intense conduction blockade without histologic or behavioral signs of nerve injury. 221  

Skeletal muscle changes have been observed following the intramuscular injection of local anesthetic agents such as lidocaine, mepivacaine, prilocaine, bupivacaine, and etidocaine. 222, 223, 224  In general, the more potent, longer-acting agents bupivacaine and etidocaine appear to cause more localized skeletal muscle damage than the less potent, shorter-acting agents lidocaine and prilocaine. This effect on skeletal muscle is reversible, and muscle regeneration occurs rapidly and is complete within 2 weeks following injection of local anesthetic agents. Furthermore, such skeletal muscle processes have not been associated with overt signs of local irritation and probably cannot account for transient neurological syndromes. 
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Prolonged Infusions of Local Anesthetics, Tachyphylaxis, and Development of Long-Duration Local Anesthetics 

Local anesthetics are used increasingly by continuous infusion for several days following surgery or for weeks to months in the treatment of chronic malignant and nonmalignant pain. With prolonged infusions, there is the potential for delayed systemic accumulation and toxicity. Continuous infusions of bupivacaine up to 30 mg/h in adults for up to 2 weeks produced no overt CNS or cardiac toxicity, despite total plasma bupivacaine concentrations in the range from 2 to 5 g/mL in several patients. 

Apparent reductions in effectiveness of local anesthetic infusions may be due to a number of causes unrelated to tolerance per se, including dislodgement of epidural catheters and changes in the dermatomal origin or intensity of nociceptive inputs. In obstetric patients receiving epidural bolus injections, recurrence of pain prior to the next injection resulted in a reduction in the intensity and duration of block, whereas repeat injection prior to return of pain prevented this rapidly occurring form of tolerance, or tachyphylaxis. In postoperative patients, coadministration of systemic opioids prevented regression of segmental block in patients receiving thoracic epidural bupivacaine infusions. 225  Studies in rats suggest that both pharmacokinetic and pharmacodynamic mechanisms are involved. In a rat model, tachyphylaxis was linked to development of hyperalgesia, 226  and drugs that inhibit hyperalgesia, including n -methyl-D-aspartate receptor antagonists 227  and nitric oxide synthase inhibitors, 228  also prevented tachyphylaxis. Conversely, repeated sciatic injections of lidocaine produced reduced intraneural lidocaine content along with reduced duration of block. 229  In addition, compound action potential recordings from rat sciatic nerve following repeated blocks in vivo show diminished suppression of the compound action potential with repeated blocks (C. Wang, C. Berde, R. Wilder, unpublished observations, 1998). 

Several methods are under investigation to produce long-duration nerve blockade. Liposomal encapsulation can prolong block, depending on the dose and the physical properties of the liposome (surface charge, size, lamellar structure). 230, 231  Local anesthetics can be incorporated into biodegradable polymer microspheres for sustained release. These preparations produce peripheral nerve block in animal models ranging from 2 to 8 days, depending on the dose, site, and species. 232  Prolonged duration local anesthesia also appears feasible by use of site 1 sodium channel toxins, e.g., tetrodotoxin, in combination with either local anesthetics or adrenergics. 233  

It remains to be determined whether prolonged-duration local anesthetics will receive widespread use in clinical practice. If they prove safe and effective, they may have potential utility in peripheral nerve blockade and wound infiltration, particularly for surgery of the thorax and abdomen, in which protective sensation is comparatively less important than for limb surgery. 
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