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!"!  Local anesthetics block voltage-gated sodium channels and thereby interrupt initiation and 
propagation of impulses in axons, but they have a wide variety of other biologic actions, desir-
able and undesirable.

!"!  Currently available local anesthetics are of two chemical classes: aminoesters and aminoamides.
!"!  The low potency and lack of specificity of available local anesthetics are due in part to the 

very weak structural constraints at their binding site on the sodium channel. Most of their 
features derive from the requirement for high solubility, rapidly reversible protonation, and 
rapid diffusion in both aqueous environments and in the lipid phases of biologic mem-
branes.

!"!  Reversible protonation of the tertiary amine group tends to make local anesthetics less charged 
at more basic pH and more charged at neutral or acidic pH; the neutral base forms are more 
soluble in lipid environments, whereas the charged acid forms, the more potent species, are 
more soluble in aqueous environments.

!"!  Aminoesters are metabolized primarily by plasma esterases, and aminoamides are metabolized 
primarily by hepatic cytochrome P450-linked enzymes.

!"!  The principal systemic toxicities of local anesthetics involve the heart (including atrioventricu-
lar conduction block, arrhythmias, myocardial depression, and cardiac arrest) and the brain 
(including agitation, lethargy, seizures, and generalized central nervous system depression). 
Hypoxemia and acidosis exacerbate these toxicities. Resuscitation after bupivacaine overdose 
is particularly difficult. Therefore prevention of intravascular injection or overdose is crucial, and 
major nerve blockade should involve incremental, fractionated dosing. Ultrasound can reduce 
the incidence of systemic toxicity and Intralipid can help in the resuscitation.

!"!  Local anesthetics are directly toxic to nerve at the concentrations supplied in commercial 
solutions. Intraneural concentrations during regional anesthesia are generally (but not always) 
below a threshold for toxicity because of spread of solutions through tissues and diffusion gra-
dients from injection sites into nerve. Injection into a constrained tissue space increases the risk 
for local toxicity.

!"!  Optimal use of local anesthetics in regional anesthesia requires an understanding of (1) the indi-
vidual patient’s clinical situation; (2) the location, intensity, and duration of regional anesthesia 
and analgesia required; (3) anatomic factors affecting deposition of drug near nerves; (4) proper 
drug selection and dosing; and (5) ongoing assessment of clinical effects after administration of 
a local anesthetic.

!"!  Single-stereoisomer (as opposed to a racemic mixture) formulations have been developed in 
an effort to reduce systemic toxicity and improve sensory selectivity but true sensory selectivity 
has not been achieved with drugs currently available.

!"!  The most important research avenues to improve local anesthetic action are slow release for-
mulations, targeting of specific sodium channel subtypes, and targeting of nociceptive fibers.

Local anesthesia results from the blockade of nerve impulses 
to abolish sensation. All currently available, clinically use-
ful 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. In addition to blockade 
of impulses, local anesthetics can inhibit various recep-
tors, enhance release of glutamate, and depress the activ-
ity of certain intracellular signaling pathways. When local 
anesthetic agents are given systemically, the functions of 

cardiac, skeletal, and smooth muscle, as well as transmis-
sion of impulses in the central and peripheral nervous sys-
tems and within the specialized conducting system of the 
heart, may all be altered. Local anesthetics may abolish sen-
sation in various parts of the body by topical application, 
injection near peripheral nerve endings and major nerve 
trunks, or instillation within the epidural or subarach-
noid spaces. Toxicity may be local or systemic. The central 
nervous and cardiovascular systems are most commonly 
involved in acute clinical toxicity.
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Basic Pharmacology

CHEMISTRY

The Local Anesthetic Molecule
The typical local anesthetic molecule, exemplified by lido-
caine and procaine (Fig. 29.1), contains a tertiary amine 
attached to a substituted aromatic ring by an intermediate 
chain that almost always contains either an ester (see Fig. 
29.1) or an amide linkage (Fig. 29.2).

Local anesthetics may therefore be classified as aminoes-
ter or aminoamide compounds. The aromatic ring system 
gives a lipophilic (membrane-liking) character to its portion 
of the molecule, whereas the tertiary amine end is relatively 
hydrophilic, particularly since it is partially protonated and 
thus bears some positive charge in the physiologic pH range 
(see Fig. 29.2). The structures of commonly administered 
local anesthetics are given in Table 29.1 and their physico-
chemical properties in Table 29.2.!

STRUCTURE-ACTIVITY RELATIONSHIPS AND 
PHYSICOCHEMICAL PROPERTIES

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

Lipophilic-Hydrophilic Balance
The lipophilic versus hydrophilic character of a local anes-
thetic depends on the size of alkyl substituents on or near 
the tertiary amine and on the aromatic ring. “Lipophilic-
ity” expresses the tendency of a compound to associate 
with membrane lipids, a property usually approximated 
by equilibrium partitioning into a hydrophobic solvent 
such as octanol.1 Although octanol-buffer partition coef-
ficients are comparable to membrane-buffer partition 
coefficients for the uncharged species of local anesthet-
ics, they severely underestimate membrane partitioning 
for the charged, protonated species, octanol being a poor 

model for the polar regions near the membrane surface 
where local anesthetics are concentrated.2 Here we use 
the term “hydrophobicity,” expressed as 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 do.3-5 For 
example, etidocaine, which has three more carbon atoms in 
the amine end of the molecule than lidocaine, is four times 
as potent and five times as long lasting when compared in 
the isolated sciatic nerve.!
Hydrogen Ion Concentration
Local anesthetics in solution exist in a very rapid chemi-
cal 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 in solution is equal to 
the concentration of charged cation. The logarithm of this 
hydrogen ion concentration is called pKa. The relationship 
is defined by

[BH + ]

[B]
= 10 pKa ! pH

pKa values of local anesthetic agents in aqueous solution 
are listed in Table 29.2. The tendency to be protonated 
also depends on environmental factors, such as tempera-
ture and ionic strength, and on the medium surrounding 
the drug. In the relatively apolar milieu of a membrane, 
the average pKa of local anesthetics is lower than in solu-
tion. This is chemically equivalent to saying that the mem-
brane concentrates the base form of the local anesthetic 
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Fig. 29.1 Structures of two local anesthetics: the aminoamide lido-
caine and the aminoester procaine. In both drugs, a hydrophobic aro-
matic group is joined to a more hydrophilic base, the tertiary amine, by 
an intermediate amide or ester bond.
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Fig. 29.2 Fraction of local anesthetic in the protonated, cationic form 
of an aqueous solution at physiologic pH (7.4) as a function of the pKa 
of the drug. Lidocaine, the drug with the lowest pKa, has the smallest 
fraction of its molecules protonated, the largest in the neutral form, 
and vice versa for chloroprocaine, the local anesthetic with the highest 
pKa. Individual drug molecules become protonated and deprotonated 
in thousandths of a second in solution.
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TABLE 29.1 Representative Local Anesthetics in Common Clinical Use

Generic* and  
Common  
Proprietary Names Chemical Structure

Approximate  
Year of Initial  
Clinical Use

Main Anesthetic  
Use

Representative  
Commercial  
Preparation

Cocaine CH2

CH2 CH2

CHCOOCH3
CHOOC6H5NCH3

CH

CH 1884 Topical 40-mg/mL solution

Benzocaine (Americaine)

H2N OC2H5

O

C

1900 Topical 200 mg/mL

Procaine (Novocain)

H2N COOCH2CH2N
C2H5

C2H5

1905 Topical
Infiltration
Spinal

200 mg/mL
10- and 20-mg/mL solutions
100-mg/mL solution

Dibucaine (Nupercaine) OC4H9

CONHCH2CH2N(C2H5)2

N 1929 Spinal 0.667-, 2.5-, and 5-mg/mL 
solutions

Tetracaine (Pontocaine) H9C4

H
N COOCH2CH2N

CH3

CH3

1930 Spinal Niphanoid crystals—20- 
and 10-mg/mL solutions

Lidocaine (Xylocaine)

NHCOCH2N
C2H5

C2H5
CH3

CH3 1948 Infiltration
Peripheral nerve  

blockade
Epidural

Spinal
Topical
Topical

5- and 10-mg/mL solutions
10-, 15-, and 20-mg/mL 

solutions
10-, 15-, and 20-mg/mL 

solutions
50-mg/mL solution
20-mg/mL jelly, viscous
25- and 50-mg/mL ointment

Chloroprocaine 
(Nesacaine)

H2N

Cl

COOCH2CH2N
C2H5

C2H5

1955 Infiltration
Peripheral nerve  

blockade
Epidural

10-mg/mL solution
10- and 20-mg/mL  

solutions
20- and 30-mg/mL solutions

Mepivacaine (Carbocaine) CH3 CH3

CH3

NHCO
N

1957 Infiltration
Peripheral nerve 

blockade
Epidural

10-mg/mL solution
10- and 20-mg/mL  

solutions
10-, 15-, and 20-mg/mL 

solutions

Prilocaine (Citanest) CH3

CH3

C3H7NHCOCH NH

1960 Infiltration
Peripheral nerve  

blockade
Epidural

10- and 20-mg/mL solutions
10-, 20-, and 30-mg/mL 

solutions
10-, 20-, and 30-mg/mL 

solutions

Bupivacaine (Marcaine) CH3 C4H9

CH3

NHCO
N

1963 Infiltration
Peripheral nerve 

blockade
Epidural
Spinal

2.5-mg/mL solution
2.5- and 5-mg/mL solutions
2.5-, 5-, and 7.5-mg/mL 

solutions
5- and 7.5-mg/mL solutions

Ropivacaine (Naropin) CH3 C3H7

CH3

NHCO
N

1992 Infiltration
Peripheral nerve 

blockade
Epidural

2.5- and 5-mg/mL solutions
5- and 10-mg/mL  

solutions
5- and 7.5-mg/mL solutions

*United States Pharmacopeia nomenclature.
From Covino B, Vassallo H. Local Anesthetics: Mechanisms of Action and Clinical Use. Orlando, FL: Grune and Stratton; 1976.
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more than it concentrates the protonated cation form. The 
pH of the medium containing the local anesthetic influ-
ences drug activity by altering the relative percentage of 
the base and protonated forms. For example, in inflamed 
tissues the pH is lower than normal, and local anesthet-
ics are more protonated than in normal tissue and thus 
penetrate the tissue relatively poorly (see later). The rela-
tionship between pKa and the percentage of local anes-
thetic present in the cationic form is shown in Fig. 29.2. 
As described later, there are dual effects of pH on clinical 
effectiveness, depending on where the local anesthetic is 
injected and the importance of the base form for tissue 
penetration.!

Anatomy of the Peripheral Nerve

Each peripheral nerve axon possesses its own cell mem-
brane, the axolemma. Nonmyelinated nerves, such as 
autonomic postganglionic efferent and nociceptive afferent 
C fibers, contain many axons encased in a single Schwann 
cell sheath. In contrast, all large motor and sensory fibers 
are enclosed in many layers of myelin, which consists of 
the plasma membranes of specialized Schwann cells that 
wrap themselves around the axon during axonal out-
growth. Myelin greatly increases the speed of nerve con-
duction by insulating the axolemma from the surrounding 
conducting salt medium and forcing the “action current” 
generated by an impulse to flow through the axoplasm to 
the nodes of Ranvier, which are periodic interruptions in 
the myelin sheath where the active impulse is regenerated 
(Fig. 29.3). The Na+ channels that serve generation and 

propagation of impulses are highly concentrated at the 
nodes of Ranvier of myelinated fibers7a but are distributed 
all along the axon of nonmyelinated fibers (see Fig. 29.3). 
A classification of peripheral nerves according to fiber size 
and physiologic properties is presented in Table 29.3. It is 
important to note that different fiber classes are not only 
distinguished by diameter and myelin thickness, but also 
by the structure of the neuronal membrane and ion chan-
nel composition.6

Each axon has its own connective tissue covering, the 
endoneurium. A typical peripheral nerve consists of several 
axon bundles, or fascicles. Each fascicle of many axons is 
encased by a second connective tissue layer, the epithelial-
like perineurium, and the entire nerve is wrapped in a loose 
outer sheath called the epineurium (Fig. 29.4). To reach the 
nerve axon, a local anesthetic molecule must traverse any 
structures surrounding the nerve, such as the paraneurium 
of the distal sciatic nerve, the epineurium, the perineurium, 
and the endoneurium, as well as the neuronal plasma mem-
brane. The main barrier to diffusion is the perineurium.7a 
Further, nerves are composed of both neuronal tissues and 
non-neuronal tissues, such as connective or fatty tissues, 
and blood vessels. When performing a popliteal sciatic 
nerve block for example, it should be kept in mind that here, 
approximately 60% of the nerve cross-section is non-neu-
ronal tissue.8

STRUCTURE OF THE AXONAL MEMBRANE

Biologic membranes consist of a molecular lipid bilayer con-
taining proteins adsorbed on the surfaces, as well as embed-
ded in or spanning the hydrocarbon core (Fig. 29.5). The 

TABLE 29.2 Relative In Vitro Conduction-Blocking 
Potency and Physicochemical Properties of Local 
Anesthetic Drugs

Drug

Relative Con-
duction-Block-
ing Potency*

PHYSIOCHEMICAL PROPERTIES

pKa
† Hydrophobicity†

LOW POTENCY

Procaine 1 8.9 100

INTERMEDIATE POTENCY

Mepivacaine 1.5 7.7 136

Prilocaine 1.8 8.0‡ 129

Chloroprocaine 3 9.1 810

Lidocaine 2 7.8 366

HIGH POTENCY

Tetracaine 8 8.4 5822

Bupivacaine 8 8.1 3420

Etidocaine 8 7.9 7320

*Data derived from C fibers of isolated rabbit vagus and sciatic nerve.
†pKa and hydrophobicity at 36°C; hydrophobicity equals the octanol/buffer 

partition coefficient of the base. Values are ratios of concentrations.
‡Values at 25°C.
From Strichartz GR, Sanchez V, Arthur GR, et al. Fundamental properties of 

local anesthetics. II. Measured octanol: buffer partition coefficients and pKa 
values of clinically used drugs. Anesth Analg. 1990;71:158–170.

10 µm

Direction of impulse

A

B

1 µm
+ + + + +

+ + + +
−−−−

−−

+ + ++

−−

−

−

−

− − − −−

+ + + + − − −

−
−

− − −−
−−−−

−−−

+ + + +
−
+
−
+

++

+
+

+ + +

+

+

+ +

Fig. 29.3 Pattern of local circuit currents flowing during propagation of 
an impulse in a nonmyelinated C fiber’s axon (A) and a myelinated axon 
(B). During propagation of impulses, from left to right, current entering 
the axon at the initial rising phase of the impulse (large vertical arrows) 
passes through the axoplasm (local circuit current) and depolarizes the 
adjacent membrane. Plus and minus signs adjacent to the axon mem-
brane indicate the polarization state of the axon membrane: negative 
inside at rest, positive inside during active depolarization under the 
action potential, and less negative in regions where local circuit cur-
rents flow. This ionic current passes relatively uniformly across the non-
myelinated axon, but it is restricted in the myelinated axon to entry at 
the nodes of Ranvier, several of which are simultaneously depolarized 
during a single action potential.
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character of the bilayer is determined by the phospholipids, 
which have long hydrophobic fatty acyl tails that lie in the 
center of the membrane, as well as by the polar hydrophilic 
head groups, which are usually composed of zwitterionic 
portions (containing positive and negative charges) that 
project into the cytoplasm or the extracellular fluid. Within 
the membrane there is both lateral and rotational diffusion, 
which allows lipids and certain proteins to migrate in a fluid 
mosaic, but most membrane proteins are fixed within spe-
cific regions of a membrane, anchored by connections to 
specific proteins of the cell’s cytoskeleton.9 A dynamic inter-
action 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, including both metabolic and signal transduction 
pathways, are modulated by these drugs.!

PHYSIOLOGY OF NERVE CONDUCTION

The neural membrane is able to maintain a voltage dif-
ference of !60 to !90 mV between the intracellular 
medium and the cell’s outside, because at rest it is rela-
tively impermeable to sodium ions (Na+) but selectively 
permeable to potassium ions (K+). The Na+/K+ pump, an 

TABLE 29.3 Classification of Peripheral Nerves According to Anatomy, Physiology, and Function

Fiber Class Subclass Myelin
Diameter 
(µm)

Conduction 
Velocity (m/sec) Location Function

Susceptibility to Local 
Anesthetic Block

A #
$
%

+
+
+
+

6-22
6-22
3-6
1-4

30-120
30-120
15-35

5-25

Efferent to muscles
Afferent from skin and joints
Efferent to muscle spindles
Afferent sensory nerves

Motor
Tactile, proprioception
Muscle tone
Pain, cold temperature, touch

++
++

++++
+++

B + <3 3-15 Preganglionic  
sympathetic

Various autonomic func-
tions

++

C sC ! 0.3-1.3 0.7-1.3 Postganglionic  
sympathetic

Various autonomic func-
tions

++

dC ! 0.4-1.2 0.1-2.0 Afferent sensory  
nerves

Various autonomic functions
Pain, warm temperature, 

touch

+

From Bonica JJ. Principles and Practice of Obstetric Anesthesia and Analgesia. Philadelphia: FA Davis; 1967.
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Fig. 29.4 (A) Transverse sections of a peripheral nerve showing the outermost epineurium; the inner perineurium, which collects nerve axons in fas-
cicles; and the endoneurium, which surrounds each myelinated fiber. (B) Each myelinated axon is encased in the multiple membranous wrappings of 
myelin formed by one Schwann cell, each of which stretches longitudinally more than 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. (C) Nonmyelinated 
fibers 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.
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active, energy-dependent mechanism, 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, with adenosine triphosphate 
used as an energy source. Although the membrane is 
relatively permeable to potassium ions, an intracellular-
to-extracellular potassium ratio of 150 to 5 mM, or 30:1, 
is maintained by active removal of potassium as it leaks 
passively across the plasma membrane into the cell. The 
nerve at rest behaves largely as a “potassium electrode,” 
according to the Nernst equation:

&N ў&L �
! å35

'

"
MO

#
[,� ]J
[,� ]P

$

where Em is the membrane potential, EK is the potassium 
equilibrium potential, R is the gas constant, T is tempera-
ture (kelvin), F is Faraday’s constant, and [K+] is the potas-
sium ion concentration inside (i) and outside (o) the cell. For 
potassium, therefore,

&L � å�� MPH �� PS å��.� N7
An opposite situation exists for Na+, which is at higher 

concentration outside the cell and has a Nernst potential, 
ENa, of approximately +60 mV. During an action potential, 
the nerve membrane transiently switches its higher perme-
ability from K+ to Na+, thereby changing the membrane 
potential from negative to positive, and back again. The 
progress of this potential change and the underlying events 
are graphed in Fig. 29.6. They provide a basis for under-
standing local anesthetic conduction block.

Permeation of ions through membranes occurs via spe-
cialized proteins called ion channels.10 The conforma-
tion 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 after their initial activation. A 
small membrane depolarization extending along an axon 
from a region of excited membrane, will begin to open both 
Na+ and K+ channels. The Na+ channels open faster, and 
the inwardly directed Na+ current (see Fig. 29.6) depolar-
izes the membrane further, thereby leading to opening of 
more Na+ channels and increasing the inward Na+ current 
even further (Fig. 29.7). This sequence of events continues 
during the depolarizing phase until some of the Na+ channels 
have become inactivated and enough of the K+ channels 
have opened to change the balance of current and result 
in a net outward current that produces membrane repolar-
ization (see Fig. 29.7). After one action potential, the con-
centrations of Na+ and K+ have changed little for the large 
myelinated fibers but by as much as 10% for the small, 
nonmyelinated axons. The Na+ ions entering and K+ ions 
leaving the cell as a result of this process are restored by the 
Na+/K+ pump.

Depolarizations too weak to activate enough Na+ chan-
nels to produce a net inward current are below the mem-
brane’s excitability threshold. The precise value of the 
threshold varies in different regions of the cell and can 
change with time. Directly after an impulse, when some 
Na+ channels are still inactivated and some K+ channels are 
still activated, the threshold is above its “resting” value and 
the membrane is “refractory” to stimulation. Over time, as 
Na+ inactivation decays and K+ channels return to their 
closed conformation, the original resting threshold value 
is restored. The action potential is a wave of depolarization 
that is propagated along the axon by continuous coupling 
between excited and nonexcited regions of membrane. Ionic 
current (the action current) enters the axon in the excited, 
depolarized region and then flows down the axoplasm and 
exits through the surrounding membrane, thereby pas-
sively depolarizing this adjacent region (see Fig. 29.3).

Cholesterol

Local anesthetic

Integral protein

Cytoplasm

Peripheral
protein

Local
anesthetic

Cholesterol

Phospholipid

Lipid bilayer

Ion channel
protein

Carbohydrate

Fig. 29.5 A typical plasma membrane has at its core the lipid bilayer, composed of phospholipids and cholesterol molecules (in an approximately 5:1 
ratio) embedding the membrane integral proteins, which are most often glycosylated by extracellular carbohydrates and include receptors and ion 
channels essential for intercellular communication. “Peripheral proteins” regulate the functions of membrane proteins, chaperone them to the plasma 
membrane, and stabilize them in the cell through interactions with both the cytoskeleton and the extracellular matrix. Probable membrane locations 
and protein sites for local anesthetics are also shown.
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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 refrac-
tory, and propagation of impulses is thus unidirectional. 
The local circuit current spreads rapidly along a length of 
insulated internode in a myelinated axon (see Fig. 29.3), 
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; 
instead, active depolarization occurs simultaneously along 
several centimeters of the largest axons (see Fig. 29.3). 
Indeed, the local circuit current is so robust that it can skip 
past two completely nonexcitable nodes (e.g., blocked by 
local anesthetic) and successfully stimulate a third node. 
If excitability is partially reduced, such as by inhibition of 
some of the Na+ channels, the amplitude of impulses in suc-
cessive nodes falls accordingly, a process that can continue 

for many centimeters.11 This situation probably occurs 
during certain phases of local anesthesia, as discussed later. 
When enough of the Na+ channels are blocked, local circuit 
current fails to bring the adjacent resting region to thresh-
old, and the impulse is fully extinguished.!

Mechanism of Action of Local 
Anesthetics (Pharmacodynamics)

ACTIVE FORM

Local anesthetic bases are poorly to sparingly soluble 
in water but are quite soluble in relatively hydrophobic 
organic solvents. Therefore as a matter of chemistry (and 
to optimize shelf life), most of these drugs are formulated 
as hydrochloride salts. The pKa of the drug and 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, uptake of 
the drug by tissue, largely via lipophilic adsorption, will 
also alter its activity, both by shifting the effective pKa 
downward, thereby favoring the neutral base form, and 
by limiting diffusion of the anesthetic away from the site 
of injection. Moderately hydrophobic local anesthetics 
block faster than either hydrophilic or highly hydropho-
bic ones, delivered at the same concentration, for the fol-
lowing reasons. Moderately hydrophilic local anesthetic 
block, such as lidocaine, are less bound to tissues than 
very hydrophobic drugs are (e.g., tetracaine) but are still 
more membrane permeant than very hydrophilic ones 
(e.g., 2-chloroprocaine). The highly hydrophobic local 
anesthetics, having higher intrinsic potencies (see Table 
29.2), are therefore used in lower concentrations and 
their diffusion-controlled rate of onset is correspondingly 
reduced.

Which form of the local anesthetic, charged cation 
or neutral base, is actually responsible for blockade of 
impulses? More alkaline solutions of local anesthetics 
block nerve conduction more effectively. On sheath-free 
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Fig. 29.6 Membrane potential (Em) and the voltage-gated ionic con-
ductance of sodium (gNa) and potassium (gK), which determine the 
corresponding membrane currents Im (INa and IK) during a propagated 
action potential. Modeled from the original studies of Hodgkin and 
Huxley on the squid giant axon (see Hodgkin7b), 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 (nega-
tive values) for the depolarizing phase of the action potential and out-
ward (positive values) for the repolarizing phase. (From Hodgkin A. The 
Conduction of the Nervous Impulse. Springfield, IL: Charles C. Thomas; 
1964.)
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for Na+ influx
(Em − ENa)

Inactivation of
Na+ channels:
decreased Na+

permeability
K+ efflux:
outward current

Na+ entry:
inward current

Increase in 
Na+ permeability 

Depolarization

Fig. 29.7 The action potential can be understood in terms of the cyclic 
relationships between factors contributing to the regenerative, depo-
larizing phase and the passive, repolarizing phase. Positive factors (yel-
low arrows) increase the rate of depolarization in a positive-feedback 
loop, with each element in the cycle favoring the subsequent one. Neg-
ative factors (gray arrows) decrease the depolarization rate by reduc-
ing or opposing the related positive factor, with efflux of K+ eventually 
dominating the ionic flow and repolarizing the membrane.
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nerves, the rate of inhibition by tertiary amine anesthetics 
is greater at alkaline than at neutral external pH12 because 
membrane permeation, favored by the base over the cat-
ionic species, determines the rate of access to the binding 
site. Direct control of axoplasmic pH (or internal perfu-
sion with permanently charged quaternary amine homo-
logs) shows that the dominant potency derives from the 
cationic species acting from the cytoplasmic surface.13,14 
The uncharged base also has intrinsic pharmacologic 
activity, however, which explains the effectiveness of ben-
zocaine as a topical local anesthetic. The local anesthetic 
attaches to the binding site with its aromatic moiety, while 
the charged portion protrudes into the sodium channel’s 
lumen.15!

ELECTROPHYSIOLOGIC EFFECT OF LOCAL 
ANESTHETICS

The resting membrane potential of nerve is little affected by 
local anesthetics. As the concentration of local anesthetic 
applied to the nerve is increased, a decrease in the rate of 
depolarization and in the peak amplitude of the action 
potential occurs until the impulse is abolished. By using a 
“voltage-clamp” procedure, Na+ currents and their inhibi-
tion by local anesthetics can be directly assayed (Fig. 29.8A). 
When the membrane of isolated neurons is rapidly depolar-
ized to a constant value, the time course of ionic currents is 
observed. Sodium currents during one initial depolarization 
are reduced by subclinical doses of local anesthetic (e.g., 0.2 
mM lidocaine) and totally abolished by clinical doses (e.g., 
1% lidocaine &40 mM). If the test depolarization is applied 
repeatedly at frequencies higher than 5 Hz (five pulses per 
second), the partially depressed (tonically inhibited) Na+ 
current is further reduced incrementally for each pulse 
until a new steady-state level of inhibition is reached.13,16 
This frequency-dependent inhibition, also called phasic inhi-
bition, is reversed when stimulation is slowed or stopped, 
and currents return to the level of tonic inhibition observed 
in the resting nerve. Paralleling the phasic inhibition of Na+ 
currents in voltage-clamped membranes is a “use-depen-
dent” blockade of action potentials during normal physi-
ologic function (see Fig. 29.8B).

Phasic actions are a manifestation of the selective affinity 
of local anesthetics for conformations of the Na+ channel 
that result from depolarization. Both “open” and “inac-
tivated” states of the channel bind local anesthetics more 
avidly than the resting state does. Repeated depolarization 
thus increases the fraction of drug-bound channels; disso-
ciation of these bound drug molecules is usually a slower 
process than the normal recovery from inactivation (see 
earlier) and results in the use-dependent accumulation of 
channels in the blocked condition and the phenomenon of 
phasic block.

By its selective binding to a channel state, the local 
anesthetic stabilizes that state. During phasic block, there-
fore, more inactivated channels become drug bound, and 
reciprocally, less activation can occur. This relationship 
between state-dependent affinities and modification of tran-
sitions among states through drug binding is known as the 
“modulated receptor” model.17 Overall binding of anes-
thetic is increased by membrane depolarization for two rea-
sons: more binding sites become accessible during activation  

(the “guarded receptor” model) and drug dissociation from 
inactivated channels is slower than from resting channels 
(the modulated receptor model).

The potency of local anesthetics to produce tonic and 
phasic inhibition is similarly dependent on their structure, 
hydrophobicity, and pKa. There appears to be a single, albeit 
complex, binding site for local anesthetics on the Na+ chan-
nel, with a “tonic” affinity at rest and increased “phasic” 
affinity occurring as a result of depolarization. The sodium 
channel can be influenced by a number of drugs or toxins/
venoms, and the different sites are numbered. The binding 
site for local anesthetics is referred to as Site 9, while the 
outer channel pore, binding site for tetrodotoxin (TTX) or 
saxitoxin (STX), is referred to as Site 1.!

30, 40, 50, 60

0
1
2
4
10
20

−20

0.9 ms

1.8 nA

−100( )

Number of preceding pulses

0.2 mM Lidocaine

0.8 mM Lidocaine

Control

Tonic inhibition

A

B

INa

10 mV

1.0 s f = 20 Hz

16 ms 10 Hz

Fig. 29.8 Use-dependent actions of local anesthetics on excitable 
membrane properties. (A) Ionic Na+ currents measured by a voltage-
clamping technique are transiently activated by brief steps of depo-
larization applied infrequently (tonic test) or in a train at 10 times per 
second (phasic test, see Em pattern in parentheses). After equilibration 
with 0.2 mM (0.005%) lidocaine, the currents measured tonically are 
reduced by approximately 30% from the control currents. Application 
of the phasic train of depolarizations results in a dynamic reduction of 
currents after each depolarization, with a steady-state value of phasic 
inhibition reached during the train of 75% of control currents. Recovery 
of currents to the tonic value occurs within a few seconds when pha-
sic testing stops (not shown). (B) Action potentials are also inhibited in 
a phasic manner by local anesthetics. After equilibration with 0.8 mM 
lidocaine (0.02%), the action potential is tonically reduced by approxi-
mately 20% from its amplitude in drug-free solution (not shown). 
Stimulation by a train at 20 stimuli per second induces a phasic inhibi-
tion that further reduces the amplitude by about 70% from the con-
trol value. As with the ionic currents (A), phasic inhibition of the action 
potential recovers rapidly when high-frequency stimulation stops.

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



'.� �� Local Anesthetics 873

THE NATURE OF THE LOCAL ANESTHETIC

Binding Site
Intentional mutation of specific amino acids of the Na+ 
channel has allowed definition of regions that interact 
directly with local anesthetics. The major functional pro-
tein of the Na+ channel (the #-subunit) is composed of 
four homologous “domains” (D-1 to D-4), each of which 
contains six helical regions (S1 to S6) that span the core of 
the membrane (Fig. 29.9A). Each domain also has a loop, 
termed the “P region,” that links the extracellular ends of its 
S5 and S6 transmembrane segments; the P regions extend 
inward between the transmembrane regions such that 
when the #-subunit folds together, each P loop contributes 
a quarter of the cylindrical ion “selectivity pore,” the nar-
rowest passage of an open channel (see Fig. 29.9B). Volt-
age sensitivity derives from the positive charges located on 

S4 segments, which slide or swing “outward” in response 
to membrane depolarization. By linkages still unknown, 
this movement of S4 results in a conformational rearrange-
ment of the S6 segments, which form the inner, cytoplasmic 
entry to the channel. Closed-to-open channel gating results 
from movement of the S6 segments, whereas inactivation 
gating results from binding of the cytoplasmic loop located 
between D-3 and D-4 to the cytoplasmic opening of the 
channel.

Local anesthetics bind in the “inner vestibule” of the 
closed Na+ channel (see Fig. 29.9C). Amino acid muta-
tions in the S6 segments of D-1, D-3, and D-4 all modify 
local anesthetic action, thus suggesting either that these 
regions form a “pharmacophore” small enough to simulta-
neously contact the drug at three surfaces or that the local 
anesthetic molecule moves rapidly among these three seg-
ments. The rate constant for binding of local anesthetic to 
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Fig. 29.9 Structural features of the Na+ channel that determine local anesthetic (LA) interactions. (A) Consensus arrangement of the single peptide of 
the Na+ channel #-subunit in a plasma membrane. Four domains with homologous sequences (D-1 through D-4) each contain six #-helical segments 
that span the membrane (S1 to S6). Each domain folds within itself to form one cylindrical bundle of segments, and these bundles converge to form the 
functional channel’s quaternary structure (B). Activation gating leading to channel opening results from primary movement of the positively charged S4 
segments in response to membrane depolarization (see panel C). Fast inactivation of the channel follows binding to the cytoplasmic end of the channel 
of part of the small loop that connects D-3 to D-4. Ions travel through an open channel along a pore defined at its narrowest dimension by the P region 
formed by partial membrane penetration of the four extracellular loops of protein connecting S5 and S6 in each domain. Intentional, directed mutations 
of different amino acids on the channel indicate residues that are involved in LA binding in the inner vestibule of the channel (X on S6 segments), at the 
interior regions of the ion-discriminating “selectivity filter” (square on the P region), and which are also known to influence stereoselectivity for phasic 
inhibition (circle, also on S6 segments). (C) Schematic cross section of the channel speculating on the manner in which S6 segments, forming a “gate,” 
may realign during activation to open the channel and allow entry and departure of a bupivacaine molecule by the “hydrophilic” pathway. The closed 
(inactivated) channel has a more intimate association with the LA molecule, whose favored pathway for dissociation is no longer between S6 segments 
(the former pore) but now, much more slowly, laterally between segments and then through the membrane, the “hydrophobic” pathway. Na+ ions 
entering the pore will compete with the LA for a site in the channel, and H+ ions, which pass very slowly through the pore, can enter and leave from 
the extracellular opening, thereby protonating and deprotonating a bound LA molecule and thus regulating its rate of dissociation from the channel.
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the closed Na+ channel is larger for the more hydrophobic 
molecules, which suggest that drug molecules can reach 
the binding site (and depart from it) through a “hydropho-
bic” pathway. The charged species of local anesthetics dis-
sociates much more slowly from closed and inactivated Na+ 
channels than the neutral form does, which suggests that 
an ionic bond may be involved in drug binding or that the 
charged molecule moves only slowly along the hydropho-
bic pathway. In brief, hydrophobicity delivers the drug to 
the receptor and charge keeps it there.!

NEUROPHYSIOLOGIC ASPECTS OF PHASIC 
INHIBITION

Different fiber types in the nerve are affected differently dur-
ing local anesthesia. At least part of this difference arises 
from pharmacokinetic factors. At the onset of and during 
recovery from clinical block, in particular, longitudinal and 
radial diffusion of drug will produce concentration varia-
tions within and along the nerve. This variation is superim-
posed 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 electro-
physiologic properties.

Different fiber types are also differentially sensitive to 
local anesthetic blockade. In" vivo experiments in which 
continuous superperfusion of peripheral nerve allows 
equilibration with drug, and experiments in which a drug 
bolus is delivered by percutaneous injection,18 analogous 
to clinical peripheral nerve block, show that small myelin-
ated axons (A' motor and A% sensory fibers) are the most 
susceptible to impulse suppression. Next in order of block 
are the large myelinated (A# and A$) fibers, and the least 
susceptible are the small, nonmyelinated C fibers. In fact, in 
this last group, impulses in the slowest conducting popula-
tion (conduction velocity of 0.5-0.8 m/s) are the most resis-
tant to local anesthetic.18 Clinically, testing of block efficacy 
is often performed using methods that target A% sensory 
fibers, so these findings suggest that loss of temperature or 
pin-prick discrimination does not guarantee complete and 
reliable block of all sensory modalities.

Selective Block of Na+ Channel Isoforms
Nine different mammalian Na+ channels have been physi-
ologically identified and their genes have been sequenced. 
At least four of them are found in peripheral neurons, and 
some are exclusively associated with nociceptive afferents. 
Obviously, it would be clinically advantageous to selectively 
inhibit these channels and thus prevent or reduce pain 
while sparing other functions. Although selective channel 
blockade has been attained with naturally occurring small 
peptide toxins,19 relatively little selective blockade by local 
anesthetics has been reported,20 probably because the local 
anesthetic pharmacophore is too similar among the differ-
ent channel isoforms and the local anesthetic molecules 
themselves have several rotational axes, which makes them 
poor structural templates for selecting among static binding 
pockets. Selectively blocking different sodium channel iso-
forms can lead to distinct effects because they are not evenly 
distributed across the nerve and react differently to activa-
tion. Specifically, one of the main functions of the Nav1.7 
isoform is to act as an amplifier in the terminals of primary 

sensory neurons, while Nav1.8 is vital to the repetitive fir-
ing in these neurons, and Nav1.9 is able to generate persis-
tent currents which can increase membrane excitability.21 
Some recent advances which hold promise to improve 
nerve block properties of local anesthetics are summarized 
toward the end of this chapter.!
Sodium Channel Isoforms and Their Contribution 
to Human Diseases Characterized by Pain or Pain 
Insensitivity
We now know several mutations in the prototypical neu-
ronal sodium channels (Nav1.7, 1.8, and 1.9) which can 
lead to states of either spontaneous pain22,23 or profound 
and selective impairment of pain sensitivity.24 This depends 
on the type of mutation and mode of inheritance. For 
example, mutations in Nav1.7 may lead to loss of chan-
nel function and, in the most extreme form, congenital 
insensitivity to pain. In contrast, activating mutations in 
the same channel can trigger erythromelalgia or paroxys-
mal extreme pain disorder.21 Molecular studies reveal that 
these disorders involve several distinct types of mutations 
in NaV1.7 sodium channels.22,23 When these channels are 
inserted into cells that lack sodium channels, they gener-
ate spontaneous, temperature-sensitive inward currents.21 
Another recent finding was that certain preclinical models 
of visceral pain (e.g., cystitis) are not responsive to therapies 
specifically targeting the NaV1.7 channels, while block of 
NaV1.9 channels was effective.25 Lastly, it is important to 
note that mutations in nonneuronal sodium channels can 
have profound clinical consequences as well. For example, 
mutations of the Nav1.4 sodium channel isoform in skeletal 
muscle can produce myotonia, periodic paralysis, and con-
genital myasthenia.26

Aberrant impulses, which are often considered the hall-
marks of various diseases of excitable membranes, such as 
abnormal repetitive firing in neuropathic pain or in certain 
types of inherited skeletal myotonia, are abolished by sys-
temic lidocaine in doses that do not block normal propagat-
ing impulses. Conditions for the sensitivity of such impulses 
to local anesthetics, such as lidocaine, appear to result from 
the patterns of impulse spikes superimposed on slow mem-
brane depolarizations caused by abnormal expression of 
Na+ channels rather than from selective sensitivity of cer-
tain subtypes of channels to these drugs.27!

SUMMARY OF LOCAL ANESTHETIC 
MECHANISMS

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

 1.  Solutions of local anesthetic are deposited near the 
nerve. Removal of free drug molecules away from this 
locus is a function of tissue binding, removal by the cir-
culation, and local hydrolysis of aminoester anesthetics. 
The net result is penetration of the nerve sheath by the 
remaining free drug molecules.

 2.  Local anesthetic molecules then permeate the nerve’s 
axon membranes and reside there and in the axoplasm. 
The speed and extent of these processes depend on a par-
ticular drug’s pKa and on the lipophilicity of its base and 
cation species.
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 3.  Binding of local anesthetic to sites on voltage-gated Na+ 
channels prevents opening of the channels by inhibiting 
the conformational changes that underlie channel acti-
vation.

 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.

 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 
from ion channels. A clinically effective block that may 
last for hours can be accomplished with local anesthetic 
drugs that dissociate from Na+ channels in a few seconds.!

Clinical Pharmacology

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

Commonly used aminoester local anesthetics include 
procaine, chloroprocaine, tetracaine, and the first true local 
anesthetic, cocaine. Commonly used aminoamides include 
lidocaine, mepivacaine, prilocaine, bupivacaine (the race-
mic form and its levoenantiomer), ropivacaine, and etido-
caine. 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. Aminoesters are hydro-
lyzed in plasma by cholinesterase enzymes, but the amides 
undergo enzymatic degradation in the liver. Two exceptions 
to this trend include cocaine, an ester that is metabolized 
predominantly by hepatic carboxylesterase, and articaine, 
an amide local anesthetic widely used in dentistry that is 
inactivated by plasma carboxylesterase-induced cleavage 
of a methyl ester on the aromatic ring.

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.

GENERAL CONSIDERATIONS

Clinically important properties of the various local anesthet-
ics include potency, speed of onset, duration of anesthetic 
action, and differential sensory/motor blockade. As previ-
ously indicated, the profile of individual drugs is determined 
by their physicochemical characteristics (see Table 29.2).

Anesthetic Potency
Hydrophobicity appears to be a primary determinant 
of intrinsic anesthetic potency5 because the anesthetic 

molecule must penetrate into the nerve membrane and 
bind at a partially hydrophobic site on the Na+ channel. 
Clinically, however, the correlation between hydrophobic-
ity and anesthetic potency is not as precise as in an isolated 
nerve. Differences between in"vitro and in"vivo potency may 
be related to a number of factors, including local anesthetic 
charge and hydrophobicity (which influence partitioning 
into and transverse diffusion across biologic membranes) 
and vasodilator or vasoconstrictor properties (which influ-
ence the initial rate of vascular uptake from injection sites 
into the central circulation).!
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 concentra-
tion of local anesthetic used. For example, 0.75% bupiva-
caine has more rapid onset than 0.25%. Chloroprocaine 
demonstrates a rapid onset of action in humans because its 
low systemic toxicity permits its use in high concentrations 
(3%).!
Duration of Action
The duration of action of the various local anesthetics dif-
fers markedly. Procaine and chloroprocaine have a short 
duration of action. Lidocaine, mepivacaine, and prilocaine 
produce a moderate duration of anesthesia, whereas tetra-
caine, bupivacaine, ropivacaine, and etidocaine have the 
longest durations.

In humans, the duration of anesthesia is markedly influ-
enced by the peripheral vascular effects of the local anes-
thetic drugs. Many local anesthetics have a biphasic effect 
on vascular smooth muscle; at low concentrations these 
agents tend to cause vasoconstriction, whereas at higher, 
clinically administered concentrations, they cause vasodi-
lation.28 However, differences exist in the degree of vaso-
dilator activity of the various drugs. The effects of local 
anesthetics on vascular tone and regional blood flow are 
complex and vary according to concentration, time, and 
the particular vascular bed near the site of application. As a 
practical example, the topical local anesthetic formulation 
EMLA (eutectic mixture of the local anesthetics lidocaine 
and prilocaine) vasoconstricts cutaneous vessels initially 
and through most of the first hour of application, but vaso-
dilation is observed after 2 or more hours of application.!
Differential Sensory and Motor Blockade
Another important clinical consideration is the ability of 
local anesthetic agents to cause differential inhibition of 
sensory and motor activity. Bupivacaine became popular in 
the 1980s for epidural blocks because it was better than the 
previously available long-acting agents (e.g., etidocaine) 
in producing adequate antinociception without profound 
inhibition of motor activity, particularly when dilute solu-
tions are used. Bupivacaine is widely used epidurally for 
obstetric analgesia and postoperative pain management 
because it can provide acceptable analgesia with only mild 
muscle weakness. Additional observations on the sensory 
selectivity of newer local anesthetics are detailed later in the 
section on chiral local anesthetics.

Traditional texts often state that small-diameter axons, 
such as C fibers, are more susceptible to local anesthetic 
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block than larger-diameter fibers. However, when careful 
measurements are made of single-impulse annihilation in 
individual nerve fibers, exactly the opposite differential sus-
ceptibility is noted (see earlier).29,30 Repetitive stimulation, 
such as occurs during propagation of trains of impulses, 
produces further, phasic inhibition of excitability, but it is 
not clear how this will affect a functionally selective failure 
of impulses. The length of drug-exposed nerve in the intra-
thecal space, imposed by anatomic restrictions, can perhaps 
explain clinically documented differential spinal or epidural 
blockade, with longer drug-exposed regions yielding block 
by lower concentrations of local anesthetic.31 However, 
this reasoning does not explain the functionally differential 
loss from peripheral nerve block. Other factors may include 
actual spread of the drug along the nerve or its selective 
ability to inhibit Na+ channels over K+ channels,32 which in 
itself can produce a differential block because these channels 
are present in very different proportions in different types of 
nerves. As a result of these confounding factors, conclusions 
about fiber-type involvement in chronic pain syndromes 
based on the dose or concentration requirement for pain 
relief in diagnostic nerve blockade should not be made.33!

FACTORS INFLUENCING ANESTHETIC ACTIVITY 
IN HUMANS

Dosage of Local Anesthetic
As the dosage of local anesthetic is increased, the prob-
ability and duration of satisfactory anesthesia increases 
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 exam-
ple, increasing the concentration of epidurally adminis-
tered bupivacaine from 0.125% to 0.5% while maintaining 
the same volume of injectate (10 mL) resulted in shorter 
latency, an improved incidence of satisfactory analgesia, 
and a longer duration of sensory analgesia.34 The volume 
per se of anesthetic solution probably influences the spread 
of anesthesia. For example, 30 mL of 1% lidocaine adminis-
tered into the epidural space produced a level of anesthesia 
that was 4.3 dermatomes higher than that achieved when 
10 mL of 3% lidocaine was given.

In selecting the volume and concentration for a specific 
block in a particular patient, clinicians must balance the 
risk of adverse effects from excessive dosing (e.g., systemic 
toxicity, excessive motor or autonomic blockade) against 
the increased risk of block failure if an inadequate volume 
or concentration is chosen. The degree to which additional 
volume can compensate for imprecise needle placement 
varies among different blocks. With the advent of very pre-
cise needle placement using ultrasound-guided blockade, 
it has become clear that the median effective volume for 
obtaining successful blockade can be achieved with smaller 
volumes than have been recommended from some previ-
ous clinical series based on traditional methods of needle 
localization. For example, in a recent dose-finding ran-
domized trial for femoral nerve blockade, the median vol-
umes for 50% or 95% success in obtaining dense sensory 
and motor block at 30 minutes under ultrasound guidance 
were 57% and 54% of the corresponding volumes with the 

use of nerve stimulation.35 Interested readers will note the 
very wide confidence intervals found in this study and are 
encouraged to read recent work on some statistical design 
issues for dose-response studies involving all types of anes-
thetics.36 As limited by toxicity considerations, the aim 
in most clinical situations should be to choose doses that 
provide high success rates; that is, an effective dose (ED) in 
95% of patients (ED95) is generally a more relevant guide 
to dose selection than an ED50 dose. These considerations 
are especially salient when performing regional anesthesia 
for patients with chronic pain, hyperalgesia, or a history 
of previous failed regional anesthesia. Also, decreasing the 
dose substantially may provide a satisfactory block after 30 
minutes (a common endpoint for clinical studies), but at 
the same time, the block may have a decreased duration of 
action. Duration of action is important such that the block 
will cover the intensely painful period after surgery, and if 
this period is longer than could be achieved using plain local 
anesthetics, and in cases where continuous techniques are 
not feasible, adjuvants/additives may help in prolonging 
the block.!
Addition of Additives
Epinephrine. Vasoconstrictors, usually epinephrine, 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 
thus improve the depth and duration of anesthesia. The 
use of epinephrine as a marker for inadvertent intravas-
cular injection continues to be sensible, even though false 
negatives and false positives can occur, such as difficulty in 
interpretation for specific patient groups as with parturients 
and patients under anesthesia or on $-blockers.37 Clinically 
used solutions typically contain 5 µg/mL or 1:200,000 
of epinephrine, reflecting a balance between efficacy and 
vasoconstriction versus systemic side effects of epineph-
rine. The extent to which epinephrine prolongs the dura-
tion of anesthesia depends on the specific local anesthetic 
used and the site of injection. Epinephrine will significantly 
extend the duration of both infiltration anesthesia and 
peripheral nerve blockade with shorter-duration agents 
(e.g., lidocaine); epinephrine produces mild intensification 
of blockade but only most modest prolongation of epidural 
or peripheral blocks with bupivacaine.36 Activation of #2-
adrenergic receptors in the spinal cord may contribute to 
the beneficial effect of epidural epinephrine.!

Clonidine and Dexmedetomidine. The #-2 agonist 
clonidine prolongs the action of local anesthetics by about 
2 hours with wide variation between studies38, and its 
conjectured mechanisms of action include actions on #-2 
receptors and on hyperpolarization-induced currents.39 
However, there is a large number of negative studies, and 
adverse systemic events are of concern, including hypo-
tension, bradycardia, and sedation, such that limiting the 
clonidine dose to 0.5 to 1 µg/kg of ideal body weight has 
been proposed. Dexmedetomidine is a much more specific 
#-2 agonist, and prolongs both motor and sensory block by 
long-acting local anesthetics by approximately 4 hours.40 
Similar to clonidine, dexmedetomidine has also been 
shown to block the hyperpolarization-induced current.41 
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Nevertheless, risk of systemic adverse effects remains high, 
and optimal doses have not been determined. There seems 
to be no increased risk of neurotoxicity when clonidine or 
dexmedetomidine are used as nerve block adjuvants.!

Buprenorphine. The partial µ-opiate receptor agonist, 
buprenorphine, intensifies blockade by two mechanisms, 
namely blockade of (- and %-opioid receptors, and blockade 
of voltage-gated sodium channel-blocking properties.42 
Blockade by long-acting local anesthetics is prolonged by 
about 6 hours, but at the price of a high incidence of nau-
sea and vomiting, such that the use of buprenorphine has 
largely been abandoned.43 Buprenorphine is considered 
safe in terms of neurotoxicity.!

Dexamethasone. The most effective adjuvant for pro-
longing block duration with minimal side effects currently 
available is dexamethasone, able to prolong duration of 
medium-acting local anesthetics by 2 to 3 hours, and the 
block of long-acting local anesthetics by up to 10 hours on 
average.44 Blocks can be prolonged by intravenous or peri-
neural administration of dexamethasone. Despite the fact 
that perineural administration of dexamethasone seems 
to be more effective than systemic use, many providers use 
systemic dexamethasone to avoid mixing drugs which were 
not designed to be administered together, circumvent the 
problem of off-label perineural use, and profit from the anti-
emetic effects of systemic dexamethasone. Doses between 4 
and 10 mg have typically been used in adults.45 The precise 
mechanism of action of dexamethasone is not understood 
and the potential for neurotoxic side effects has not been 
adequately studied.!
Site of Injection
The most rapid onset but the shortest duration of action 
occurs after intrathecal or subcutaneous administration 
of local anesthetics. The longest latencies and durations 
are observed after conventional non–ultrasound-guided 
large-volume brachial plexus blocks. For example, intra-
thecal bupivacaine will usually produce anesthesia within 
5 minutes that will persist for 3 to 4 hours. However, when 
bupivacaine is administered for brachial plexus blockade, 
the onset time is approximately 20 to 30 minutes, and 
the duration of anesthesia (or at least analgesia) averages 
10 hours.46 These differences in the onset and duration of 
anesthesia and analgesia are due in part to the particular 
anatomy of the area of injection, which will influence the 
rate of diffusion and vascular absorption and, in turn, affect 
the amount of drug used for various types of regional anes-
thesia. In the subarachnoid space, for example, the lack of 
a nerve sheath around the spinal cord and 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 used for spinal 
anesthesia probably accounts for the short duration of con-
duction block.

In contrast, 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 vari-
ous tissue barriers before reaching the nerve membrane. 
The prolonged block with brachial plexus blockade may 

be related to several factors, including comparatively 
slow rates of vascular absorption from the brachial plexus 
sheath, larger doses of drug required for this regional 
anesthetic technique, and comparatively long segments of 
nerves exposed to local anesthetic.!
Carbonation and pH Adjustment of Local 
Anesthetics
The addition of sodium bicarbonate to a solution of local 
anesthetic applied to an isolated nerve accelerates the onset 
and decreases the minimum concentration (Cm) required 
for conduction blockade by increasing pH and increasing 
the share of uncharged local anesthetic molecules that 
can more easily diffuse into the nerve cell.47 Although the 
effect of carbon dioxide on local anesthetic activity is eas-
ily demonstrable in isolated nerve, controversy exists con-
cerning the clinical utility of carbonated local anesthetic 
solutions48 and the widespread introduction of ultrasound-
guided nerve blockade with faster and more reliable block 
onset has decreased the relevance of carbonation, at least 
for peripheral nerve blockade.!
Mixtures of Local Anesthetics
Mixtures of local anesthetics for regional anesthesia are 
sometimes used in an effort to compensate for the short 
duration of action of certain rapidly acting agents such as 
chloroprocaine and lidocaine, and the long latency of lon-
ger-acting agents such as tetracaine and bupivacaine. Mix-
tures of chloroprocaine and bupivacaine theoretically offer 
significant clinical advantages because of the rapid onset 
and low systemic toxicity of chloroprocaine and the long 
duration of action of bupivacaine; however, clinical results 
in studies of combinations have been mixed.49 The use of 
catheter techniques for many forms of regional anesthesia 
makes it possible to begin with a rapid-onset local anesthetic 
such as lidocaine, mepivacaine, or chloroprocaine and then 
follow with an infusion of either a shorter-acting or longer-
acting local anesthetic thereafter. Clinicians should be cau-
tioned to not use maximum doses of two local anesthetics in 
combination in the mistaken belief that their toxicities are 
independent.50 Toxicity in fact, is additive. Moreover, the 
use of ultrasound-guided nerve blockade has, in general, 
led to a decreased onset time and has made mixing local 
anesthetics less clinically relevant.!
Pregnancy
The spread and depth of epidural and spinal anesthesia 
are greater in pregnant than in nonpregnant women. The 
effects of pregnancy on local anesthetic potency may reflect 
a combined effect of mechanical factors associated with 
pregnancy (i.e., dilated epidural veins decrease the volume 
of the epidural and subarachnoid spaces) and direct effects 
of hormones, especially progesterone, on the susceptibil-
ity of nerves to conduction blockade by local anesthetics.51 
Hormonal alterations are probably the more important of 
these two factors because greater spread of epidural anes-
thesia is already observed during the first trimester of preg-
nancy,52 before any gross change in vascular dimensions 
within the epidural or subarachnoid spaces. The dosage of 
local anesthetics should probably 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 anesthe-
sia may be divided into infiltration anesthesia, intravenous 
regional anesthesia (IVRA), peripheral nerve blockade 
(including plexus blockade), central neural blockade, and 
topical anesthesia. An additional method of local anesthetic 
injection, tumescent anesthesia, is included because it is 
widely used in office-based plastic surgery.

INFILTRATION ANESTHESIA

Any local anesthetic may be used for infiltration anesthe-
sia. Onset of action is almost immediate for all agents after 
intradermal or subcutaneous administration; however, the 
duration of anesthesia varies (Table 29.4). Epinephrine will 
prolong the duration of infiltration anesthesia by all local 
anesthetic drugs, although this effect is most pronounced 
when epinephrine is added to lidocaine. The choice of a spe-
cific drug for infiltration anesthesia largely depends on the 
desired duration of action.

The dosage of local anesthetic required for adequate infil-
tration anesthesia depends on the extent of the area to be 
anesthetized and the expected duration of the surgical pro-
cedure. 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 with the maximum safe dose of lido-
caine, 5 mg/kg. Dosing to 5 mg/kg permits 20 mg/4 kg, 
which is 1 mL of a 2% solution or 4 mL of a 0.5% solution. 
Lidocaine is effective for infiltration in concentrations as 
dilute as 0.3% to 0.5%, so the more dilute solution can be 
used more safely to anesthetize a larger area.

Patients frequently experience pain immediately after 
subcutaneous injection of local anesthetic solutions, in 
part because of the acidic nature of these solutions, and 

in part because lidocaine briefly activates transient recep-
tor potential vanilloid-1 (TRPV-1) and transient receptor 
potential ankyrin-1 (TRPA-1) channels, causing pain, 
before sodium channel block subsequently silences the 
neuron.53 Alkalinization of lidocaine solutions by the 
addition of sodium bicarbonate immediately before injec-
tion reduces pain on skin infiltration54 and may improve 
onset (see earlier).

Infiltration analgesia and indwelling wound catheters 
are used increasingly as components of multimodal post-
operative analgesia.55-57 In particular, sustained-release 
formulations such as Exparel have been introduced into 
clinical practice (see the section Development of Prolonged-
Duration and Sensory- or Nociceptive-Selective Local 
Anesthetics).!

INTRAVENOUS REGIONAL ANESTHESIA

IVRA (Bier’s block) involves the intravenous administra-
tion of a local anesthetic into a tourniquet-occluded limb. 
The local anesthetic diffuses from the peripheral vascular 
bed to nonvascular tissue such as axons and nerve end-
ings. Both the safety and the efficacy of this regional anes-
thetic procedure depend on interruption of blood flow to 
the involved limb and gradual release of the occluding 
tourniquet.

Lidocaine and prilocaine have been the drugs used most 
frequently for IVRA. Drugs with a high cardiotoxic poten-
tial such as bupivacaine should not be used for IVRA. One 
might suppose a safety advantage with the aminoester-
linked compounds because of their hydrolysis in blood; 
however, thrombophlebitis has been reported with chlo-
roprocaine. In general, approximately 3 mg/kg (40 mL 
of a 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 
a 0.25% lidocaine solution have been used. Even though 
the safety profile of IVRA is considered very good, seizures 
have been reported with lidocaine doses as low as 1.4 
mg/kg of lidocaine, and cardiovascular collapse (CC) can 
occur.58!

TABLE 29.4 Infiltration Anesthesia

Drug

PLAIN SOLUTION EPINEPHRINE-CONTAINING SOLUTION

Concentration (%) Maximum Dose (mg) Duration (min) Maximum Dose (mg) Duration (min)

SHORT DURATION

Procaine 1-2 500 20-30 600 30-45

Chloroprocaine 1-2 800 15-30 1000 30

MODERATE DURATION

Lidocaine 0.5-1 300 30-60 500 120

Mepivacaine 0.5-1 300 45-90 500 120

Prilocaine 0.5-1 350 30-90 550 120

LONG DURATION

Bupivacaine 0.25-0.5 175 120-240 200 180-240

Ropivacaine 0.2-0.5 200 120-240 250 180-240
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PERIPHERAL AND TRUNCAL 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. This form of regional anesthesia has been arbi-
trarily subdivided 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 blockade of two or more distinct 
nerves or a nerve plexus or the blockade of very large nerves 
at more proximal sites (i.e., the femoral and sciatic nerves).

Most local anesthetic drugs can be used for minor nerve 
blocks. The onset of blockade 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 29.5. It has become possible to define the minimum 
local anesthetic volume for ultrasound-guided peripheral 
nerve blockade and across several nerves; the volume was 
approximately 0.1 mL per mm2 of nerve cross-sectional 
area.59,60 However, as mentioned earlier, minimal volume 
to achieve sensory blockade 30 minutes after block may 
also mean decreased duration of the block as compared to 
“traditional” high volumes clinicians were accustomed to 
using during stimulator-guided regional anesthesia.

Brachial plexus blockade for upper limb surgery is the 
most common major peripheral nerve block technique, 

but many lower extremity procedures are now carried out 
under peripheral nerve blocks for anesthesia or postopera-
tive analgesia. A significant difference exists between the 
onset times of various agents when these blocks are used 
(Table 29.6). In general, agents of intermediate potency 
exhibit a more rapid onset than the more potent compounds 
do.

Next to surgeries on the upper and lower extremities, 
peripheral nerve blocks have become popular for treating 
pain after thoracic and abdominal procedures. In the case 
of superficial thoracic surgery such as breast surgery, field 
blocks such as the PECS-1 and PECS-2 and Serratus plane 
block have been successfully used. Proximal intercostal 
nerve blocks and paravertebral blocks are also employed 
for mastectomies and reconstructions by some institu-
tions, but more research is needed to define efficacy, precise 
indications, and procedure-specific details of technique.61 
Paravertebral and proximal intercostal techniques appear 
equally effective as epidural analgesia in treating pain after 
video-assisted thoracoscopic surgery (VATS) and thoracot-
omy and have fewer side effects.62!

PERINEURAL AND PLEXUS INFUSIONS

Local anesthetics are being administered by continuous 
infusion for several days after surgery56,63 or for periods of 
weeks to months for the treatment of chronic malignant and 

TABLE 29.5 Minor Nerve Blocks

Drug
Usual  
Concentration (%)

AVERAGE DURATION (MIN)

Usual Volume (mL) Dose* (mg) Plain Solutions
Epinephrine-Contain-
ing Solutions

Procaine 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 0.25-0.5 5-20 12.5-100 180-360 240-420

Ropivacaine 0.2-0.5 5-20 10-100 180-360 240-420

*Doses are for a 70-kg adult. For pediatric doses, see Chapter 76.

TABLE 29.6 Major Nerve Blocks

Drug
Usual  
Concentration (%) Usual Volume (mL)

Maximum Dose (mg) 
Without/With  
Epinephrine Onset (min) Duration (min)

Lidocaine 1-2 30-50 350/500 10-20 120-240

Mepivacaine 1-1.5 30-50 350/500 10-20 180-300

Prilocaine 1-2 30-50 400/600 10-20 180-300

Bupivacaine 0.25-0.5 30-50 175/225 20-30 360-720

Levobupivacaine 0.25-0.5 30-50 200/225 20-30 360-720

Ropivacaine 0.2-0.5 30-50 200/250 20-30 360-720

See also Chapter 46. Doses are for a 70-kg adult receiving epinephrine-containing solutions. Doses should be reduced for children, for patients with specific 
risk factors, and for blocks in specific locations (e.g., interscalene). When two or more blocks are performed together, the sum of the doses for each of the 
individual blocks should not exceed the max dose listed here.
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nonmalignant pain. However, because of the poor sensory 
selectivity of contemporary local anesthetics, prolonged 
use of catheters at times conflicts with the paradigm of fast 
mobilization, especially as neuraxial and lower extremity 
techniques are concerned. With prolonged infusions there 
is a theoretical potential for delayed systemic accumulation 
and toxicity. However, the activation of the acute-phase 
response after trauma or surgery also leads to an increase 
in #-1 acidic glycoprotein, which is potent at binding free 
local anesthetics and decreases the risk of cumulation of 
free local anesthetic.64!

CENTRAL NEURAL BLOCKADE

Any of the local anesthetic drugs may be used for epidural 
anesthesia (Table 29.7), although procaine and tetracaine 
are rarely used because of their long onset times. Drugs of 
intermediate potency produce surgical anesthesia of 1 to 
2 hours’ duration, whereas long-acting drugs usually pro-
duce 3 to 4 hours of anesthesia. The duration of short- and 
intermediate-acting drugs is significantly prolonged by the 
addition of epinephrine (1:200,000), but the duration of 
long-acting drugs is only minimally affected by epineph-
rine. The onset of lumbar epidural anesthesia occurs within 
5 to 15 minutes after the administration of chloroprocaine, 
lidocaine, mepivacaine, and prilocaine. Bupivacaine has a 
slower onset of action.

Bupivacaine epidural bolus doses at a concentration of 
0.125% produce adequate postoperative analgesia in many 
clinical settings with only mild motor deficits.65 Continu-
ous epidural infusions of bupivacaine as dilute as 0.0625% 
to 0.1% are useful for labor epidural analgesia, especially 
when administered in combination with opioids and epi-
nephrine. Bupivacaine 0.25% may be used for more intense 
analgesia (particularly during combined epidural-general 
anesthesia cases) with moderate degrees of motor block. 
Bupivacaine at concentrations of 0.5% to 0.75% is asso-
ciated with a more profound degree of motor block, and 
surgical anesthesia. It should be emphasized that although 
high concentrations of local anesthetics may be appropriate 
for episodic bolus dosing for surgery, these concentrations 
(i.e., 0.25% for bupivacaine) should not be first choice for 
continuous epidural infusions. In some patients, increasing 
the local anesthetic dose or addition of adjuvants such as 

epinephrine and lipophilic opioids is necessary to achieve 
adequate block intensity. Bolus injections produce much 
more cephalocaudad spread than continuous infusions 
do. When concentrated bupivacaine solutions are used for 
infusions, they have the potential for excessive local effect 
with an associated risk for unwanted and very prolonged 
motor blockade. Drugs available for subarachnoid adminis-
tration are shown in Table 29.8. Bupivacaine is widely used 
as a spinal anesthetic, either as a hyperbaric solution at a 
concentration of 0.75% with 8.25% dextrose or by using 
the nearly isobaric (though slightly hypobaric) 0.5% solu-
tion. Intrathecal bupivacaine possesses an anesthetic pro-
file similar to that of tetracaine.66

The addition of vasoconstrictors may prolong the dura-
tion of spinal anesthesia; for example, the addition of 0.2 
to 0.3 mg of epinephrine to lidocaine, tetracaine, or bupi-
vacaine solutions will produce a 50% or greater increase in 
duration.67,68 The duration of spinal anesthesia produced 
by tetracaine can also be increased to a similar extent by 
adding 1 to 5 µg of phenylephrine. The addition of epineph-
rine to bupivacaine or lidocaine may be more effective in 
prolonging the duration of spinal anesthesia in lumbosacral 
segments than in thoracic segments.!

TOPICAL ANESTHESIA

A number of local anesthetic formulations are available 
for topical anesthesia (Table 29.9), lidocaine, dibucaine, 
tetracaine, and benzocaine being the drugs used most com-
monly. In general, these preparations provide effective 
but relatively short durations of analgesia when applied 
to mucous membranes or abraded skin. Their efficacy is 
determined by drug form, melting point, concentration, 
and skin permeability.69 Lidocaine and tetracaine sprays 
are commonly used for endotracheal anesthesia before 
intubation or for mucosal analgesia for bronchoscopy or 
esophagoscopy.

A variety of topical local anesthetic formulations have 
been developed to penetrate intact skin. EMLA, which is a 
eutectic mixture of 2.5% lidocaine base and 2.5% prilocaine 
base, is widely used for venipuncture, intravenous cannu-
lation, skin grafting, and a range of other uses, including 
circumcision.70 This preparation must be applied under an 
occlusive bandage for 45 to 60 minutes to obtain effective 

TABLE 29.7 Epidural Anesthesia

Drug With Epineph-
rine (1:200,000)

Usual  
Concentration (%) Usual Volume (mL)

Maximum Dose (mg) 
Without/With  
Epinephrine Usual Onset (min) Usual Duration (min)

Chloroprocaine 2-3 15-30 700/900 5-15 30-90

Lidocaine 1-2 15-30 350/500 5-15

Mepivacaine 1-2 15-30 350/500 5-15 60-180

Prilocaine 1-3 15-30 350/500 5-15

Bupivacaine 0.25-0.5 15-30 175/225 15-20 180-350

Levobupivacaine 0.25-0.75 15-30 200/250 15-20 180-350

Ropivacaine 0.2-0.75 15-30 200/250 15-20 180-350

See also Chapter 45. Doses are for a 70-kg adult receiving epinephrine-containing solutions. Doses should be reduced for children, for patients with specific risk 
factors, and for specific catheter tip locations (e.g., upper thoracic).
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TABLE 29.8 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 5.0 30-60

Lidocaine 1.5, 5.0 1-2 30-100 Hyperbaric 7.5 30-90

Mepivacaine 4.0 1-2 40-80 Hyperbaric 9.0 30-90

Tetracaine 0.25-1.0
0.25
1.0

1-4
2-6
1-2

5-20
5-20
5-20

Hyperbaric
Hypobaric
Isobaric

5.0 90-200
90-200
90-200

Dibucaine 0.25
0.5

0.06

1-2
1-2
5-20

2.5-5.0
5-10
3-12

Hyperbaric
Isobaric
Hypobaric

5.0 90-200
90-200
90-200

Bupivacaine 0.5
0.75

3-4
2-3

15-20
15-20

Isobaric
Hyperbaric 8.25

90-200
90-200

Levobupivacaine 0.5
0.75

3-4
2-3

15-20
15-20

Isobaric
Hyperbaric

90-200
90-200

Ropivacaine 0.5 3-4 15-20 Isobaric 90-200
0.75 2-3 15-20 Hyperbaric 90-200

Doses are for a 70-kg adult. Dosing may be reduced during pregnancy and with advancing age. Pediatric dosing is detailed in Chapter 76.

TABLE 29.9 Various Preparations Intended for Topical Anesthesia

Anesthetic Ingredient Concentration (%) Pharmaceutical Application Form Intended Area of Use

Benzocaine 1-5
20
20

Cream
Ointment

Aerosol

Skin and mucous membrane
Skin and mucous membrane
Skin and mucous membrane

Cocaine 4 Solution Ear, nose, throat

Dibucaine 0.25-1
0.25-1
0.25-1
0.25
2.5

Cream
Ointment

Aerosol
Solution

Suppositories

Skin
Skin
Skin
Ear
Rectum

Cyclomine 0.5-1 Solution Skin, oropharynx, tracheobronchial tree, 
urethra, rectum

Lidocaine 2-4
2

2.5-5
2
10
10

Solution
Jelly

Ointment
Viscous

Suppositories
Aerosol

Oropharynx, tracheobronchial tree, nose
Urethra
Skin, mucous membrane, rectum
Oropharynx
Rectum
Gingival mucosa

Tetracaine 0.5-1
0.5-1

0.25-1

Ointment
Cream

Solution

Skin, rectum, mucous membrane
Skin, rectum, mucous membrane
Nose, tracheobronchial tree

EMLA Lidocaine, 2.5
Prilocaine, 2.5

Cream Intact skin

TAC Tetracaine, 0.5
Epinephrine, 1:200,000
Cocaine, 11.8

Solution Cut skin

LET Lidocaine, 4%
Epinephrine, 1:20,000
Tetracaine, 0.5%

Solution Cut skin

EMLA, Eutectic mixture of lidocaine and prilocaine; LET, lidocaine-epinephrine-tetracaine; TAC, tetracaine-epinephrine-cocaine.
From Covino B, Vassallo H. Local Anesthetics: Mechanisms of Action and Clinical Use. Orlando, FL: Grune and Stratton; 1976.
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cutaneous anesthesia; longer application times increase the 
depth and reliability of skin analgesia. EMLA appears to be 
quite safe in neonates, and methemoglobinemia with the 
use of prilocaine is exceedingly uncommon. EMLA is more 
effective for newborn circumcision than placebo is but less 
effective than dorsal penile nerve block.70,71 Several alter-
native topical local anesthetic formulations also are in use, 
including tetracaine gel72 and liposomal lidocaine.73 Physi-
cal methods to accelerate local anesthetic transit across 
skin, including iontophoresis, local heating, electropora-
tion, and a variety of forms of needleless pressure injection, 
may lead to more rapid onset of cutaneous analgesia.74 
Synera (originally studied as S-Caine) is a formulation of 
lidocaine and tetracaine that was developed with a heating 
element (activated by opening the package to initiate an 
oxygen-dependent exothermic reaction). This formulation 
has a rapid onset and evokes vasodilatation.75

Topical anesthesia through cut skin is commonly used 
in pediatric emergency departments for liquid application 
into lacerations that require suturing. Historically, this 
had been provided by a mixture of tetracaine, epinephrine 
(adrenaline), and cocaine, known as TAC. TAC is ineffec-
tive through intact skin; in contrast, its rapid absorption 
from mucosal surfaces can lead to toxic, even fatal reac-
tions. Another potential substance is ELA-max, a liposomal 
formulation of lidocaine which is useful for cuts or abra-
sions.76 Lastly, Lidoderm patches have been in use for the 
topical treatment of postherpetic neuralgia.77

Because of concerns regarding cocaine toxicity and 
the potential for diversion and abuse, cocaine-free topical 
preparations are strongly recommended, and alternatives 
such as the combination of an #1-adrenergic agonist (oxy-
metazoline or phenylephrine) and a local anesthetic such as 
2% to 4% lidocaine should be used, with more dilute solu-
tions being recommended for infants and children.!

TUMESCENT ANESTHESIA

A technique of local anesthesia most commonly used by 
plastic surgeons during liposuction procedures involves 
the 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 concentra-
tions around or below 5 µg/mL, but notably, these may 
only peak up to 20 hours after infusion, depending on the 
site of infiltration.78 Despite these seemingly huge doses, 
very good safety outcomes have been reported in several 
case series.79 Conversely, there have been several case 
series of cardiac arrest and death during plastic surgical 
procedures in patients with multiple risk factors. Here high 
local anesthetic concentrations and concomitant use of 
sedatives may have contributed to the patients’ instability 
and deterioration.80 Factors governing uptake and clear-
ance from this method of local anesthetic delivery deserve 
further study.!

SYSTEMIC LOCAL ANESTHETICS FOR 
POSTOPERATIVE PAIN AND NEUROPATHIC PAIN

Systemic lidocaine has been extensively investigated over 
the past 10 years for its potential to inhibit G protein-coupled 

receptors, especially those of the Gq11 subfamily. Systemic 
local anesthetics have a strong antiinflammatory effect, 
but their application has only been shown to be of clinical 
significance in visceral surgery where they decrease inflam-
mation and pain, and speed recovery when compared to 
placebo.81

A broad variety of local anesthetics, antiarrhythmics, 
anticonvulsants, and other Na+ channel blockers are 
administered intravenously, orally, or both, to relieve a 
number of forms of chronic neuropathic pain.82 Clinical 
results are variable.83 Although successful responses from 
intravenous lidocaine are often taken as a positive indica-
tion for oral mexiletine, some patients find mexiletine dif-
ficult to tolerate. When the signs of neuropathic pain are 
reversed by lidocaine infusion, normal nociception and 
other sensory modalities are unaffected, suggesting that 
the neurophysiologic correlate of the disease has an unusu-
ally high susceptibility to these drugs, present in plasma at 
concentrations 50 to 100 times lower than that required 
to block normal impulses in peripheral fibers. Laboratory 
studies suggest that ectopic impulse activity arising at a 
site of injury or elsewhere, such as the dorsal root ganglion, 
contributes to the neuropathic pain and that such impulses 
are particularly sensitive to use-dependent Na+ channel 
blockers. It is noteworthy that relief of preexisting neuro-
pathic pain, both clinically and in animal models,84 can in 
some cases persist for days, weeks, or months after a single 
intravenous infusion of drug (e.g., lidocaine), far beyond 
the lifetime of the drug in" vivo or any nerve block that it 
might affect. The mechanism of this remarkable action 
remains a mystery. Intuitively, this should be especially 
true for hereditary syndromes featuring gain-of-function 
mutations at the sodium channel, such as primary eryth-
romelalgia and recent clinical experience and translational 
experiments have confirmed that mexiletine has the poten-
tial to normalize sodium currents in one specific mutation 
associated with erythromelalgia.85!

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.79,80 
Patient-related factors such as age, cardiovascular status, 
and hepatic function influence the physiologic disposition 
and resultant blood concentration of local anesthetics.

ABSORPTION

The systemic absorption of local anesthetics is determined 
by the site of injection, dosage and volume, addition of a 
vasoconstrictor agent, and the pharmacologic profile of 
the agent itself.86,87 Comparison of the blood concentra-
tion of local anesthetics after various routes of administra-
tion 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 subcutane-
ous tissue. When a local anesthetic solution is exposed to 
an area of greater vascularity, a greater rate and degree 
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of absorption occur. This relationship is of clinical signifi-
cance because use of a fixed dose of a local anesthetic agent 
may be potentially toxic in one area of administration but 
not in others, and in one patient with specific physiology, 
but not in others. For example, the use of 400 mg of lido-
caine without epinephrine for an intercostal nerve block 
results in an average peak venous plasma level of approxi-
mately 7 µg/mL, which is sufficiently high to cause symp-
toms of central nervous system (CNS) toxicity in some 
patients. By comparison, this same dose of lidocaine used 
for a brachial plexus block yields a mean maximum blood 
level of approximately 3 µg/mL, which is rarely associated 
with signs of toxicity.

The maximum blood concentration 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 proportionality between the amount of drug adminis-
tered and the resultant peak anesthetic blood concentra-
tion. Epinephrine decreases the rate of vascular absorption 
of certain agents from various sites of administration and 
thus lowers their potential systemic toxicity. A 5-µg/mL 
concentration of epinephrine (1:200,000) significantly 
reduces the peak blood levels of lidocaine and mepiva-
caine irrespective of the site of administration. Resorp-
tion of local anesthetics follows a biphasic pattern, with 
an initial fast peak reflecting the fluid phase and later a 
slower second peak corresponding to resorption from the 
lipid compartment.88 The addition of epinephrine to local 
anesthetic solutions slows the first phase.89 The net clini-
cal effect is a more profound block, and lower systemic 
levels.90!

DISTRIBUTION

The systemic distribution of local anesthetics in many set-
tings can be described sufficiently by a two-compartment 
model.91 The rapid disappearance phase is believed to be 
related to uptake by rapidly equilibrating tissues (i.e., tis-
sues that have high vascular perfusion). The slower phase 
of disappearance from blood is mainly a function of the par-
ticular compound.86 Local anesthetic drugs are distributed 
throughout all body tissues, but the relative concentration 
in different tissues varies. In general, more highly perfused 
organs show higher concentrations of local anesthetic drug 
than less well perfused organs do. The primary extraction 
takes place in the liver, but local anesthetics are also rapidly 
extracted by lung tissue.92,93!

BIOTRANSFORMATION AND EXCRETION

The pattern of metabolism of local anesthetic agents var-
ies according to their chemical classification. The esters, 
or procaine-like drugs, undergo hydrolysis in plasma by 
the pseudocholinesterase enzymes; clearance of chloro-
procaine is especially rapid.94,95 The aminoamide drugs 
undergo enzymatic degradation primarily in the liver. 
Lidocaine is metabolized somewhat more rapidly than 
mepivacaine, which in turn is more rapidly metabolized 
than bupivacaine.71,96,97 Excretion of the metabolites of 
amide-type local anesthetics occurs via the kidney. Less 
than 5% of the unchanged drug is excreted via the kidney 
into urine.!

PHARMACOKINETIC ALTERATIONS BY PATIENT 
STATUS

Patient age may influence the physiologic disposition of 
local anesthetics. The half-life of lidocaine after intravenous 
administration averaged 80 minutes in human volunteers 
varying in age from 22 to 26 years, whereas volunteers 61 
to 71 years of age demonstrated a significantly prolonged 
lidocaine half-life that averaged 138 minutes.98

Newborn infants have immature hepatic enzyme sys-
tems and hence prolonged elimination of lidocaine, bupi-
vacaine, and ropivacaine.99 Bupivacaine, for example, 
has a terminal elimination half-life in adults that averages 
around 3.5 hours. In neonates and some younger infants, 
terminal elimination half-lives may be as long as 8 to 12 
hours. Prolonged elimination is particularly an issue for 
continuous infusions of local anesthetics in infants, and sei-
zures have been associated with high bupivacaine infusion 
rates.100 Based on analysis of these cases, a maximum infu-
sion rate of 0.4 mg/kg/h for prolonged bupivacaine infu-
sions has been proposed for children and adults, whereas 
prolonged infusion rates for neonates and young infants 
should not exceed 0.2 mg/kg/h.101 Even at 0.2 mg/kg/h, 
plasma bupivacaine concentrations were found to be ris-
ing toward a toxic range in some younger infants after 48 
hours.102 Similarly, prolonged lidocaine infusions in neo-
nates should not exceed 0.8 mg/kg/h. The potential for tox-
icity with lidocaine infusions in neonates is also increased 
by the accumulation of its principal metabolite, monoethyl-
glycinexylidide (MEGX), which can cause seizures. Chloro-
procaine may offer unique advantages for epidural infusion 
in neonates because it is rapidly cleared from plasma, even 
in preterm neonates.103

Decreased hepatic blood flow or impaired hepatic enzyme 
function can produce a substantial elevation of blood levels of 
the aminoamide local anesthetics. 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. The rate of disappearance of 
lidocaine from blood has also been shown to be markedly pro-
longed in patients with congestive heart failure.104

In some patients CNS depression is seen without a pre-
ceding excitatory phase, particularly if other CNS depres-
sant drugs had been administered.!

Toxicity

Local anesthetic drugs are relatively safe if administered in 
an appropriate dosage and in the correct anatomic location. 
However, systemic and localized toxic reactions can occur, 
usually as a result of accidental intravascular or intrathe-
cal injection or administration of an excessive dose. In addi-
tion, specific adverse effects are associated with the use of 
certain drugs, such as allergic reactions to the aminoester 
drugs and methemoglobinemia after the use of prilocaine.

SYSTEMIC TOXICITY

Systemic reactions to local anesthetics primarily involve the 
CNS and the cardiovascular system. In general, the CNS is 
more susceptible to the actions of systemic local anesthetics 

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



SECTION II �� Anesthetic Physiology884

than the cardiovascular system, and thus the dose or blood 
level of local anesthetic required to produce CNS toxicity is 
usually lower than that resulting in circulatory collapse. 
However, a recent review of 93 cases showed that the symp-
toms encountered initially vary widely; and only 60% of 
patients actually exhibit the classic sequence of toxic events 
from minor CNS symptoms (e.g., perioral tingling, metallic 
taste, tinnitus), followed by major CNS symptoms (seizures) 
and cardiovascular collapse (CC).105 Overall, the incidence 
of systemic toxicity following regional anesthesia is esti-
mated at 1:1000 for nerve stimulator-guided blockade, and 
1:1600 for ultrasound-guided regional anesthesia.106

Central Nervous System Toxicity
The initial symptoms of local anesthetic-induced CNS tox-
icity are feelings of lightheadedness and dizziness followed 
frequently by visual and auditory disturbances such as diffi-
culty focusing and tinnitus. Other subjective CNS symptoms 
include disorientation and occasional feelings of drowsi-
ness. Objective signs of initial CNS toxicity are usually excit-
atory in nature and include shivering, muscular twitching, 
and tremors initially involving muscles of the face and dis-
tal parts of the extremities. Ultimately, generalized convul-
sions of a tonic-clonic nature occur. If a sufficiently large 
dose or 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. CNS excitation may be the 
result of an initial blockade of inhibitory pathways in the 
cerebral cortex by local anesthetic drugs but can also result 
from the net stimulation of release of glutamate, an excit-
atory amino acid neurotransmitter. Blockade of inhibitory 
pathways allows facilitatory neurons to function in an 
unopposed fashion, which results in an increase in excit-
atory activity leading to convulsions. A further increase in 
the dose of local anesthetic leads to inhibition of activity of 
both the inhibitory and facilitatory circuits, which results in 
a generalized state of CNS depression.

In general, a correlation exists between potency of the 
local anesthetic and intravenous CNS toxicity.107 Convul-
sions caused by an inadvertent intravenous bolus of local 
anesthetic can generally be terminated by small intrave-
nous doses of a benzodiazepine, such as midazolam, or by 
small intravenous doses of propofol. While propofol is faster 
acting, large doses should be avoided, especially in patients 
with hemodynamic instability.108 Respiratory or metabolic 
acidosis increases the risks for CNS toxicity from local anes-
thetics.109 Elevated PaCO2 enhances cerebral blood flow and 
thus the anesthetic is delivered more rapidly to the brain. 
In addition, diffusion of carbon dioxide into neuronal cells 
decreases intracellular pH, which facilitates conversion of 
the base form of the drugs to the cationic form. The cationic 
form does not diffuse well across the nerve membrane, so 
ion trapping will occur, which will increase the apparent 
CNS toxicity of local anesthetics. Hypercapnia and acidosis 
also decrease the plasma protein binding of local anesthetic 
agents.110 Accordingly, normocapnia should be targeted 
during episodes of local anesthetic systemic toxicity.

The clinical implication of this effect of hypercapnia and 
acidosis on toxicity deserves emphasis. Seizures produce 
hypoventilation and a combined respiratory and metabolic 

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 
and to prevent or correct hypoxemia, which also exacer-
bates CNS toxicity. Based on the preceding discussion, it 
should be apparent that clinicians performing major con-
duction blockade should make a routine practice of having 
the following ready at hand: monitoring equipment; an 
oxygen tank or wall oxygen outlet; rescue airway equip-
ment; and drugs to terminate convulsions, such as mid-
azolam, thiopental, or propofol.!
Cardiovascular System Toxicity
Local anesthetics can exert direct actions on both the heart 
and peripheral blood vessels, as well as indirect actions on 
the circulation by blockade of sympathetic or parasympa-
thetic efferent activity.

Direct Cardiac Effects. The main mechanisms of local 
anesthetic toxicity are blockades of cardiac sodium chan-
nels leading to negative inotropy and arrhythmia. Local 
anesthetics act directly by decreasing the conduction in Pur-
kinje fibers and cardiomyocytes by prolonging the recovery 
time. Other facets of local anesthetic toxicity include inhi-
bition of fatty acid metabolism, interference with calcium 
homeostasis, and disruption of the mitochondrial respira-
tory chain.111 The primary cardiac electrophysiologic effect 
of local anesthetics is a decrease in the rate of depolariza-
tion in the fast conducting tissues of Purkinje fibers and 
ventricular muscle.112 This reduction in rate is believed to 
be due to a decrease in the availability of fast sodium chan-
nels in cardiac membranes. Action potential duration and 
the effective refractory period are also decreased by local 
anesthetics. However, this effect is dose-dependent and sub-
stance-specific. Specifically, electrophysiologic studies have 
shown that high blood levels of local anesthetics will pro-
long conduction time through various parts of the heart, as 
indicated on the electrocardiogram (ECG) by an increase in 
the PR interval and duration of the QRS complex. Extremely 
high concentrations of local anesthetics depress spontane-
ous pacemaker activity in the sinus node, thereby resulting 
in sinus bradycardia and sinus arrest. Also, the electrophys-
iologic effects of various agents differ qualitatively. Bupiva-
caine depresses the rapid phase of depolarization (Vmax) in 
Purkinje fibers and ventricular muscle to a greater extent 
than lidocaine does. In addition, the rate of recovery from a 
use-dependent block is slower in bupivacaine-treated papil-
lary muscles than in lidocaine-treated muscles. This slow 
rate of recovery results in incomplete restoration of Na+ 
channel availability between action potentials, particularly 
at high heart rates. These differential effects of lidocaine and 
bupivacaine have been advanced as explanations of the 
antiarrhythmic properties of lidocaine versus the arrhyth-
mogenic potential of bupivacaine. All local anesthetics 
exert dose-dependent negative inotropic action on cardiac 
muscle; the depression of cardiac contractility is roughly 
proportional to conduction blocking potency. Thus bupi-
vacaine and tetracaine are more potent cardio depressants 
than is lidocaine. Local anesthetics may depress myocar-
dial contractility by affecting calcium influx and triggered 
release from the sarcoplasmic reticulum,113 as well as by 
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inhibiting cardiac sarcolemmal Ca2+ currents and Na+ 
currents. Lastly, mitochondrial metabolism is inhibited by 
bupivacaine, and, to a lesser extent, other long-acting local 
anesthetics such as ropivacaine,114 while the effect of lido-
caine is smaller.!

Direct Peripheral Vascular Effects. Local anesthetics 
exert biphasic effects on peripheral vascular smooth mus-
cle.103 Low concentrations of lidocaine and bupivacaine 
produced vasoconstriction in the cremaster muscle of rats, 
whereas high concentrations produced vasodilation in both 
isolated tissue models and in"vivo. Cocaine is the only local 
anesthetic that consistently causes vasoconstriction at all 
concentrations because of its ability to inhibit the uptake of 
norepinephrine by premotor neurons and thus to potenti-
ate neurogenic vasoconstriction.!

COMPARATIVE CARDIOVASCULAR TOXICITY

All local anesthetics, but especially bupivacaine, can cause 
rapid and profound cardiovascular depression. The cardio-
toxicity of bupivacaine appears to differ from that of lido-
caine in the following manner:
  

 1.  The ratio of the dosage required for irreversible CC and 
the dosage that will produce CNS toxicity (convulsions; 
i.e., the CC/CNS ratio) is lower for bupivacaine and eti-
docaine than for lidocaine.115

 2.  Ventricular arrhythmias and fatal ventricular fibrilla-
tion may occur more often after the rapid intravenous 
administration of a large dose of bupivacaine but far less 
frequently with lidocaine. The CNS effects of local anes-
thetics may contribute to the generation of arrhythmias.

 3.  A pregnant patient may be more sensitive to the cardio-
toxic effects of bupivacaine than a nonpregnant animal 
or patient.116 Consequently, the 0.75% solution of bupi-
vacaine is no longer recommended for use in obstetric 
anesthesia in the United States.

 4.  Cardiac resuscitation is more difficult after bupivacaine-
induced CC, and acidosis and hypoxia markedly poten-
tiate the cardiotoxicity of bupivacaine.117 Conversely, 
Intralipid is believed to be most effective in bupivacaine-
induced toxicity. Despite the experimental or clinical 
anecdotal use of many different resuscitation drugs in 
the setting of bupivacaine overdose, current guidelines 
focus on standard cardiopulmonary resuscitation, albeit 
with titration rather than fixed doses of epinephrine, 
early administration of lipid emulsion, and avoidance 
of propofol in settings of hemodynamic instability.108 
Bupivacaine-induced ventricular arrhythmias should 
not be treated with vasopressin, calcium channel block-
ers, $-blockers, or other local anesthetics with antiar-
rhythmic potential (such as lidocaine).118

  

Pharmacokinetic studies have estimated that Intralipid 
decreases cardiac bupivacaine concentration by 11% 
within 3 minutes of administration, and cerebral bupiva-
caine content by 18% within 15 minutes.119 Even though 
these findings are theoretical, they underline the notion 
that Intralipid should not be considered an antidote with full 
antagonistic properties. Rather, limited evidence suggests 
that it will considerably reduce the bupivacaine concen-
tration in target organs, most likely improve metabolism, 

and potentially have direct beneficial effects at the sodium 
channel. Intralipid is a valuable contribution to, but not a 
substitute for, careful and meticulous conduct of regional 
anesthesia.120

The clinical implications for cardiac resuscitation after 
intravascular injection or overdose of local anesthetic are 
the following:
  

 1.  No medications are uniformly effective in facilitating 
resuscitation from bupivacaine-induced cardiac arrest 
or severe ventricular tachycardia (despite our recom-
mendations regarding Intralipid later). Basic principles 
of cardiopulmonary resuscitation should be emphasized 
first, including attention to securing the airway, provid-
ing oxygenation and ventilation, and performing chest 
compressions as indicated.

 2.  Because resuscitation after local anesthetic-induced cir-
culatory collapse is difficult, prevention of massive intra-
vascular injection or excessive dosing is crucial.

 3.  Negative aspiration of the syringe does not always 
exclude intravascular placement. Incremental, frac-
tionated dosing should be the rule for all patients 
undergoing major conduction blockade. Even though 
changes on the ECG are not present in all cases before 
circulatory collapse, they can often be seen, and con-
tinuous attention to the ECG (including changes in 
QRS and T-wave morphology, rate, rhythm, or ectopy) 
may be lifesaving by terminating injection before a car-
diac arrest occurs.

 4.  Based on animal studies121 and a growing number of 
human case reports, hospitals and clinics that perform 
major conduction blockade or large volume infiltration 
blockade should keep available for emergency use a sup-
ply of lipid emulsion such as Intralipid 20%. If a patient 
experiences profound cardiovascular depression or cir-
culatory arrest after the administration of bupivacaine, 
ropivacaine, or by extrapolation, other local anesthetics, 
then along with initiation of basic life support and the 
ACLS protocol, a rapid bolus of Intralipid 20%, 1.5 mL/
kg (approximately 100 mL in adults) is recommended, 
followed if necessary by an infusion of 0.25 mL/kg/min 
over the next 10 minutes.

Chiral Local Anesthetics: Ropivacaine and 
Levobupivacaine
Commercial bupivacaine is a racemic mixture of (R)- and 
(S)-stereoisomers. In response to the problem of cardiovas-
cular toxicity as a result of accidental intravenous injec-
tion of bupivacaine, single enantiomers were developed in 
the hope that they would be potentially safer. Ropivacaine 
(Naropin)122 and levo-(S)-bupivacaine (Chirocaine)123 
were formulated to exploit this stereoselectivity. Ropiva-
caine is a single (S)-stereoisomer that differs from levobu-
pivacaine in the substitution of a propyl for the butyl group 
on the piperidine ring (see Fig. 29.2). With these designed 
changes in molecular structure, it was hoped that ropiva-
caine and levobupivacaine would be less intrinsically car-
diotoxic. Conversely, it appears that the (S)-enantiomers 
of mepivacaine and bupivacaine are metabolized by the 
liver more slowly than the corresponding (R)-enantiomers, 
which would lead to somewhat greater systemic accumula-
tion with prolonged infusions.
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The very slow reversal of Na+ channel blockade after a 
cardiac action potential, which is a hallmark of bupiva-
caine, is considerably faster with ropivacaine. In addition to 
these electrical differences, the negative inotropic potency 
of ropivacaine on isolated cardiac tissue appears to be con-
siderably less than that of bupivacaine. Both electrical and 
mechanical differences in the toxic profiles may arise from 
the selective inhibition of Ca2+ currents by bupivacaine.

Do the data 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 plexus124 or lumbar epidural block,125 the anes-
thetic profiles of the drugs were almost identical. A third 
exemplary study comparing lumbar epidural 0.5% bupi-
vacaine with 0.75% ropivacaine also found no significant 
differences in motor or sensory effects between the drugs at 
these different concentrations.126 Overall, it appears that 
ropivacaine is slightly less potent than bupivacaine (1:1.3 
to 1:1.5) for regional anesthesia. In some laboratory ani-
mal studies and in some human studies, ropivacaine also 
produced blocks of shorter duration than those induced by 
bupivacaine. Other studies in animals and humans have 
found equal durations of sensory and motor block for the 
two drugs.

At the projected equipotent doses for nerve block, are 
the drugs equally toxic? The overall impression is that 
ropivacaine is less cardiotoxic than bupivacaine. Studies 
in animals have generally found that bupivacaine more 
readily produces conduction disturbances, cardiac col-
lapse, or ventricular fibrillation than ropivacaine does and 
that aggressive cardiac resuscitation after an intentional 
intravenous bolus in dogs leads to effective reversal of the 
toxic effects far more frequently with ropivacaine than with 
bupivacaine.127

The greater safety of ropivacaine than bupivacaine may 
be related both to the reduced toxicity of the single (S)-iso-
mer and to the difference between the propyl- and butyl-
N-piperidine substituent. In contrast to bupivacaine, the 
cardiotoxic profile of ropivacaine in pregnant ewes is the 
same as the corresponding profile in nonpregnant ewes.128

Levobupivacaine has been studied in a range of clinical 
settings and sites of administration. Although a number of 
publications have compared levobupivacaine with race-
mic bupivacaine and ropivacaine,129,130 conclusions differ 
among studies regarding the relative potency and duration 
of block of these three drugs at different sites of administra-
tion with respect to sensory and motor end points. Clinicians 
should note that levobupivacaine is formulated as a weight 
percentage with regard to its free base content, whereas the 
weight percentage of most other local anesthetics is calcu-
lated on the basis of the hydrochloride salt.131!
Acidosis and Hypoxia
As with CNS toxicity, hypercapnia, 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.132 
Hypoxia and acidosis also increased the frequency of car-
diac arrhythmias and the mortality rate in sheep after the 
intravenous administration of bupivacaine. Hypercapnia, 

acidosis, and hypoxia occur very rapidly in some patients 
after seizure activity caused by the rapid accidental intra-
vascular injection of local anesthetic agents.133 Thus the 
cardiovascular depression observed in some patients after 
the accidental intravenous injection of bupivacaine may 
be related in part to the effect of seizures producing acido-
sis and hypoxia and thereby leading to an exacerbation of 
bupivacaine’s intrinsic cardiotoxicity.!
Indirect Cardiovascular Effects
High levels of spinal or epidural blockade can produce severe 
hypotension. A follow-up study of closed claims of patients 
who suffered perioperative cardiac arrest confirmed previ-
ous reports of a series of cardiac arrests involving generally 
healthy patients undergoing spinal or epidural anesthe-
sia.134 These events frequently occurred in conjunction 
with high dermatomal levels of blockade, liberal use of 
sedatives, and progression to cardiac arrest after a period 
of hypotension accompanied by bradycardia, often involv-
ing delays in recognition of the problem, delays in institut-
ing airway support (particularly in sedated patients), and 
delays in administration of direct-acting combined #- and 
$-adrenergic agonists, such as epinephrine. Whereas mild 
to moderate degrees of hypotension generally respond well 
to indirect-acting sympathomimetics such as ephedrine 
or incremental dosing of phenylephrine, the combination 
of severe hypotension and severe bradycardia under spi-
nal anesthesia should in most clinical settings be treated 
promptly with incremental dosing of epinephrine, initially 
at doses of 0.1 to 1 µg/kg.!

METHEMOGLOBINEMIA

A unique systemic side effect associated with a specific local 
anesthetic is the development of methemoglobinemia after 
the administration of large doses of prilocaine.135 In general, 
600-mg doses are required for the development of clinically 
significant levels of methemoglobinemia in adults. Hepatic 
metabolism of prilocaine generates O-toluidine, which oxi-
dizes hemoglobin to methemoglobin. Methemoglobinemia, 
if severe, may be treated by the intravenous administration 
of methylene blue. Standard dosing of the topical local anes-
thetic EMLA (a mixture of lidocaine and prilocaine) in term 
newborns produced minimal amounts of methemoglobin, 
and EMLA, if dosed appropriately, should be regarded as 
very safe in the great majority of newborns. Risk may be 
increased in newborns with rare metabolic disorders or 
after the concomitant administration of other drugs that 
impair reduction of methemoglobin.!

ALLERGIES

Even though patients receiving local anesthetics may expe-
rience a range of local and systemic symptoms, prospective 
studies indicate that very few of these reactions are truly 
confirmed as allergic reactions.136,137 Aminoester drugs 
such as procaine may produce allergic-type reactions more 
commonly than do the aminoamides, although even with 
aminoesters, the vast majority of reactions are not aller-
gic. Aminoesters, unlike aminoamides, are derivatives 
of p-aminobenzoic acid, which is known to be allergenic. 
Some aminoamide solutions may contain a preservative, 
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methylparaben, whose chemical structure is similar to 
that of p-aminobenzoic acid, but for most aminoamides, 
preservative-free solutions are available.138 Contamina-
tion of vials with latex antigen has been suspected in some 
allergic reactions, although it has been difficult to con-
firm. In the very rare patient for whom confirmed allergy 
to both aminoamides and aminoesters precludes their use 
for spinal anesthesia, meperidine can be considered as an 
alternative.128!

LOCAL TISSUE TOXICITY

All the clinically used aminoamide and aminoester local 
anesthetics can produce direct toxicity to nerves if they 
achieve sufficiently high intraneural concentrations.139 
Conversely, in the great majority of clinical applications, 
no damage to nerves occurs. Although local anesthetics are 
usually packaged and injected at concentrations well above 
their physiologically effective range, in the process of deliv-
ery they are generally diluted sufficiently that no harm is 
done. If such dilution does not occur, however, long-term 
or permanent neural deficits do result. Thus the applica-
tion of 5% (200 mM) lidocaine in viscous, dense solutions 
through narrow intrathecal catheters had been associated 
with a high frequency of transient or longer-term radicular 
symptoms or even cauda equina syndrome.140 Laboratory 
investigations have shown that such high concentrations of 
local anesthetics alone applied directly to bare nerve fibers 
produce an irreversible conduction block in less than 5 min-
utes.141 Clinicians should be aware that the concentrations 
of formulated local anesthetic solutions are neurotoxic per 
se and that their “natural” dilution, which occurs in situ or 
in tissue, is essential for safe use.

If cauda equina syndrome was considered one cata-
strophic end of the spectrum, the opposite side would be 
transient neurologic syndrome, a temporary radicular 
irritation thought to be caused by local anesthetic applica-
tion and influenced by patient positioning.142 Single-shot 
spinal anesthesia with commonly recommended doses 
and concentrations of many different local anesthetics can 
produce more limited and transient neurologic symptoms 
(back pain, paresthesias, radicular pain, or hypesthesia).143 
Some studies and systematic reviews have found that mepi-
vacaine and lidocaine at a range of dilutions cause more 
frequent symptoms than do bupivacaine and prilocaine.144 
The risk of transient neurologic symptoms after spinal anes-
thesia was not diminished by dilution of lidocaine from 5% 
to either 1% or 2%. Differences in study design, method 
of questioning, and criteria for inclusion may be partially 
responsible for differences in the prevalence of radicular 
sequelae in various studies. Despite these differences in 
study design, a meta-analysis concluded that the pooled 
relative risk for transient neurologic symptoms after spinal 
anesthesia with lidocaine was 6.7-fold higher than with 
bupivacaine and 5.5-fold higher than with prilocaine.144 
The addition of vasoconstrictors to local anesthetic solu-
tions has been reported to potentially increase risk,145 but 
within the limits of current dosing, neuraxial administra-
tion of vasoconstrictors as an adjuvant seems to be safe.146 
Neurotoxicity appears to be unrelated to conduction block 
per se, because STX, neosaxitoxin, and tetrodotoxin, highly 
potent blockers of sodium channels, can produce intense 

conduction blockade without histologic or behavioral signs 
of nerve injury.147

Skeletal muscle changes have been observed after the 
injection of local anesthetic agents such as lidocaine, mepi-
vacaine, prilocaine, bupivacaine, and etidocaine.148 In gen-
eral, the more potent, longer-acting agents bupivacaine 
and etidocaine appear to cause more localized skeletal mus-
cle damage than do the less potent, shorter-acting agents 
lidocaine and prilocaine. This effect on skeletal muscle, to 
the best of our current knowledge, is reversible due to the 
regenerative potential of skeletal muscle and the compara-
tively small area of the muscle affected, which is why it is 
often clinically inapparent.!

Development of Prolonged-
Duration and Sensory- or 
Nociceptive-Selective Local 
Anesthetics

Several methods for producing long-duration nerve block-
ade are under investigation. First, there have been efforts 
to use readily available drugs such as tricyclic antidepres-
sants149,150 or quaternary local anesthetic derivatives as 
novel local anesthetics,151 but these efforts have consis-
tently been hampered by concerns over neurotoxicity.

SLOW-RELEASE FORMULATIONS

Liposomal encapsulation can prolong nerve blockade, 
depending on the dose and the physical properties of the 
liposome (surface charge, size, lamellar structure).141-143 
This mode of action has been investigated for decades but the 
clinical introduction has only been recent. Liposomal bupi-
vacaine (Exparel) has been licensed for infiltration analge-
sia152 but its dose-response for blockade of peripheral nerves 
is less clear.153 A recent study showed potential benefits 
when combining Exparel with bupivacaine for interscalene 
block,154 and the Food and Drug Administration has moved 
to expand Exparel licensing to select nerve block indications. 
Despite strong basic science data, the clinical benefit of these 
formulations, especially for nerve blockade, and when com-
pared to plain long-acting local anesthetics, is not as con-
vincing as one would hope. Other modes of slow-release are 
embedding in bone wax, polylactic acid, polyglycolic acid, 
fatty-acid-based biodegradable polymers, and proliposomal 
formulations.7 Finally, another variant of slow-release for-
mulations is photo-triggered on-demand release.!

SITE 1 BLOCKERS

Prolonged-duration local anesthesia also appears to be fea-
sible with the use of site 1 sodium channel blockers.148 The 
site 1 blocker neosaxitoxin has been used in humans in phase 
1 and phase 2 clinical trials.149-151 A combination of site 1 
toxins with either local anesthetics or adrenergics results 
in prolongation of blockade and improvement in the thera-
peutic index.155 Theoretically attractive features of site 1 
toxins include their apparent lack of local tissue toxicity on 
nerves137 or muscles152 and their minimal cardiotoxicity.153!
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TARGETING OF SPECIFIC SODIUM CHANNEL 
ISOFORMS

Coming back to the nine different subtypes of sodium chan-
nels, research efforts have been directed at blocking specific 
isoforms thought to be of particular relevance for defined 
pain conditions. The Nav1.7 subtype, for example, has 
been linked to somatic pain, and to hereditary syndromes 
of hyperalgesia156 or insensitivity to pain.157 A monoclo-
nal antibody has been described which is 1000 times more 
potent at blocking sodium currents through Nav1.7 than 
those of other isoforms.158 Importantly, animal models of 
visceral pain suggest a substantial role of Nav1.9 in these 
syndromes.25!

TARGETING OF NOCICEPTIVE FIBERS

High hopes had been raised by reports of sensory-selective 
blockade of peripheral nerves when a quaternary deriva-
tive of lidocaine was targeted into nociceptors using acti-
vation of TRPV-1 channels by lidocaine or capsaicin. 
TRPV channels are preferentially located in small sensory 
fibers.159 After several promising studies, concerns over 
neurotoxicity151 prevented this combination from enter-
ing clinical practice. Yet, the concept of targeting specific 
variants of local anesthetic drugs into specific fibers has 
been confirmed, and if a combination of drugs is found 
which can provide these effects with decreased neurotox-
icity, the strategy as such may hold promise. Whether any 
quaternary derivatives of local anesthetics have less neu-
rotoxicity than their parent compounds remains as of yet 
unanswered.

To summarize, several avenues of research may lead 
to new local anesthetics or new modes of application, but 
only liposomal bupivacaine has been introduced into clini-
cal practice. Potentially, these new strategies may move 
us closer to the holy grail of regional anesthesia, where 
patients benefit from a tailored surgical block followed by 
prolonged periods of reliable sensory (or even nociceptive) 
block without impairment in motor function.!

Biologic Mechanisms of Local 
Anesthetic Failure: Inflammation, 
Hyperalgesia, Tachyphylaxis, and 
Genetic Variants

Failure of local anesthesia is commonly ascribed to techni-
cal failure of delivery, insufficient volume or concentration 
of drug, or erroneous clinical decisions in selection of tech-
niques. However, there are a number of clinical situations 
in which biologic processes contribute to failed local anes-
thesia, even with proper technique and drug selection.

For example, in patients going to the dentist with infec-
tions such as a tooth abscess or severe pulpitis, failure rates 
of standard doses of local anesthetic have been reported to 
be as high as 70%. Local anesthetic failure at a site of inflam-
mation appears to reflect a combination of pharmacokinetic 
factors and pharmacodynamic factors. Pharmacokinetic 
factors include (1) increased local blood flow leading to 

accelerated removal of drug from perineural injection 
compartments; (2) local tissue acidosis leading to a greater 
proportion of the drug in the hydrochloride form, which dif-
fuses more poorly across biologic membranes; and (3) local 
tissue edema, which increases diffusion distances for drug 
into nerves. Pharmacodynamic factors include the effects 
of inflammation on both peripheral sensitization of nerves 
and central sensitization.120 It is noteworthy that in the set-
ting of an infected mandibular tooth, inferior alveolar nerve 
block (performed proximally at a site presumably remote 
from the infected area) also has an unexpectedly high fail-
ure rate. Increasing the concentration of local anesthetic 
can still result in satisfactory, albeit shorter, blockade. In 
clinical practice, these patients require a higher local anes-
thetic dose to achieve sufficient analgesia. Inflamed tissue is 
more difficult, but not impossible, to anesthetize.

Apparent reductions in the effectiveness of local anes-
thetic infusions over time may be due to a number of causes 
unrelated to tolerance per se, including dislodgement of 
catheters and changes in the dermatomal origin or intensity 
of nociceptive input. In obstetric patients receiving epidural 
bolus injections, recurrence of pain before the next injec-
tion resulted in a reduction in the intensity and duration 
of blockade, whereas repeat injection before the return of 
pain prevented this rapidly occurring form of tolerance, or 
tachyphylaxis.160 In postoperative patients, co-administra-
tion of systemic opioids prevented regression of segmental 
block in patients receiving thoracic epidural bupivacaine 
infusions.161 Studies in rats suggest that both pharmacoki-
netic and pharmacodynamic mechanisms are involved. In a 
rat model, tachyphylaxis was linked to the development of 
hyperalgesia,162 and drugs that inhibit hyperalgesia, includ-
ing N-methyl-D-aspartate receptor antagonists and nitric 
oxide synthase inhibitors,163 also prevented tachyphylaxis. 
Conversely, repeated sciatic injections of lidocaine resulted 
in reduced intraneural lidocaine content along with reduced 
duration of block.164 The exact mechanism, however, has 
not been determined, and the clinical relevance with con-
tinuous use of long-acting local anesthetics is unclear.

Occasionally patients report that “local anesthetics 
don’t work for me.” Although this claim may reflect previ-
ous technical failures or a variety of other processes and 
patient- or procedure-specific factors, it is possible that in 
some cases these failures may involve genetic or acquired 
variation in local anesthetic responsiveness. Several 
mutations in the transmembrane segment IIIS6 of the rat 
brain #-subunit have been shown to decrease the affin-
ity between sodium channels and local anesthetics and 
anticonvulsants165 and similar investigations have also 
been carried out in sodium channel subtypes Nav1.7166 or 
Nav1.5.167 Of note, different mutations at specific points in 
the local anesthetic binding site led to differential response 
of these channels to sodium channel blockers, suggesting 
that the binding of local anesthetics to the “receptor” is 
a more dynamic, fluid, and structure-dependent process 
than commonly assumed. This is supported by a clinical 
study which showed that some percent of persons report-
ing inefficient regional anesthesia really did demonstrate 
partial resistance when tested in standardized manner, 
and some patients had selective resistance against specific 
local anesthetics.168 While Clendenen and colleagues pub-
lished the genetic workup of a family with inherited local 
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anesthetic resistance,167 there are preliminary hints that 
local anesthetic resistance may also be acquired. Interest-
ing case reports suggest that repeated exposure to scorpion 
bites can elicit acquired resistance to local anesthetics.169 
Elements of scorpion toxin are known to interact with 
sodium channels, albeit at other sites (Site 3 and 4) than 
local anesthetics (which bind to Site 9),170 and therefore 
the sustained modulation of sodium channel function by 
toxins is yet another fascinating potential facet of sodium 
channel and local anesthetic pharmacology.

Conclusions

Local anesthetics have been a central pillar in periopera-
tive management of patients for more than a century, and 
continued research will assure that we know as much as 
possible about these drugs, and how we can use them as 
optimally as possible for the benefit of the patients whose 
care has been entrusted to us.
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