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Molecular Mechanisms of Local Anesthetics

Mechanism of Nerve Blockade
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and Potency

Additives to Increase Local Anesthetic Activity

PHARMACOKINETICS OF LOCAL ANESTHETICS

Systemic Absorption

Distribution

Elimination

Clinical Pharmacokinetics

CLINICAL USE OF LOCAL ANESTHETICS

TOXICITY OF LOCAL ANESTHETICS

Systemic Toxicity of Local Anesthetics

Treatment of Systemic Toxicity from Local  

Anesthetics

Neural Toxicity of Local Anesthetics

Transient Neurologic Symptoms After Spinal  

Anesthesia

Allergic Reactions to Local Anesthetics

Ke y Points
 1 Local anesthetics provide anesthesia and analgesia by blocking 

the transmission of pain sensation along nerve ibers.
 2 The key target of local anesthetics is the voltage-gated sodium 

channel. The binding is intracellular and is mediated by 
hydrophobic interactions.

 3 The degree of nerve blockade depends on both drug 
concentration and volume.

 4 Most clinically relevant agents contain a lipid-soluble benzene 
ring connected to an amide group and are categorized as either 
aminoesters or aminoamides, based on their chemical linkage.

 5 Potency is related to hydrophobicity and physiochemical 
properties of the agent. In general, more potent agents are 
more lipid soluble.

Local anesthetics block the conduction of impulses in electrically 
excitable tissues. One of the important uses is to provide anesthe-
sia and analgesia by blocking the transmission of pain sensation 
along nerve ibers. The molecular target of these agents is speciic 
and the interaction has been extensively studied. Existing clinical 
applications are numerous and continue to expand. A compre-
hensive understanding of the mechanisms and the physiochemi-
cal properties of these agents would enable optimization of the 
therapeutic potential and avoid complications associated with 
inadvertent systemic toxicity.

MechanisMs of action  

of LocaL anesthetics

Anatomy of Nerves

Local anesthetics are used to block nerves in the peripheral ner-
vous system (PNS) and central nervous system (CNS). In the 
PNS, nerves contain both afferent and efferent ibers, which 

Mult imedia

1

 6 Eficacy for clinical use of local anesthetics may be increased by 
addition of epinephrine, opioids, and α2-adrenergic agonists. 
The value of alkalinization of local anesthetics appears to be 
debatable as a clinically useful tool to improve anesthesia.

 7 The rate of local anesthetic system absorption depends on the 
site of injection, the dose, the drug’s intrinsic pharmacokinetic 
properties, and the addition of a vasoactive agent.

 8 Systemic toxicity from the clinical use of local anesthetics is an 
uncommon occurrence. Patients with cardiovascular collapse 
from bupivacaine, ropivacaine, and levobupivacaine may be 
especially dificult to resuscitate; however, intravenous lipid 
infusion is a promising new therapy.

 1 Peripheral Nerve Cross-section  2 Ankle Block
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are bundled into one or more fascicles and organized within 
three tissue layers.1 Individual nerve ibers within each fascicle 
are surrounded by the endoneurium, a loose connective tis-
sue containing glial cells, ibroblasts, and blood capillaries. A 
dense layer of collagenous connective tissue called the perineu-
rium surrounds each fascicle. A inal layer of dense connective 
tissue, the epineurium, encases groups of fascicles into a cylin-
drical sheath (Fig. 21-1). These layers of tissue offer protection 
to the surrounded nerve ibers and act as barriers to passive dif-
fusion of local anesthetics.2

Nerves in both the CNS and PNS are differentiated by the 
presence or absence of myelin sheath. Myelinated nerve ibers are 
surrounded by Schwann cells in the PNS and by oligodendrocytes 
in the CNS. The cells form a concentrically wrapped lipid bilayer 
sheath around the axons that cover the length of the nerve.3 The 
myelin sheath is interrupted at short, regular intervals by spe-
cialized regions called nodes of Ranvier, which contain densely 
clustered protein elements essential for transmission of neuronal 
signals4 (Fig. 21-2). As electrical signals are renewed at each node, 
nerve impulses move in myelinated ibers by saltatory conduc-
tion. In contrast, there are no nodes of Ranvier in nonmyelinated 
nerve ibers. Although these nerve ibers are similarly encased in 
Schwann cells, the plasma membrane does not wrap around the 
axons concentrically. Several nerve ibers may be simultaneously 
embedded within a single Schwann cell1 (Fig. 21-3).

Nerve ibers are commonly classiied according to their size, con-
duction velocity, and function (Table 21-1). In general, nerve ibers 
with cross-sectional diameter greater than 1 µm are myelinated. 
Both a larger nerve size and the presence of myelin sheath are associ-
ated with faster conduction velocity.5 Nerve ibers with large diam-
eters have better intrinsic electric conductance. Myelin improves the 
electrical insulation of nerve ibers and permits more rapid impulse 
transmission via saltatory conduction. Large-diameter, myelinated 
ibers, many of which are classiied as A ibers, are typically involved 
in motor and sensory functions in which speed of nerve transmis-
sion is critical. In contrast, small-diameter, nonmyelinated C ibers 
have slower conduction velocity and relay sensory information such 
as pain, temperature, and autonomic functions.

Electrophysiology of Neural Conduction  
and Voltage-gated Sodium Channels

Transmission of electrical impulses along the cell membrane forms 
the basis of signal transduction along nerve ibers. Energy neces-
sary for the propagation and maintenance of the electric potential 
is maintained on the cell surface by ionic disequilibria across the 
semipermeable cell membrane.6 The resting membrane potential, 
approximately –60 to –70 mV in neurons (the extracellular electric 
potential is, by convention, deined as zero, and the intracellular 

Axons of motor
neurons
Axons of sensory
neurons

C-fiber
bundle

Afferent

Efferent

Myelin

A�

A�

A�

Endoneurium

Epineurium

Perineurium

Schwann
cell

figure 21-1. Schematic cross section of typical peripheral nerve. The 
epineurium, consisting of collagen ibers, is oriented along the long 
axis of the nerve. The perineurium is a discrete cell layer, whereas the 
endoneurium is a matrix of connective tissue. Both afferent and effer-
ent axons are shown. Sympathetic axons (not shown) are also present 
in mixed peripheral nerves. (Adapted from: Strichartz GR. Neural physi-
ology and local anesthetic action. In: Cousins MJ, Bridenbaugh PO, eds. 
Neural Blockade in Clinical Anesthesia and Management of Pain. Phila-
delphia, PA: Lippincott-Raven; 1998:35, with permission.)

S

M

P

figure 21-2. Diagram of node of Ranvier displaying mitochondria 
(M), tight junctions in paranodal area (P), and Schwann cell (S) sur-
rounding node. (Adapted from: Strichartz GR. Mechanisms of action 
of local anesthetic agents. In: Rogers MC, Tinker JH, Covino BG, et al., 
eds. Principles and Practice of Anesthesiology. St. Louis, MO: Mosby 
Year Book; 1993:1197, with permission.)

Axons
Axon

Unmyelinated Myelinated

Schwann cell nucleus
and cytoplasm

figure 21-3. Schwann cells form myelin around one myelinated axon 
or encompass several unmyelinated axons. (Adapted from: Carpenter 
RL, Mackey DC. Local anesthetics. In: Barash PG, Cullen BF, Stoelting 
RF, eds. Clinical Anesthesia. 3rd ed. Philadelphia, PA: Lippincott-Raven; 
1996:413, with permission.)
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potential is thus negative relative to it), is derived predominantly 
from a difference in the intracellular and extracellular concentra-
tions of potassium and sodium ions. Neurons at rest are more per-
meable to potassium ions than sodium ions because of potassium 
leak channels; therefore membrane potential is closer to the equi-
librium potential of potassium (EK –80 mV) than that of sodium 
(ENa +60 mV). The ion gradient is continuously regenerated 
by protein pumps, cotransporters, and channels via adenosine  
triphosphate–dependent process.

Electrical impulses are conducted along nerve ibers as action 
potentials. They are brief, localized spikes of positive charge, or 
depolarizations, on the cell membrane caused by rapid inlux of 
sodium ions down its electrochemical gradient.7 An action poten-
tial is initiated by local membrane depolarization, such as at the 
cell body or nerve terminal by ligand–receptor complex. When 
a certain charge threshold is reached, an action potential is trig-
gered and further depolarization occurs in an “all-or-none” fash-
ion.8 The spike in membrane potential peaks around +50 mV, 
at which point the inlux of sodium is replaced with an eflux of 
potassium, causing a reversal of membrane potential, or repo-
larization. The passive diffusion of membrane depolarization 
triggers other action potentials in either adjacent cell membrane 
in nonmyelinated nerve ibers or adjacent nodes of Ranvier in 
myelinated nerve ibers, resulting in a wave of action potential 
being propagated along the nerve. A short refractory period that 
ensues after each action potential prevents the retrograde spread 
of action potential on previously activated membranes.7

The low of ions responsible for action potentials is mediated 
by a variety of channels and pumps, the most important of which 
are the voltage-gated sodium channels. They are essential for the 
inlux of sodium ions during the rapid depolarization phase of 
the action potential and belong to a family of channel proteins 
that also includes voltage-gated potassium and voltage-gated cal-
cium channels. Each voltage-gated sodium channel is a complex 
made up of one principal α-subunit and one or more auxiliary β-
subunits.9 The α-subunit is a single-polypeptide transmembrane 
protein that contains most of the key components of the chan-
nel function. They include four homologous α-helical domains 
(D1 to D4) that form the channel pore and control ion selectivity, 
voltage-sensing regions that regulate gating function and inac-
tivation, and phosphorylation sites for modulation by protein 
kinases. β-subunits are short polypeptide proteins with a single 
transmembrane domain. They are linked to α-subunits by either 
noncovalent or disulide bonds; although they are dispensable for 
channel activity, evidence suggests that they perhaps play a role 
in modulation of channel expression, localization, and function.

In the absence of a stimulus, voltage-gated sodium channels 
exist predominantly in the resting or closed state (Fig. 21-4). On 
membrane depolarization, positive charges on the membrane 
interact with charged amino acid residues in the voltage-sensing 
regions (S4).10 This induces a conformational change in the chan-
nel, converting it to the open state. Sodium ions rush through the 
opened pore, which is lined with negatively charged residues. Ion 
selectivity is determined by these amino acid residues; changes in 
their composition can lead to increased permeability for other cat-
ions, such as potassium and calcium.11 Within milliseconds after 
opening, channels undergo a transition to the inactivated state. 
Depending on the frequency and voltage of the initial depolarizing 

tabLe 21-1. ClassifiCation of nerve fibers

Classification Diameter (µm) Myelin Conduction (m/s) Location Function

Aα, Aβ 6–22 + 30–120 Afferents/efferents for muscles 
and joints

Motor and proprioception

Aγ 3–6 + 15–35 Efferent to muscle spindle Muscle tone
Aδ 1–4 + 5–25 Afferent sensory nerve Pain

Touch
Temperature

B <3 + 3–15 Preganglionic sympathetic Autonomic function
C 0.3–1.3 – 0.7–1.3 Postganglionic sympathetic Autonomic function

Afferent sensory nerve Pain
Temperature
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figure 21-4. Illustration of dominant form of sodium channel dur-
ing generation of an action potential. R, resting form; O, open form; 
I, inactive form. (A) The concurrent generation of an action potential 
as the membrane depolarizes from resting potential. (B) The concur-
rent changes in ion lux, as inward sodium current (INA+) and outward 
potassium current (IK+) together yield the net ionic current across the 
membrane (Ii). (Adapted from: Strichartz GR. Neural physiology and 
local anesthetic action. In: Cousins MJ, Bridenbaugh PO, eds. Neural 
Blockade in Clinical Anesthesia and Management of Pain. Philadelphia, 
PA: Lippincott-Raven; 1998:35, with permission.)
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stimulus, the channel may undergo either fast or slow inactivation. 
Slow or fast inactivation refers to the duration in which the chan-
nel remains refractory to repeat depolarization before resetting to 
the closed state. Fast inactivation completes within a millisecond 
and is sensitive to the action of local anesthetics. It is mediated by 
a short mobile intracellular polypeptide loop connecting domains 
D3 and D4 that closes the channel from inside the cell via a hinge-
lid mechanism.12 A triad of highly hydrophobic amino acids (iso-
leucine, phenylalanine, and methionine [IFM]) appears to be an 
important structural determinant of fast activation; disrupting the 
loop or changing the hydrophobicity of the amino acids abrogates 
fast inactivation.13,14 Slow activation, lasting seconds to minutes, 
is distinct from fast activation. It is resistant to the action of local 
anesthetics and its mechanism is less well understood. It often 
occurs after prolonged depolarization and is believed to be impor-
tant in regulating membrane excitability.

Nine isoforms of voltage-gated sodium channels (NaV 1.1 to 
NaV 1.9) have been identiied; each relates to a unique α-subunit 
subtype (Table 21-2). Each isoform varies slightly in its channel 
kinetics, such as threshold of activation and mode of inactivation, 
and its sensitivity to blocking agents like tetrodotoxins and local 
anesthetics. Cell and tissue expression of individual isoforms may 
be quite speciic; for instance, NaV 1.2 is found almost exclusively 
in the CNS, whereas NaV 1.6 is restricted to nodes of Ranvier in 
both CNS and PNS.15 Likewise, several isoforms could be present 
on a single cell type; both NaV 1.8 and NaV 1.9 have been found in 
small- to medium-sized neurons in dorsal root ganglions that are 
connected to Aδ and C ibers. Whether individual isoforms each 
have a separate and deined role remains to be seen; however, 
clues to their function may be inferred from studies of several 
inherited diseases that have been associated with sodium chan-
nelopathies. Hyperexcitability of NaV 1.7 has been implicated in 
several painful disease states, such as primary erythromelalgia and 
paroxysmal extreme pain disorder.16,17 Conversely, null mutation 
of NaV 1.7 is linked to a rare genetic condition in which otherwise 
normal individuals have severely impaired perception to pain.18,19

Molecular Mechanisms of Local Anesthetics

Local anesthetics block the transmission of nerve impulses by tar-
geting the function of voltage-gated sodium channels. Although 
several local anesthetics can bind to other receptors like voltage-
gated potassium channels and nicotinic acetylcholine receptors 

and their amphipathic nature may enable them to interact with 
plasma membranes, it is widely accepted that they induce anes-
thesia and analgesia through direct interactions with the sodium 
channels. Other molecules with local anesthetic properties such as 
tricyclic antidepressants and anticonvulsants may likewise inter-
act with voltage-gated sodium channels; however, it is unclear if 
they act through similar mechanisms. Therefore, the following 
discussion is limited to the “traditional” set of local anesthetic 
molecules.

Local anesthetics reversibly bind the intracellular portion of 
voltage-gated sodium channels (Fig. 21-5). Early experiments 

tabLe 21-2. voltage-gated sodium Channels

Name Tissue Expression Tetrodotoxin Associated Channelopathies

NaV 1.1 CNS, heart Sensitive Inherited febrile epilepsy
NaV 1.2 CNS nonmyelinated axons Sensitive Inherited febrile epilepsy
NaV 1.3 Fetal DRG Sensitive None known
NaV 1.4 Skeletal muscle Sensitive Hyperkalemic periodic paralysis, paramyotonia congenita
NaV 1.5 Heart, embryonic neurons Insensitive Brugada syndrome, long QT syndrome
NaV 1.6 Nodes of Ranvier Sensitive None known
NaV 1.7 CNS, DRG, sympathetic neurons Sensitive Erythromelalgia, paroxysmal extreme pain disorder, congenital 

insensitivity to pain
NaV 1.8 Small DRG neurons Insensitive None known
NaV 1.9 Small DRG neurons Insensitive None known

CNS, central nervous system; DRG, dorsal root ganglion.
Data adapted from: Benarroch EE. Sodium channels and pain. Neurology. 2007:68:233; and Koopmann TT, Bezzina CR, Wilde AA. Voltage-gated sodium channels: 
Action players with many faces. Ann Med. 2006:38:472.
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figure 21-5. Diagram of bilayer lipid membrane of conductive tissue 
with sodium channel spanning the membrane. Tertiary amine local an-
esthetics exist as neutral base (N) and protonated, charged form (NH+) 
in equilibrium. The neutral base (N) is more lipid soluble, preferen-
tially partitions into the lipophilic membrane interior, and easily passes 
through the membrane. The charged form (NH+) is more water soluble 
and binds to the sodium channel at the negatively charged membrane 
surface. Both forms can affect the function of the sodium channel. 
The N form can cause membrane expansion and closure of the so-
dium channel. The NH+ form will directly inhibit the sodium channel by 
binding with a local anesthetic receptor. The natural “local anesthetic” 
tetrodotoxin (TTX) binds at the external surface of the sodium chan-
nel and has no interaction with the clinically used local anesthetics. 
(Adapted from: Strichartz GR. Neural physiology and local anesthetic 
action. In: Cousins MJ, Bridenbaugh PO, eds. Neural Blockade in Clini-
cal Anesthesia and Management of Pain. Philadelphia, PA: Lippincott-
Raven; 1998:35, with permission.)
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with giant squid axons demonstrated that a derivative of lido-
caine with a permanent positive charge, QX314, which cannot 
cross the plasma membrane, blocks ion current through voltage-
gated sodium channels only with intra-axoplasmic injections, but 
not with external application.20 Subsequent mutational analyses 
have supported the observation and identiied speciic sites on 
the channel involved in drug recognition.21 Several hydrophobic 
aromatic residues (a phenylalanine at position 1,764 and a tyro-
sine at position 1,771 in NaV 1.2) located within an α-helix (S6) 
of domains 1, 3, and 4 are essential for drug binding (Fig. 21-6). 
They line an inner cavity within the intracellular portion of the 
channel pore and span a region about 11 Å apart, roughly the size 
of a local anesthetic molecule. Changes in either residue severely 
reduce the binding afinity. Another hydrophobic amino acid (an 
isoleucine at position 1,760), located near the outer pore open-
ing, has similarly been found to inluence the dissociation of local 
anesthetics from the channel by antagonizing the release of drugs 
through the channel pore.

Application of local anesthetics typically produces a  
concentration-dependent decrease in the peak sodium current.22,23 
Known as “tonic blockade,” it relects the reduction in the num-
ber of sodium channels for a given drug concentration present in 
the open state at equilibrium. In contrast, repetitive stimulation of 
the sodium channels often leads to a shift in the steady-state equi-
librium, resulting in a greater number of channels being blocked 
at the same drug concentration. Termed use-dependent blockade, 
the exact mechanism is incompletely understood and has been the 
subject of many competing hypotheses. One popular theory, the 
modulated-receptor theory, proposes that local anesthetics bind to 
the open or the inactivated channels more avidly than the resting 
channels, suggesting that drug afinity is a function of a channel’s 
conformational state. An alternate theory, the guarded-receptor 

theory, assumes that the intrinsic binding afinity remains essen-
tially constant regardless of a channel’s conformation; rather, the 
apparent afinity is associated with increased access to the recogni-
tion site resulting from channel gating. Experimental evidence so 
far has been inconclusive.

Mechanism of Nerve Blockade

Local anesthetics block peripheral nerves by disrupting the trans-
mission of action potentials along nerve ibers. To get to its site 
of action, principally the voltage-gated sodium channels, local 
anesthetics have to reach the targeted nerve membrane. This 
entails the diffusion of drugs through tissues and the generation 
of a concentration gradient. Even with close proximity of deposi-
tion, only about 1% to 2% of injected local anesthetics ultimately 
penetrate into the nerve.24 As discussed earlier, the perineural 
sheath encasing nerve ibers appears to be an important deter-
minant; nerves that have been desheathed in vitro require about 
a hundred-fold lower local anesthetic concentration (in the 0.7 to 
0.9 mM range for lidocaine) than nerves in vivo (the typical 2% 
lidocaine used clinically is equivalent to 75 mM concentration). 
Although it may vary with anatomic location and nerve physiol-
ogy, functional block typically occurs within 5 minutes of injec-
tion in rat sciatic nerves, and this time course corresponds to the 
peak in the intraneural drug absorption.

The degree of nerve blockade depends on the local anesthetic 
concentration and volume. For a given drug, a minimal concen-
tration is necessary to effect complete nerve blockade. It relects 
the potency of the local anesthetics and the intrinsic conduction 
properties of nerve ibers, which in turn likely depend on the 
drug’s binding afinity to the ion channels and the degree of drug 
saturation necessary to halt the transmission of action potentials. 
Accordingly, individual types of nerve ibers differ in their mini-
mal blocking concentration, such that some A ibers are blocked 
by lower drug concentrations than C ibers.25 Likewise, the pat-
tern of stimulation (tonic vs. use-dependent blockade) inluences 
the degree of conduction failure; repetitive stimulations, which 
can lead to a shift in steady-state equilibrium of blocked sodium 
channels, are associated with higher conduction failure than tonic 
stimulation at a given drug concentration.26

Of equal importance as drug concentration is the local anes-
thetic volume. A suficient volume is needed to suppress the 
regeneration of nerve impulse over a critical length of nerve 
iber. According to the model of decremental conduction (Fig. 
21-7), as membrane depolarization from an action potential 
passively decays with distance along nerve ibers, the presence of 
local anesthetics decreases the ability of adjacent membrane or 
successive nodes of Ranvier to regenerate the impulse.27 Trans-
mission stops once the membrane depolarization falls below the 
threshold for action potential activation. Too short an exposure 
length allows impulses to “skip” over membranes or nodes that 
are blocked by even the highest drug concentration, whereas 
exposure of a long nerve segment to a relatively low drug con-
centration can still result in gradual extinction of impulses by 
decremental decay.

Not all sensory and motor modalities are blocked equally by 
local anesthetics. It has long been observed that application of 
local anesthetics produced an ordered progression of sensory 
and motor deicits, starting commonly with the disappearance 
of temperature sensation, followed by proprioception, motor 
function, sharp pain, and then light touch. Termed differential 
blockade, historically this had been thought to be related simply 
to the diameter of the nerve ibers, with the smaller ibers inher-
ently more susceptible to drug blockade than larger ibers.28 

Bupivacaine

1164
Phenylalanine

Channel pore

S6 IV

1171 Tyrosine

Intracellular domain

N

O
NH

HO

figure 21-6. Diagram of local anesthetic–binding site, depict-
ing a hydrophobic pocket within the channel pore. (Adapted from: 
Ragsdale DS, McPhee JC, Scheuer T, et al. Molecular determinants of 
state-dependent block of Na+ channels by local anesthetics. Science. 
1994;265:1724, with permission.)
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However, while the “size principle” of differential blockade is 
consistent with many experimental indings, it does not appear 
to be universally true. Larger, myelinated Aδ ibers (believed 
to mediate sharp pain) have been found to be blocked prefer-
entially over small, nonmyelinated C ibers (dull pain). Fur-
thermore, within the C ibers are fast and slow components of 
impulse transmission, each with distinct susceptibility to drug 
blockade.29 These observations argue against a purely pharma-
cokinetic mechanism as the sole basis for explaining differen-
tial blockade. Instead, it may also likely depend on the intrinsic 
excitatory properties of the nerve ibers, namely, the patterned 

expression of voltage-gated sodium channels. Indeed, two chan-
nel isoforms, NaV 1.7 and NaV 1.8, both present on dorsal root 
ganglions, have been shown to possess different sensitivities 
to lidocaine blockade.30 It remains to be seen how differential 
blockade of certain channels might translate into selective inhi-
bition of pain and other sensory modalities.

PharMacoLogy and 

PharMacodynaMics

Chemical Properties and Relationship  
to Activity and Potency

Most clinically relevant local anesthetics are made up of a lipid-
soluble, aromatic benzene ring connected to an amide group via 
either an amide or an ester moiety. The type of linkage divides 
them broadly into two categories, the aminoesters and the ami-
noamides. Aside from a difference in their metabolic pathways 
(aminoesters are hydrolyzed by plasma cholinesterases and 
aminoamides are degraded by hepatic carboxylesterase) and 
the incidence of allergic reactions attributed, their member-
ship in either category offers little in distinction of their bio-
physical properties. Rather, the distinguishing physiochemical 
characteristics are associated with the alkalinity of the amide 
group, the lipophilicity conferred by the alkyl substitution on 
the amide group and the benzene ring, and the stereochemistry 
of related isomers.

The tertiary amide found in local anesthetics is capable of 
accepting a proton, albeit with low afinity; thus, these compounds 
are classiied as weak bases. At physiologic pH, local anesthetics in 
solution are in equilibrium between the protonated, cationic form 
and the lipid-soluble, neutral forms. The ratio of the two forms 
depends on the pKa or the dissociation constant of the local anes-
thetics and the surrounding pH (Table 21-3). A ratio with high 
concentration of the lipid-soluble form favors entry into the cell, as 
the main pathway for entry is by passive adsorption of lipid-soluble 

aLevobupivacaine has same physicochemical properties as racemate.
N/A, not available.
Data from: Liu SS. Local anesthetics and analgesia. In: Ashburn MA, Rice LJ, eds. The Management of Pain. New York: Churchill 
Livingstone; 1997:141.

tabLe 21-3.  PhysiCoChemiCal ProPerties of CliniCally used 

loCal anesthetiCs

Local Anesthetic pKa

Percent Ionized  

(at pH 7.4)

Partition Coefficient  

(Lipid Solubility)

Percent Protein 

Binding

Amides
Bupivacainea 8.1 83 3,420 95
Etidocaine 7.7 66 7,317 94
Lidocaine 7.9 76 366 64
Mepivacaine 7.6 61 130 77
Prilocaine 7.9 76 129 55
Ropivacaine 8.1 83 775 94
Esters

Chloroprocaine 8.7 95 810 N/A
Procaine 8.9 97 100 6
Tetracaine 8.5 93 5,822 94

figure 21-7. Diagram illustrating the principle of decremental con-
duction block by local anesthetic at a myelinated axon. The irst node 
of Ranvier at left contains no local anesthetic and gives rise to a normal 
action potential (solid curve). If the nodes succeeding the irst are oc-
cupied by a concentration of local anesthetic high enough to block 
74% to 84% of the sodium conductance, then the action potential 
amplitudes decrease at successive nodes (amplitudes are indicated by 
interrupted bars representing three increasing concentrations of local 
anesthetic). Eventually, the impulse decays to below-threshold ampli-
tude if the series of local anesthetic–containing nodes is long enough. 
Propagation of the impulse is then blocked by decremental conduction, 
even though none of the nodes are completely blocked. Concentra-
tions of local anesthetics that block more than 84% of the sodium con-
ductance at three successive nodes prevent any impulse propagation at 
all. (Adapted from: Fink BR. Mechanisms of differential axial blockade 
in epidural and spinal anesthesia. Anesthesiology. 1989;70:851, with 
permission.)
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form through the cell membrane.2 Clinically, alkalization of the 
anesthetic solution increases the ratio of the lipid-soluble form to 
cationic form, thereby facilitating cell entry. Once inside the cell, 
equilibrium is reestablished between the cationic and the neutral 
forms, and it appears that the cationic form is more potent of the 
two in its activity on sodium channels.31

Lipid solubility of local anesthetics is determined by the degree 
of alkyl group substitution on the amide group and the benzene 
ring. In the laboratory, it is measured by the partition coeficient 
in octanol, a hydrophobic solvent, and compounds with high 
octanol:buffer partition coeficients are more lipid soluble.32 A 
positive correlation exists between the potency of the local anes-
thetics and their octanol:buffer partition coeficient; highly lipid-
soluble agents are more potent and tend to have a longer duration 
of action than ones that are less lipid soluble.33 This is consistent 
with experimental indings that show local anesthetics bind to a 
hydrophobic pocket within the sodium channels, suggesting that 
ligand binding may be mediated primarily by hydrophobic and 
van der Waals interactions21 (Fig. 21-6).

Whereas the correlation between local anesthetic potency 
and hydrophobicity generally holds true in vitro, it may not be 
as exact in vivo. As opposed to setups with isolated nerves, other 
factors may inluence the potency of local anesthetics on nerves 
in situ.34 For example, highly lipid-soluble agents may be seques-
tered into surrounding adipose cells. Vasodilatory properties of 
local anesthetics may likewise alter drug redistribution into the 
neighboring tissues.35,36 Relative potency of local anesthetics has 
been determined for different clinical applications and these val-
ues are listed in Table 21-4.

Finally, anesthetic activity and potency are affected by the 
stereochemistry of local anesthetics. Many older drugs exist as 
racemic mixtures; that is, enantiomeric stereoisomers differing in 
the arrangement at the asymmetric or chiral carbon atom are in 
equal proportion. Newer agents, namely, ropivacaine and levobu-
pivacaine, are available as purely single enantiomers. They were 
initially developed as less cardiotoxic alternatives to bupivacaine. 
While the desired improvement in the safety index has been gen-
erally supported by clinical studies, it appears that, overall, this is 
at the expense of a slight decrease in potency and shorter duration 
of action compared with the racemic mixtures.37,38 A theoretical 
basis for the difference between the enantiomeric stereoisomers 
can be readily hypothesized; however, little is known of the exact 
mechanisms involved. Likely, it may include subtle stereoselec-
tive preference in local anesthetic binding among the individual 
sodium channel isoforms.

Additives to Increase Local  
Anesthetic Activity

Epinephrine

Reported beneits of epinephrine include prolongation of local 
anesthetic block, increased intensity of block, and decreased 
systemic absorption of local anesthetic.39 Epinephrine’s vaso-
constrictive effects augment local anesthetics by antagonizing 
inherent vasodilating effects of local anesthetics, decreasing 
systemic absorption and intraneural clearance, and perhaps by 
redistributing intraneural local anesthetic.39,40

Direct analgesic effects from epinephrine may also occur via 
interaction with α2-adrenergic receptors in the brain and spinal 
cord,41 especially because local anesthetics increase the vascular 
uptake of epinephrine.42 The clinical effects of the use of epi-
nephrine are listed in Table 21-5. The smallest dose is suggested 
because epinephrine combined with local anesthetics may have 
toxic effects on tissue,43 the cardiovascular system,44 peripheral 
nerves, and the spinal cord.39

Alkalinization of Local Anesthetic Solution

Local anesthetic solutions are alkalinized in order to hasten 
onset of neural block.45 The pH of commercial preparations of 
local anesthetics ranges from 3.9 to 6.47 and is especially acidic 
if prepackaged with epinephrine.46 As the pKa of commonly used 
local anesthetics ranges from 7.6 to 8.9 (Table 21-3), less than 
3% of the commercially prepared local anesthetic exists as the 
lipid-soluble neutral form. As previously discussed, the neutral 
form is believed to be important for penetration into the neural 
cytoplasm, whereas the charged form primarily interacts with the 
local anesthetic receptor within the sodium channel. Therefore, 
the rationale for alkalinization was to increase the ratio of local 
anesthetic existing as the lipid-soluble neutral form. However, 
clinically used local anesthetics cannot be alkalinized beyond a 
pH of 6.05 to 8 before precipitation occurs46 and these pH values 
will only increase the neutral form to about 10%.

Clinical studies on the association between alkalinization of 
local anesthetics and hastening of block onset have shown an 
improvement of less than 5 minutes compared with commer-
cial preparations.45,47 Furthermore, results from a study in rats 
indicate that alkalinization of lidocaine may also decrease the 
duration of peripheral nerve blocks if the mixture contained no  

tabLe 21-4. relative PotenCy of loCal anesthetiCs for different CliniCal aPPliCations

Bupivacaine Chloroprocaine Lidocaine Mepivacaine Prilocaine Ropivacaine

Peripheral nerve 3.6 N/A 1 2.6 0.8 3.6
Spinal 9.6 1 1 1 1 N/A
Epidural 4 0.5 1 1 1 4

N/A, not available.
Data from: Camorcia M. Minimum local analgesic doses of ropivacaine, levobupivacaine, and bupivacaine for intrathecal labor analgesia. Anesthesiology. 2005;102:646; 
Faccenda KA. A comparison of levobupivacaine 0.5% and racemic bupivacaine 0.5% for extradural anesthesia for caesarean section. Reg Anesth Pain Med. 2003;28:394; 
McDonald SB. Hyperbaric spinal ropivacaine: A comparison to bupivacaine in volunteers. Anesthesiology. 1999;90:971; Marsan A. Prilocaine or mepivacaine for com-
bined sciatic-femoral nerve block in patients receiving elective knee arthroscopy. Minerva Anestesiol. 2004;70:763; Casati A. Lidocaine versus ropivacaine for continuous 
interscalene brachial plexus block after open shoulder surgery. Acta Anaesthesiol Scand. 2003;47:35; Casati A. A double-blind study of axillary brachial plexus block by 
0.75% ropivacaine or 2% mepivacaine. Eur J Anaesthesiol. 1998;15:549; Fanelli G. A double-blind comparison of ropivacaine, bupivacaine, and mepivacaine during 
sciatic and femoral nerve blockade. Anesth Analg. 1998;87:597; Yoos JR. Spinal 2-chloroprocaine: A comparison with small-dose bupivacaine in volunteers. Anesth Analg. 
2005;100:566; Kouri ME. Spinal 2-chloroprocaine: A comparison with lidocaine in volunteers. Anesth Analg. 2004;98:75.
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epinephrine.48 Together, alkalinization of local anesthetics appears 
limited as a clinically useful adjuvant to improving anesthesia.

Opioids

Opioids have multiple central and peripheral mechanisms of 
analgesic action (see Chapter 19: Opioids). Spinal administration 
of opioids provides analgesia primarily by attenuating C-iber 
nociception49 and is independent of supraspinal mechanisms.50 
Coadministration of opioids with central neuraxial local anes-
thetics results in synergistic analgesia.51 An exception to this anal-
gesic synergy is chloroprocaine, which appears to decrease the 
effectiveness of opioids coadministered epidurally.52 The reason 
is unclear but the mechanism does not seem to involve direct 
antagonism of opioid receptors.53 Nonetheless, clinical stud-
ies support the practice of central neuraxial coadministration of 
local anesthetics and opioids for prolongation and intensiication 
of analgesia and anesthesia.51

The discovery of peripheral opioid receptors initially gener-
ated much interest in the use of opioids as adjuvants to local 
anesthetics for peripheral nerve blockade.54 However, while 
some studies have reported favorable outcome of such coadmin-
istration, others have failed to demonstrate any increased efi-
cacy.55 A problem that has plagued many studies is the lack of 
adequate controls for differentiating the analgesic effects of opi-
oids acting peripherally versus a more central mechanism result-
ing from systemically absorbed opioids. Nonetheless, recent 
carefully designed trials have shown that some opioids, namely, 
buprenorphine, may enhance and prolong postoperative anal-
gesia better than either local anesthetics alone or local anesthet-
ics administered with intramuscular buprenorphine.56,57 Finally, 
cumulative evidence does not support the use of intraarticular 
coadministration of local anesthetic and opioid for postopera-
tive analgesia.58

α2-adrenergic Agonists

α2-adrenergic agonists can be a useful adjuvant to local anesthet-
ics. α2-speciic agonists such as clonidine produce analgesia via 
supraspinal and spinal adrenergic receptors.59 Clonidine also has 
direct inhibitory effects on peripheral nerve conduction (A and 
C nerve ibers).60 Thus, addition of clonidine may have multiple 
routes of action depending on the type of application. Prelimi-
nary evidence suggests that coadministration of an α2-agonist 
and local anesthetic results in central neuraxial and peripheral 
nerve analgesic synergy,61 whereas systemic (supraspinal) effects 
are additive.62 On average, clonidine improves the duration of 
analgesia by about 2 hours, regardless of whether an intermedi-
ate- or long-acting local anesthetic is used.63 Overall, results from 
clinical trials indicate that clonidine can enhance local anesthetics 
when used for intrathecal and epidural anesthesia and peripheral 
nerve blocks.63,64

Steroids

Potent glucocorticoid injections have been widely used for the 
treatment of chronic low back pain caused by radiculopathy. 
Experiments in animals using extended-release preparations of 
local anesthetics have found that addition of dexamethasone to 
the mixture prolongs the conduction block after peripheral nerve 
application.65,66 The duration of the blockade is associated with 
the potency of the glucocorticoid activity and appears to be ste-
roid receptor dependent and locally mediated.67 Clinical reports 
of the use of dexamethasone as an adjuvant to local anesthet-
ics have shown similar prolongation of anesthesia after brachial 
plexus blockades68,69 and intravenous regional anesthesia.70 Com-
bined with intermediate- to long-acting local anesthetics, dexa-
methasone extends the duration of analgesia by approximately 
50% after utilization of the supraclavicular68 or interscalene 
approach69 to the brachial plexus block (Fig. 21-8). Although 

tabLe 21-5. effeCts of addition of ePinePhrine to loCal anesthetiCs

Increase Duration

Decrease Blood  

Levels (%)

Dose/Concentration  

of Epinephrine

Nerve block
Bupivacaine +/– 10–20 1:200,000
Lidocaine + + 20–30 1:200,000
Mepivacaine + + 20–30 1:200,000
Ropivacaine – – 0 1:200,000
Epidural

Bupivacaine +/– 10–20 1:300,000–1:200,000
Levobupivacaine +/– 10 1:200,000–1:400,000
Chloroprocaine + + 1:200,000
Lidocaine + + 20–30 1:600,000–1:200,000
Mepivacaine + + 20–30 1:200,000
Ropivacaine – – 0 1:200,000
Spinal

Bupivacaine +/– 0.2 mg
Lidocaine + + 0.2 mg
Tetracaine + + 0.2 mg

+ +, overall supported; – –, overall not supported; +/–, inconsistent.
Data from: Liu SS. Local anesthetics and analgesia. In: Ashburn MA, Rice LJ, eds. The Management of Pain. New York, NY: 
Churchill Livingstone; 1997:141; and Kopacz DJ. A comparison of epidural levobupivacaine 0.5% with or without epinephrine 
for lumbar spine surgery. Anesth Analg. 2001;93:755.
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initial laboratory data show no evidence of increased neurotoxic-
ity from use of dexamethasone as compared with other adjuvants, 
our current understanding of its mechanism of action and poten-
tial side effects remains incomplete.71

PharMacokinetics of  

LocaL anesthetics

Plasma concentration of local anesthetics is a function of the 
dose administered and the rates of systemic absorption, tissue 
distribution, and drug elimination. Elevated levels may pro-
duce unintended effects in other electric-sensitive systems, most 
importantly, the cardiovascular system and the CNS. Having a 
thorough understanding of the factors involved would enable one 
to maximize the local anesthetic potential while avoiding possible 
complications arising from systemic local anesthetic toxicity.

Systemic Absorption

Decreasing systemic absorption of local anesthetics increases their 
safety margin in clinical uses. The rate and extent of systemic 
absorption depends on the site of injection, the dose, the drug’s 
intrinsic pharmacokinetic properties, and the addition of a vaso-
active agent. The vascularity of the tissue markedly inluences the 

rate of drug absorption, such that deposition of local anesthetics in 
vessel-rich tissues results in higher peak plasma levels in a shorter 
period of time. Accordingly, the rate of systemic absorption is 
greatest with intercostal nerve blocks, and followed in decreasing 
order, by caudal and epidural injections, brachial plexus block, 
and femoral and sciatic nerve blocks (Table 21-6). Thus, the same 
amount of local anesthetics injected would result in unequal peak 
plasma levels, depending on the site of drug delivery.

For a given site of injection, the rate of systemic absorption and 
the peak plasma level are directly proportional to the dose of local 
anesthetic deposited. This relationship is nearly linear (Fig. 21-9)  
and independent of the drug concentration and the speed of 
injection.72

The rate of systemic absorption differs with individual local 
anesthetics. In general, more potent, lipid-soluble agents are asso-
ciated with a slower rate of absorption than less lipid-soluble com-
pounds (Fig. 21-10). Sequestration into lipid-rich compartments  

figure 21-8. Addition of dexametha-
sone to either ropivacaine or bupivacaine 
increases the duration of analgesia after 
interscalene brachial plexus block. Data 
shown as the Kaplan–Meier survival 
density estimates with the shaded re-
gion representing the 95% conidence 
interval. (Reprinted from: Cummings KC, 
Napierkowski DE, Parra-Sanchez I, et al. 
Effect of dexamethasone on the dura-
tion of interscalene nerve blocks with 
ropivacaine or bupivacaine. Br J Anaesth. 
2011;107:446, with permission.)
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figure 21-9. Increasing doses of ropivacaine used for wound in-
filtration result in linearly increasing maximal plasma concentrations 
(Cmax). (Data from: Mulroy MF, Burgess FW, Emanuelsson B-M. Ropi-
vacaine 0.25% and 0.5%, but not 0.125%, provide effective wound 
iniltration analgesia after outpatient hernia repair, but with sustained 
plasma drug levels. Reg Anesth Pain Med. 1999;24:136.)
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figure 21-10. Fraction of dose absorbed into the systemic circula-
tion over time from epidural injection of lidocaine or bupivacaine. Bu-
pivacaine is a more lipid soluble, more potent agent with less systemic 
absorption over time. (Adapted from: Tucker GT, Mather LE. Properties, 
absorption, and disposition of local anesthetic agents. In: Cousins MJ, 
Bridenbaugh PO, eds. Neural Blockade in Clinical Anesthesia and Man-
agement of Pain. Philadelphia, PA: Lippincott-Raven; 1998:55, with 
permission.)
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570 SECTION IV Anesthetic Agents, Adjuvants, and Drug Interaction

may not be the only explanation. Local anesthetics exert direct 
effects on vascular smooth muscles in a concentration-dependent 
manner. At low concentrations, more potent agents appear to cause 
more vasoconstriction than less potent agents, thereby decreasing 
the rate of vascular absorption.36 At high concentrations, vasodila-
tory effects seem to predominate for most local anesthetics.

Distribution

Systemic absorption of local anesthetics leads to rapid distribu-
tion throughout the body. While the apparent volume of distribu-
tion (VDss) adequately describes the steady-state concentration of 
local anesthetics in plasma (Table 21-7), it offers little information 
regarding the pattern of distribution. Regional differences in local 
anesthetic concentrations are seen among individual organ systems 
and the pattern of distribution largely depends on organ perfusion, 
the partition coeficient between compartments, and plasma pro-
tein binding.73 Organs that are well perfused, such as the heart and 
the brain, have higher drug concentrations. Unfortunately, they are 
also the organs most seriously affected by local anesthetic toxicity.

Elimination

The metabolic pathway for clearance of local anesthetics is primar-
ily determined by their chemical linkage. Aminoesters are hydro-
lyzed by plasma cholinesterases and aminoamides are transformed 
by hepatic carboxylesterases and cytochrome P450 enzymes. 
Severe liver disease may slow the clearance of aminoamide local 
anesthetics and signiicant drug levels may therefore accumulate.74

Clinical Pharmacokinetics

The primary beneit of understanding the systemic pharmacoki-
netics of local anesthetics is the ability to predict the peak plasma 
level (Cmax) after the agents are administered, thereby avoiding 

Cmax, peak plasma levels; Tmax, time until Cmax.
Data from: Liu SS. Local anesthetics and analgesia. In: Ashburn MA, Rice LJ, eds. The Management of Pain. New York, NY: Churchill Livingstone; 1997:141; Berrisford 
RG. Plasma concentrations of bupivacaine and its enantiomers during continuous extrapleural intercostal nerve block. Br J Anaesth. 1993;70:201; Kopacz DJ. A compari-
son of epidural levobupivacaine 0.5% with or without epinephrine for lumbar spine surgery. Anesth Analg. 2001;93:755; Crews JC. Levobupivacaine for axillary brachial 
plexus block: A pharmacokinetic and clinical comparison in patients with normal renal function or renal disease. Anesth Analg. 2002;95:219.

tabLe 21-6.  tyPiCal Cmax after regional anesthetiCs with Commonly used 

loCal anesthetiCs

Local Anesthetic Technique Dose (mg) Cmax (µg/mL) Tmax (min)

Toxic Plasma 

Concentration (µg/mL)

Bupivacaine Brachial plexus 150 1.0 20 3
Celiac plexus 100 1.50 17
Epidural 150 1.26 20
Intercostal 140 0.90 30
Lumbar sympathetic 52.5 0.49 24
Sciatic/femoral 400 1.89 15

Levobupivacaine Epidural 75 0.36 50 4
Brachial plexus 250 1.2 55

Lidocaine Brachial plexus 400 4.00 25 5
Epidural 400 4.27 20
Intercostal 400 6.8 15

Mepivacaine Brachial plexus 500 3.68 24 5
Epidural 500 4.95 16
Intercostal 500 8.06 9
Sciatic/femoral 500 3.59 31

Ropivacaine Brachial plexus 190 1.3 53 4
Epidural 150 1.07 40
Intercostal 140 1.10 21

VDss, volume of distribution at steady state; CL, total body clearance; T1/2, termi-
nal elimination half-life.
Data from: Denson DD. Physiology and pharmacology of local anesthetics, In: 
Sinatra RS, Hord AH, Ginsberg B, et al. Acute Pain. Mechanisms and Management. 
St. Louis, MO: Mosby Year Book; 1992:124; and Burm AG, van der Meer AD, van 
Kleef JW, et al. Pharmacokinetics of the enantiomers of bupivacaine following 
intravenous administration of the racemate. Br J Clin Pharmacol. 1994;38:125.

tabLe 21-7.  PharmaCokinetiC Parameters 

of CliniCally used loCal 

anesthetiCs

Local Anesthetic VDss (L/kg) CL (L/kg/h) T1/2 (h)

Bupivacaine 1.02 0.41 3.5
Levobupivacaine 0.78 0.32 2.6
Chloroprocaine 0.50 2.96 0.11
Etidocaine 1.9 1.05 2.6
Lidocaine 1.3 0.85 1.6
Mepivacaine 1.2 0.67 1.9
Prilocaine 2.73 2.03 1.6
Procaine 0.93 5.62 0.14
Ropivacaine 0.84 0.63 1.9
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the administration of toxic doses (Tables 21-6, 21-8, and 21-9). 
Nonetheless, pharmacokinetics are dificult to predict in any 
given circumstance as both physical and pathophysiologic char-
acteristics will affect the individual pharmacokinetics. There is 
some evidence for increased systemic plasma levels of local anes-
thetics in the very young and in the elderly owing to decreased 
clearance and increased absorption75; however, the correlation 
of systemic blood levels between the dose of local anesthetic and 
weight is often inconsistent (Fig. 21-11) (76). Effects of gender 
on clinical pharmacokinetics of local anesthetics have not been 
well deined,77 although pregnancy may decrease clearance.78 
Pathophysiologic states such as cardiac and hepatic disease will 
alter expected pharmacokinetic parameters (Table 21-10), and 
lower doses of local anesthetics should be used for these patients. 
As expected, renal disease has little effect on pharmacokinetic 
parameters of local anesthetics (Table 21-10). All of these factors 
should be considered when using local anesthetics and minimiz-
ing systemic toxicity, the commonly accepted maximal dosages 
(Table 21-9) notwithstanding.

cLinicaL use of LocaL  

anesthetics

There are myriads of uses of local anesthetics in the modern 
practice of anesthesia. They all take advantage of their ability to 
attenuate or block pain and other noxious stimuli. When applied 
topically to the skin, a eutectic mixture of lidocaine and prilo-
caine reduces the sharp, painful sensation associated with needle 
insertion and intravenous catheter placement, particularly in the 
pediatric population.79 In the awake patient, aerosolized benzo-
caine and viscous lidocaine directed at the mucosal surface can 
help blunt the relexive response associated with airway instru-
mentation (Chapter 27: Airway Management). In addition, lido-
caine can be given intravenously to decrease the incidence and the 
severity of pain associated with propofol administration (Chapter 
30: Ambulatory Anesthesia). Likewise, intravenous lidocaine may 
also help to reduce the hemodynamic response to tracheal intu-
bation and extubation.80,81

By far the most common application, local iniltration of the 
dermis, provides quick onset of anesthesia suitable for a broad 
variety of minor, supericial procedures. The clinical proile of 
some commonly used agents is listed in Table 21-9. For a wider 
and greater area of coverage, a regional anatomic approach 
to anesthesia and analgesia can be used. This can be accom-
plished either by intravenous administration of local anesthet-
ics to a limb under pneumatic compression (Bier block) or by 
direct application of local anesthetics to a set of nerves (nerve 
blocks). Local anesthetics can be deposited centrally near the 
nerve roots, either intrathecally in the lumbar cistern or epi-
durally in the thoracic, lumbar, and caudal regions of the spine 
(Chapter 34: Epidural and Spinal Anesthesia). Alternatively, 
injections can be made peripherally at the plexus, such as at the 
brachial or lumbar plexus block, or on the nerve ibers (Chapter 
35: Peripheral Nerve Blockade). The duration of the anesthesia 
and analgesia is dependent on the type of local anesthetics used, 
though it can be extended with continuous infusion through an 
indwelling catheter.
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figure 21-11. Lack of correlation between patient weight and peak 
plasma concentration after epidural administration of 150 mg of bu-
pivacaine. (Data from: Sharrock NE, Mather LE, Go G, et al. Arterial 
and pulmonary concentrations of the enantiomers of bupivacaine after 
epidural injection in elderly patients. Anesth Analg. 1998;86:812.)

Data from: Liu SS. Local anesthetics and analgesia. In: Ashburn MA, Rice LJ, eds. The Management of Pain. New York, NY: Churchill 
Livingstone; 1997:141; and Groban L. Central nervous system and cardiac effects from long-acting amide local anesthetic toxicity 
in the intact animal model. Reg Anesth Pain Med. 2003;28:3.

tabLe 21-8.  relative PotenCy for systemiC Central nervous system 

toxiCity by loCal anesthetiCs and ratio of dosage 

needed for CardiovasCular system:Central nervous 

system (Cvs:Cns) toxiCity

Agent

Relative Potency for  

CNS Toxicity CVS:CNS

Bupivacaine 4.0 2.0
Levobupivacaine 2.9 2.0
Chloroprocaine 0.3 3.7
Etidocaine 2.0 4.4
Lidocaine 1.0 7.1
Mepivacaine 1.4 7.1
Prilocaine 1.2 3.1
Procaine 0.3 3.7
Ropivacaine 2.9 2.0
Tetracaine 2.0

2
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toXicity of LocaL anesthetics

Systemic Toxicity of Local Anesthetics

Central Nervous System Toxicity

Local anesthetics readily cross the blood–brain barrier and as 
a result, CNS toxicity can result from systemic absorption or 
inadvertent intravascular injections. The effects on the CNS are 
determined by the plasma concentration of the local anesthetics 
(Table 21-11). At low plasma concentration, mild disturbances 
to the sensory systems appear. As the plasma concentration 

increases, CNS excitatory and seizure activities predominate. 
If the plasma concentration is suficiently large or the increase 
is rapid, the CNS excitation may progress to generalized CNS 
depression and coma, leading to respiratory depression and 
arrest.82

The potential for CNS toxicity correlates directly with the 
potency of local anesthetics (Tables 21-4 and 21-8).82 Highly 
potent, lipid-soluble agents such as bupivacaine can cause CNS 
toxicity at doses that are a fraction of those of less potent agents. 
The potential for CNS toxicity is further modiied by other factors. 
For example, a decrease in protein binding and clearance of local 
anesthetics, systemic acidosis, hypercapnia, and hypercarbia can all 
increase the risk for CNS toxicity. Conversely, coadministration of 

IV, intravenous; N/A, not available.
Adapted from: Covino BG, Wildsmith JAW. Clinical pharmacology of local anesthetic agents. In: Cousins MJ, Bridenbaugh PO, eds. Neural Blockade in Clinical Anesthesia 
and Management of Pain. Philadelphia, PA: Lippincott-Raven; 1998:97, with permission.

tabLe 21-9. CliniCal Profile of loCal anesthetiCs

Local Anesthetic

Concentration 

(%) Clinical Use Onset Duration (h)

Recommended Maximum 

Single Dose (mg)

amides

Bupivacaine 0.25 Iniltration Fast 2–8 175/225 + epinephrine
Levobupivacaine 0.25–0.5 Peripheral nerve block Slow 4–12 150

0.5–0.75 Epidural anesthesia Moderate 2–5 150
0.03–0.25 Epidural analgesia N/A N/A N/A
0.5–0.75 Spinal anesthesia Fast 1–4 20

Etidocaine 0.5 Iniltration Fast 2–8 300/400 + epinephrine
0.5–1 Peripheral nerve block Fast 3–12 300/400 + epinephrine
1–1.5 Epidural anesthesia Fast 2–4 300/400 + epinephrine

Lidocaine 0.5–1 Iniltration Fast 1–4 300/500 + epinephrine
0.25–0.5 IV regional anesthesia Fast 0.5–1 300
1–1.5 Peripheral nerve block Fast 1–3 300/500 + epinephrine
1.5–2 Epidural anesthesia Fast 1–2 300/500 + epinephrine
1.5–5 Spinal anesthesia Fast 0.5–1 100
4 Topical Fast 0.5–1 300

Mepivacaine 0.5–1 Iniltration Fast 1–4 400/500 + epinephrine
1–1.5 Peripheral nerve block Fast 2–4 400/500 + epinephrine
1.5–2 Epidural anesthesia Fast 1–3 400/500 + epinephrine
2–4 Spinal anesthesia Fast 1–2 100

Prilocaine 0.5–1 Iniltration Fast 1–2 600
0.25–0.5 IV regional anesthesia Fast 0.5–1 600
1.5–2 Peripheral nerve block Fast 1.5–3 600
2–3 Epidural Fast 1–3 600

Ropivacaine 0.2–0.5 Iniltration Fast 2–6 200
0.5–1 Peripheral nerve block Slow 5–8 250
0.5–1 Epidural anesthesia Moderate 2–6 200
0.05–0.2 Epidural analgesia N/A N/A N/A

mixture

Lidocaine + prilocaine 2.5/2.5 Skin topical Slow 3–5 20 g

esters

Benzocaine Up to 20 Topical Fast 0.5–1 200
Chloroprocaine 1 Iniltration Fast 0.5–1 800/1,000 + epinephrine

2 Peripheral nerve block Fast 0.5–1 800/1,000 + epinephrine
2–3 Epidural anesthesia Fast 0.5–1 800/1,000 + epinephrine

Cocaine 4–10 Topical Fast 0.5–1 150
Procaine 10 Spinal anesthesia Fast 0.5–1 1,000
Tetracaine 2 Topical Fast 0.5–1 20

0.5 Spinal anesthesia Fast 2–6 20
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CNS depressive agents, such as barbiturates and benzodiazepines, 
may decrease the likelihood for seizures.83

Clinical reports suggest CNS toxicity resulting from the use 
local anesthetics in regional anesthesia is uncommon. Surveys 
from France and the United States of over 280,000 cases involving 
regional anesthesia show an incidence of seizures approximately 
1/10,000 with epidural injections and 7/10,000 with peripheral 
nerve blocks.84,85 The higher incidence of CNS toxicity resulting 
from peripheral nerve blocks may be due to differences in prac-
tice or, perhaps, decreased clinical awareness. Nonetheless, in an 
analysis of closed malpractice claims in the United States from 
1980 to 1999, epidural anesthesia (primarily obstetrical) con-
stituted all of the cases of death or brain damage resulting from 
unintentional intravenous injection of local anesthetic.86

Cardiovascular Toxicity of Local Anesthetics

In general, systemic cardiovascular toxicity is seen at a plasma 
concentration far greater than that for CNS toxicity. The potential 
for cardiovascular toxicity, like that for CNS toxicity, correlates 
closely with the potency, or lipid solubility, of local anesthetics 
(Tables 21-4 and 21-8). However, while all local anesthetics can 
cause hypotension, dysrhythmias, and myocardial depression, 
more potent agents (bupivacaine, ropivacaine, and levobupiva-
caine) are predisposed to devastating outcomes such as fatal car-
diovascular collapse and complete heart block (Fig. 21-12).87

Among the potent long-acting agents, ropivacaine and 
levobupivacaine may have a safer cardiovascular toxicity pro-
ile than bupivacaine. In animal models, both ropivacaine and 
levobupivacaine appear to exhibit 30% to 40% less cardiovascular 
toxicity than bupivacaine on a milligram to milligram basis32,82,88 
(Fig. 21-13); however, in human studies, that difference appears 
less striking89,90 (Fig. 21-14). Detailed electrophysiologic studies 
with isolated heart muscles and cultured cardiomyocytes support 
the view that S(–)-bupivacaine (levobupivacaine) is generally 
less potent than R(+)-bupivacaine in blocking the cardiac action 
potential91 and binding of voltage-gated sodium channels during 
the inactivated stage.92 Likewise for ropivacaine, evidence sug-
gests that the propyl side chain renders it less cardiodepressive 
than the larger butyl side chain of bupivacaine.93

Lidocaine

0% 20% 40% 60% 80% 100%

Bupivacaine

Ropivacaine

L-bupiv

Death Resuscitation

figure 21-12. Success of resuscitation of dogs after cardiovascular 
collapse from intravenous infusions of lidocaine, bupivacaine, levobu-
pivacaine (L-bupiv), and ropivacaine. Success rates were greater for li-
docaine (100%), than ropivacaine (90%), levobupivacaine (70%), and 
bupivacaine (50%). Required doses to induce cardiovascular collapse 
were greater for lidocaine (127 mg/kg), than ropivacaine (42 mg/kg), 
levobupivacaine (27 mg/kg), and bupivacaine (22 mg/kg). (Data from: 
Groban L, Deal DD, Vernon JC, et al. Cardiac resuscitation after incre-
mental overdosage with lidocaine, bupivacaine, levobupivacaine, and 
ropivacaine in anesthetized dogs. Anesth Analg. 2001;92:37.)
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figure 21-13. Serum concentrations in sheep at each toxic manifes-
tation for bupivacaine, levo (L)-bupivacaine, and ropivacaine in sheep. 
Both levobupivacaine and ropivacaine required signiicantly greater se-
rum concentrations than bupivacaine. (Data from: Santos AC, DeArmas 
PI. Systemic toxicity of levobupivacaine, bupivacaine, and ropivacaine 
during continuous intravenous infusion to nonpregnant and pregnant 
ewes. Anesthesiology. 2001;95:1256.)

VDss, volume of distribution at steady state; CL, total body clearance; T1/2, termi-
nal elimination half-life.
Data from: Thomson PD. Lidocaine pharmacokinetics in advanced heart failure, 
liver disease, and renal failure in humans. Ann Intern Med. 1973;78:499.

tabLe 21-10.  effeCts of CardiaC, hePatiC, 

and renal disease on 

lidoCaine PharmaCokinetiCs

VDss (L/kg)

CL  

(mL/kg/min) T1/2 (h)

Normal 1.32 10.0 1.8
Cardiac failure 0.88  6.3 1.9
Hepatic disease 2.31  6.0 4.9
Renal disease 1.2 13.7 1.3

tabLe 21-11.  dose-dePendent systemiC 

effeCts of lidoCaine

Plasma Concentration  

(µg/mL) Effect

1–5 Analgesia

5–10 Lightheadedness
Tinnitus
Numbness of tongue

10–15 Seizures
Unconsciousness

15–25 Coma
Respiratory arrest

>25 Cardiovascular depression

8
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The underlying pathophysiology responsible for local  
anesthetic–induced cardiovascular collapse has not been fully 
established. While local anesthetics undoubtedly cause major dis-
turbances to the heart, their effects on other organ systems may 
also play a role. For example, systemic bupivacaine has been shown 
to impair regulation by the CNS of the cardiovascular system. Dis-
ruption to the arterial barorelex in the brain stem by bupivacaine 
can lead to attenuation of the heart rhythm response to changes 
in blood pressure.94,95 Local anesthetics also act on smooth muscle 
endothelium surrounding blood vessels. In the periphery, vaso-
constriction occurs at subclinical doses and vasodilation at higher 
doses.96 In the pulmonary vasculature, however, increasing local 
anesthetic concentrations produce marked pulmonary artery 
hypertension.97 The increase in the pulmonary vascular resistance 
occurs prior to any signiicant decrease in the cardiac output, sug-
gesting that the result is a primary effect of local anesthetic intoxi-
cation, rather than secondary to a decline in cardiac contractility.

Elevated concentrations of local anesthetics have been shown 
to delay cardiac electrical conductivity and decrease cardiac con-
tractility. Although all local anesthetics disturb the cardiac con-
duction system via a dose-dependent block of sodium channels 
(seen clinically as a prolongation of the PR interval and duration 
of the QRS complex), several features unique to bupivacaine seem 
to potentiate its cardiotoxicity. First, bupivacaine has an inher-
ently greater afinity for binding resting and inactivated sodium 
channels than lidocaine.98 Second, although all local anesthet-
ics bind sodium channels during cardiac systole and dissociate 
during diastole (Fig. 21-15), the dissociation of bupivacaine dur-
ing diastole occurs more slowly than lidocaine. This slow rate of 
dissociation prevents a complete recovery of the channels at the 

end of each cardiac cycle (at the physiologic heart rate of 60 to  
80 beats/minute), thereby leading to an accumulation and 
worsening of the conduction defect. In contrast, lidocaine fully 
dissociates from sodium channels during diastole and little accu-
mulation of conduction delay occurs (Fig. 21-16).98,99 Finally, 

0 2 4 6 8

Prolongation in QRS (%)

�10 �5 0 5

Change in cardiac output (%)

Bupivacaine

L-bupiv

Ropivacaine

figure 21-14. Mild prolongation in QRS interval and change in 
cardiac output after intravenous infusions of bupivacaine (103 mg),  
levobupivacaine (L-bupiv; 37 mg), and ropivacaine (115 mg) in healthy 
volunteers. (Data from: Knudsen K, Beckman Suurkula M, Blomberg 
S, et al. Central nervous and cardiovascular effects of i.v. infusions 
of ropivacaine, bupivacaine and placebo in volunteers. Br Anaesth. 
1997;78:507; and Stewart J, Kellett N, Castro D. The central nervous 
system and cardiovascular effects of levobupivacaine and ropivacaine in 
healthy volunteers. Anesth Analg. 2003;97:412.)
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figure 21-15. Diagram illustrating the relationship between cardiac 
action potential (top), sodium channel state (middle), and block of so-
dium channels by bupivacaine (bottom). R, resting form; O, open form; 
I, inactive form. Sodium channels are predominantly in the resting form 
during diastole, open transiently during the action potential upstroke, 
and are in the inactive form during the action potential plateau. Block 
of sodium channels by bupivacaine accumulates during the action  
potential (systole) with recovery occurring during diastole. Recovery 
of sodium channels is from dissociation of bupivacaine and is time-
dependent. Recovery during each diastolic interval is incomplete and 
results in accumulation of sodium channel block with successive heart-
beats. (Adapted from: Clarkson CW, Hondegham LM. Mechanisms for 
bupivacaine depression of cardiac conduction: Fast block of sodium 
channels during the action potential with slow recovery from block dur-
ing diastole. Anesthesiology. 1985;62:396, with permission.)
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figure 21-16. Heart rate–dependent effects of lidocaine and bupi-
vacaine on velocity of the cardiac action potential (V

·
max). Bupivacaine 

progressively decreases V
·
max at heart rates above 10 beats/minute be-

cause of accumulation of sodium channel block, whereas lidocaine 
does not decrease V

·
max until heart rate exceeds 150 beats/minute. 

(Adapted from: Clarkson CW, Hondegham LM. Mechanisms for bupi-
vacaine depression of cardiac conduction: Fast block of sodium chan-
nels during the action potential with slow recovery from block during 
diastole. Anesthesiology. 1985;62:396, with permission.)
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bupivacaine exerts a greater degree of direct myocardial depres-
sion than less potent agents (Fig. 21-17).82,93

Current understanding of the molecular mechanisms underly-
ing local anesthetic cardiac toxicity is limited. It is widely accepted 
that local anesthetics bind and disrupt the normal function of the 
heart-speciic voltage-gated sodium channel, Nav 1.5, in cardiac 
myocytes; however, there appears to be other intracellular targets 
as well. Local anesthetics have been shown to antagonize the cur-
rents of other cations, primarily calcium and potassium.98 The 
degree of antagonism between bupivacaine and less potent agents 
appears to differ and that difference may contribute to the sever-
ity in the disturbance of the cardiac membrane potentials. Lastly, 
individuals and experimental animal models with l-carnitine 
deiciency exhibit an increased susceptibility to local anesthetic–
associated cardiac toxicity, suggesting that local anesthetics can 
affect mitochondrial function and fatty acid metabolism.100,101

Treatment of Systemic Toxicity  
from Local Anesthetics

The best practice for managing systemic local anesthetic intoxica-
tion starts with vigilance and prevention. Elevated plasmic levels 
of local anesthetics can occur by inadvertent intravascular injec-
tions or systemic absorption. The risk for intravascular injections 
can be reduced by using a local anesthetic test dose (about 3 mL), 
frequently aspirating the injectate for signs of blood return, and 
dividing the dose of the local anesthetics.83,102 Understanding the 
drug’s pharmacokinetic proile and having a good knowledge of 
the anatomy in the area of local anesthetic injection may help pre-
dict the rate of tissue absorption and thus avoid toxic systemic 
accumulation. Heart rate and rhythm, blood pressure, and oxy-
genation should be monitored at all times. Early CNS toxicity 
may be manifested by tinnitus or excessive sedation.

The treatment of suspected systemic local anesthetic toxic-
ity is primarily supportive. Administration of local anesthetic 
should cease immediately. Oxygenation and ventilation should 
be maintained and the airway, if necessary, must be secured. 
This is necessary not only as a standard part of resuscitation, but 
also to prevent further exacerbation of local anesthetic toxicity 
by hypoxemia, hypercapnia, and acidemia.83 In many cases, with 

proper airway management and reversal of acidosis, more seri-
ous complications of local anesthetic intoxication can be avoided, 
especially in cases involving less potent agents.

Local anesthetic–induced seizure activity can vastly increase 
the body’s metabolism and the resultant metabolic acidosis may 
make resuscitation more dificult. Prolonged seizures should 
therefore be suppressed. Benzodiazepines, such as midazolam or 
diazepam, have been shown to raise the seizure threshold in ani-
mals and are the preferred agents for preventing and terminating 
seizures. Hypnotic agents, such as propofol and thiopental, may 
not be best suited for terminating local anesthetic–induced sei-
zures, because at signiicant doses, they can potentiate the myo-
cardial depression exerted by the causative agent.102 If seizure 
activity is prolonged, succinylcholine or other neuromuscular 
blockers can be administered not only to facilitate pulmonary 
ventilation, but also to disrupt muscular activity and reduce the 
consequent metabolic demand. However, it is important to note 
that muscle relaxants do not reduce the electrical excitation in the 
CNS and cerebral metabolic stress may continue unabated.

Mild myocardial depression and systemic vasodilation can 
be corrected with sympathomimetic agents such as ephedrine or 
epinephrine. Pending cardiovascular collapse from severe cardiac 
dysrhythmias should prompt immediate initiation of cardiopul-
monary resuscitation. For ventricular ibrillation and cardiac 
arrest, electrocardioversion and pharmacologic means should be 
attempted to restore sinus rhythm. Epinephrine, in small initial 
doses, and amiodarone, are the preferred agents. Calcium chan-
nel and β-adrenergic receptor blocking drugs can worsen myo-
cardial function and are best avoided.102

Historically, emergent cardiopulmonary bypass was con-
sidered the only effective life-saving measure for otherwise fatal 
dysrhythmias and cardiac collapse resulting from local anesthetic 
cardiac toxicity.103,104 However, evidence is accumulating to sup-
port the use of an intravenous infusion of lipid emulsion to has-
ten the return of normal cardiac function. Studies in animals have 
demonstrated eficacy of a lipid infusion in reversing bupivacaine-
induced asystole.105,106 Subsequent clinical reports have described 
successful resuscitation using lipid emulsions in individuals with 
local anesthetic–induced cardiac arrest.107,108 The lipid emulsion 
may act as a plasma “sink” to absorb tissue-bound local anesthet-
ics via partition principles.109 Alternatively, the lipids may provide 
an usable energy source to bypass the impediment on the cardiac 
mitochondria.110 The recommended dosing for lipid emulsion 
therapy is listed in Table 21-12.
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figure 21-17. Plasma concentrations required to induce myocar-
dial depression in dogs administered bupivacaine, levobupivacaine (L-
bupiv), ropivacaine, and lidocaine. dP/dtmax, 35% reduction of inotropy 
from baseline measure; %EF, 35% reduction in ejection fraction from 
baseline measure; CO, 25% reduction in cardiac output from baseline 
measure. (Data from: Groban L, Deal DD, Vernon JC, et al. Does local 
anesthetic stereoselectivity or structure predict myocardial depression 
in anesthetized canines? Reg Anesth Pain Med. 2002;27:460.)

Adapted from: Weinberg GL. Treatment of local anesthetic systemic toxicity 
(LAST). Reg Anesth Pain Med. 2010;35:188.

tabLe 21-12.  reCommended liPid emulsion 

dosing for treatment 

of loCal anesthetiC 

CardiovasCular toxiCity

1 Initiate intravenous bolus of 1.5 cc/kg of 20% lipid 
emulsion

2 Continue infusion at 0.25 cc/kg/min for at least 10 min 
after the return of cardiac function

3 If cardiovascular instability continues, consider repeating 
the bolus and increasing the infusion to 0.5 cc/kg/min

4 Up to 10 cc/kg over 30 min is the recommended upper 
limit for initial dosing
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Neural Toxicity of Local  
Anesthetics

In addition to their systemic effects, direct application of local 
anesthetics can result in histopathologic changes consistent with 
neuronal injury. The causative mechanisms remain speculative, 
but studies in animals and tissue cultures show evidence of 
demyelination, Wallerian degeneration, dysregulation of axo-
nal transport, disruption of the blood–nerve barrier, decreased 
blood low to the vasanervorum, and loss of cell membrane 
integrity.111,112 The degree of neural injury appears to correlate 
with possible intraneural placement of local anesthetic, as well 
as the concentration, and the duration of exposure to the local 
anesthetics. Intrafascicular injections result in more histologic 
changes than either extrafascicular or extraneural placement, 
with the latter associated with the mildest damage.113 In large 
concentrations, all clinically important local anesthetics can 
produce dose-dependent abnormalities in nerve ibers; how-
ever, in clinically relevant concentrations, they appear generally 
safe.114,115

The signiicance of these experimental indings is unclear 
as clinical injury is rare. A systematic review of approximately 
2.7 million centrally administered local anesthetic neuraxial 
blocks determined an occurrence of radiculopathy at approxi-
mately 0.03% and of paraplegia at approximately 0.0008%.116 
Furthermore, direct intraneural injections of local anesthetics 
per se do not invariably lead to detectable neurologic symp-
toms.117 Nonetheless, there have been clinical scenarios in which 
a greater propensity for nerve injury has been described. The use 
of microcatheters with high concentration of lidocaine for con-
tinuous spinal anesthesia has been associated with an increased 
incidence of radiculopathy and cauda equina syndrome.118 Like-
wise, chloroprocaine, used until the early 1980s for epidural and 
intrathecal injections, has been linked to prolonged sensory and 
motor deicits, possibly due to toxic effects of the preservative, 
sodium bisulite.119 While the clinical use of local anesthetics 
appears to be safe, it behooves the practitioner to be mindful of 
their potential deleterious effects on nerves.

Transient Neurologic Symptoms  
After Spinal Anesthesia

Prospective, randomized studies reveal a 4% to 40% incidence of 
transient neurologic symptoms (TNS), including pain or sensory 
abnormalities in the lower back, buttocks, or lower extremities, 
after lidocaine spinal anesthesia120,121 (Chapter 34: Epidural and 
Spinal Anesthesia). These symptoms have been reported with other 
local anesthetics as well (Table 21-13) but have not resulted in per-
manent neurologic injury.121 Increased risk of TNS is associated 
with lidocaine, the lithotomy position, and ambulatory anesthesia, 
but not with baricity of solution or dose of local anesthetic.120,121 
The potential neurologic etiology of this syndrome coupled with 
known concentration-dependent toxicity of lidocaine led to con-
cerns over a neurotoxic etiology for TNS from spinal lidocaine.

However, evidence for a direct linear relation between nerve 
toxicity and symptoms is scant. While the concentration of local 
anesthetics may be a strong factor for determining nerve injury, 
such as with cauda equina syndrome, there does not appear to 
be a dose relation in TNS. The incidence of TNS is similar when 
there is a 10-fold difference in the concentration of lidocaine 
utilized (0.5% and 5%).122 Furthermore, a study comparing vol-
unteers with and without TNS after lidocaine spinal anesthesia 
shows no abnormalities detectable by routine electrophysi-
ologic testing, such as electromyography, nerve conduction, or 
somatosensory-evoked potentials. Finally, effective treatment for 
TNS includes nonsteroidal antiinlammatory agents and trigger 
point injections. These are regimens more effective for alleviat-
ing myofascial pain than for neuropathic pain.120 Overall, there is 
little evidence to support a neurotoxic etiology for TNS.120 Other 
potential etiologies for TNS include patient positioning, sciatic 
nerve stretch, muscle spasm, and myofascial strain.120

Myotoxicity of Local Anesthetics

As with neural toxicity, local anesthetics can also cause histopatho-
logic changes in skeletal muscle. Myotoxicity can result from most 
local anesthetic agents in clinically relevant concentrations123 and 

Data from Pollock JE. Transient neurologic symptoms: Etiology, risk factors, and management. Reg Anesth Pain Med. 2002;27:581; 
and Breebaart MB. Urinary bladder scanning after day-case arthroscopy under spinal anaesthesia: Comparison between lidocaine, 
ropivacaine, and levobupivacaine. Br J Anaesth. 2003;90:309.

tabLe 21-13.  the inCidenCe of transient neurologiC symPtoms 

(tns) varies with tyPe of sPinal loCal anesthetiC  

and surgery

Local Anesthetic Concentration (%) Type of Surgery

Approximate 

Incidence of TNS (%)

Lidocaine 2–5 Lithotomy position 30–36
2–5 Knee arthroscopy 18–22
0.5 Knee arthroscopy 17
2–5 Mixed supine position 4–8

Mepivacaine 1.5–4 Mixed 23
Procaine 10 Knee arthroscopy 6
Bupivacaine 0.5–0.75 Mixed 1
Levobupivacaine 0.5 Mixed 1
Prilocaine 2–5 Mixed 1
Ropivacaine 0.5–0.75 Mixed 1

tahir99-VRG & vip.persianss.ir
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manifest clinically as muscle pain and dysfunction. Histopathologic  
studies show hypercontracted myoibrils, followed by lytic degen-
eration of striated muscle sarcoplasmic reticulum, and diffuse 
myonecrosis (Fig. 21-18). The changes are drug-speciic (tetra-
caine and procaine produce the least injury; bupivacaine the most) 
and dose duration dependent124 and seem to affect the young more 
than the old.125 Experimental evidence points to disturbances in 
the oxidative function of mitochondria and dysregulation of intra-
cellular calcium homeostasis as possible subcellular pathomecha-
nisms.126 In cell cultures, these disruptions appear to be diminished 
with co-application with erythropoietin or N-acetylcysteine.127,128 
It remains to be seen if these agents may become clinically useful 
or necessary, as most myotoxic injuries are subclinical and appear 
entirely reversible.124

Allergic Reactions to Local Anesthetics  
(see also Chapter 12)

Untoward reactions to local anesthetics are relatively common, 
but true immunologic reactions are rare. The immune-mediated 
hypersensitivity reaction may be type I (immunoglobulin E) or 
type IV (cellular immunity). Type I hypersensitivity reactions 
can result in anaphylaxis and potentially be life-threatening, but 
fortunately, the incidence is estimated to be less than 1% of all 
reported cases. Type IV hypersensitivity reactions are delayed-
type reactions mediated by T lymphocytes.129,130 The symptoms 
can manifest within 12 to 48 hours of exposure and most com-
monly present as contact dermatitis (dermal erythema, pruritus, 
papules, and vesicles). The vast majority of reported hypersen-
sitivity reactions have been associated with aminoester agents, 
likely due to their metabolism to para-aminobenzoic acid, which 
is a recognized allergen. Preservatives, such as methylparaben 
and metabisulite, present in many local anesthetic preparations 
may also trigger allergic responses. Evaluation with skin-pricks, 

intradermal injections, or subcutaneous provocative dose chal-
lenges are recommended for individuals with suspected local 
anesthetic allergy.131

References

 1. Wheater PR, Burkitt HG, Daniels VG. Functional Histology. 2nd ed. New York, 
NY: Churchill Livingstone; 1987:95.

 2. Ritchie JM, Ritchie B, Greengard P. The effect of the nerve sheath on the action of 
local anesthetics. J Pharmacol Exp Ther. 1965;150:160.

 3. Coggeshall RE. A ine structural analysis of the myelin sheath in rat spinal roots. 
Anat Rec. 1979;194:201.

 4. Waxman SG, Ritchie JM. Organization of ion channels in the myelinated nerve 
iber. Science. 1985;228:1502.

 5. Koester J. Passive membrane properties of the neuron. In: Kandel ER, Schwartz JH, 
Jessell TM. Principles of Neuroscience. 3rd ed. New York, NY: Elsevier Science; 
1991.

 6. Hodgkin AL, Katz B. The effect of sodium ions on the electrical activity of the 
giant axon of the squid. J Physiol. 1949;108:37.

 7. Hodgkin AL, Huxley AF. A quantitative description of membrane current and its 
application to conduction and excitation in nerve. J Physiol. 1952;117:500.

 8. Sigworth FJ, Neher E. Single Na+ channel currents observed in cultured rat mus-
cle cells. Nature. 1980;287:447.

 9. Catterall WA. From ionic currents to molecular mechanisms: The structure and 
function of voltage-gated sodium channels. Neuron. 2000;26:13.

 10. Hirschberg B, Rovner A, Lieberman M, et al. Transfer of twelve charges is needed 
to open skeletal muscle Na+ channels. J Gen Physiol. 1995;106:1053.

 11. Heinemann SH, Terlau H, Stühmer W, et al. Calcium channel characteristics 
conferred on the sodium channel by single mutations. Nature. 1992;356:441.

 12. Armstrong CM. Sodium channels and gating currents. Physiol Rev. 1981;61:644.
 13. Stühmer W, Conti F, Suzuki H, et al. Structural parts involved in activation and 

inactivation of the sodium channel. Nature. 1989;339:597.
 14. West JW, Patton DE, Scheuer T, et al. A cluster of hydrophobic amino acid 

residues required for fast Na(+)-channel inactivation. Proc Natl Acad Sci USA. 
1992;89:10910.

 15. Woods JN, Boorman JP, Okuse K, et al. Voltage-gated sodium channels and pain 
pathways. J Neurobiol. 2004;61:55.

 16. Drenth JP, te Morsche RH, Guillet G, et al. SCN9A mutations deine primary ery-
thermalgia as a neuropathic disorder of voltage gated sodium channels. J Invest 
Dermatol. 2005;124:1333.

 17. Fertleman CR, Baker MD, Parker KA, et al. SCN9A mutations in paroxysmal 
extreme pain disorder: Allelic variants underlie distinct channel defects and phe-
notypes. Neuron. 2006;52:767.

 18. Cox JJ, Reimann F, Nicholas AK, et al. An SCN9A channelopathy causes congeni-
tal inability to experience pain. Nature. 2006;444:894.

 19. Goldberg Y, Macfarlane J, Macdonald M, et al. Loss-of-function mutations in 
the Na(v) 1.7 gene underlie congenital indifference to pain in multiple human 
populations. Clin Genet. 2007;71:311.

 20. Frazier DT, Narahashi T, Yamada M. The site of action and active form of local 
anesthetics. II. Experiments with quaternary compounds. J Pharmacol Exp Ther. 
1970;171:45.

 21. Ragsdale DS, McPhee JC, Scheuer T, et al. Molecular determinants of state-
dependent block of Na+ channels by local anesthetics. Science. 1994;265:1724.

 22. Scholz A. Mechanisms of (local) anaesthetics on voltage-gated sodium and other 
ion channels. Br J Anaesth. 2002;89:52.

 23. Ulbricht W. Sodium channel inactivation: Molecular determinants and modula-
tion. Physiol Rev. 2005;85:1271.

 24. Popitz-Bergez FA, Leeson S, Strichartz GR, et al. Relation between functional 
deicit and intraneural local anesthetic during peripheral nerve block. A study in 
the rat sciatic nerve. Anesthesiology. 1995;83:583.

 25. Fink BR, Cairns AM. Differential slowing and block of conduction by lido-
caine in individual afferent myelinated and unmyelinated axons. Anesthesiology. 
1984;60:111.

 26. Fink BR, Cairns AM. Differential use-dependent (frequency-dependent) effects 
in single mammalian axons: Data and clinical considerations. Anesthesiology. 
1987;67:477.

 27. Fink BR. Mechanisms of differential axial blockade in epidural and subarachnoid 
anesthesia. Anesthesiology. 1989;70:851.

 28. Gasser HS, Erlanger J. The role of iber size in the establishment of a nerve block 
by pressure or cocaine. Am J Physiol. 1929;88:581.

 29. Gokin AP, Philip B, Strichartz GR. Preferential block of small myelinated sensory 
and motor ibers by lidocaine: In vivo electrophysiology in the rat sciatic nerve. 
Anesthesiology. 2001;95:1441.

 30. Chevrier P, Vijayaragavan K, Chahine M. Differential modulation of Nav 1.7 and 
Nav 1.8 peripheral nerve sodium channels by the local anesthetic lidocaine. Br J 
Pharmacol. 2004;142:576.

 31. Chernoff DM, Strichartz GR. Tonic and phasic block of neuronal sodium cur-
rents by 5-hydroxyhexano-2±,6±-xylide, a neutral lidocaine homologue. J Gen 
Physiol. 1989:93:1075.

figure 21-18. Skeletal muscle cross section with characteristic his-
tologic changes after continuous exposure to bupivacaine for 6 hours. 
A whole spectrum of necrobiotic changes can be encountered, rang-
ing from slightly damaged vacuolated ibers and ibers with condensed 
myoibrils to entirely disintegrated and necrotic cells. The majority of the 
myocytes are morphologically affected. In addition, a marked interstitial 
and myoseptal edema appears within the sections. However, scattered 
ibers remain intact. (Reprinted from: Zink W, Graf B. Local anesthetic 
myotoxicity. Reg Anesth Pain Med. 2004;29:333–340, with permission.)

tahir99-VRG & vip.persianss.ir



578 SECTION IV Anesthetic Agents, Adjuvants, and Drug Interaction

 32. Strichartz GR, Sanchez V, Arthur GR, et al. Fundamental properties of local 
anesthetics. II. Measured octanol:Buffer partition coeficients and pKa values of 
clinically used drugs. Anesth Analg. 1990;71:158.

 33. Bokesch PM, Post C, Strichartz G. Structure-activity relationship of lidocaine 
homologs producing tonic and frequency-dependent impulse blockade in nerve. 
J Pharmacol Exp Ther. 1986;237:773.

 34. Gissen AJ, Covino BG, Gregus J. Differential sensitivity of fast and slow ibers in 
mammalian nerve. III. Effect of etidocaine and bupivacaine on fast/slow ibers. 
Anesth Analg. 1982;61:570.

 35. Johns RA, DiFazio CA, Longnecker DE. Lidocaine constricts or dilates rat arteri-
oles in a dose-dependent manner. Anesthesiology. 1985;62:141.

 36. Johns RA, Seyde WC, DiFazio CA, et al. Dose-dependent effects of bupivacaine 
on rat muscle arterioles. Anesthesiology. 1986;65:186.

 37. Foster RH, Markham A. Levobupivacaine: A review of its pharmacology and use 
as a local anaesthetic. Drugs. 2000;59:551.

 38. McClellan KJ, Faulds D. Ropivacaine: An update of its use in regional anaesthesia. 
Drugs. 2000;60:1065.

 39. Neal JM. Effects of epinephrine in local anesthetics on the central and periph-
eral nervous systems: Neurotoxicity and neural blood low. Reg Anesth Pain Med. 
2003;28:124.

 40. Sinnott CJ, Cogswell III LP, Johnson A, et al. On the mechanism by which epi-
nephrine potentiates lidocaine’s peripheral nerve block. Anesthesiology. 2003;
98:181.

 41. Curatolo M, Petersen-Felix S, Arendt-Nielsen L, et al. Epidural epinephrine and 
clonidine: Segmental analgesia and effects on different pain modalities. Anesthe-
siology. 1997;87:785.

 42. Ueda W, Hirakawa M, Mori K. Acceleration of epinephrine absorption by lido-
caine. Anesthesiology. 1985;63:717.

 43. Magee C, Rodeheaver GT, Edgerton MT, et al. Studies of the mechanisms by 
which epinephrine damages tissue defenses. J Surg Res. 1977;23:126.

 44. Hall JA, Ferro A. Myocardial ischaemia and ventricular arrhythmias precipitated 
by physiological concentrations of adrenaline in patients with coronary artery 
disease. Br Heart J. 1992;67:419.

 45. Lambert DH. Clinical value of adding sodium bicarbonate to local anesthetics. 
Reg Anesth Pain Med. 2002;27:328.

 46. Ikuta PT, Raza SM, Durrani Z. pH adjustment schedule for the amide local anes-
thetics. Reg Anesth. 1989;14:229.

 47. Neal JM, Hebl JR, Gerancher JC, et al. Brachial plexus anesthesia: Essentials of 
our current understanding. Reg Anesth Pain Med. 2002;27:402.

 48. Sinnott CJ, Garield JM, Thalhammer JG. Addition of sodium bicarbonate to 
lidocaine decreases the duration of peripheral nerve block in the rat. Anesthesiol-
ogy. 2000;93:1045.

 49. Wang C, Chakrabarti MK, Galletly DC, et al. Relative effects of intrathecal 
administration of fentanyl and midazolam on A delta and C ibre relexes. Neuro-
pharmacology. 1992;31:439.

 50. Niv D, Nemirovsky A, Rudick V. Antinociception induced by simultaneous 
intrathecal and intraperitoneal administration of low doses of morphine. Anesth 
Analg. 1995;80:886.

 51. Walker SM, Goudas LC, Cousins MJ, et al. Combination spinal analgesic chemo-
therapy: A systematic review. Anesth Analg. 2002;95:674.

 52. Karambelkar DJ, Ramanathan S. 2-chloroprocaine antagonism of epidural mor-
phine analgesia. Acta Anaesth Scand. 1997;41:774.

 53. Coda B, Bausch S, Haas M, et al. The hypothesis that antagonism of fentanyl 
analgesia by 2-chloroprocaine is mediated by direct action on opioid receptors. 
Reg Anesth. 1997;22:43.

 54. Janson W, Stein C. Peripheral opioid analgesia. Curr Pharm Biotechnol. 2003;
4:270.

 55. Picard PR, Tramer MR, McQuay HJ, et al. Analgesic eficacy of peripheral opioids 
(all except intra-articular): A qualitative systematic review of randomised con-
trolled trials. Pain. 1997;72:309.

 56. Candido KD, Winnie AP, Ghaleb AH, et al. Buprenorphine added to the local 
anesthetic for axillary brachial plexus block prolongs postoperative analgesia. Reg 
Anesth Pain Med. 2002;27:162.

 57. Candido KD, Hennes J, Gonzalez S, et al. Buprenorphine enhances and prolongs 
the postoperative analgesic effect of bupivacaine in patients receiving infragluteal 
sciatic nerve block. Anesthesiology. 2010;113:419.

 58. Rosseland LA. No evidence for analgesic effect of intra-articular morphine after 
knee arthroscopy: A qualitative systematic review. Reg Anesth Pain Med. 2005;30:83.

 59. Eisenach JC, De Kock M, Klimscha W. Alpha(2)-adrenergic agonists for regional 
anesthesia: A clinical review of clonidine (1984–1995). Anesthesiology. 1996;85:
655.

 60. Butterworth JF, Strichartz GR. The α2-adrenergic agonists clonidine and guan-
facine produce tonic and phasic block of conduction in rat sciatic nerve ibers. 
Anesth Analg. 1993;76:295.

 61. Gaumann DM, Brunet PC, Jirounek P. Clonidine enhances the effects of lido-
caine on C iber action potential. Anesth Analg. 1992;74:719.

 62. Pertovaara A, Hamalainen MM. Spinal potentiation and supraspinal additiv-
ity in the antinociceptive interaction between systemically administered α2-
adrenoreceptor agonist and cocaine in the rat. Anesth Analg. 1994;79:261.

 63. Popping DM, Elia N, Marret, et al. Clonidine as an adjuvant to local anesthetics 
for peripheral nerve and plexus blocks. Anesthesiology. 2009;111:406.

 64. Colin JL, McCartney ED, Apatu E. Should we add clonidine to local anesthetic for 
peripheral nerve blockade? A qualitative systematic review of the literature. Reg 
Anesth Pain Med. 2007;32:330.

 65. Curley J, Castillo J, Hotz J, et al. Prolonged regional nerve blockade: Injectable 
biodegradable bupivacaine/polyester microspheres. Anesthesiology. 1996;84:140.

 66. Drager C, Benziger D, Gao F, et al. Prolonged intercostal nerve blockade in 
sheep using controlled-release of bupivacaine and dexamethasone from polymer 
microspheres. Anesthesiology. 1998;89:969.

 67. Castillo J, Curley J, Hotz, et al. Glucocorticoids prolong rat sciatic nerve blockade 
in vivo from bupivacaine microspheres. Anesthesiology. 1996;85:1157.

 68. Parrington SJ, O’Donnell DO, Chan V, et al. Dexamethasone added to mepi-
vacaine prolongs the duration of analgesia after supraclavicular brachial plexus 
blockade. Reg Anesth Pain Med. 2010;35:422.

 69. Cummings KC, Napierkowski DE, Parra-Sanchez I, et al. Effect of dexametha-
sone on the duration of interscalene nerve blocks with ropivacaine or bupiva-
caine. Br J Anaesth. 2011;107:446.

 70. Bigat Z, Boztug N, Hadimioglu N, et al. Does dexamethasone improve the quality 
of intravenous regional anesthesia and analgesia? A randomized, controlled clini-
cal study. Anesth Analg. 2006;102:605.

 71. Williams BA, Hough KA, Tsui B, et al. Neurotoxicity of adjuvants used in peri-
neural anesthesia and analgesia in comparison with ropivacaine. Reg Anesth Pain 
Med. 2011;36:225.

 72. Morrison LM, Emanuelsson BM, McClure JH, et al. Eficacy and kinetics of 
extradural ropivacaine: Comparison with bupivacaine. Br J Anaesth. 1994;72:164.

 73. Tucker GT, Mather LE. Pharmacology of local anaesthetic agents. Pharmacoki-
netics of local anaesthetic agents. Br J Anaesth. 1975;47(suppl):213.

 74. Thomson PD, Melmon KL, Richardson JA, et al. Lidocaine pharmacokinetics in 
advanced heart failure, liver disease, and renal failure in humans. Ann Intern Med. 
1973;78:499.

 75. Rosenberg PR, Veering BT, Urmey WF. Maximum recommended doses of local 
anesthetics: A multifactorial concept. Reg Anesth Pain Med. 2004;29:564.

 76. Braid DP, Scott DB. Dosage of lignocaine in epidural block in relation to toxicity. 
Br J Anaesth. 1996;38:596.

 77. Adinoff B, Devous Sr MD, Best SE, et al. Gender differences in limbic responsive-
ness, by SPECT, following pharmacologic challenge in healthy subjects. Neuroim-
age. 2003;18:697.

 78. Tucker GT, Mather LE. Properties, absorption, and disposition of local anes-
thetic agents. In: Cousins MJ, Bridenbaugh PO, eds. Neural Blockade in Clinical 
Anesthesia and Management of Pain. 3rd ed. Philadelphia, PA: Lippincott-Raven 
Publishers; 1998:55.

 79. Lander JA, Weltman BJ, So SS. EMLA and amethocaine for reduction of chil-
dren’s pain associated with needle insertion. Cochrane Database Syst Rev. 2006;3:
CD004236.

 80. Ugur B, Ogurlu M, Gezer E, et al. Effects of esmolol, lidocaine and fentanyl on 
haemodynamic responses to endotracheal intubation. A comparative study. Clin 
Drug Investig. 2007;27:269.

 81. Adamzik M, Groeben H, Farahani R, et al. Intravenous lidocaine after tracheal 
intubation mitigates bronchoconstriction in patients with asthma. Anesth Analg. 
2007;104:168.

 82. Groban L. Central nervous system and cardiac effects from long-acting amide 
local anesthetic toxicity in the intact animal model. Reg Anesth Pain Med. 2003;
28:3.

 83. Weinberg GL. Current concepts in resuscitation of patients with local anesthetic 
cardiac toxicity. Reg Anesth Pain Med. 2002;27:568.

 84. Brown DL, Ransom DM, Hall JA, et al. Regional anesthesia and local anesthetic-
induced systemic toxicity: Seizure frequency and accompanying cardiovascular 
changes. Anesth Analg. 1995;81:321.

 85. Auroy Y, Benhamou D, Bargues L, et al. Major complications of regional anes-
thesia in France: The SOS Regional Anesthesia Hotline Service. Anesthesiology. 
2002;97:1274.

 86. Lee LA, Posner KL, Domino KB, et al. Injuries associated with regional anesthesia 
in the 1980s and 1990s: A closed claim analysis. Anesthesiology. 2004;101:143.

 87. Butterworth JF. Models and mechanisms of local anesthetic cardiac toxicity. Reg 
Anesth Pain Med. 2010;35:167.

 88. Mather LE, Copeland SE, Ladd LA. Acute toxicity of local anesthetics: Under-
lying pharmacokinetic and pharmacodynamic concepts. Reg Anesth Pain Med. 
2005;30:553.

 89. Knudsen K, Beckman Suurkula M, Blomberg S, et al. Central nervous and car-
diovascular effects of i.v. infusions of ropivacaine, bupivacaine and placebo in 
volunteers. Br J Anaesth. 1997;78:507.

 90. Stewart J, Kellett N, Castro D. The central nervous system and cardiovascular 
effects of levobupivacaine and ropivacaine in healthy volunteers. Anesth Analg. 
2002;97:412.

 91. Vanhoutte F, Vereecke J, Verbeke N, et al. Stereoselective effects of the enan-
tiomers of bupivacaine on the electrophysiological properties of the guinea-pig 
papillary muscle. Br J Pharmacol. 1991;103:1275.

 92. Valenzuela C, Snyders D, Bennett PB, et al. Stereoselective block of sodium chan-
nels by bupivacaine in guinea pig ventricular myocytes. Circulation. 1995;92:3014.

 93. Groban L, Deal DD, Vernon JC, et al. Does local anesthetic stereoselectivity or 
structure predict myocardial depression in anesthetized canines? Reg Anesth Pain 
Med. 2002;27:460.

tahir99-VRG & vip.persianss.ir



 CHAPTER 21 Local Anesthetics 579

A
N

E
S
T
H

E
T
IC

 A
G

E
N

T
S
, 
A

D
JU

V
A

N
T
S
, 
 

A
N

D
 D

R
U

G
 I

N
T
E
R

A
C

T
IO

N

 94. Pickering AE, Waki H, Headley PM, et al. Investigation of systemic bupivacaine 
toxicity using the in situ perfused working heart-brainstem preparation of the rat. 
Anesthesiology. 2002;97:1550.

 95. Chang KSK, Yang M, Andresen MC. Clinically relevant concentrations of bupi-
vacaine inhibit rat aortic baroreceptors. Anesth Analg. 1994;78:501.

 96. Newton DJ, McLeod GA, Khan F, et al. Vasoactive characteristics of bupiva-
caine and levobupivacaine with and without adjuvant epinephrine in peripheral 
human skin. Br J Anaesth. 2005;94:662.

 97. Liu P, Feldman HS, Covina BM, et al. Acute cardiovascular toxicity of intra-
venous amide local anesthetics in anesthetized ventilated dogs. Anesth Analg. 
1982;61:317.

 98. Guo XT, Castle NA, Chernoff DM, et al. Comparative inhibition of voltage-gated 
cation channels by local anesthetics. Ann N Y Acad Sci. 1991;625:181.

 99. Clarkson CW, Hondegham LM. Mechanisms for bupivacaine depression of car-
diac conduction: Fast block of sodium channels during the action potential with 
slow recovery from block during diastole. Anesthesiology. 1985;62:396.

 100. Nouette-Gaulain K, Forestier F, Malgat M, et al. Effects of bupivacaine on mito-
chondrial energy metabolism in heart of rats following exposure to chronic 
hypoxia. Anesthesiology. 2002;97:1507.

 101. Wong GK, Crawford MW. Carnitine deiciency increases susceptibility to bupi-
vacaine-induced cardiotoxicity in rats. Anesthesiology. 2011;114:1417.

 102. Weinberg GL. Treatment of local anesthetic systemic toxicity (LAST). Reg Anesth 
Pain Med. 2010;35:188.

 103. Long WB, Rosenblum S, Grady IP. Successful resuscitation of bupivacaine-
induced cardiac arrest using cardiopulmonary bypass. Anesth Analg. 1989;79:403.

 104. Soltesz EG, van Pelt F, Byrne JG. Emergent cardiopulmonary bypass for bupiva-
caine cardiotoxicity. J Cardiothorac Vasc Anesth. 2003;17:357.

 105. Weinberg GL, VadeBoncouer T, Ramaraju GA, et al. Pretreatment or resuscita-
tion with a lipid infusion shifts the dose-response to bupivacaine-induced asys-
tole in rats. Anesthesiology. 1998;99:1071.

 106. Weinberg GL, Ripper R, Feinstein DL, et al. Lipid emulsion infusion rescues dogs 
from bupivacaine-induced cardiac toxicity. Reg Anesth Pain Med. 2003;28:198.

 107. Rosenblatt MA, Abel M, Fischer GW, et al. Successful use of a 20% lipid emul-
sion to resuscitate a patient after a presumed bupivacaine-related cardiac arrest. 
Anesthesiology. 2006;105:217.

 108. Litz RJ, Popp M, Stehr SN, et al. Successful resuscitation of a patient with ropiva-
caine-induced asystole after axillary plexus block using lipid infusion. Anaesthe-
sia. 2006;61:800.

 109. Weinberg GL, Ripper R, Murphy P, et al. Lipid infusion accelerates removal of 
bupivacaine and recovery from bupivacaine toxicity in the isolated rat heart. Reg 
Anesth Pain Med. 2006;31:296.

 110. Weinberg GL, Palmer JW, VadeBoncouer TR, et al. Bupivacaine inhibits acylcar-
nitine exchange in cardiac mitochondria. Anesthesiology. 2000;92:523.

 111. Kitagawa N, Oda M, Totoki T. Possible mechanism of irreversible nerve injury 
caused by local anesthetics and membrane disruption. Anesthesiology. 2004;100:962.

 112. Kalichman MW. Physiologic mechanisms by which local anesthetics may cause 
injury to nerve and spinal cord. Reg Anesth. 1993;18:448.

 113. Whitlock EL, Brenner MJ, Fox IK, et al. Ropivacaine-induced peripheral nerve 
injection injury in the rodent model. Anesth Analg. 2010;111:214.

 114. Selander D. Neurotoxicity of local anesthetics: Animal data. Reg Anesth. 1993;
18:461.

 115. Kroin JS, Buvanendran A, Williams DK, et al. Local anesthetic sciatic nerve block 
and nerve iber damage in diabetic rats. Reg Anesth Pain Med. 2010;35:343.

 116. Brull R, McCartney CJL, Chan VWS, et al. Neurological complications after 
regional anesthesia: Contemporary estimates of risk. Anesth Analg. 2007;104:965.

 117. Bigeleisen PE. Nerve puncture and apparent intraneural injection during 
ultrasound-guided axillary block does not invariably result in neurologic injury. 
Anesthesiology. 2006;105:779.

 118. Rigler M, Drasner K, Krejcie T, et al. Cauda equina syndrome after continuous 
spinal anesthesia. Anesth Analg. 1991;72:275.

 119. Reisner L, Hochman B, Plumer M. Persistent neurologic deicit and adhesive arach-
noiditis following intrathecal 2-chloroprocaine injection. Anesth Analg. 1980;
58:452.

 120. Pollock JE. Transient neurologic symptoms: Etiology, risk factors, and manage-
ment. Reg Anesth Pain Med. 2002;27:581.

 121. Zaric D, Christiansen C, Pace NL, et al. Transient neurologic symptoms after spi-
nal anesthesia with lidocaine versus other local anesthetics: A systematic review 
of randomized, controlled trials. Anesth Analg. 2005;100:1811.

 122. Pollock JE, Liu SS, Neal JM, et al. Dilution of lidocaine does not decrease the 
incidence of transient neurologic symptoms. Anesthesiology. 1999;90:445.

 123. Hogan Q, Dotson R, Erickson S, et al. Local anesthetic myotoxicity: A case and 
review. Anesthesiology. 1994;80:942.

 124. Zink W, Bohl JRE, Hacke N, et al. The long term myotoxic effects of bupiva-
caine and ropivacaine after continuous peripheral nerve blocks. Anesth Analg. 
2005;101:548.

 125. Nouette-Gaulain K, Dadure C, Morau D, et al. Age-dependent bupivacaine-
induced muscle toxicity during continuous peripheral nerve block in rats. Anes-
thesiology. 2009;111:1120.

 126. Nouette-Gaulain K, Sirvent P, Canal-Rafin M, et al. Effects of intermittent femo-
ral nerve injections of bupivacaine, levobupivacaine, and ropivacaine on mito-
chondrial energy metabolism and intracellular calcium homeostasis in rat psoas 
muscle. Anesthesiology. 2007;106:1026.

 127. Nouette-Gaulain K, Bellance N, Prevost B, et al. Erythropoietin protects against 
local anesthetic myotoxicity during continuous regional anesthesia. Anesthesiol-
ogy. 2009;110:648.

 128. Galbes O, Bourret A, Nouette-Gaulain K, et al. N-acetylcysteine protects against 
bupivacaine-induced myotoxicity caused by oxidative and sarcoplasmic reticu-
lum stress in human skeletal myotubes. Anesthesiology. 2010;113:560.

 129. Boren E, Teuber SS, Naguwa SM, et al. A critical review of local anesthetic sensi-
tivity. Clin Rev Allergy Immunol. 2007;32:119.

 130. Phillips JF, Yates AB, Deshazo RD. Approach to patients with suspected hyper-
sensitivity to local anesthetics. Am J Med Sci. 2007;334:190.

 131. McClimon B, Rank M, Li J. The predictive value of skin testing in the diagnosis of 
local anesthetic allergy. Allergy Asthma Proc. 2011;32:95.

tahir99-VRG & vip.persianss.ir


