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cute Toxicity of Local Anesthetics: Underlying
harmacokinetic and Pharmacodynamic Concepts

aurence E. Mather, Ph.D., Susan E. Copeland, MVetClinStud, and
eigh A. Ladd, B.VSc.

The risk of accidental intravascular injection and consequent acute toxicity is ever-present with most neural
blockade techniques. The severity of cardiovascular and central nervous system (respectively, CVS and CNS)
toxicity is directly related to the local anesthetic potency, dose, and rate of administration. Nonetheless, although
the anesthetic potency of ropivacaine and levobupivacaine is similar to that of bupivacaine, at usual clinical
doses, ropivacaine and levobupivacaine are less likely than bupivacaine to cause convulsions or lethal dysrhyth-
mias. Signs of CNS stimulation, ranging from tremors to convulsions and perhaps cardiac dysrhythmias, can be
described in terms of a chaos-derived state change in which the local anesthetic appears to act as an initiator.
Both CNS and CVS effects are rather poorly correlated with arterial drug concentrations but better correlated
with concentrations in the respective regional venous drainage. Lung uptake reduces the maximum drug
concentration by �40%. Prolonging intravenous administration from 1 to 3 minutes results in a similar decrease
in maximum concentration. This is an underlying tenet of dose fractionation, but the main advantage of dose
fractionation is that the anesthesiologist is able to cease administration with less of the dose given if signs or
symptoms of toxicity occur. Overall, it appears that the gains in safety from ropivacaine and levobupivacaine are
due more to favorable pharmacodynamic enantioselectivity than to pharmacokinetic factors. This essay presents
some pharmacokinetic aspects relevant to acute toxicity of local anesthetics, mainly using data from the authors’
studies in a sheep model of simulated accidental intravenous administration. Reg Anesth Pain Med 2005;30:553-
566.
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he matter of maximum recommended doses of
local anesthetics was recently reviewed by

osenberg et al.1 They concluded that the present
pproach, which is based on individual drugs, was
ot soundly evidence based and that new recom-
endations should be based on specific nerve

locks with modifications according to patient char-
cteristics to account for individual differences in
harmacokinetics of systemically absorbed drug
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Regional Anesthesia and Pain Medicine, Vol 30, No
nd the concomitant risk of systemic toxic side ef-
ects.

Implicit in any maximum recommended dose
or minimum effective dose) are the dual require-
ents for the dose to be large enough to produce

he desired effect, in this case neural blockade,
ut small enough to reasonably preclude side ef-
ects, in this case central nervous system (CNS)
nd cardiovascular system (CVS) toxicity caused
y systemically absorbed local anesthetic. These
ide effects, as pointed out in Rosenberg et al.’s
eview,1 are easier to understand when the sys-
emic pharmacokinetics of the drugs, and (patho-
physiologic factors that affect these pharmacoki-
etics, are known. However, a more fearsome
ide effect of local anesthetics is acute toxicity
aused by accidental intravascular administra-
ion, occasionally intra-arterial but more com-
only intravenous. In such a situation, even

hese revised dosage recommendations may be
roblematic because the local anesthetic dose re-
uired for most nerve blocks could produce acute
oxicity if injected intravascularly. This topic of

ntravascular accidents and resultant acute toxic-
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ty was not included in the previous review,1 but
t has been reviewed recently, principally from
he clinical viewpoints of incidence, prevention,
nd resuscitation.2-4 However, it would appear
hat a pharmacokinetic-pharmacodynamic view-
oint of acute toxicity has not previously been
ublished.
Therefore, the purpose here was to add to the

nformation provided in the previous reviews by
escribing some of the pharmacokinetic and phar-
acodynamic research on acute local anesthetic

oxicity from accidental intravascular administra-
ion. To do this, the authors have mainly drawn on
heir own laboratory studies of systemic toxicity
rom simulated clinical accidents with local anes-
hetics in large animals (sheep). These studies were
ainly concerned with preclinical evaluation of the
ewer long-acting local anesthetics and were in-
ended to complement more limited studies in hu-
ans. Some of these data have been previously

ublished but are re-presented here in new form.
ll of the authors’ studies were approved by appro-
riate ethics review panels.

uman Problems to Animal Research

ocal Anesthetic Toxicity and Its Investigation

Systemic toxicity from local anesthetics is rela-
ively rare, and its incidence appears to be decreas-
ng, corresponding, it would seem, to the wide-
pread introduction of procedural safety steps2,3

ided by safer local anesthetics.3-5 Mulroy2 de-
cribed an incidence of approximately 12/100,000
pidural anesthetics and 200/100,000 brachial
lexus blocks. More recent data from 4,291,925
eliveries of anesthesia in the operating rooms of
apanese Society of Anesthesiologists Certified
raining Hospitals indicated that the frequency of
ocal anesthetic toxicity, as distinct from other crit-
cal incidents and complications of neural blockade,
as approximately 1.17/100,000 anesthetic deliv-

ries, with a fatality rate of 0.023/100,000.6 Despite
ts rarity, local anesthetic toxicity can be cata-
trophic to the individual when it occurs.

Although many anesthesiologists may occasion-
lly see mild manifestations of toxicity, most never
ncounter serious intoxication. Nonetheless, it is
robable that many more “near misses” occur un-
etected. Indeed, it was recently stated that “. . . it is
ot a question of ‘if’ an intravascular injection will
ccur, [it is] just a question of ‘when’. . .”7

he Need for Large-Animal “Models”

Most data documenting acute local anesthetic

oxicity in humans are gathered in retrospect, es- t
entially opportunistically, or from small cohort
rospective studies with low power, so that levels of
vidence for most human data will never be high.
or ethical reasons, human subjects can be given
nly mildly toxic doses when local anesthetics are
eliberately administered intravenously for re-
earch, typically to the subjective onset of CNS
ymptoms.8-12 Information about more serious tox-
city must therefore be derived either from clinical
ircumstances in which the objectives are preserva-
ion of life and well-being, rather than acquisition
f scientific data, or from laboratory animal “mod-
ls.” Therefore, human studies can only be a “blunt
nstrument” for such investigations. Laboratory ro-
ent and isolated tissue models are widely used and
re especially useful in elucidating mechanisms and
or between-drug comparisons. These are generally
sharp, but limited, instruments” because of the
estricted types of data that can be obtained or
ecause of their destructive nature and/or isolation
f tissues from their normal milieu. On the other
and, anatomically and physiologically sound stud-

es in large experimental animal models can be a
very sharp instrument” to observe extensive
hole-body pharmacokinetics and pharmacody-
amics in a context quite similar to patient treat-
ent.
Research data from various large-animal models

sed to investigate local anesthetic intoxication has
een recently compiled by Groban.13 The present
rticle provides more comprehensive data from just
ne of these models: the adult female sheep prep-
ration used by the authors. The major differences
etween this and other models, apart from species
r gender, are that both CNS and CVS data are
ollected concurrently from discrete doses in con-
cious, preprepared, closed-chested, chronically
aintained animals, after their recovery from sur-

ical preparation. This model closely resembles the
ituation in which local anesthetic is accidentally
dministered intravascularly to human patients un-
ergoing neural blockade. It has allowed pharma-
okinetic and dose-response relationship data to be
cquired for systemic toxic effects ranging from
light to lethal in essentially unmedicated “normal”
ubjects.14,15 Moreover, because intravenous local
nesthetic administration provokes both direct CVS
nd indirect (CNS-mediated) effects (at least in con-
cious subjects), the direct and indirect effects of
hese agents on the brain and heart can be studied
eparately by administration of the local anesthetics
irectly into the respective organ’s arterial blood
upply under the same experimental conditions as

hose used for simulated intravenous accidents.14-17
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Case of Acute Bupivacaine Toxicity

Figure 1 shows a time course of effects during
erious, but nonfatal, toxicity from bupivacaine HCl
100 mg in 30 mL saline, infused intravenously
ver 3 minutes) in a conscious sheep. The panels
how electrocardiogram (ECG) and cortical electro-
ncephalogram (EEG) traces, mean arterial blood
ressure, left ventricular pressure and its first deriv-
tive (dP/dtmax, an index of myocardial contractil-
ty), pulmonary artery blood flow (pulsatile cardiac
utput), left coronary artery blood flow, and sagittal
inus blood flow; data were acquired before (0 to 10
inutes), during (10-13 minutes), and after (13-70
inutes) the infusion. Relevant blood samples were

ollected to correlate circulating bupivacaine con-
entrations, shown in Figure 2, with the pharma-
odynamic effects. The features of bupivacaine in-
oxication shown here would also be expected to
ccur in a human patient after accidental intrave-
ous injection of �2 mg/kg (i.e., a dose similar to

he present maximum recommended dose of bu-
ivacaine), administered over a time period consis-
ent with dose fractionation.

Acute hemodynamic changes began during the
rst 2 minutes with myocardial depression, re-
ealed by decreased dP/dtmax, followed soon after,

ig 1. Physiographic data showing the time course of
upivacaine-induced CNS and CVS intoxication in a pre-
iously prepared conscious adult sheep. Data were ac-
uired digitally at 256 Hz for 10 minutes before, during 3
inutes of intravenous infusion of 100 mg bupivacaine
Cl in 30 mL saline, and for 60 minutes afterwards.
ections: 590 to 600 seconds (immediately before drug
nfusion), 740 to 750 seconds (30 seconds before end of
nfusion), 820 to 830 seconds (40 seconds after ceasing
nfusion), 1,750 to 1,760 seconds (approximately 20 min-
tes after starting infusion). Traces in order from top:
raniocaudal ECG, sagittal sinus blood flow (SSBF), mean
rterial blood pressure (MABP), cardiac output (CO), left
oronary artery blood flow (CABF), left ventricular dP/
tmax, left ventricular pressure (LVP), caudoventral ECG,
nd total power (1-32 Hz) in the cortical (dural) EEG.
nd coinciding with the onset of CNS stimulation,
y an abrupt and marked increase in myocardial
ontractility, accompanied by increases in mean ar-
erial blood pressure, heart rate, and cardiac output.
y the time convulsions occurred (shown by bursts
f EEG overactivity), disturbed cardiac conduction,
ith widened QRS complexes and ventricular dys-

hythmias, was also present. Without treatment,
he cardiovascular and CNS changes lasted for �20
inutes, when there was a sudden return to nor-
al heart rate and rhythm; the EEG activity re-

urned to normal �40 minutes later.
A peak arterial blood (total) bupivacaine con-

entration of �8 �g/mL occurred, as expected, at
he end of the 3-minute infusion; unbound drug
lood concentrations (see later) were not mea-
ured. The arterial blood bupivacaine concentra-
ion was �7 �g/mL at �2 minutes, when both
NS and CVS toxicity began (Fig 2). Bupivacaine
oncentrations in coronary sinus and sagittal si-
us blood (venous drainage of the myocardium
nd brain) reached maxima of �4 and �2 �g/mL
few minutes later, corresponding to the times of
eak concentrations of drug in those tissues. By
he time that all effects had dissipated, blood
upivacaine concentrations at all 3 sampling sites
ad decreased to �1 �g/mL.

Fig 2. Upper panel: bupivacaine concentrations (as race-
mate) in arterial, coronary sinus, and sagittal sinus of the
subject shown in Figure 4. Lower panel: net flux of
bupivacaine between blood and myocardium and be-
tween blood and brain, as determined from the product
of the relevant respective drug arteriovenous concentra-
tion gradient and blood flow. Time 0 marks the start and

t
he solid circle marks the end of the drug infusion period.
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Figure 2 also shows the tissue (myocardium
nd brain) net flux; this is the instantaneous net
ate of drug exchange between blood and tissues
erially calculated from the respective products of
he arteriovenous drug concentration differences
nd regional blood flows. Net flux is positive
hen there is net transfer from blood to tissue,

ero when the blood and tissue concentrations
re equal, and negative when the net transfer is
rom tissue back to blood. The maximum influx
ccurred at the end of the infusion, thereafter
uickly becoming negative and slowly returning
oward zero as the arterial blood drug concentra-
ions continuously decreased because of dilution
tissue uptake elsewhere) and clearance (metab-
lism mainly and excretion). Thus, the initial

oading (uptake) of vital tissues with bupivacaine
as very rapid, and unloading commenced soon

fter and continued, albeit slowly, for a very long
ime. This pattern is consistent with facile diffu-
ion of this lipophilic drug and the high perfusion
f these tissues.
The acute hemodynamic changes (Fig 1) are the

et resultant of direct and indirect CVS effects, the
atter mediated mainly via the CNS.18 This complex
nteraction between the CNS and CVS is character-
stic of the whole-body response to acute toxicity
rom large intravenous doses of local anesthetics in
onscious subjects. To study the cardiac effects of
ocal anesthetics without the influence of CNS, var-
ous investigators have used site-directed coronary
rterial administration in large animals, principally
cutely prepared pigs19,20 and dogs21 and chroni-
ally prepared conscious sheep.16 The results of
hese in vivo studies are essentially similar to those
f ex vivo studies using isolated heart tissue.22

verall, local anesthetics cause dose-related direct
yocardial depression with potency essentially pro-

ortional to potency for neural blockade, and they
lso disturb cardiac conduction, shown primarily by
RS complex widening and dysrhythmias, with
eath caused by pump failure and/or malignant
ysrhythmias.16,19,20

Information about indirect CNS-mediated effects
f blood-borne local anesthetics on CVS has been
rovided from site-directed carotid arterial infusion
n chronically prepared conscious sheep.17 These
xperiments have shown that CNS effects (convul-
ions) of blood-borne local anesthetics result in
yocardial stimulation (increased left ventricular

P/dtmax) but not necessarily cardiac dysrhythmias,
pparently unlike introduction of drug directly into
he brain in which cardiac neurovascular control
ay become deranged and in which cardiac dys-
hythmias may occur.23-25
ocal Anesthetic Chemistry and
harmacodynamic “Potency”

The potency for CNS stimulatory (proconvulsant)
ffects of local anesthetics parallels their potency for
eural blockade but with substantial differences be-
ween the enantiomers of bupivacaine.17,26 This is
ot surprising because of the conservation of ge-
etic coding among the superfamily of voltage-
ated sodium channels in various tissues.27 Be-
ause, as mentioned earlier, direct myocardial
epression also is proportional to potency for neural
lockade, it is also not surprising that over a wide
rray of local anesthetics with different chemical
tructures, local anesthetic potency is also propor-
ionally associated with lethality, judged by intra-
enous median lethal dose values in laboratory ro-
ents26,28,29 (Table 1). There are appreciable
ifferences between enantiomers of certain chiral
ocal anesthetics: these principally relate to different
ffinities for ion channel receptors.30 Nevertheless,
espite preservation of this rank order in a variety
f experimental designs, the mechanisms of lethal
ntoxication appear to differ among local anesthet-
cs with different structures in both conscious and
nesthetized subjects.31,32 On one hand, intrave-
ous bupivacaine is more likely to produce fatality
y sudden onset of lethal dysrhythmias; on the
ther, intravenous lidocaine is more likely to pro-
uce progressive contractile failure. Intravenous
opivacaine and levobupivacaine have produced fa-
alities by either mechanism, and it is not yet clear
hat makes one outcome more likely than the
ther in individual cases. In addition, differences
etween local anesthetics in the cardiac contribu-
ions of direct and indirect toxic effects remain per-
lexing.

Table 1. Intrinsic Whole-Body Toxicity of Some
mportant Local Anesthetic Agents as Determined

by the Median Lethal Dose After Intravenous
Injection in the Mouse

Mather28 Aberg26
Akerman

et al29

Prilocaine* 37.8 � 1.2
Lidocaine 28.8 � 1.4 18.8 � 2.5
Mepivacaine* 27.8 � 1.1 35 � 3.0

R(�)-Mepivacaine 32 � 2.5
S(�)-Mepivacaine 34 � 3.5

Ropivacaine 11.0 � 0.2
Bupivacaine* 5.2 � 0.2 7.3 � 1.0 7.9 � 0.4

R(�)-Bupivacaine 7.9 � 1.0
S(�)-Bupivacaine† 9.6 � 1.0

NOTE. Dose is given in mg/kg of local anesthetic base; error is
he standard error of the mean.

*Clinically-used racemate.
†Now also known as levobupivacaine.
When infused directly into the left coronary ar-
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eries of conscious sheep16 and anesthetized pigs,20

ethal ventricular fibrillation occurred with bupiva-
aine, levobupivacaine, and ropivacaine. Whereas
here were no significant differences between drugs
n lethal doses when infused as a small discrete dose
nto coronary arteries of conscious sheep,16 differ-
nces between drugs were found when infused as
umulative doses in anesthetized pigs such that the
ank order of lethal potency was bupivacaine �
evobupivacaine � ropivacaine.20 Furthermore, as
hown in Figure 3, lethal dysrhythmias and cardio-
ascular collapse can occur also with intracoronary
nfusion of lidocaine in both conscious16 and anes-
hetized subjects.19,20 Such examples show clearly
hat sudden-onset cardiac collapse from a local an-
sthetic need not be related to concurrent CNS
ntoxication.

harmacokinetic and Pharmacodynamic
nterpretations of “Blood Drug Concentrations”

It can be seen from Figures 1 and 2 that a simple
onotonic drug dose or blood drug concentration-

esponse relationship cannot be shown for the he-
odynamic changes in vivo, as can be normally

hown in preparations ex vivo. The data suggest
hat a bupivacaine arterial blood concentration of
7 �g/mL is both convulsant and dysrhythmo-

enic, but the convulsions and dysrhythmias both
anish when the concentration has decreased to �1
g/mL. These observations raise a fundamental
uestion: what is the “toxic concentration?” The

ig 3. Cardiac effects of lidocaine infused into the left
oronary arteries of a previously prepared conscious adult
heep. A dose of 40 mg/min was infused from time � 300
econds. Data acquisition methods and abbreviations are
s described for Figure 1. Sections: 290 to 300 seconds
immediately before drug infusion), 320 to 330 seconds,
nd 370 to 390 seconds. The sheep was prepared accord-
ng to our normal procedures. Death occurred by sudden
nset of dysrhythmias similar to those caused by bupiv-
caine immediately followed by cardiovascular collapse.
ituation becomes especially complicated with a ra- i
emic drug such as bupivacaine because of differ-
ntial toxicity and pharmacokinetics of the enanti-
mers. Both systemic (or whole body) and regional
harmacokinetics are relevant in this context, and
hey are complementary.

Systemic pharmacokinetics are time-averaged
ypothetical properties derived from curve-fitting
rug concentration-time data sets: their relevance
o systemic absorption of local anesthetics was re-
iewed by Rosenberg et al.1 After intravenous in-
ection, the regional pharmacokinetics are espe-
ially important: these are empirical properties
erived from products of the respective concurrent
egional blood flows and arteriovenous drug con-
entration gradients.33 For local anesthetic toxicity,
he rates of drug uptake (influx) into the brain and
eart are the most relevant. However, because of
he requirement to obtain afferent and efferent
lood drug concentrations and regional blood
ows, regional pharmacokinetics are virtually im-
ossible to obtain, except in large experimental an-
mals. Fluxes so-measured in vivo are net fluxes
ecause they are the difference between influx and
fflux.
In addition to the previously described consider-

tions, general anesthesia is well documented to
lter pharmacokinetics34 and drug effects and thus
ay affect interpretation of research data from var-

ous investigations of local anesthetic intoxication.
egardless of the pharmacokinetic approaches
sed, the potential impact of concomitant general
nesthesia on various research models must be
aken into consideration.35,36

ig 4. Physiological effects of intravenous infusion of
opivacaine HCl (150 mg over 3 minutes) in an adult
heep. Data acquisition methods and abbreviations are as
escribed for Figure 1. Convulsions commenced at 2.1
inutes (at 726 seconds), and death occurred abruptly at

.6 minutes (at 756 seconds) after commencement of

nfusion.
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natomical and Physiological Interpretation of
Blood Drug Concentrations”

An example showing sudden death of a sheep
fter intravenous infusion with ropivacaine further
llustrates the complicated interaction between
harmacokinetics and pharmacodynamics and dif-
culties in describing “toxic blood concentrations”
Figs 4 and 5). The point of measuring circulating
lood (or plasma or serum) drug concentrations is
hat, after initial distribution, they appear to be in
seudo-equilibrium with the drug concentrations
n tissues37,38 so that any systemic response to the
rug would be more predictable from, and related
o, blood drug concentrations than dose alone. But
oon after an intravenous administration, before
seudo-equilibrium has been attained, even highly
erfused tissues do not necessarily behave as a “ho-
ogeneous compartment”; thus, blood drug con-

entrations may be only roughly related to drug
ffect, especially if profound physiological distur-
ances are also occurring. However, the total-body
urden (or load) of drug will also be an implicit
eterminant of the drug effect because it influences
he magnitude of the relevant regional net flux and
he time over which drug concentrations remain in
he “active” region. Acute toxic effects from intra-
enous administration are thereby likely to be more
evere, but shorter lived, than if caused by relent-
ess systemic absorption from perineural injection
hen the dose and absorption rate exceed the ca-
acity of the body for drug clearance.
Pharmacodynamic interpretation of “blood drug

oncentrations” is influenced by the site, time after

ig 5. Arterial and coronary sinus blood, heart, and brain
oncentrations of ropivacaine after intravenous infusion
f 150 mg over 3 minutes in the study shown in Figure 4.
lood was sampled until 4 minutes; the massive increase

n coronary sinus blood ropivacaine concentration post
ortem does not reflect the tissue concentrations and

resumably results from a combination of factors, includ-
ng collection of infused drug solution with post mortem
ascular pressure changes.
rug administration, and conditions under which a
he blood samples are obtained. Whereas arterial
rug concentrations are essentially the same wher-
ver sampled, venous concentrations depend on
rug solubility and metabolism in the region being
rained. However, venous blood samples, usually
rom an antecubital vein in humans, are commonly
nalyzed because of their ease of collection, but
heir concentrations are damped and temporally
elayed because of the transit and solubility of the
rug in the (forearm) region being drained. The
ime after drug administration is a “hidden” vari-
ble in that it influences different drugs to different
xtents. Hence, if, as is sometimes done in human
nd animal studies, comparison between pharma-
ological tolerability of different drugs is made on
he basis of the tolerated blood drug concentration,
hen the comparison can be skewed by differences
etween drugs in their rates of tissue uptake and
etabolism.
Moreover, both arterial and venous blood drug

oncentrations are influenced by hemodynamic
actors,37 but the product of blood flow and drug
oncentration will be constant because of the con-
ervation of matter, with all other things being
qual.33 All of these factors impinge on interpreta-
ion of blood drug concentration in relation to effect
nd clearly cannot be studied systematically in hu-
ans. For example, after death, sampled blood

particularly from the heart) may be contaminated
y drainage from different sites as vascular pres-
ures fall, including those from blood vessels en-
iched with injected drug solution (Fig 5). The con-
equence is that the relationship between blood and
issue drug concentrations and side effects becomes
enuous and can make interpretation unexpectedly
azardous, especially if used for forensic purposes
e.g., to calculate whether a dosage error has been
ade on the basis of post mortem drug concentra-

ion data). Hence, by offering a “calibration factor,”
ystematic laboratory animal studies of regional
harmacokinetics have an important role in under-
tanding human cases of acute intoxication that
annot be studied so invasively.

ose Dependence of Local Anesthetic
ntoxication

Although it is generally held that serious cardiac
ntoxication from local anesthetics lags temporally
ehind CNS intoxication, this was not observed in
igure 1. Are there characteristic “toxic” blood drug
oncentrations, as suggested earlier?
The abrupt onset of convulsions is sometimes the

rst indication of serious local anesthetic intoxica-
ion. The progression of acute CNS toxicity appears,

fter reaching some ill-defined threshold, to follow
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Acute Toxicity of Local Anesthetics • Mather et al. 559
chaotic model. As time progresses, the subject
onstantly reaches new CNS “state” levels that
ummate temporally to either advance the effect,
ltimately leading to convulsions, or extinguish the
ffects. Although the progression of effects clearly
epends to some extent on receptor occupancy, it
eems that local anesthetics behave more as a
hreshold initiator than as an agonist in a simple
eterministic manner whereby its degree of recep-
or occupancy determines the intensity of CNS
timulation.18

tk;4Attempts have been made to define the “con-

ig 6. Blood concentration-dose relationships for
evobupivacaine after intravenous infusions made over 3

inutes on separate occasions in the same conscious
heep subject. Left panels: arterial (closed circles) and
agittal sinus (open circles) blood levobupivacaine con-
entrations. Right panels: net flux (as % dose/min; net
nflux is positive and net efflux is negative) of levobupi-
acaine across the brain. Arrows indicate the time to
nset of convulsions. There was no convulsion from the
0 mg dose.
ulsant arterial blood drug concentration” so that it o
an be avoided. A significant problem is that this
oncentration is not a constant and varies with the
peed of injection of the drug, among other things.
his is illustrated in Figure 6, using an example of
ncreasing doses of levobupivacaine in a sheep, in
hich the arterial drug concentration at onset of

onvulsions appears to increase with increasing
ose, with a corresponding decrease in the time of
nset. Figure 7 shows composite data from a cohort
f animals infused intravenously with increasing
iscrete doses of levobupivacaine and bupivacaine.
onvulsions from levobupivacaine appear to begin
t a lower arterial blood drug concentration than
rom bupivacaine at the 75 mg/3 min dose (at
hich 5/6 convulsed with bupivacaine and 3/7
ith levobupivacaine). However, this is partly an

rtifact of the duration of infusion in relation to the
ime taken for equilibration of drug between the

ig 7. Dose and arterial blood concentration data for the
nset of convulsions from intravenous infusion over 3
inutes of bupivacaine or levobupivacaine in a cohort of

dult female sheep. Upper panel: time of onset of con-
ulsions plotted against administered dose, middle panel:
rterial blood drug concentration at time of onset of
onvulsions, and lower panel: dose infused to the time of

nset of convulsions.



(
s
o
o
w
a
s
o
t
c
l
c

s
m
d

o
d
r
e
s
c
t
i
c
c
r
b
“
t

t
p
A
d
a
c
t
c

F
b
f
c
a

F
d
o
c
(
d
g
d

560 Regional Anesthesia and Pain Medicine Vol. 30 No. 6 November–December 2005
rapidly changing) arterial concentration and tis-
ues. At the lowest dose in particular, the onset
ccurred later with levobupivacaine after cessation
f the 3-minute infusion and when concentrations
ere decreasing. Moreover, as shown in Figure 8,

rterial drug concentrations at the offset of convul-
ions were always much less than those at the
nset, another effect of the experimental condi-
ions. Only a fairly broad range for blood drug con-
entrations “toxic” to CNS can be described for each
ocal anesthetic as it depends, at least partly, on the
onditions under which toxicity occurs.
In contrast, drug concentration in the sagittal

inus at the onset of convulsions does not change
arkedly with dose rate. As shown in Figure 9,

ig 8. Levobupivacaine and bupivacaine arterial blood
rug concentrations resulting from intravenous infusion
f the nominated doses over 3 minutes on separate oc-
asions in the same conscious sheep. The points of onset
filled upward triangle) and offset of convulsions (filled
ownward triangle) and of onset (empty upward trian-
les) and offset (empty downward triangles) of cardiac
ysrhythmias are shown.
rug concentrations in sagittal sinus blood at the t
nset and offset of convulsions are similar for each
ose and vary far less between doses than do arte-
ial drug concentrations. This indicates that the av-
rage “brain” levobupivacaine concentration is rea-
onably similar at the onset and offset of
onvulsions (Fig 9). According to venous equilibra-
ion theory, the regional venous drug concentration
s presumed to better represent the pharmacologi-
ally relevant concentration. Thus, the apparent in-
rease in “convulsant drug concentration” for arte-
ial blood with increasing dose appears to be caused
y the rate of equilibration across the blood-brain
barrier” being slower than the distribution rate in
he rest of the body.

Figure 8 also shows the arterial drug concen-
rations and the points of onset and offset of
eriods in which cardiac dysrhythmias occurred.
rterial drug concentrations at the onset of car-
iac dysrhythmias differed and were more vari-
ble as a function of dose than the corresponding
oronary sinus concentrations. This is analogous
o the correlation of CNS effects with drug con-
entrations in sagittal sinus blood. We believe

ig 9. Levobupivacaine and bupivacaine sagittal sinus
lood drug concentrations resulting from intravenous in-
usion of the nominated doses over 3 minutes in the same
onscious sheep. The points of onset (filled upward tri-
ngle) and cessation of convulsions (filled downward

riangle) are shown.
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hat a similar chaotic paradigm also prevails for
VS effects, leading to the initiation of malignant
ysrhythmias. Dose-dependent depression of
yocardial contractility occurs in proportion to

ocal anesthetic potency and blood drug concen-
ration until doses are large enough to stimulate
he CNS, whereupon the depression is abruptly
eversed with the onset of convulsions.13,14,31,32

hus, the matter of myocardial intoxication needs
o be studied in different settings including con-
cious and anesthetized subjects, whole-body (in-
ravenous) and site-directed (close arterial) dos-
ng, and intact and isolated tissues to permit a full
nalysis to be made. This would enable closer
xamination of the connection between direct
local cardiac) and indirect (mediated by CNS)
rug effects. Overall, the role of the CNS by way
f sympathetic nervous system stimulation seems
aramount; the onset of seizures causes reversal
f myocardial depression but predisposes to ma-

ignant dysrhythmias. Not surprisingly then, a
arked difference in CVS outcome appears to

epend on cardiac resting state and state of con-
ciousness.19,20,32,35,36,39-42

ig 10. Effect of prolonging the duration of administratio
easured arterial (open squares) and coronary sinus (op
ith the dose infused over 1 minute. (B) Measured art

evobupivacaine concentrations in the same sheep as in
urve fitted for pharmacokinetic simulation purposes to t
he subject after 3 minutes of infusion. (D) Simulated arte
ver 30 seconds (no fractionation). (E) Simulated arterial
ractionation as 3 equal portions, each over 30 seconds,

oncentrations for the dose infused by fractionation as 6 equal
peed of Local Anesthetic Injection and Uptake
nto Lungs

Slowing the speed of injection and/or dose frac-
ionation is now routine clinical practice: it allows
ime for reduction of arterial blood drug concentra-
ions delivered to vital organs by concurrent pro-
esses of distribution and elimination elsewhere but
y how much? Similarly, it has long been known
hat the lungs exert a “protective” effect against
ocal anesthetic intoxication by attenuating arterial
lood drug concentrations,32 but the magnitude,
ime course, and dose dependency of this effect has
een difficult to evaluate.
It is intuitive that dose fractionation will reduce
aximum arterial blood drug concentration (Cmax),

ut there does not yet appear to be experimental
emonstration of the magnitude of the outcome.
e have found experimentally that prolonging

rom 1 to 3 minutes the intravenous infusion in
heep of 37.5 mg levobupivacaine (as an example)
educes its arterial Cmax by �40%, with correspond-
ng reductions in other relevant regions such as the
eart as shown by the coronary sinus levobupiva-
aine concentrations (Fig 10). Computer simula-

7.5 mg levobupivacaine administered intravenously. (A)
ngles) blood levobupivacaine concentrations in a sheep

open squares) and sagittal sinus (open triangles) blood
h the dose infused over 3 minutes. (C) Polyexponential
asured arterial blood levobupivacaine concentrations of
ood levobupivacaine concentrations for the dose infused
levobupivacaine concentrations for the dose infused by

ute apart. (F) Simulated arterial blood levobupivacaine
n of 3
en tria
erial (
A wit
he me
rial bl
blood
1 min
portions, each over 30 seconds, 1 minute apart.
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ions of the same dose given as a bolus (30 seconds)
r by spaced fractionation into 3 or 6 equal portions
hows that the arterial blood Cmax is attenuated (Fig
0), but this may not be a sufficient reduction in
rterial drug concentration to avoid intoxication.
he most important feature of dose fractionation is
hat it gives the anesthesiologist an early opportu-
ity to cease administering the drug if a side effect
ccurs. The latter aspect is pertinent, given the con-
icting views on the suitability of a discrete test
ose to prevent intravenous administration of the
ain dose, particularly for ropivacaine and

evobupivacaine, which are less likely than bupiv-
caine to provoke early CNS symptoms or signs.43,44

learly, in this context, and especially in the CNS-
btunded patient, there is a case to be made for
sing the response from an epinephrine-containing
olution for the entire dose.

Because the lungs are a large organ with complex
athways of transit and tissue uptake, they attenu-
te arterial blood drug concentrations and, to some

ig 11. Blood concentration-dose relationships for
evobupivacaine after intravenous infusions made over 3

inutes on separate occasions in the same conscious
heep. Left panels: pulmonary arterial (open triangles)
nd arterial (open circles) blood levobupivacaine concen-
rations. Right panels: net flux (calculated as % dose/min;
et influx is positive, net efflux is negative) of levobupi-
acaine across the lungs calculated from the product of
ardiac output and the difference between pulmonary
rterial and arterial drug concentrations. The time of
iessation of drug infusion is shown by an arrow.
xtent, consequent risk of local anesthetic intoxica-
ion, whether from accidental intravenous admin-
stration or systemic absorption after perineural ad-

inistration,37,45-47, but by how much and for how
ong? Some examples of arterial and pulmonary
rterial drug concentrations over a large range of
evobupivacaine doses in the same sheep are shown
n Figure 11. These show that changes in pulmo-
ary arterial drug concentrations precede those in
rterial blood during infusion over a large dose
ange, as expected, and that the gradient reverses
oon after cessation of infusion (i.e., net influx is
oon followed by net efflux). The lungs attenuate
he arterial drug concentrations by �20%, and the
raction of dose apparently lost into the lungs is
ssentially independent of dose; however, it is soon
egained in an exponentially decreasing manner,
nd this is a point often not brought out without
bservation over an extended period of time. Inter-
stingly, we have also found that there are no sig-
ificant acute differences between bupivacaine en-
ntiomers in sheep or humans in their rate of
egional uptake despite a slightly greater tissue
inding of the R-bupivacaine enantiomer than S-
upivacaine enantiomer.46

rotein Binding and the Interpretation of “Blood
rug Concentrations”

A further obstacle in the interpretation of the
elationship between circulating drug concentra-
ion and drug effects arises from plasma protein
inding and blood cell uptake of the drug. This can
e even more complex if the drug is administered as
racemate, such as bupivacaine, where the enan-

iomers can have different protein binding affinities
s well as pharmacodynamics. Overall, plasma pro-
ein binding opposes blood cell uptake so that blood
nd plasma drug concentrations will diverge with
ncreased plasma binding.48 Therefore, the question
rises as to whether unbound (or free) drug con-
entrations (in plasma water) need to be measured
or correlation with pharmacological effects or
hether total blood or total plasma concentrations

ive essentially the same information, regardless of
pecies.11,12,40,49-52 The former are assumed to be
quivalent to tissue interstitial fluid and thus in
quilibrium with receptor concentrations; unbound
oncentrations are therefore intuitively attractive,
ut whole plasma or whole blood concentrations
re normally measured because of the lack of a
uitable technique for measuring free drug concen-
rations in most laboratories. In all of the foregoing,
t is emphasized that it is the plasma unbound
rug concentration, not percentage, that is the crit-
cal issue in driving the pharmacodynamics; there
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s sometimes confusion on this point and its con-
equences.48

Measurement of unbound drug concentration in
lasma now features in many research articles con-
erned with local anesthetic intoxication in humans
nd experimental animals. As the current knowl-
dge has accrued over the past few decades, the
eporting of plasma-unbound local anesthetic con-
entrations has been useful to better characterize
he pharmacokinetic differences between the drugs
e.g., in transplacental distribution). However, in
ost cases, the resultant data are a set of numbers

caled differently according to unbound fraction or
lood cell uptake that remain closely related to the
otal plasma drug concentrations of the particular
rug, but in a nonlinear manner, and are subject to
umulative methodological errors. With some res-
rvations depending on the use to which the data
re being put, it would seem that the total plasma
or blood, as appropriate) drug concentration is a
easonable compromise for most applications.

The most significant feature about the binding of
ocal anesthetics is that its extent is markedly con-
entration dependent in all species (Fig 12). Thus,
he unbound fraction at “toxic” blood drug concen-
rations can be several times greater than at “non-
oxic” concentrations, although it is the latter con-
entrations at which most drug binding data are
enerated experimentally. Various plasma proteins
ave different affinities and capacities to bind dif-

erent local anesthetics,53 and the extent of binding
s altered by changes of their concentrations, as well
s by acid-base changes that affect both the ioniza-
ion of the drug and conformation of the protein(s).
s a further complication, there is some evidence

or species-related quantitative differences in bind-

ig 12. An example of concentration dependence of local
nesthetic plasma protein binding showing the individual
nantiomers of bupivacaine (from racemate) and
evobupivacaine in an individual sheep, showing the un-
ound fraction is several-fold greater at concentrations
ssociated with central nervous system and cardiovascu-
ar system toxicity.
ng, which may relate to differential binding to a
arious proteins and their abundance in different
pecies.52 All such measures are determined gener-
lly ex vivo, and they may not reflect well the
ituation in vivo during a toxic event, when phys-
ology may be altered (e.g., in the immediate post-
perative period51 when concentration of the prin-
ipal binding protein of local anesthetic [�1 acid-
lycoprotein] changes as a response to stress, and
hen acid-base and/or fluid balances may be al-

ered).54

Sometimes the value of the average blood:plasma
rug concentration ratio (B/P, sometimes abbrevi-
ted �) is used to provide a factor for conversion
etween blood and plasma drug concentrations
hen one is measured and the other is required for
se in a pharmacokinetic calculation.37 A measured
lasma bupivacaine concentration of 3.0 �g/mL in
subject with a B/P ratio of 0.67 would be equiv-

lent to a blood concentration of 2.0 �g/mL because
he blood cells occupy a disproportionate volume
ompared to their drug concentration. It therefore
ollows that a value of total body clearance as 0.6
/min determined from measured plasma drug con-
entrations would be equivalent to a value of 0.9
/min if calculated from blood samples. A potential
azard of this approach is that B/P itself can be
oncentration dependent and could depend, theo-
etically, on other variables such as acid-base bal-
nce in the samples assayed, which can alter the
atio of unionized to ionized drug concentrations
nd protein binding.54 Nevertheless, it gives a rea-
onable approximation, as long as concentrations
re neither very high nor very low. B/P is also
seful as a surrogate for the average drug plasma
inding on the premise that greater binding to
lasma protein decreases its value.

nimal Research to Human Problems

ome Implications

Prospective studies in humans are mainly used to
tudy pharmacokinetics of local anesthetics after per-
neural administration, and there are numerous ex-
mples of such studies. Intravascular administration
o humans for research purposes is permissible only
ith relatively small doses, with the intention of pro-
ucing only mild intoxication, and there are a few
xamples of this type of study. The main purpose of
nimal research in this context, therefore, is to under-
tand how other mammalian species respond to local
nesthetic agents and to use the relevant findings in
uman medicine.
It has been proposed that maximum recommended

oses of local anesthetics should be specified for each
dministration site rather than for each agent.1 This is

sensible proposal. Nevertheless, it does not, and
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robably cannot, take account of the possibility of
ccidental intravascular injection and consequent
cute local anesthetic intoxication, which remains an
ver present risk of neural blockade. Although some
linical reports of acute intoxication include measured
lood drug concentrations to verify the probable
ause, the amount of pharmacokinetic and pharma-
odynamic data available in such circumstances, un-
erstandably, is typically sparse. Therefore, to provide
reater detail on these matters, this article has focused
n some findings from the authors’ research into sim-
lated accidental intoxication in conscious sheep and

rom other models used for the same purpose.
The potency of local anesthetics for causing acute

ntoxication essentially parallels that for producing
eural blockade, with the exceptions of the newer
nantiopure agents, ropivacaine and levobupivacaine,
hich have anesthetic potency similar to bupivacaine
ut are less toxic. However, the use of these agents
oes not diminish the risk of their intravascular ad-
inistration. By-and-large, the gains in safety with

hese agents are due to more favorable pharmacody-
amic profiles than from improved pharmacokinetic
haracteristics. The risk to the individual from acci-
ental intravascular administration is thus largely pro-
ortional to the dose of local anesthetic administered.
afety is promoted by use of the least toxic drug
onsistent with achieving the desired outcomes of
ensity and duration of nerve block. It is also pro-
oted by safer administration techniques, especially

lowing the speed of a local anesthetic injection
nd/or dose fractionation. Although reduction in
lood drug concentrations by these means is un-
oubtedly beneficial, the main gain in safety may be
ecause of the ability to cease drug administration
ith less of the dose having been given at the onset of

oxic symptoms or signs.
Formal pharmacokinetic-pharmacodynamic inves-

igation of local anesthetic acute intoxication is virtu-
lly impossible in humans. Studies in large animals
hat can be applied to humans can be of immense
elp in understanding the underlying principles and
aking comparisons between drugs and between re-

ipients of drugs, especially when pathophysiological
erturbations are present. Traditional models of drug
ffect based on receptor occupancy and monotonic
elationships between blood drug concentration and
ffect do not apply well to local anesthetics, even
nder controlled laboratory conditions, especially in
onscious subjects. Despite this, whenever possible,
harmacokinetic investigation of human intoxication
s valuable, but measured blood local anesthetic con-
entrations in clinical cases of suspected intoxication
hould be interpreted with some caution and post
ortem samples present special hazards, particularly
f used to deduce a dosage error.
The other major role of studies in animals is to
nvestigate treatments for intoxication. In the quest
o deal with acute local anesthetic intoxication, var-
ous strategies have been/are being investigated,
ome involving pretreatment with pharmacological
gents, resuscitation strategies, and even “silver
ullet”/selective treatments. This topic is beyond
he scope of this article, in which we have outlined
ore of the relationships between drug structure,

ose, pharmacokinetics, and pharmacodynamics
hat assist in making recommendations about the
aximum doses of local anesthetics.
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