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Acute Toxicity of Local Anesthetics: Underlying
Pharmacokinetic and Pharmacodynamic Concepts
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Leigh 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.

he matter of maximum recommended doses of

local anesthetics was recently reviewed by
Rosenberg et al.! They concluded that the present
approach, which is based on individual drugs, was
not soundly evidence based and that new recom-
mendations should be based on specific nerve
blocks with modifications according to patient char-
acteristics to account for individual differences in
pharmacokinetics of systemically absorbed drug

See Editorial page 513

From the Department of Anaesthesia and Pain Management,
University of Sydney at Royal North Shore Hospital, Sydney
NSW, Australia.

Accepted for publication July 8, 2005.

Reprints: Laurence E. Mather, Ph.D., Department of Anaes-
thesia and Pain Management, University of Sydney at Royal
North Shore Hospital, Sydney NSW 2065 Australia. E-mail:
Imather@med.usyd.edu.au

© 2005 by the American Society of Regional Anesthesia and
Pain Medicine.

1098-7339/05/3006-0009$30.00/0

doi:10.1016/j.rapm.2005.07.186

and the concomitant risk of systemic toxic side ef-
fects.

Implicit in any maximum recommended dose
(or minimum effective dose) are the dual require-
ments for the dose to be large enough to produce
the desired effect, in this case neural blockade,
but small enough to reasonably preclude side ef-
fects, in this case central nervous system (CNS)
and cardiovascular system (CVS) toxicity caused
by systemically absorbed local anesthetic. These
side effects, as pointed out in Rosenberg et al.’s
review,! are easier to understand when the sys-
temic pharmacokinetics of the drugs, and (patho-
)physiologic factors that affect these pharmacoki-
netics, are known. However, a more fearsome
side effect of local anesthetics is acute toxicity
caused by accidental intravascular administra-
tion, occasionally intra-arterial but more com-
monly intravenous. In such a situation, even
these revised dosage recommendations may be
problematic because the local anesthetic dose re-
quired for most nerve blocks could produce acute
toxicity if injected intravascularly. This topic of
intravascular accidents and resultant acute toxic-
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ity was not included in the previous review,! but
it has been reviewed recently, principally from
the clinical viewpoints of incidence, prevention,
and resuscitation.2* However, it would appear
that a pharmacokinetic-pharmacodynamic view-
point of acute toxicity has not previously been
published.

Therefore, the purpose here was to add to the
information provided in the previous reviews by
describing some of the pharmacokinetic and phar-
macodynamic research on acute local anesthetic
toxicity from accidental intravascular administra-
tion. To do this, the authors have mainly drawn on
their own laboratory studies of systemic toxicity
from simulated clinical accidents with local anes-
thetics in large animals (sheep). These studies were
mainly concerned with preclinical evaluation of the
newer long-acting local anesthetics and were in-
tended to complement more limited studies in hu-
mans. Some of these data have been previously
published but are re-presented here in new form.
All of the authors’ studies were approved by appro-
priate ethics review panels.

Human Problems to Animal Research
Local Anesthetic Toxicity and Its Investigation

Systemic toxicity from local anesthetics is rela-
tively rare, and its incidence appears to be decreas-
ing, corresponding, it would seem, to the wide-
spread introduction of procedural safety steps2?>
aided by safer local anesthetics.>-> Mulroy? de-
scribed an incidence of approximately 12/100,000
epidural anesthetics and 200/100,000 brachial
plexus blocks. More recent data from 4,291,925
deliveries of anesthesia in the operating rooms of
Japanese Society of Anesthesiologists Certified
Training Hospitals indicated that the frequency of
local anesthetic toxicity, as distinct from other crit-
ical incidents and complications of neural blockade,
was approximately 1.17/100,000 anesthetic deliv-
eries, with a fatality rate of 0.023/100,000.¢ Despite
its rarity, local anesthetic toxicity can be cata-
strophic to the individual when it occurs.

Although many anesthesiologists may occasion-
ally see mild manifestations of toxicity, most never
encounter serious intoxication. Nonetheless, it is
probable that many more “near misses” occur un-
detected. Indeed, it was recently stated that “. . . it is
not a question of ‘if” an intravascular injection will
occur, [it is] just a question of ‘when’. . .””

The Need for Large-Animal “Models”

Most data documenting acute local anesthetic
toxicity in humans are gathered in retrospect, es-

sentially opportunistically, or from small cohort
prospective studies with low power, so that levels of
evidence for most human data will never be high.
For ethical reasons, human subjects can be given
only mildly toxic doses when local anesthetics are
deliberately administered intravenously for re-
search, typically to the subjective onset of CNS
symptoms.3-12 Information about more serious tox-
icity must therefore be derived either from clinical
circumstances in which the objectives are preserva-
tion of life and well-being, rather than acquisition
of scientific data, or from laboratory animal “mod-
els.” Therefore, human studies can only be a “blunt
instrument” for such investigations. Laboratory ro-
dent and isolated tissue models are widely used and
are especially useful in elucidating mechanisms and
for between-drug comparisons. These are generally
“sharp, but limited, instruments” because of the
restricted types of data that can be obtained or
because of their destructive nature and/or isolation
of tissues from their normal milieu. On the other
hand, anatomically and physiologically sound stud-
ies in large experimental animal models can be a
“very sharp instrument” to observe extensive
whole-body pharmacokinetics and pharmacody-
namics in a context quite similar to patient treat-
ment.

Research data from various large-animal models
used to investigate local anesthetic intoxication has
been recently compiled by Groban.!> The present
article provides more comprehensive data from just
one of these models: the adult female sheep prep-
aration used by the authors. The major differences
between this and other models, apart from species
or gender, are that both CNS and CVS data are
collected concurrently from discrete doses in con-
scious, preprepared, closed-chested, chronically
maintained animals, after their recovery from sur-
gical preparation. This model closely resembles the
situation in which local anesthetic is accidentally
administered intravascularly to human patients un-
dergoing neural blockade. It has allowed pharma-
cokinetic and dose-response relationship data to be
acquired for systemic toxic effects ranging from
slight to lethal in essentially unmedicated “normal”
subjects.14+1> Moreover, because intravenous local
anesthetic administration provokes both direct CVS
and indirect (CNS-mediated) effects (at least in con-
scious subjects), the direct and indirect effects of
these agents on the brain and heart can be studied
separately by administration of the local anesthetics
directly into the respective organ’s arterial blood
supply under the same experimental conditions as
those used for simulated intravenous accidents.!4-17
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Fig 1. Physiographic data showing the time course of
bupivacaine-induced CNS and CVS intoxication in a pre-
viously prepared conscious adult sheep. Data were ac-
quired digitally at 256 Hz for 10 minutes before, during 3
minutes of intravenous infusion of 100 mg bupivacaine
HCl in 30 mL saline, and for 60 minutes afterwards.
Sections: 590 to 600 seconds (immediately before drug
infusion), 740 to 750 seconds (30 seconds before end of
infusion), 820 to 830 seconds (40 seconds after ceasing
infusion), 1,750 to 1,760 seconds (approximately 20 min-
utes after starting infusion). Traces in order from top:
craniocaudal ECG, sagittal sinus blood flow (SSBF), mean
arterial blood pressure (MABP), cardiac output (CO), left
coronary artery blood flow (CABF), left ventricular dP/
dtpnax left ventricular pressure (LVP), caudoventral ECG,
and total power (1-32 Hz) in the cortical (dural) EEG.

A Case of Acute Bupivacaine Toxicity

Figure 1 shows a time course of effects during
serious, but nonfatal, toxicity from bupivacaine HCI
(100 mg in 30 mL saline, infused intravenously
over 3 minutes) in a conscious sheep. The panels
show electrocardiogram (ECG) and cortical electro-
encephalogram (EEG) traces, mean arterial blood
pressure, left ventricular pressure and its first deriv-
ative (dP/dt,,,, an index of myocardial contractil-
ity), pulmonary artery blood flow (pulsatile cardiac
output), left coronary artery blood flow, and sagittal
sinus blood flow; data were acquired before (0 to 10
minutes), during (10-13 minutes), and after (13-70
minutes) the infusion. Relevant blood samples were
collected to correlate circulating bupivacaine con-
centrations, shown in Figure 2, with the pharma-
codynamic effects. The features of bupivacaine in-
toxication shown here would also be expected to
occur in a human patient after accidental intrave-
nous injection of ~2 mg/kg (i.e., a dose similar to
the present maximum recommended dose of bu-
pivacaine), administered over a time period consis-
tent with dose fractionation.

Acute hemodynamic changes began during the
first 2 minutes with myocardial depression, re-
vealed by decreased dP/dt,,,, followed soon after,
and coinciding with the onset of CNS stimulation,
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by an abrupt and marked increase in myocardial
contractility, accompanied by increases in mean ar-
terial blood pressure, heart rate, and cardiac output.
By the time convulsions occurred (shown by bursts
of EEG overactivity), disturbed cardiac conduction,
with widened QRS complexes and ventricular dys-
rhythmias, was also present. Without treatment,
the cardiovascular and CNS changes lasted for ~20
minutes, when there was a sudden return to nor-
mal heart rate and rhythm; the EEG activity re-
turned to normal ~40 minutes later.

A peak arterial blood (total) bupivacaine con-
centration of ~8 ug/mL occurred, as expected, at
the end of the 3-minute infusion; unbound drug
blood concentrations (see later) were not mea-
sured. The arterial blood bupivacaine concentra-
tion was ~7 pg/mL at ~2 minutes, when both
CNS and CVS toxicity began (Fig 2). Bupivacaine
concentrations in coronary sinus and sagittal si-
nus blood (venous drainage of the myocardium
and brain) reached maxima of ~4 and ~2 pg/mL
a few minutes later, corresponding to the times of
peak concentrations of drug in those tissues. By
the time that all effects had dissipated, blood
bupivacaine concentrations at all 3 sampling sites
had decreased to ~1 wg/mL.
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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
the solid circle marks the end of the drug infusion period.
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Figure 2 also shows the tissue (myocardium
and brain) net flux; this is the instantaneous net
rate of drug exchange between blood and tissues
serially calculated from the respective products of
the arteriovenous drug concentration differences
and regional blood flows. Net flux is positive
when there is net transfer from blood to tissue,
zero when the blood and tissue concentrations
are equal, and negative when the net transfer is
from tissue back to blood. The maximum influx
occurred at the end of the infusion, thereafter
quickly becoming negative and slowly returning
toward zero as the arterial blood drug concentra-
tions continuously decreased because of dilution
(tissue uptake elsewhere) and clearance (metab-
olism mainly and excretion). Thus, the initial
loading (uptake) of vital tissues with bupivacaine
was very rapid, and unloading commenced soon
after and continued, albeit slowly, for a very long
time. This pattern is consistent with facile diffu-
sion of this lipophilic drug and the high perfusion
of these tissues.

The acute hemodynamic changes (Fig 1) are the
net resultant of direct and indirect CVS effects, the
latter mediated mainly via the CNS.!8 This complex
interaction between the CNS and CVS is character-
istic of the whole-body response to acute toxicity
from large intravenous doses of local anesthetics in
conscious subjects. To study the cardiac effects of
local anesthetics without the influence of CNS, var-
ious investigators have used site-directed coronary
arterial administration in large animals, principally
acutely prepared pigs'®2° and dogs?! and chroni-
cally prepared conscious sheep.'¢ The results of
these in vivo studies are essentially similar to those
of ex vivo studies using isolated heart tissue.22
Overall, local anesthetics cause dose-related direct
myocardial depression with potency essentially pro-
portional to potency for neural blockade, and they
also disturb cardiac conduction, shown primarily by
QRS complex widening and dysrhythmias, with
death caused by pump failure and/or malignant
dysrhythmias.1¢.19.20

Information about indirect CNS-mediated effects
of blood-borne local anesthetics on CVS has been
provided from site-directed carotid arterial infusion
in chronically prepared conscious sheep.!” These
experiments have shown that CNS effects (convul-
sions) of blood-borne local anesthetics result in
myocardial stimulation (increased left ventricular
dP/dt,.y) but not necessarily cardiac dysrhythmias,
apparently unlike introduction of drug directly into
the brain in which cardiac neurovascular control
may become deranged and in which cardiac dys-
rhythmias may occur.23-25

Table 1. Intrinsic Whole-Body Toxicity of Some
Important Local Anesthetic Agents as Determined
by the Median Lethal Dose After Intravenous
Injection in the Mouse

Akerman
Matherz8 Aberg26 et al?®
Prilocaine* 37812
Lidocaine 288+1.4 18.8 2.5
Mepivacaine* 27.8 = 1.1 35+ 3.0
R(—)-Mepivacaine 32+25
S(+)-Mepivacaine 34 = 3.5
Ropivacaine 11.0 £ 0.2
Bupivacaine*® 52+0.2 79+04

R(+)-Bupivacaine
S(—)-Bupivacainet

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

*Clinically-used racemate.

1Now also known as levobupivacaine.

Local Anesthetic Chemistry and
Pharmacodynamic “Potency”

The potency for CNS stimulatory (proconvulsant)
effects of local anesthetics parallels their potency for
neural blockade but with substantial differences be-
tween the enantiomers of bupivacaine.!”-2¢ This is
not surprising because of the conservation of ge-
netic coding among the superfamily of voltage-
gated sodium channels in various tissues.2” Be-
cause, as mentioned earlier, direct myocardial
depression also is proportional to potency for neural
blockade, it is also not surprising that over a wide
array of local anesthetics with different chemical
structures, local anesthetic potency is also propor-
tionally associated with lethality, judged by intra-
venous median lethal dose values in laboratory ro-
dents2¢.282° (Table 1). There are appreciable
differences between enantiomers of certain chiral
local anesthetics: these principally relate to different
affinities for ion channel receptors.>® Nevertheless,
despite preservation of this rank order in a variety
of experimental designs, the mechanisms of lethal
intoxication appear to differ among local anesthet-
ics with different structures in both conscious and
anesthetized subjects.?!32 On one hand, intrave-
nous bupivacaine is more likely to produce fatality
by sudden onset of lethal dysrhythmias; on the
other, intravenous lidocaine is more likely to pro-
duce progressive contractile failure. Intravenous
ropivacaine and levobupivacaine have produced fa-
talities by either mechanism, and it is not yet clear
what makes one outcome more likely than the
other in individual cases. In addition, differences
between local anesthetics in the cardiac contribu-
tions of direct and indirect toxic effects remain per-
plexing.

When infused directly into the left coronary ar-
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Fig 3. Cardiac effects of lidocaine infused into the left
coronary arteries of a previously prepared conscious adult
sheep. A dose of 40 mg/min was infused from time = 300
seconds. Data acquisition methods and abbreviations are
as described for Figure 1. Sections: 290 to 300 seconds
(immediately before drug infusion), 320 to 330 seconds,
and 370 to 390 seconds. The sheep was prepared accord-
ing to our normal procedures. Death occurred by sudden
onset of dysrhythmias similar to those caused by bupiv-
acaine immediately followed by cardiovascular collapse.

teries of conscious sheep!¢ and anesthetized pigs,2°©
lethal ventricular fibrillation occurred with bupiva-
caine, levobupivacaine, and ropivacaine. Whereas
there were no significant differences between drugs
in lethal doses when infused as a small discrete dose
into coronary arteries of conscious sheep,!¢ differ-
ences between drugs were found when infused as
cumulative doses in anesthetized pigs such that the
rank order of lethal potency was bupivacaine >
levobupivacaine = ropivacaine.?® Furthermore, as
shown in Figure 3, lethal dysrhythmias and cardio-
vascular collapse can occur also with intracoronary
infusion of lidocaine in both conscious'¢ and anes-
thetized subjects.’2° Such examples show clearly
that sudden-onset cardiac collapse from a local an-
esthetic need not be related to concurrent CNS
intoxication.

Pharmacokinetic and Pharmacodynamic
Interpretations of “Blood Drug Concentrations”

It can be seen from Figures 1 and 2 that a simple
monotonic drug dose or blood drug concentration-
response relationship cannot be shown for the he-
modynamic changes in vivo, as can be normally
shown in preparations ex vivo. The data suggest
that a bupivacaine arterial blood concentration of
~7 pg/mL is both convulsant and dysrhythmo-
genic, but the convulsions and dysrhythmias both
vanish when the concentration has decreased to ~1
pg/mL. These observations raise a fundamental
question: what is the “toxic concentration?” The
situation becomes especially complicated with a ra-
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cemic drug such as bupivacaine because of differ-
ential toxicity and pharmacokinetics of the enanti-
omers. Both systemic (or whole body) and regional
pharmacokinetics are relevant in this context, and
they are complementary.

Systemic pharmacokinetics are time-averaged
hypothetical properties derived from curve-fitting
drug concentration-time data sets: their relevance
to systemic absorption of local anesthetics was re-
viewed by Rosenberg et al.! After intravenous in-
jection, the regional pharmacokinetics are espe-
cially important: these are empirical properties
derived from products of the respective concurrent
regional blood flows and arteriovenous drug con-
centration gradients.>? For local anesthetic toxicity,
the rates of drug uptake (influx) into the brain and
heart are the most relevant. However, because of
the requirement to obtain afferent and efferent
blood drug concentrations and regional blood
flows, regional pharmacokinetics are virtually im-
possible to obtain, except in large experimental an-
imals. Fluxes so-measured in vivo are net fluxes
because they are the difference between influx and
efflux.

In addition to the previously described consider-
ations, general anesthesia is well documented to
alter pharmacokinetics*# and drug effects and thus
may affect interpretation of research data from var-
ious investigations of local anesthetic intoxication.
Regardless of the pharmacokinetic approaches
used, the potential impact of concomitant general
anesthesia on various research models must be
taken into consideration.?>3¢
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Fig 4. Physiological effects of intravenous infusion of
ropivacaine HCI (150 mg over 3 minutes) in an adult
sheep. Data acquisition methods and abbreviations are as
described for Figure 1. Convulsions commenced at 2.1
minutes (at 726 seconds), and death occurred abruptly at
2.6 minutes (at 756 seconds) after commencement of
infusion.


michele
Texte surligné 

michele
Texte surligné 


558 Regional Anesthesia and Pain Medicine Vol. 30 No. 6 November—-December 2005

Ropivacaine (150 mg)

30 /O\O 30
0 ]| —®— Aeral
03 — o0 —  Coronarysinus ,c/ 20
i- Left atriume
.g, g = (Arterial blood)
S 0 210
g §
g E
5 5
e g
3 s / S s < Right atrium
ToD Left ventriclem
CNS < Right ventricle
! Pons/medullas Ventricular septum
8 00— é‘ \ ol Cerebrum® Cerebellum
] 1 2 3 4
Time (min) Tissue

Fig 5. Arterial and coronary sinus blood, heart, and brain
concentrations of ropivacaine after intravenous infusion
of 150 mg over 3 minutes in the study shown in Figure 4.
Blood was sampled until 4 minutes; the massive increase
in coronary sinus blood ropivacaine concentration post
mortem does not reflect the tissue concentrations and
presumably results from a combination of factors, includ-
ing collection of infused drug solution with post mortem
vascular pressure changes.

Anatomical and Physiological Interpretation of
“Blood Drug Concentrations”

An example showing sudden death of a sheep
after intravenous infusion with ropivacaine further
illustrates the complicated interaction between
pharmacokinetics and pharmacodynamics and dif-
ficulties in describing “toxic blood concentrations”
(Figs 4 and 5). The point of measuring circulating
blood (or plasma or serum) drug concentrations is
that, after initial distribution, they appear to be in
pseudo-equilibrium with the drug concentrations
in tissues*7-38 so that any systemic response to the
drug would be more predictable from, and related
to, blood drug concentrations than dose alone. But
soon after an intravenous administration, before
pseudo-equilibrium has been attained, even highly
perfused tissues do not necessarily behave as a “ho-
mogeneous compartment”; thus, blood drug con-
centrations may be only roughly related to drug
effect, especially if profound physiological distur-
bances are also occurring. However, the total-body
burden (or load) of drug will also be an implicit
determinant of the drug effect because it influences
the magnitude of the relevant regional net flux and
the time over which drug concentrations remain in
the “active” region. Acute toxic effects from intra-
venous administration are thereby likely to be more
severe, but shorter lived, than if caused by relent-
less systemic absorption from perineural injection
when the dose and absorption rate exceed the ca-
pacity of the body for drug clearance.

Pharmacodynamic interpretation of “blood drug
concentrations” is influenced by the site, time after
drug administration, and conditions under which

the blood samples are obtained. Whereas arterial
drug concentrations are essentially the same wher-
ever sampled, venous concentrations depend on
drug solubility and metabolism in the region being
drained. However, venous blood samples, usually
from an antecubital vein in humans, are commonly
analyzed because of their ease of collection, but
their concentrations are damped and temporally
delayed because of the transit and solubility of the
drug in the (forearm) region being drained. The
time after drug administration is a “hidden” vari-
able in that it influences different drugs to different
extents. Hence, if, as is sometimes done in human
and animal studies, comparison between pharma-
cological tolerability of different drugs is made on
the basis of the tolerated blood drug concentration,
then the comparison can be skewed by differences
between drugs in their rates of tissue uptake and
metabolism.

Moreover, both arterial and venous blood drug
concentrations are influenced by hemodynamic
factors,?” but the product of blood flow and drug
concentration will be constant because of the con-
servation of matter, with all other things being
equal.?? All of these factors impinge on interpreta-
tion of blood drug concentration in relation to effect
and clearly cannot be studied systematically in hu-
mans. For example, after death, sampled blood
(particularly from the heart) may be contaminated
by drainage from different sites as vascular pres-
sures fall, including those from blood vessels en-
riched with injected drug solution (Fig 5). The con-
sequence is that the relationship between blood and
tissue drug concentrations and side effects becomes
tenuous and can make interpretation unexpectedly
hazardous, especially if used for forensic purposes
(e.g., to calculate whether a dosage error has been
made on the basis of post mortem drug concentra-
tion data). Hence, by offering a “calibration factor,”
systematic laboratory animal studies of regional
pharmacokinetics have an important role in under-
standing human cases of acute intoxication that
cannot be studied so invasively.

Dose Dependence of Local Anesthetic
Intoxication

Although it is generally held that serious cardiac
intoxication from local anesthetics lags temporally
behind CNS intoxication, this was not observed in
Figure 1. Are there characteristic “toxic” blood drug
concentrations, as suggested earlier?

The abrupt onset of convulsions is sometimes the
first indication of serious local anesthetic intoxica-
tion. The progression of acute CNS toxicity appears,
after reaching some ill-defined threshold, to follow
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Fig 6. Blood concentration-dose relationships for
levobupivacaine after intravenous infusions made over 3
minutes on separate occasions in the same conscious
sheep subject. Left panels: arterial (closed circles) and
sagittal sinus (open circles) blood levobupivacaine con-
centrations. Right panels: net flux (as % dose/min; net
influx is positive and net efflux is negative) of levobupi-
vacaine across the brain. Arrows indicate the time to
onset of convulsions. There was no convulsion from the
50 mg dose.

a chaotic model. As time progresses, the subject
constantly reaches new CNS “state” levels that
summate temporally to either advance the effect,
ultimately leading to convulsions, or extinguish the
effects. Although the progression of effects clearly
depends to some extent on receptor occupancy, it
seems that local anesthetics behave more as a
threshold initiator than as an agonist in a simple
deterministic manner whereby its degree of recep-
tor occupancy determines the intensity of CNS
stimulation.!8

tk;4Attempts have been made to define the “con-
vulsant arterial blood drug concentration” so that it
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can be avoided. A significant problem is that this
concentration is not a constant and varies with the
speed of injection of the drug, among other things.
This is illustrated in Figure 6, using an example of
increasing doses of levobupivacaine in a sheep, in
which the arterial drug concentration at onset of
convulsions appears to increase with increasing
dose, with a corresponding decrease in the time of
onset. Figure 7 shows composite data from a cohort
of animals infused intravenously with increasing
discrete doses of levobupivacaine and bupivacaine.
Convulsions from levobupivacaine appear to begin
at a lower arterial blood drug concentration than
from bupivacaine at the 75 mg/3 min dose (at
which 5/6 convulsed with bupivacaine and 3/7
with levobupivacaine). However, this is partly an
artifact of the duration of infusion in relation to the
time taken for equilibration of drug between the
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Fig 7. Dose and arterial blood concentration data for the
onset of convulsions from intravenous infusion over 3
minutes of bupivacaine or levobupivacaine in a cohort of
adult female sheep. Upper panel: time of onset of con-
vulsions plotted against administered dose, middle panel:
arterial blood drug concentration at time of onset of
convulsions, and lower panel: dose infused to the time of
onset of convulsions.
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Fig 8. Levobupivacaine and bupivacaine arterial blood
drug concentrations resulting from intravenous infusion
of the nominated doses over 3 minutes on separate oc-
casions in the same conscious sheep. The points of onset
(filled upward triangle) and offset of convulsions (filled
downward triangle) and of onset (empty upward trian-
gles) and offset (empty downward triangles) of cardiac
dysrhythmias are shown.

(rapidly changing) arterial concentration and tis-
sues. At the lowest dose in particular, the onset
occurred later with levobupivacaine after cessation
of the 3-minute infusion and when concentrations
were decreasing. Moreover, as shown in Figure 8,
arterial drug concentrations at the offset of convul-
sions were always much less than those at the
onset, another effect of the experimental condi-
tions. Only a fairly broad range for blood drug con-
centrations “toxic” to CNS can be described for each
local anesthetic as it depends, at least partly, on the
conditions under which toxicity occurs.

In contrast, drug concentration in the sagittal
sinus at the onset of convulsions does not change
markedly with dose rate. As shown in Figure 9,
drug concentrations in sagittal sinus blood at the

onset and offset of convulsions are similar for each
dose and vary far less between doses than do arte-
rial drug concentrations. This indicates that the av-
erage “brain” levobupivacaine concentration is rea-
sonably similar at the onset and offset of
convulsions (Fig 9). According to venous equilibra-
tion theory, the regional venous drug concentration
is presumed to better represent the pharmacologi-
cally relevant concentration. Thus, the apparent in-
crease in “convulsant drug concentration” for arte-
rial blood with increasing dose appears to be caused
by the rate of equilibration across the blood-brain
“barrier” being slower than the distribution rate in
the rest of the body.

Figure 8 also shows the arterial drug concen-
trations and the points of onset and offset of
periods in which cardiac dysrhythmias occurred.
Arterial drug concentrations at the onset of car-
diac dysrhythmias differed and were more vari-
able as a function of dose than the corresponding
coronary sinus concentrations. This is analogous
to the correlation of CNS effects with drug con-
centrations in sagittal sinus blood. We believe
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Fig 9. Levobupivacaine and bupivacaine sagittal sinus
blood drug concentrations resulting from intravenous in-
fusion of the nominated doses over 3 minutes in the same
conscious sheep. The points of onset (filled upward tri-
angle) and cessation of convulsions (filled downward
triangle) are shown.


michele
Texte surligné 


that a similar chaotic paradigm also prevails for
CVS effects, leading to the initiation of malignant
dysrhythmias. Dose-dependent depression of
myocardial contractility occurs in proportion to
local anesthetic potency and blood drug concen-
tration until doses are large enough to stimulate
the CNS, whereupon the depression is abruptly
reversed with the onset of convulsions.!3/1431.32
Thus, the matter of myocardial intoxication needs
to be studied in different settings including con-
scious and anesthetized subjects, whole-body (in-
travenous) and site-directed (close arterial) dos-
ing, and intact and isolated tissues to permit a full
analysis to be made. This would enable closer
examination of the connection between direct
(local cardiac) and indirect (mediated by CNS)
drug effects. Overall, the role of the CNS by way
of sympathetic nervous system stimulation seems
paramount; the onset of seizures causes reversal
of myocardial depression but predisposes to ma-
lignant dysrhythmias. Not surprisingly then, a
marked difference in CVS outcome appears to
depend on cardiac resting state and state of con-
Sciousness'19,20,32,35,36,39742

Concentration (ng/ml)

Concentration (ng/ml)

0 5 10 20 30
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Speed of Local Anesthetic Injection and Uptake
Into Lungs

Slowing the speed of injection and/or dose frac-
tionation is now routine clinical practice: it allows
time for reduction of arterial blood drug concentra-
tions delivered to vital organs by concurrent pro-
cesses of distribution and elimination elsewhere but
by how much? Similarly, it has long been known
that the lungs exert a “protective” effect against
local anesthetic intoxication by attenuating arterial
blood drug concentrations,>? but the magnitude,
time course, and dose dependency of this effect has
been difficult to evaluate.

It is intuitive that dose fractionation will reduce
maximum arterial blood drug concentration (C.y),
but there does not yet appear to be experimental
demonstration of the magnitude of the outcome.
We have found experimentally that prolonging
from 1 to 3 minutes the intravenous infusion in
sheep of 37.5 mg levobupivacaine (as an example)
reduces its arterial C,,,, by ~40%, with correspond-
ing reductions in other relevant regions such as the
heart as shown by the coronary sinus levobupiva-
caine concentrations (Fig 10). Computer simula-
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Fig 10. Effect of prolonging the duration of administration of 37.5 mg levobupivacaine administered intravenously. (A)
Measured arterial (open squares) and coronary sinus (open triangles) blood levobupivacaine concentrations in a sheep
with the dose infused over 1 minute. (B) Measured arterial (open squares) and sagittal sinus (open triangles) blood
levobupivacaine concentrations in the same sheep as in A with the dose infused over 3 minutes. (C) Polyexponential
curve fitted for pharmacokinetic simulation purposes to the measured arterial blood levobupivacaine concentrations of
the subject after 3 minutes of infusion. (D) Simulated arterial blood levobupivacaine concentrations for the dose infused
over 30 seconds (no fractionation). (E) Simulated arterial blood levobupivacaine concentrations for the dose infused by
fractionation as 3 equal portions, each over 30 seconds, 1 minute apart. (F) Simulated arterial blood levobupivacaine
concentrations for the dose infused by fractionation as 6 equal portions, each over 30 seconds, 1 minute apart.
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tions of the same dose given as a bolus (30 seconds)
or by spaced fractionation into 3 or 6 equal portions
shows that the arterial blood C,,,, is attenuated (Fig
10), but this may not be a sufficient reduction in
arterial drug concentration to avoid intoxication.
The most important feature of dose fractionation is
that it gives the anesthesiologist an early opportu-
nity to cease administering the drug if a side effect
occurs. The latter aspect is pertinent, given the con-
flicting views on the suitability of a discrete test
dose to prevent intravenous administration of the
main dose, particularly for ropivacaine and
levobupivacaine, which are less likely than bupiv-
acaine to provoke early CNS symptoms or signs.*>44
Clearly, in this context, and especially in the CNS-
obtunded patient, there is a case to be made for
using the response from an epinephrine-containing
solution for the entire dose.

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

50 mg
M T

10 20 40 60 0 5 10 20 40 60

o

Concentration (ug/ml)
N s
Net flux (%dose/min)
8 o

{

50 mg

o
4]

100 mg

o N &2 00 @ O
Net flux (%dose/min)
o

20

-20

Concentration (ug/ml)

40
10 20 40 60 0 5 10" 20 40 60

@
o
4]

Concentration (ug/ml)

o £ @ R)l

Net flux (%dose/min)
(=]

150 mg
20

-20

-40
10 20 40 60 0 5 10 20 40 60

o
o

i8]
o

Concentration (ug/ml)

o o & o

Net flux (%dose/min)
(=]

200 mg
20

-20

Fro—oo 40

5 10 20 40 60 0 &

10 20 40 &0

o

Time (min) Time (min)

Fig 11. Blood concentration-dose relationships for
levobupivacaine after intravenous infusions made over 3
minutes on separate occasions in the same conscious
sheep. Left panels: pulmonary arterial (open triangles)
and arterial (open circles) blood levobupivacaine concen-
trations. Right panels: net flux (calculated as % dose/min;
net influx is positive, net efflux is negative) of levobupi-
vacaine across the lungs calculated from the product of
cardiac output and the difference between pulmonary
arterial and arterial drug concentrations. The time of
cessation of drug infusion is shown by an arrow.

extent, consequent risk of local anesthetic intoxica-
tion, whether from accidental intravenous admin-
istration or systemic absorption after perineural ad-
ministration,37-4>-47, but by how much and for how
long? Some examples of arterial and pulmonary
arterial drug concentrations over a large range of
levobupivacaine doses in the same sheep are shown
in Figure 11. These show that changes in pulmo-
nary arterial drug concentrations precede those in
arterial blood during infusion over a large dose
range, as expected, and that the gradient reverses
soon after cessation of infusion (i.e., net influx is
soon followed by net efflux). The lungs attenuate
the arterial drug concentrations by ~20%, and the
fraction of dose apparently lost into the lungs is
essentially independent of dose; however, it is soon
regained in an exponentially decreasing manner,
and this is a point often not brought out without
observation over an extended period of time. Inter-
estingly, we have also found that there are no sig-
nificant acute differences between bupivacaine en-
antiomers in sheep or humans in their rate of
regional uptake despite a slightly greater tissue
binding of the R-bupivacaine enantiomer than S-
bupivacaine enantiomer.4¢

Protein Binding and the Interpretation of “Blood
Drug Concentrations”

A further obstacle in the interpretation of the
relationship between circulating drug concentra-
tion and drug effects arises from plasma protein
binding and blood cell uptake of the drug. This can
be even more complex if the drug is administered as
a racemate, such as bupivacaine, where the enan-
tiomers can have different protein binding affinities
as well as pharmacodynamics. Overall, plasma pro-
tein binding opposes blood cell uptake so that blood
and plasma drug concentrations will diverge with
increased plasma binding.*8 Therefore, the question
arises as to whether unbound (or free) drug con-
centrations (in plasma water) need to be measured
for correlation with pharmacological effects or
whether total blood or total plasma concentrations
give essentially the same information, regardless of
species.11.1240,49-52 The former are assumed to be
equivalent to tissue interstitial fluid and thus in
equilibrium with receptor concentrations; unbound
concentrations are therefore intuitively attractive,
but whole plasma or whole blood concentrations
are normally measured because of the lack of a
suitable technique for measuring free drug concen-
trations in most laboratories. In all of the foregoing,
it is emphasized that it is the plasma unbound
drug concentration, not percentage, that is the crit-
ical issue in driving the pharmacodynamics; there
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Fig 12. An example of concentration dependence of local
anesthetic plasma protein binding showing the individual
enantiomers of bupivacaine (from racemate) and
levobupivacaine in an individual sheep, showing the un-
bound fraction is several-fold greater at concentrations
associated with central nervous system and cardiovascu-
lar system toxicity.

is sometimes confusion on this point and its con-
sequences.48

Measurement of unbound drug concentration in
plasma now features in many research articles con-
cerned with local anesthetic intoxication in humans
and experimental animals. As the current knowl-
edge has accrued over the past few decades, the
reporting of plasma-unbound local anesthetic con-
centrations has been useful to better characterize
the pharmacokinetic differences between the drugs
(e.g., in transplacental distribution). However, in
most cases, the resultant data are a set of numbers
scaled differently according to unbound fraction or
blood cell uptake that remain closely related to the
total plasma drug concentrations of the particular
drug, but in a nonlinear manner, and are subject to
cumulative methodological errors. With some res-
ervations depending on the use to which the data
are being put, it would seem that the total plasma
(or blood, as appropriate) drug concentration is a
reasonable compromise for most applications.

The most significant feature about the binding of
local anesthetics is that its extent is markedly con-
centration dependent in all species (Fig 12). Thus,
the unbound fraction at “toxic” blood drug concen-
trations can be several times greater than at “non-
toxic” concentrations, although it is the latter con-
centrations at which most drug binding data are
generated experimentally. Various plasma proteins
have different affinities and capacities to bind dif-
ferent local anesthetics,>> and the extent of binding
is altered by changes of their concentrations, as well
as by acid-base changes that affect both the ioniza-
tion of the drug and conformation of the protein(s).
As a further complication, there is some evidence
for species-related quantitative differences in bind-
ing, which may relate to differential binding to
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various proteins and their abundance in different
species.>2 All such measures are determined gener-
ally ex vivo, and they may not reflect well the
situation in vivo during a toxic event, when phys-
iology may be altered (e.g., in the immediate post-
operative period®! when concentration of the prin-
cipal binding protein of local anesthetic [«; acid-
glycoprotein] changes as a response to stress, and
when acid-base and/or fluid balances may be al-
tered).>*

Sometimes the value of the average blood:plasma
drug concentration ratio (B/P, sometimes abbrevi-
ated A) is used to provide a factor for conversion
between blood and plasma drug concentrations
when one is measured and the other is required for
use in a pharmacokinetic calculation.?” A measured
plasma bupivacaine concentration of 3.0 ug/mL in
a subject with a B/P ratio of 0.67 would be equiv-
alent to a blood concentration of 2.0 ug/mL because
the blood cells occupy a disproportionate volume
compared to their drug concentration. It therefore
follows that a value of total body clearance as 0.6
L/min determined from measured plasma drug con-
centrations would be equivalent to a value of 0.9
L/min if calculated from blood samples. A potential
hazard of this approach is that B/P itself can be
concentration dependent and could depend, theo-
retically, on other variables such as acid-base bal-
ance in the samples assayed, which can alter the
ratio of unionized to ionized drug concentrations
and protein binding.>* Nevertheless, it gives a rea-
sonable approximation, as long as concentrations
are neither very high nor very low. B/P is also
useful as a surrogate for the average drug plasma
binding on the premise that greater binding to
plasma protein decreases its value.

Animal Research to Human Problems
Some Implications

Prospective studies in humans are mainly used to
study pharmacokinetics of local anesthetics after per-
ineural administration, and there are numerous ex-
amples of such studies. Intravascular administration
to humans for research purposes is permissible only
with relatively small doses, with the intention of pro-
ducing only mild intoxication, and there are a few
examples of this type of study. The main purpose of
animal research in this context, therefore, is to under-
stand how other mammalian species respond to local
anesthetic agents and to use the relevant findings in
human medicine.

It has been proposed that maximum recommended
doses of local anesthetics should be specified for each
administration site rather than for each agent.! This is
a sensible proposal. Nevertheless, it does not, and
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probably cannot, take account of the possibility of
accidental intravascular injection and consequent
acute local anesthetic intoxication, which remains an
ever present risk of neural blockade. Although some
clinical reports of acute intoxication include measured
blood drug concentrations to verify the probable
cause, the amount of pharmacokinetic and pharma-
codynamic data available in such circumstances, un-
derstandably, is typically sparse. Therefore, to provide
greater detail on these matters, this article has focused
on some findings from the authors’ research into sim-
ulated accidental intoxication in conscious sheep and
from other models used for the same purpose.

The potency of local anesthetics for causing acute
intoxication essentially parallels that for producing
neural blockade, with the exceptions of the newer
enantiopure agents, ropivacaine and levobupivacaine,
which have anesthetic potency similar to bupivacaine
but are less toxic. However, the use of these agents
does not diminish the risk of their intravascular ad-
ministration. By-and-large, the gains in safety with
these agents are due to more favorable pharmacody-
namic profiles than from improved pharmacokinetic
characteristics. The risk to the individual from acci-
dental intravascular administration is thus largely pro-
portional to the dose of local anesthetic administered.
Safety is promoted by use of the least toxic drug
consistent with achieving the desired outcomes of
density and duration of nerve block. It is also pro-
moted by safer administration techniques, especially
slowing the speed of a local anesthetic injection
and/or dose fractionation. Although reduction in
blood drug concentrations by these means is un-
doubtedly beneficial, the main gain in safety may be
because of the ability to cease drug administration
with less of the dose having been given at the onset of
toxic symptoms or signs.

Formal pharmacokinetic-pharmacodynamic inves-
tigation of local anesthetic acute intoxication is virtu-
ally impossible in humans. Studies in large animals
that can be applied to humans can be of immense
help in understanding the underlying principles and
making comparisons between drugs and between re-
cipients of drugs, especially when pathophysiological
perturbations are present. Traditional models of drug
effect based on receptor occupancy and monotonic
relationships between blood drug concentration and
effect do not apply well to local anesthetics, even
under controlled laboratory conditions, especially in
conscious subjects. Despite this, whenever possible,
pharmacokinetic investigation of human intoxication
is valuable, but measured blood local anesthetic con-
centrations in clinical cases of suspected intoxication
should be interpreted with some caution and post
mortem samples present special hazards, particularly
if used to deduce a dosage error.

The other major role of studies in animals is to
investigate treatments for intoxication. In the quest
to deal with acute local anesthetic intoxication, var-
ious strategies have been/are being investigated,
some involving pretreatment with pharmacological
agents, resuscitation strategies, and even “silver
bullet”/selective treatments. This topic is beyond
the scope of this article, in which we have outlined
more of the relationships between drug structure,
dose, pharmacokinetics, and pharmacodynamics
that assist in making recommendations about the
maximum doses of local anesthetics.
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