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The Influence of a Right-to-left Cardiac Shunt on

Lidocaine Pharmacokinetics

Paula M. Bokesch, M.D.,* Aldo R. Castaneda, M.D., Ph.D.,t Gerhard Ziemer, M.D.,} John M. Wilson, Ph.D.§

The pharmacokinetics of lidocaine were studied in 1-2-month-old
lambs with surgically created, intracardiac right-to-left shunts
(RLS) and in age-matched control lambs. Shunts were prepared by
anastomosing the pulmonary artery to the left atrial appendage to
achieve arterial oxygen saturation of 65-75%. Catheters were ini-
planted both in the right atrium for drug infusion and in the ascend-
ing aorta for blood sampling. Lidocaine, 1 mg/kg, injected as a
rapid bolus, or 12 mg/kg, injected as a continuous infusion over 15
min, was delivered into the right atrium. Serial samples of arterial
blood were obtained cvery 2.5 s for 1 min following the bolus injec-
tion and up to 4 h following the continuous infusion, Samples were
analyzed for lidocaine by gas chromatography. Peak arterial whole
blood concentration of lidocaine in the shunted animals was 37.0
+ 2.1 pg/ml compared to 21.1 0.1 pg/ml in the control animals; P
<.01. The peak arterial concentrations during the lidocaine infu-
sion were 12.6 = 3.5 pg/ml in the RLS and 5.8 + 1.5 pg/ml in the
controls. Total body clearance of lidocaine was decreased in the
shunted animals to 30.7 + 13.2 ml- kg™ min™' from 68.1 + 12.1
ml kg™ min”" in the control animals; P < .001. The steady-state
volume of distribution was also decreased in the shunted animals,
1.0 £ 0.2 I/kg versus 2.0 & 0.71/kg in the controls; P <.02. To induce
convulsions 4.75 + 0.46 mg/Kg of lidocaine was required in the
shunted animals and 7.37 + 0.44 mg/kg in the control animals (P
<.00i). Measurements of lidocaine concentrations in blood demon-
strated that toxic symptoms occurred at levels which were lower in
the shunted animals, but this was not statistically significant. In the
presence of an intracardiac RLS, the peak arterial lidocaine con-
centration was significantly increased after a blous or continuous
infusion of lidocaine, the distribution and clearance of lidocaine
were significantly decreased, and there was increased sensitivity to
lidocaine neurotoxicity. (Key words: Anesthetics, local: clearance;
lidocaine. Heart: congenital heart discase; cyanosis, Pharmacoki-
netics: lidocaine; right-to-left shunt.)

ALTHOUGH THERE IS considerable information about
the pharmacokinetics of amide local anesthetics in
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adults, less is known about the pharmacokinetics of local
anesthetics in normal infants and children. Surprisingly,
the pharmacokinetics of local anesthetics in patients of
any age with congenital heart disease (CHD) or in ex-
perimental animals with intracardiac shunts, to the best
of our knowledge, have never been reported. For ex-
ample, the recommendations for lidocaine antiarrhyth-
mia therapy in children with CHD are based upon meta-
bolic studies from normal adults.!

Under normal conditions, approximately 60-80% of
an intravenous lidocaine bolus is absorbed on the first
pass through the lungs, then subsequently released over
time.*® Patients with CHD and a right-to-left shunt
(RLS) have an abnormal circulation. Venous blood re-
turning to the right heart does not pass directly into the
lungs because of an obstruction; either complete, such
as in pulmonary or tricuspid atresia, or incomplete, such
as in tetralogy of Fallot. Under these conditions, much
of the venous blood enters directly into the systemic
(arterial) circulation through an intracardiac defect, by-
passing the lungs.

Our hypothesis is that an anatomical defect causing a
RLS could affect lidocaine distribution and elimination.
Therefore, the objectives of this study were: 1) to mea-
sure the peak arterial concentration of lidocaine follow-
ing a single intravenous injection, 2) to determine the
pharmacokinetics of lidocaine following an infusion,
and 3) to identify the convulsive dose of lidocaine

in cyanotic animals with surgically created intracar-
diac RLS.

Materials and Methods

EXPERIMENTAL MODEL

One to two-month-old healthy lambs, approximately
10 kg in weight, were anesthetized with ketamiine, 10
mg/kg. Following endotracheal intubation, they were
ventilated with an Ohio ventilator regulated at a rate of
15 breaths per minute with halothane, oxygen, and air.
Through a left fourth intercostal space thoracotomy, a
4- or 6-mm Gortex® conduit was first sutured to the
main pulmonary artery and then connected to the left
atrial appendage (fig. 1). Whenever necessary, the size
of the shunt was adjusted with sutures to achieve an
arterial oxygen saturation varying from 65-75%. After
the operation, the lambs were allowed to recover for 2
weeks because of the recognized possibility of decreased
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Lidocaine —.
a. 1mg/kg
b. 12 mg/kg/15'

F1G. 1. Right-to-left intracardiac shunt model: connection between
main pulmonary artery and left atrial appendage. Catheters are posi-
tioned in the right atrium for drug infusion and into the ascending
aorta for blood sampling.

hepatic drug clearance in animals as late as 10 days after
anesthesia and surgery.” Arterial Pag, and Og satura-
tion was measured using a Corning® 58 blood gas ma-
chine and correcting for sheep hemoglobin.® Only
those lambs with persistent arterial O, saturations of
65-75% were selected for further studies. Two to three
days before the pharmacokinetic studies, both shunted
and age-matched control lambs were anesthetized with
ketamine 10 mg/kg im. Heparin-filled polyethylene
catheters were placed into the right atrium through the
right internal jugular vein and into the ascending aorta
via the right carotid artery. The position of the cath-
eters was verified from the pressure tracings and con-
firmed post-mortem.

EXPERIMENTAL PROTOCOL

The awake, unsedated animal was comfortably sus-
pended in a sling for all experiments. Only one study
was performed on a lamb in 24 h. Before every experi-
ment, both right atrial and arterial samples were ob-
tained for blood gas analysis and hematocrit determina-
tion. The amount of right-to-left shunt, Qp/Qs, was
estimated using the equation:

Qp _ (ARTO3 — MVOy)
QS (PV02 - Pa()?)

where ARTOy, MVO,, PVOy and Pag, are systemic
arterial, mixed venous, pulmonary venous, and pulmo-
nary arterial blood oxygen saturations, respectively.?
We assumed PVO, saturation was 99% and MVO, and
Pao, saturations were equivalent to right atrial oxygen
saturation. We could make these assumptions, since the
shunt was placed in the pulmonary artery and there was
no mixing between the ventricles. Using this calcula-
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tion, Qp/Qs in the RLS animals ranged from 0.4-0.6,

whereas, for the control animals, Qp/Qs was 0.9.
In the first experiment, an intravenous bolus of lido-

caine hydrochloride, 1 mg/kg, was injected within 4 s
into the right atrium, and arterial blood samples were
collected from the ascending aorta at a rate of 1 sample
every 2.5 s for the first minute after the injection, and
thenat 5, 10, 15, and 30 min. Each sample was analyzed
for whole blood concentration of lidocaine as described
below.

In the second experiment, 12 mg/kg of lidocaine hy-
drochloride was infused over 15 min into the right
atrium using a constant-rate infusion pump (Harvard
Apparatus, South Natick, MA). Arterial blood samples
were collected to determine the lidocaine concentration
at 5, 10, and 15 min during the infusion, and at 1, 3, 5,
10, 15, 30, 45, 60, 90, 120, 150, and 180 min after the
infusion. Lambs were transfused at the end of the study
when indicated, or when further pharmacokinetic stud-
ies were planned.

In the third experiment, incremental doses of lido-
caine hydrochloride, from 4-8 mg/kg, were each in-
jected as a rapid bolus into the right atrium to deter-
mine the dose of lidocaine associated with central ner-
vous system (CNS) toxicity. An arterial blood sample
was obtained at 60 s afier the injection to measure the
lidocaine concentration. The dose of lidocaine which
induced a convulsion lasting for 90 s or longer was con-
sidered neurotoxic. If a convulsion did not occur, the
Jamb was allowed to recover for 24 h before a higher
lidocaine dosc was given.

Blood samples were analyzed for whole blood con-
centration of lidocaine « HCI by gas-liquid chromatogra-
phy using the method of Mather and Tucker, with me-
pivacaine as the internal standard.'® This technique is
highly specific and sensitive, measuring as little as 0.05
pg of lidocaine per ml of blood. The coefficient of varia-
tion of these methods was less than 4% in the range of
concentrations measured (0.1-50 pug/ml). A Hewlett-
Packard® model 5790 gas chromatograph witha Varian
model A-25 stripchart recorder was used. The columns
were packed with 3% OV-17 (Supelco, Inc., Bellefonte,

PA) and held isothermal at 250° C.

Data obtained from the constant infusion studies
were analyzed using a two-compartment model with
elimination from the central compartment. This model
was chosen because it best describes biexponential
decay curves of drug concentrations in blood."" The
best estimates of the pharmacokinetic parameters for
volume of distribution and the distribution, elimina-
tion, and intercompartmental rate constants were ob-
tained with the nonlinear least-squares program (NON-
LIN 84®_Statistical Consultants, Lexington, KY). The
data were weighted using the reciprocal of the squared
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concentrations which permitted a more accurate esti-
mate of the terminal elimination phase. A noncompart-
mental analysis was conducted to determine the volume
of distribution at steady state (Vdss), clearance (Cl), and
mean residence time (MRT) using statistical moment
theory. Area under the blood concentration - time
curve (AUC) and area under the moment curve
(AUMC) were estimated by the trapezoidal rule and
extrapolated to infinity. Clearance and distribution
were determined using the following formulas:

Dose
Cl=uc M
Dose* AUMC  Dose - Infusion Time
Vdss = -
58 AUC? 2.-AUC @)
AUMC
MRT = —
R AUC (3)

The Student’s unpaired ¢ test was used for statistical
evaluation of the data.

Results

In animals with a RLS, peak arterial blood concen-
trations of lidocaine occurred within 10 s after the in-
jection, whereas peak arterial concentrations occurred
within 20 s in the control animals. The peak concentra-
tion in the shunted animals averaged 37.0 + 2.1 ug/ml
compared to 21.1 *+ 0.1 pg/ml in the control animals
(fig. 2). After the peak, there was a rapid decline in the
blood concentration of lidocaine in all animals over the
first minute, During the lidocaine infusion, the peak
concentration was 12.6 * 3.5 ug/ml at 15 min in the
shunted animals compared to 5.8 = 1.5 pug/ml at 15
min in the control animals (fig. 3).

From the infusion studies, total body clearance of li-
docaine was decreased 55% and the volume of distribu-
tion at steady state was 50% smaller in the shunted ani-
mals (table 1). Although T1/2a in the shunted animals
was almost twice that of the control animals and T1/28
averaged 25% longer in the shunted animals, these
values were not statistically significant.

The dose of lidocaine required to produce convul-
sions lasting at least 90 s in the shunted animals aver-
aged 4.75 * 0.46 mg/kg (table 2). In three lambs, the
convulsions began within 15 s after the injection, and
were associated with an arterial whole blood lidocaine
concentration of 4.9 * 2.4 ug/ml during the convulsion
(1 min after the injection). In the control animals, 7.37
+ 0.44 mg/kg of lidocaine was needed to induce con-
vulsions which began within 30 s after the injection. In
three control lambs, the arterial concentration of lido-
caine averaged 11.6 £ 3.75 pg/ml 1 min after the in-
Jjection (statistically not significant from shunted lambs).
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Discussion

These experiments demonstrate that an intracardiac
RLS significantly affects lidocaine pharmacokinetics
and pharmacology. The peak arterial concentration of
lidocaine doubled, clearance was reduced by more than
50%, and the dose of lidocaine required to produce
neurotoxicity was 36% lower in the shunted animals,

Lidocaine, 1-2 mg/kg, is frequently given as an in-
travenous bolus to treat arrhythmias or before intuba-
tion for endotrachcal anesthesia to blunt airway re-
flexes. These studies indicate that in the presence of a
RLS, 1 mg/kg of lidocaine given intravenously, re-
sulted in nearly a doubling of the peak arterial blood
concentration of the drug as compared to control ani-
mals. In the normal circulation, the lungs absorb

LIDOCAINE IN RIGHT TO LEFT CARDIAC SHUNTS

100

- ©

CONCENTRATION (UG/ML), LOG SCALE

o

L N U L L UL L L ML
0 20 40 60 80 100 120 140 160 180
TIMECMIND

FiG. 3. Log concentration of lidocaine in arterial whole blood fol-
lowing administration of 12 mg/kg over 16 min. O = RLS animals (n
= G); ® = control animals (n = 5); O, @ = the measured mean concen-
tration of lidocaine at cach time. The curves are fitted to the data
points.
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TABLE 1. Comparison of Lidocaine Pharmacokinetics in Normal and Shunted Lambs Following a 12-mg/kg
Infusion into the Right Atrium over 15 Min

Clearance Vdss Ve MRT K10 K21 Ki2 Cmax Alpha tva Beta thh
lekgmin ™| (-kg™ | kg™ (h) (min~?) (min™") (min~") (mg-17") (min) (min) AUC
Control lambs
(n =5) 68.1+12.1 |20+.7 |.5%x.1] H+.2 |.17x.1 |.04£00 |.20+.2] 67x1.5 |23 +1.0|37416](143 18
Shunted lambs
(n = 6) 307 +13.2%|10+ 21}.4%.1|.06+.03(.08+.021.03% .02|.11£.1| 10.9£3.8 [44£4.3]|51.6:22|496 + 85*

Values given are means * SD. Vdss = volume of distribution at
steady state; Ve = volume of central compartment; MRT = mean
residence time; AUC = area under time- concentration curve,

60-80% of a lidocaine bolus on its first passage.2® In
the presence of a RLS, a portion of the venous blood
entering the right side of the heart passes directly into
the systemic circulation, bypassing the lungs. Conse-
quently, the lungs cannot protect against potentially
toxic arterial concentrations. Besides possible neuro-
toxic effects, these findings are of additional concern
because significant myocardial toxicity has been demon-
strated at arterial blood lidocaine concentrations of
27.6 pg/ml in adult sheep and 35.6 pg/ml in neonatal
lambs.'? In lambs with a RLS, the peak arterial blood
lidocaine concentration from only 1 mg/kg of lidocaine
measured 37.0 pg/ml. However, this transient eleva-
tion followed by a rapid decline did not cause any recog-
nizable CNS or cardiovascular toxicity.

Morishima ¢/ al. found lidocaine clearance in neona-
tal lambs to be 53.5 ml+ min™' - kg™!, which is compara-
ble to our results in 1-2-month-old control lambs of
68.1 ml-min~'-kg™"."* However, in shunted animals,
the total body clearance of lidocaine was considerably
reduced. Normally, less than 1-5% of lidocaine is ex-
creted unchanged by the kidneys.'*='* Thus, lidocaine
elimination occurs primarily as a result of hepatic me-
tabolism.'® The major factors which determine hepatic
clearance (Cl,,) are hepatic blood flow (Qy,), free fraction
or unbound drug in the blood (f;,), and the metabolic

TABLE 2. Mean Dose (+SEM) of Lidocaine Necessary to Produce
Convulsions and Mean Arterial Concentration (:SEM) of Lidocaine
1 Min after Injection during the Convulsion

Lidocaine Dose Lidocaine Concentration
mg/kg pg/ml
7.37+0.16 11.6 £ 2.2
Control lambs ) =3
4.75 £ 0.18* 4.9 + 1.4F
Shunted lambs 0n="7 (n=3)

* P < .001, comparing RLS vs. control animals.
+ Not statistically significant, P < .06.

* P <001, comparing RLS uvs. control animals.
t P <.02, comparing RLS vs. control animals.

capacity of the liver enzymes (CI'). This relationship has
been described mathematically as:'®

fy- CI

Clh = Qh(——',)
Q, + RCl

If any of the above terms are decreased, the result will
be a decrease in apparent hepatic clearance. The he-
patic extraction ratio of lidocaine is very high (>0.9) in
adult sheep.'” Since the liver has such a great capacity to
metabolize lidocaine, all or most of the drug in the
blood, whether bound or unbound, is removed as it
passes through the liver. Consequently, the Cl,, of lido-
caine is considered to be primarily hepatic blood flow
dependent, and should be little affected by moderate
changes in the activity of drug metabolizing enzymes or
by changes in drug binding to blood proteins.”*® Con-
sequently, the significant decrease in clearance of lido-
caine in the presence of a RLS should be most likely due
to decreased hepatic blood flow. To the best of our
knowledge, there are no reported studies on liver blood
flow in animals or humans with chronic RLS or chronic
cyanosis.

Though apparent hepatic clearance may be a rela-
tively insensitive measure, hepatic oxidative enzyme ac-
tivity could also be decreased as a result of chronic cya-
nosis. Benowitz ¢t al. found in cyanotic animals in car-
diogenic shock that the decrease in lidocaine clearance
did not correlate with the anticipated decrease in he-
patic blood flow.'* In another study by Moore et al,
halothane metabolites in children with cyanotic CHD
derived primarily from the reductive pathways,
whereas, in noncyanotic children, oxidative metabolites
predominated.?® We are currently conducting experi-
ments to determine the relative importance of hepatic
blood flow, oxidative enzyme function, and protein
binding of lidocaine in chronic RLS.

The volume of distribution of lidocaine is affected
primarily by changes in blood and tissue binding ac-
cording to the following equation:
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where Vy is the volume of distribution, Vy is the volume
of the blood compartment, Vit is the volume of the
tissue compartment, fj, is the free fraction (unbound) of
lidocaine in the blood, and f+ is free fraction of lido-
caine in the tissue. Either an increase in blood protein
binding or decreased tissue binding of lidocaine will
decrease the Vy4.

In the blood, lidocaine binds primarily to alpha;-acid
glycoprotein which has been reported to increase sub-
stantially following trauma, surgery, and severe stress.”
Although we did not measure alpha,-acid glycoprotein
in this study, it is possible that the shunted animals had
increased production of this protein as a result of the
surgery or from the stress of chronic cyanosis. Whereas
increased protein binding has little affect on the clear-
ance of lidocaine, it will decrease the volume of distri-
bution of lidocaine.”'® In addition, considering that the
lung is a major source of tissue uptake for lidocaine, by
totally or partially eliminating the lungs from the circu-
lation in a RLS, the volume of distribution should be
decreased. Both of these factors, decreased free frac-
tion of lidocaine in the blood (from increased protein
binding) and decreased lung uptake of lidocaine (in-
creased fr) could account for the diminished volume of
distribution observed in the shunted animals.

Alternatively, all previously published reports on the
role of the lungs in lidocaine pharmacokinetics consider
the lung to be important in lidocaine distribution but
not elimination. The concensus is that lidocaine is ab-
sorbed but not metabolized by the lungs.'®!? Neverthe-
less, Mather et al. found in two sheep that the mean total
body clearance of lidocaine was considerably greater
than the sum of renal and hepatic clearances, suggesting
that organs or regions other than the kidneys or the
liver contributed to lidocaine clearance.'” Our data
suggest that the lungs could be involved in lidocaine
elimination, but further experiments are needed to
confirm this theory.

Morishima et al. reported that 5.8 + 1.8 mg/kg of
lidocaine when given as a continuous infusion induced
convulsions in adult sheep, while the neurotoxic dose in
1-5-day-old lambs was 18.4 *+ 2.2 mg/kg.'? The con-

7 Lidocaine binding in tissues is probably different for each tissue
type. Since the lung is a major contributor to lidocaine uptake, a more
applicable equation would be; V4 = Vy + (Viung * fo/fiung) + (V- f/
fr), where Vy,, is the volume of the lung and flung is the free fraction
(unbound) lidocaine in the lung. V- and fr are the volume and free
fraction of all other tissues. Consequently, by totally or partially elimi-
nating the lungs from the circulation, the total volume of distribution
will decrease.

LIDOCAINE PHARMACOKINETICS AND CARDIAC SHUNTS 743

trol lambs in this study convulsed with 7.37 + 0.44
mg/kg lidocaine when given as a bolus injection. One
would anticipate that 1-2-month-old lambs would con-
vulse at a lower dose of lidocaine than neonatal animals.
Interestingly, the lambs with a RLS convulsed at a dose
of lidocaine 36% lower than the control lambs (table 2).
Furthermore, it appears that the convulsive threshold
may be lower in animals with a RLS, since the arterial
concentration of lidocaine during the convulsion was
only 4.9 + 2.4 ug/ml as compared to 11.6 * 3.75
ug/ml in the control lambs. Morishima measured the
concentration of lidocaine at 11.7 + 2.0 ug/ml in adult
sheep at the onset of convulsions, and at 16.6 + 1.2
pg/ml in newborn lambs.'? Since, in animals with a
RLS, the lungs are partially bypassed, we anticipated
that a lower dose of intravascularly injected lidocaine
would be necessary to induce convulsions because a
higher concentration of the drug would reach the sys-
temic circulation and, hence, the CNS. The lower arte-
rial concentration of lidocaine measured in the shunted
animals during the convulsion implies that chronic cya-
nosis may also enhance neurotoxicity by local anes-
thetics. However, these data are too limited (n = 3) to
draw such a conclusion at this time.

In conclusion, we have demonstrated in animals with
an intracardiac RLS that 1 mg/kg of lidocaine given as
an intravenous bolus directly into the right atrium is
associated with significantly higher and potentially toxic
arterial blood concentrations; that the distribution and
clearance of lidocaine following an infusion is signifi-
cantly decreased; and that the neurotoxic threshold
dose of lidocaine is lower. Extrapolation of these experi-
mental findings in lambs to humans is fraught with the
usual limitations. In addition, we recognize that, in
many clinical situations, lidocaine is slowly infused into
a peripheral vein rather than given as a rapid bolus into
the right atrium, thereby significantly diluting the drug.
We, nevertheless, selected the right atrial injection in
order to maximize the effects of a bolus lidocaine injec-
tion in the presence of a RLS. Furthermore, clinical
parallels of this situation do occur, for example, in pa-
tients with a RLS (i.e., tetralogy of Fallot, transposition
of the great vessels, tricuspid or pulmonary atresia)
having surgery in whom a right atrial catheter would be
placed pre-induction for volume assessment and drug
administration. Under these circumstances, the dose of
lidocaine should be reduced and the drug should be
delivered very slowly. Finally, the result we want to em-
phasize is the 50% decrease in clearance of lidocaine in
chronic RLS. At this time, it is unknown whether this is
a result of altered liver blood flow or decreased oxida-
tive enzyme function. It is also likely that other drugs
with high intrinsic clearance by the liver, such as ket-
amine, verapramil, propranol, and meperidine, would
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also have decreased clearance in the presence of a
chronic RLS.

10.

References

. Gelband H, Rosen MR: Pharmacologic basis for the treatment of

cardiac arvhythmias. Pediatrics 55:59-69, 1975

. Tucker GT, Boas RA: Pharmacokinetic aspects of intravenous

regional anesthesia. ANESTHESIOLOGY 34:538-549, 1971

. Keenaghan JB, Boyes RN: The tissue distribution, metabolism

and excretion of lidocaine in rats, guinea pigs, dogs, and man. |
Pharmacol Exp Ther 180:454, 1972

. Post C, Andersson RGG, Ryrfeldt A, Nilsson E: Transport and

binding of lidocaine by lung slices and perfused lung of rats.
Acta Pharmacol Toxicol 43:156~163, 1978

. Post C, Andersson RGG, Ryrfeldt A, Nilsson E: Physio-chemical

modifications of lidocaine uptake in rat lung tissue, Acta Phar-
macol Toxicol 44:103-109, 1979

. Post C, Eriksdotter-Behm K: Dependence of lung uptake of lido-

caine in vivo on blood pH. Acta Pharmacol Toxicol 51:136-
140, 1983

. Slaughter RL, Hassett JM: Hepatic drug clearance following trau-

matic injury. Drug Intell Clin Pharm 19:799-806, 1985

. Meschia G, Hellegers A, Blechner JN, Wolkoff AS, Barron DH: A

comparison of the oxygen dissociation curves of the bloods of
maternal, fetal and newborn sheep at various pHs. Q J Exp
Physiol 46:95-100, 1961

. Grossman W: Cardiac Catheterization and Angiography. Phila-

delphia, Lea & Febiger, 1986, pp 155-168

Mather LE, Tucker GT: Meperidine and other basic drugs: Gen-
eral method for their determination in plasma. | Pharm Sci
63:306-307, 1974

BOKESCH ET AL.

1L

12.

13.

14,

16.

17.

18.

19.

20.

Anesthesiology
V 67, No 5, Nov 1987

Greenblatt DJ, Koch-Weser J: Drug therapy—Clinical pharmaco-
kinetics. N Engl | Med 293:702-705, 1975

Morishima HO, Pedersen H, Finster M, Sakuma K, Bruce SL,
Gutsche BB, Stark RI, Covino BG: Toxicity of lidocaine in
adult, newborn, and fetal sheep. ANESTHESIOLOGY 55:57-61,
1981

Morishima HO, Finster M, Pedersen H, Fukunaga A, Ronfeld
RA, Vassallo HG, Covino BG: Pharmacokinetics of lidocaine
in fetal and neonatal lambs and adult sheep. ANESTHESIOL-
oGy 50:431-436, 1979

Mihaly GW, Moore RG, Thomas J, Triggs EJ, Thomas D, Shanks
CA: The pharmacokinetics and metabolism of the anilide local
anaesthetics in neonates. 1. Lignocaine. Eur ] Clin Pharmacol
13:143-152, 1978

. Tucker GT, Wiklund L, Berlin-Wahlen A, Mather LE: Hepatic

clearance of local anaesthetics in man. J Pharmacokinet Bio-
pharm 51:111-122, 1977

Wilkinson GR, Shand DG: A physiologic approach to hepatic
drug clearance, Clin Pharmacol Ther 18:377-390, 1974

Mather LE, Runciman WB, Carapetis R}, Ilsley AH, Upton RN:
Hepatic and renal clearance of lidocaine in conscious and anes-
thetized sheep. Anesth Analg 65:943-949, 1986

Gibaldi M, Koup JR: Pharmacokinetic concepts—Drug binding,
apparent volume of distribution and clearance. Eur J Clin
Pharmacol 20:299-305, 1981

Benowitz NL, Forsyth RP, Melmon KL, Rowland M: Lidocaine
dispasition kinetics in monkey and man. 1. Effects of hemor-
rhage and sympathomimetic drug administration. Clin Phar-
maco! Ther 16:99-109, 1974

Moore RA, McNicholas KW, Gallagher JD, Ganoolfi A], Sipes 1G,
Kerns D, Clark DL: Halothane metabolism in acyanotic and
cyanotic patients undergoing open heart surgery. Anesth
Analg 65:1257-1262, 1986

202 YoIeN 0z uo 3senb Aq 4pd'61000-0001 L L861-27S0000/6¥0ZE9/6€ LIS/ L9/sPpd-ajonie/ABojoIsauisauR/WOD JIBYIIBA|IS ZESE//:dRY WOy papeojumoq



