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Ketamine Distribution Described by a Recirculatory

Pharmacokinetic Model Is Not Stereoselective
Thomas K. Henthorn, M.D.,* Tom C. Krejcie, M.D.,Tt Claus U. Niemann, M.D.,t Cheri Enders-Klein, B.A.,§

Colin A. Shanks, M.D.,||t Michael J. Avram, Ph.D.#

Background: Differences in the pharmacokinetics of the en-
antiomers of ketamine have been reported. The authors sought
to determine whether these differences extend to pulmonary
uptake and peripheral tissue distribution and to test the hy-
pothesis that tissue distribution of the stereoisomers differs
because of carrier-mediated drug transport.

Methods: The dispositions of markers of intravascular space
and blood flow (indocyanine green, ICG) and total body water and
tissue perfusion (antipyrine) were determined along with S-(+)-
and R-(—)-ketamine in five mongrel dogs. The dogs were studied
while anesthetized with 2.0% halothane. Marker and drug dispo-
sitions were described by recirculatory pharmacokinetic models
based on frequent early and less-frequent later arterial blood sam-
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ples. These models characterize pulmonary uptake and the distri-
bution of cardiac output into parallel peripheral circuits.

Results: Plasma elimination clearance of the S-(+)-ketamine
enantiomer, 29.9 ml - min~" - kg™', was higher than that of the
R-(—)-enantiomer, 22.2 ml - min~" - kg™ '. The apparent pulmo-
nary tissue volumes of the ketamine S-(+) and R-(—)-enanti-
omers (0.31 1) did not differ and was approximately twice that
of antipyrine (0.16 1). The peripheral tissue distribution vol-
umes and clearances and the total volume of distribution (2.1
1/kg) were the same for both stereoisomers when elimination
clearances were modeled from the rapidly equilibrating periph-
eral compartment.

Conclusions: Although the elimination clearance of S-(+)-
ketamine is 35% greater than that of the R-(—)-enantiomer,
there is no difference in the apparent pulmonary tissue volume
or peripheral tissue distribution between the stereoisomers,
suggesting that physicochemical properties of ketamine other
than stereoisomerism determine its perfusion-limited tissue
distribution. (Key words: Antipyrine; canine; indocyanine
green; mean transit time.)

KETAMINE, a drug used for the induction and mainte-
nance of anesthesia, exists as a racemic (50:50) mixture
of R-(—)- and $-(+)-enantiomers. Previous studies of the
pharmacokinetics of ketamine have shown that the dis-
position of the R-(—) and $-(+)-enantiomers differ. Stud-
ies first showed that the elimination clearance (Cly) of
the $-(+)-isomer exceeded that of R-(—) in rodents."?
White et al.® studied the clinical pharmacology of the
two enantiomers of ketamine in humans and found ki-
netic differences similar to those found previously in
animals. A detailed pharmacokinetic study in healthy
volunteers by Geisslinger et al.*> found differences in
both the Cl; and the volumes of distribution between
the two enantiomers. Further investigation showed that
there are significant pharmacodynamic differences be-
tween the enantiomers as well.® The S-(+)-enantiomer is
approximately twice as potent as a sedative- hypnotic as
is the R-(—)-enantiomer, whereas the R-(—)-enantiomer
appears to have a greater potency for producing un-
wanted psychotropic side effects. These differences in
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Table 1. Subject Characteristics and Global Pharmacokinetic Parameters (N = 5)

ICG Antipyrine Ketamine
Cardiac
Weight  Hct  Output® Vss Cle Vss Cleg Vss S(+) Clg R(—) Clg
(kg) (%) (I/min) (/kg) (ml-min~" - kg™") (I/kg) (ml-min~" - kg™") (/kg) (ml-min~"- kg™ (ml-min~"- kg™
Mean 30.2 37.6 3.44 0.089 10.14 0.73 2.62 2.1 29.9 22.2
(SD) 2.4 (2.4 (1.82) (0.005 (2.80) (0.08) (0.49) (0.72) 4.5) (1.7)

Antipyrine and ketamine Vgg and Clg are here presented on the basis of plasma concentrations.

Vgs = the sum of all compartmental volumes (volume of distribution at steady-state); Clz = the elimination clearance; Hct = hematocrit.

* Determined by thermal dilution.

pharmacodynamics led to the commercial introduction
of the $-(+)-enantiomer in the European market.”

The intensity and timing of the onset of drug effect for
rapidly acting intravenous anesthetics, such as ketamine,
are influenced by factors that affect the early arterial
drug concentration versus time profile.® These factors
include intravascular mixing, pulmonary uptake, and dis-
tribution to highly perfused tissues.® Our recently devel-
oped recirculatory pharmacokinetic model describes
these processes by referencing them to the disposition
of markers of intravascular space and body water, indo-
cyanine green (ICG), and antipyrine.'*!!

It has been suggested recently that distribution of
drugs to tissue may be affected by carrier-mediated trans-
port across the endothelium, in addition to blood flow
and diffusion.'? We have shown that pulmonary uptake
of fentanyl involves, not only passive diffusion, but also
carrier-mediated endothelial transport.'® Studying the si-
multaneous disposition of the stereoisomers of ketamine
offers a unique opportunity to test the hypothesis that
tissue distribution of the stereoisomers differs because
of carrier-mediated drug transport because such trans-
port might be expected to be stereoselective. If the
distribution clearances of either or both ketamine
stereoisomers are affected by carrier-mediated trans-
port, they will differ significantly from that of anti-
pyrine, a pharmacologically inert pharmacokinetic
prototype for many lipophilic drugs, including intra-
venous anesthetics.'* Antipyrine distributes to a vol-
ume as large as total body water,'” including pul-
monary extravascular water,'® in a blood flow-
dependent manner."'”

Therefore, we sought to study the pulmonary uptake,
systemic tissue distribution, and elimination of anti-
pyrine and the R-(—) and $-(+)-enantiomers of ketamine
in dogs using frequent arterial sampling and recircula-
tory pharmacokinetic analysis.
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Materials and Methods

Experimental Protocol

Five male dogs, weighing 27.5-33 kg (30.2 £ 2.4 kg,
table 1), were studied in this Institutional Animal Care
and Use Committee-approved study. After an overnight
fast, during which water was allowed ad libitum, the
dog was brought to the laboratory. Anesthesia was in-
duced with methohexital (10-15 mg/kg intravenous)
via a foreleg vein, the trachea was intubated with a
9-mm endotracheal tube, and the animal was placed in
the left lateral decubitus position. Mechanical ventilation
was instituted at a tidal volume of 20-25 ml/kg and at a
rate sufficient to maintain end-tidal carbon dioxide ten-
sion at 30 = 5 mmHg. Anesthesia was maintained with
2.0% halothane in oxygen. End-tidal halothane concen-
trations were monitored with an infrared multiple gas
analyzer (PPG Biomedical Systems, Lenexa, KS) after its
calibration with known standards.

Using a modified Seldinger technique, an 8-French
percutaneous sheath introducer was inserted into an
external jugular vein. Arterial access for blood sampling
by roller pump or syringe was achieved by inserting a
16-gauge (Angiocath; Becton Dickinson, Sandy, UT)
catheter percutaneously into the femoral artery; this also
allowed systemic arterial blood pressure to be monitored
via a solid-state pressure transducer (Baxter-Edwards,
Irvine, CA). A flow-directed thermal dilution pulmonary
artery catheter (Baxter-Edwards 93A-140-7F, with a
20-cm proximal port) was inserted through the sheath
introducer, positioned with the tip in the pulmonary
artery, and secured for determination of pulmonary ar-
terial pressure and thermal dilution cardiac output (CO),
and was placed to facilitate right atrial administration of
the ketamine and physiologic markers. The side arm of
the sheath introducer was used for maintenance fluid
administration and the readministration of autologous
blood. Hydration was maintained throughout the study
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by an infusion of 0.9% saline at a rate of 5-10 ml - kg~ ' -
h™! to maintain a constant pulmonary artery diastolic
pressure (= 2 mmHg).

After anesthetic induction and catheter placement,
150 ml whole blood was removed from the dog through
the arterial catheter and anticoagulated with 1,000 U
heparin. This blood was immediately replaced with 600
ml saline solution, 0.9%, administered intravenously over
30 min. During the first 10 min of the study (from time
t = 0 min to t = 10 min), this autologous blood was
reinfused intravenously to replace the blood removed
during this period of frequent blood sampling.

The study was not begun until the dog was hemody-
namically stable. This was defined as less than 10% vari-
ation of CO and pulmonary and systemic arterial blood
pressures over a 30-min period when heart rate and
blood pressures were measured continuously and CO
was determined at least every 15 min. The dogs were
hemodynamically stable approximately 1 h after removal
and saline replacement of the 150 ml blood.

At the onset of the study (time t = 0 min), ICG
(Hynson, Westcott, and Dunning, Baltimore, MD), 5 mg
in 1 ml diluent, antipyrine (Sigma, St. Louis, MO), 25 mg
in 1 ml of diluent, and racemic ketamine (Parke Davis,
Morris Plains, NJ), 100 mg in 1 ml, were placed sequen-
tially in a 76-cm intravenous tubing (4.25 ml priming
volume). The 3-ml drug volume was flushed through the
proximal pulmonary artery catheter port within 4 s using
10 ml dextrose in water, 5%, allowing the simultaneous
determination of dye and thermal dilution CO. Arterial
blood samples were collected every 0.05 min for the first
min and every 0.1 min for the next minute using a
computer-controlled roller pump (Cole-Parmer, Chi-
cago, IL), set at a withdrawal rate of 1 ml/s, and a
chromatography fraction collector (Model 203; Gilson,
Middleton, WI). Subsequently, 30, 3-ml arterial blood
samples were drawn manually at 0.5 min intervals to 4
min, at 5 and 6 min, every 2 min to 20 min, at 25 and 30
min, every 10 min to 60 min, every 15 min to 120 min,
and every 30 min to 360 min.

Analytical Methods

Plasma ICG concentrations of all samples obtained up
to 20 min were measured on the study day by the
high-performance liquid chromatography (HPLC) tech-
nique of Grasela et al.,'® as modified in our laboratory to
provide sensitivity of 0.2-20.00 ug/ml with coefficients
of variation of 5% or less."’

Plasma antipyrine concentrations were measured in all
samples using a modification of a high-performance lig-
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uid chromatography technique developed in our labora-
tory.'®2° The antipyrine method is linear for plasma
concentrations of 0.10-10.00 pg/ml, with coefficients of
variation of 5% or less.

Plasma [S-(—)] and [R-(+)] ketamine enantiomer con-
centrations were measured in all samples using a modi-
fication of the stereospecific high-performance liquid
chromatography technique developed by Geisslinger et
al*' Plasma samples were extracted in duplicate with
C18 Empore high-performance extraction disk car-
tridges (3M Filtration Products, St. Paul, MN) using pri-
locaine as the internal standard. Samples were eluted
isocratically at 1.0 ml/min from acid glycoprotein (AGP)
guard and analytical columns (Advanced Separation
Technologies, Inc., Whippany, NJ) using a mobile phase
consisting of pH 6.98, 0.02 m phosphate buffer, and
isopropyl alcohol in a 97.5:2.5 ratio. Absorbance was
monitored at 214 nm. The stereoselective ketamine as-
say is linear from concentrations of 0.05 to 10.00 wg/ml,
with coefficients of variation of 10% or less.

Plasma ICG concentrations were converted to blood
concentrations by multiplying them by one minus the
hematocrit because ICG does not partition into erythro-
cytes. To interpret intercompartmental clearances in re-
lation to blood flow, plasma antipyrine and ketamine
concentrations were corrected for partitioning into the
erythrocyte by calculating the apparent dose of the re-
spective drug. The ratio of the actual dose to the appar-
ent or calculated dose is then used as an in vivo estimate
of erythrocyte partitioning to convert plasma concentra-
tions to blood concentrations. Because the central blood
flow of the antipyrine and ketamine models was con-
strained to that of ICG (Z.e., CO), the apparent antipyrine
and ketamine doses were estimated using blood ICG and
plasma antipyrine or ketamine stereoisomer concentra-
tions, respectively, obtained before the first evidence of
recirculation according to the following relationship:'°

doseamipyrine or ketamine stereoisomer

= dOSCICG/AUCICG : AUC;{ntipyrinc or ketamine stereoisomer

Data Analysis. A delay (central volume [V] and non-
distributive volume [Vypl; fig. 1) is a mathematical de-
scription of the distribution of drug transit times that can
be described by the mean transit time (MTT). The ap-
parent volume of a delay element can be determined as
the product of the flow through the delay and its MTT.
The delay elements of the SAAM II kinetics analysis
software (SAAM Institute, Seattle, WA) are composed of
a linear chain (or tanks-in-series) of n identical compart-
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Fig. 1. The general model for the recirculatory pharmacokinet-
ics of indocyanine green (ICG), antipyrine, and ketamine. The
central circulation of all three drugs receives all of the cardiac
output (CO) defined by the delay elements (V). The delay
elements are represented generically by rectangles surrounding
four compartments, although the actual number of compart-
ments necessary varied between 2 and 30 for any particular
delay. The pulmonary tissue volume (V,p), a subset of V., can
be calculated for antipyrine and ketamine by subtracting the V.
of ICG from the V. of antipyrine or ketamine, respectively.
Beyond the central circulation, the CO distributes to numerous
circulatory and tissue pathways that lump, on the basis of their
blood volume to blood flow ratios or tissue volume to distribu-
tion clearance ratios (tnean transit times), into fast (Clyp.p,
Vap.p) and slow (Clyp, s, Vap.s) peripheral blood circuits (ICG) or
nondistributive peripheral pathways (ketamine and anti-
pyrine) and fast (Cl,. g, V; ) and slow (Cl, g, Vi) tissue volume
groups. ICG, which distributes only within the intravascular
space, does not have fast and slow tissue volumes. The nondis-
tributive flow for ICG was resolved into fast and slow compo-
nents (not shown); antipyrine and ketamine do not have an
identifiable second nondistributive peripheral circuit. The elim-
ination clearance (Cly) of ICG and antipyrine are modeled from
the arterial sampling site without being associated with any
particular peripheral circuit, whereas the Cl; of ketamine is
modeled from V. .. (model 4, see text).

ments connected by identical rate constants k such that
n/k is equal to the MTT of the delay. The solution for a
linear chain obtained by successive integration for the
exit rate from compartment n is given by the Erlang
density function, which is a special case of the 7 distri-
bution function,*?

f(t) = (k"-t" /(n—1)1-e™™

Indocyanine green, antipyrine, and ketamine concen-
tration versus time data before evidence of recirculation
(i.e., first-pass data) were weighted uniformly and fitted
to the sum of two right-skewed 7 (Erlang) distribution

Anesthesiology, V 91, No 6, Dec 1999

functions using TableCurve2D (version 3.0; Jandel Sci-
entific, San Rafael, CA) on a desktop personal computer
(Gateway 2000, North Sioux City, SD).?* The application
of classic criteria for defining first-pass concentration to
our data analysis using the Erlang distribution function
has been described in detail by Krejcie et al.** Because
paired first-pass S-(+)- and R-(—)-ketamine concentra-
tions and the respective pulmonary MTT for the enanti-
omers were not different (paired ¢ test), §-(+)- and R-(—)-
ketamine concentrations were modeled simultaneously;
this improved the confidence in the model parameters of
ketamine pulmonary uptake. Erlang functions were not
used to determine Vy,, instead single delay elements in
SAAM 1II were used in which the optimum number of
tanks-in-series were determined iteratively.

In subsequent pharmacokinetic analysis, the descrip-
tions of the central circulation (the blood and apparent
tissue volume between the right atrial injection site and
the femoral arterial sampling site) were incorporated as
parallel linear chains, or delay elements, into indepen-
dent recirculatory models for the individual markers
using SAAM II implemented on a desktop personal com-
puter (Gateway 2000).”*? The first-pass data were ex-
cluded from further data fitting; the results of the Erlang
model of the central circulation were placed as fixed
parameters in the recirculatory model, thereby reducing
the number of parameters to be optimized. The concen-
tration-time data were weighted, assuming a propor-
tional variance model, in proportion to the inverse of the
square of the predicted value. Possible systematic devi-
ations of the observed data from the calculated values
were sought®® using the two-tailed one-sample runs test,
with P < 0.05 corrected for multiple applications of the
runs test, as the criterion for rejection of the null hy-
pothesis.>* Possible model misspecification was sought
by evaluating the ratio of the measured to the predicted
drug concentrations versus time relation.

The Pbharmacokinetic Model

The pharmacokinetic modeling methodology has
been previously described in detail.'' It is based on
the approach described by Jacquez?®> for obtaining
information from outflow concentration histories, the
so-called inverse problem. Antipyrine and ketamine
distributions were analyzed as the convolution of their
intravascular behavior, determined by the pharmaco-
kinetics of concomitantly administered ICG, and tis-
sue distribution kinetics."'®

For ICG, the two lumped, parallel pathways of the
central circulation, described by the sum of two Erlang
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distribution functions, were incorporated in a full recir-
culatory model (fig. 1), including lumped parallel fast
and slow peripheral intravascular circuits and Clj using
SAAM II. The antipyrine and ketamine pulmonary tissue
volumes (V) are the difference between their respec-
tive apparent central volumes (MTT ,,ipyrine or ketamine *
CO) and the central intravascular volume determined by
ICG (MTTg * CO).

Peripheral drug distribution can be lumped into iden-
tifiable volumes and clearances: a fast nondistributive
peripheral pathway (Vypr and Clyp.p); a slow nondis-
tributive peripheral pathway (Vs and Clyp.g); rapidly
(fast) equilibrating tissues (Vi and Cl;.p); and slowly
equilibrating tissues (V¢ and Cl.g). The nondistribu-
tive peripheral pathways (delay elements) represent
intravascular circuits in the ICG model.'®'® The single
nondistributive peripheral pathway in the antipyrine
and ketamine models, determined by the respective re-
circulation peaks, represents blood flow that quickly
returns the lipophilic drugs to the central circulation
after minimal tissue distribution (Z.e., a pharmacokinetic
shunt).'®'! In the antipyrine and ketamine models, the
parallel rapidly and slowly equilibrating tissues are the
fast and slow compartments of traditional three-compart-
ment pharmacokinetic models; therefore, the central
circulation and nondistributive peripheral pathways are
detailed representations of the ideal central volume of
the three-compartment model.?° Because of the direct
correspondence between the recirculatory model and
three-compartment models, Cl; was modeled from the
arterial (sampling) compartment to enable comparison
of these results with previous ones.

As noted previously, preliminary analyses of the first-
pass S-(+)- and R-(—)-ketamine arterial plasma concen-
tration data indicated that there were no differences in
pulmonary tissue distribution for these enantiomers, sug-
gesting that their distribution to other tissues may also
be indistinguishable from one another; Z.e., intercom-
partmental clearances and volumes of distribution are
the same for each enantiomer. To test this hypothesis,
ketamine data were fit to models in which the number of
parameters describing peripheral drug distribution were
successively decreased. To determine statistically which
was the simplest model, the Akaike information criterion
(AIC),” the mean absolute performance error (MAPE)
and visual inspection of the plots of the ratios of the
measured to the predicted drug concentrations versus
time relations were used as bases for model selection.

Anesthesiology, V 91, No 6, Dec 1999

1 n
MAPE = > APE,

i=1
APE = |Cprcd - Cmeas/cprcd| - 100

For model 1, Clg, intercompartmental clearances
(Clyp, Clyyp, and Clyy), and distribution volumes (Vyp,
Vg and Vi) for the two enantiomers were indepen-
dent of one another (12 parameters). For model 2, Cl;
and the distribution volumes remained independent, but
all of the intercompartmental clearances were the same
for the enantiomers, except Cly,, which was allowed to
vary reciprocally with the different Clgs because both of
these clearances are nondistributive and their sum was
assumed to be the same for both enantiomers (10 pa-
rameters). For model 3, Cl, Clyp, and Vi, were allowed
to vary, but tissue volumes and their respective inter-
compartmental clearances were set to be equal (eight
parameters).

Other investigators reported differences in the tissue
distribution models for ketamine enantiomers.*> The
apparent differences in tissue distribution of the ket-
amine enantiomers may be derived from an artifact of
modeling the different Clgs of the stereoisomers from
V. Modeling Cl from a peripheral compartment rather
than V. will affect the estimate of the volume of the
peripheral compartment from which Cl, is modeled, and
thus the steady state volume of distribution (V¢).?® Nor-
mally, there is no information in typical input-output
pharmacokinetic data to select among elimination mod-
els,”” but the simultaneous modeling of enantiomers
with different Clgs and similar tissue distribution should
enable optimal model selection. Therefore, a fourth
model was considered (model 4), with elimination mod-
eled from V. instead of V. and only Cl; was allowed to
vary for the two enantiomers (six parameters). V. was
chosen because this compartment includes the major
portion of the splanchnic circulation and tissue.'®*®

Results

Blood ICG, antipyrine, and ketamine enantiomer con-
centration versus time relations were well-characterized
by the models from the moment of drug administration
(time t = O; figs. 2-4). The arterial blood drug concen-
tration versus time relations were always characterized
by a brief delay between the moment of drug adminis-
tration and their appearance at the arterial blood sam-
pling site. The one-sample runs test indicated that there
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Fig. 2. Arterial blood indocyanine green (ICG) concentration
histories for the first 1.5 min (illustrating the first- and second-
pass peaks) and for 20 min (inset) after right atrial injection in
dog 1. The symbols represent drug concentrations, whereas the
lines represent concentrations predicted by the model.

were no systematic deviations of the observed data from
the calculated values.

The recirculatory pharmacokinetic model parameters
of ICG are presented in table 2. A little more than one
third of the blood volume (0.95 of 2.68 1) was in the
central circuits. The fast peripheral circuit contained
0.20 1, which is an average of 11.7% of the peripheral

S
o
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!
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w
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_
o
1

0.0 0.3 0.6 0.9 1.2 1.5
Time (min)

Fig. 3. Arterial blood antipyrine concentration histories for the
first 1.5 min (illustrating the first- and second-pass peaks) and
for 300 min (inset) after right atrial injection in dog 1. The
symbols represent drug concentrations, whereas the lines rep-
resent concentrations predicted by the models.
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Fig. 4. Arterial blood S-(+)-ketamine (open symbols) and
R-(—)-ketamine (closed symbols) concentration histories for
the first 1.5 min (illustrating the first- and second-pass peaks)
and for 240 min (inset) after right atrial injection in dog 1.
The symbols represent drug concentrations, whereas the
lines represent concentrations predicted by the models. Note
that several open symbols are obscured by being coincident
with closed symbols.

blood volume (1.73 1) and 7.7% of the total blood vol-
ume, and received 48.3% (1.77 1/min) of CO (3.58 1/min,
as determined by dye dilution, table 2). The slow circuit
contained the majority of the peripheral blood volume
(88.3%, 1.53 1, which is 56.9% of the total blood volume)
but received only 41.9% (1.49 1/min) of CO ICG Cl
represented only 9.9% (0.30 I/min) of CO.

The recirculatory antipyrine pharmacokinetic model
(table 2) always contained a small but readily identifiable
pulmonary tissue volume, which averaged 0.16 1 or
0.61% of the total antipyrine distribution volume (26.6 ).
The rapidly and slowly equilibrating peripheral anti-
pyrine tissue volumes contained an average of 19.0%
(5.02 D and 75.5% (20.09 D of the total antipyrine distri-
bution volume, respectively, and fast and slow distribu-
tion clearances averaged 44.0% (1.64 1/min) and 21.5%
(0.82 I/min) of CO, respectively. Antipyrine Cl; ac-
counted for only 2.9% (0.10 I/min) of CO. The balance of
CO in the antipyrine model (31.5%, 1.02 1/min) was
assigned to the nondistributive peripheral pathway,
which represented only 1.3% (0.33 D) of the total anti-
pyrine distribution volume.

The AIC for the various recirculatory ketamine phar-
macokinetic models in table 3 shows that there was an
improvement in AIC (lowering) from model 1 to
model 2 in which the number of independent param-
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Table 2. Pharmacokinetic Variables for Recirculatory Indocyanine Green (ICG), Antipyrine, and
Ketamine Pharmacokinetics [Mean (SD)] (N = 5)

Volumes (I)* Clearances (//min)t
S(+) R(=)
Marker Ve Vip Vnoe Vibes Vrig Vris Vss Clyp-r  Clyp.s  Clrp Clg Clg Clg Clg 3Cl
ICG 0.95 0.20 1.53 2.68 1.77 1.49 0.30 3.58
(0.21) 0.11) (0.24) (0.21) (1.18) (0.73) (0.08) (1.59)
Antipyrine 1.11 0.16 0.33 5.02 2041 26.6 1.02 1.64 0.82 0.10 3.58
(0.29) (0.08) (0.10) (1.29) (3.54) (3.84) (0.27) (0.89) (0.50) (0.08) (1.59)
Ketamine
(model 4) 1.26 0.31 0.48 6.17 38.5 46.4 1.17 1.54 0.86 0.66 0.49 3.58
(0.28) (0.09) (0.44) (3.40) (14.0) (14.9) (0.58) (0.66) (0.68) (0.13) (0.09) (1.59)

* The volumes (V) of the two parallel central (C) circuits [including the pulmonary tissue (T-P)], the rapidly equilibrating (fast) nondistributive (ND-F) and slowly
equilibrating nondistributive (ND-S) circuits, and the rapidly equilibrating (fast) (T-F) and slowly equilibrating (T-S) tissues. The volume of distribution at
steady-state (Vgg) equals the sum of all volumes except the antipyrine and ketamine pulmonary volumes, which are represented in their Vs because antipyrine
and ketamine V_p are equal to the difference between the antipyrine and ketamine Vs and the Vs described by ICG, respectively.

T The clearances (Cl) of the rapidly (fast) equilibrating nondistributive (ND-F) and slowly equilibrating nondistributive (ND-S) intravascular circuits, and the rapidly
equilibrating (fast) (T-F) and slowly equilibrating (T-S) tissues, elimination clearance (Clg), and the sum of all clearances (2Cl), which equals the ICG (dye dilution)
cardiac output determined at the moment of marker injection. 3Cl in the ketamine peripheral elimination model includes only the sum of intercompartmental

clearances because Clg in this model is already represented in the clearance (Cly_g) to the compartment from which Clg is modeled (V1_g).

eters was reduced by two by setting the intercompart-
mental clearances of the racemates to be equal. How-
ever, the AIC increased in model 3, in which there was
a further reduction in the number of parameters by
setting the peripheral tissue volumes to be equal.
Therefore, we rejected the model in which the ket-
amine racemates distributed to similar tissue volumes
when elimination was modeled from the central com-
partment. However, the lowest (i.e., most negative)
AIC in all dogs was observed in a peripheral elimina-
tion model: model 4. The reduction in the number of
adjustable parameters afforded by this model (six
fewer than model 1, four fewer than model 2, and two
fewer than model 3) did not result in a marked in-
crease in mean absolute performance error over that
of the models (1, 2, and 3) with more adjustable
parameters. Only the central elimination model with

the largest number of degrees of freedom, model 1
with independent intercompartmental clearances and
peripheral volumes, had slightly better mean absolute
performance errors than model 4 for most dogs.
Therefore, the ketamine pharmacokinetic results re-
ported and discussed herein are those of model 4.
The recirculatory ketamine pharmacokinetic model
(table 2) also contained a pulmonary tissue volume,
which averaged 0.31 1 and was 0.75% of the total ket-
amine distribution volume (46.4 I). The rapidly (6.17 D
and slowly (38.48 D) equilibrating peripheral ketamine
tissue volumes contained an average of 13.9 and 82.0%
of the total ketamine distribution volume (46.4 1), re-
spectively. Fast (1.54 1/min) and slow (0.86 I/min) distri-
bution clearances averaged 44.3 and 21.9% of CO, re-
spectively. Ketamine Cl; was greater for the S-(+)-
enantiomer (0.66 I/min) than for the R-(—)-enantiomer

Table 3. Measures of Model Selection (AIC*) and Goodness of Fit (MAPE) for Models of Ketamine Stereoisomer Disposition with
Central Elimination or Elimination Modeled from a Peripheral Compartment (V. )T (N = 5)

AIC MAPE
Central Elimination Central Elimination
Peripheral Elimination Peripheral
Elimination Model 1 Model 2 Model 3 (Model 4) Model 1 Model 2 Model 3 (Model 4)
Mean -0.77 -0.80 -0.73 -0.82 7.06 7.61 7.86 714

* A lower (i.e., more negative) score connotes a more statistically justified model.

T Model 1: Distribution volumes, intercompartmental, and elimination clearances of the two enantiomers were modeled independently. Model 2: Intercompart-
mental clearances (except Clyp) of the two enantiomers were the same; distribution volumes, Clg, and Clyp were modeled independently for each enantiomer.
Model 3: Distribution volumes and intercompartmental clearances (except Clyp) of the two enantiomers were the same; Clg and Clyp were modeled
independently for each enantiomer. Model 4: Distribution volumes and intercompartmental clearances of the two enantiomers were the same; Clg was modeled
from V_ independently for each enantiomer.
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(0.49 1/min). The intercompartmental clearance to the
nondistributive peripheral pathway (1.17 1/min) was
33.9% of CO, whereas the nondistributive volume (0.48
D represented only 1.0% of the total ketamine distribu-
tion volume.

Discussion

The intensity and timing of the onset of drug effect for
rapidly acting intravenous anesthetics, such a ketamine,
are influenced by factors affecting the early arterial drug
concentration versus time profile.® These factors include
intravascular mixing, pulmonary uptake, and distribu-
tion to highly perfused tissues.”° It has been suggested
recently that distribution of drugs to tissue may be af-
fected more by active transport across the endothelium
than by factors such as blood flow and diffusion.'® Re-
cently, we showed that the pulmonary uptake of fenta-
nyl involves, not only passive diffusion, but also carrier-
mediated endothelial transport.'® Ketamine is a racemic
(50:50) mixture of two enantiomers that have been
shown to interact with proteins in a stereospecific fash-
ion. The S-(+)-enantiomer binds to NMDA receptors
more avidly than the does the R-(—)-enantiomer,®' pro-
ducing a more potent hypnotic effect.® Likewise, human
hepatic microsomes N-demethylate the S-(+)-enantio-
mer at a higher rate than R-(—)-ketamine.’? We wished
to measure the in vivo tissue distribution of ketamine
and to determine whether there may be differences in
the distribution of the stereoisomers, which would be
suggestive of a specific protein-mediated transport
across the vascular endothelium. In addition, we wished
to evaluate ketamine pharmacokinetics using a high-
resolution recirculatory model to examine carefully any
possible differences in disposition that could reasonably
be attributed to differential handling of the two stereo-
isomers.

The estimate of pulmonary extravascular antipyrine
distribution (V;p, 0.16 = 0.08 ) corresponds well with
estimates of others for pulmonary extravascular water
volume in dogs.** Ketamine V.., was twice that of anti-
pyrine (table 2). There was no difference in the V.., of
the R-(—)- and S-(+)-ketamine enantiomers. We looked
for systematic differences between stereoisomer con-
centrations in each sample collected during first-pass
and found none. In addition, there was no difference in
the first-pass MTT, the principal measure of pulmonary
uptake.??3%3% The lack of a stereoisomeric effect in the
pulmonary tissue distribution of ketamine suggests that

Anesthesiology, V 91, No 6, Dec 1999

physicochemical differences other than stereoisomerism
account for its increased partitioning in the lung com-
pared with antipyrine.

The pulmonary uptake of ketamine is quite small com-
pared with fentanyl (60 times tissue water),"® lidocaine
(9 times tissue water)’ or sufentanil (84 times tissue
water).>° It is closer to that of alfentanil (2.4 times tissue
water)?>3* or diazepam (approximately 5 times tissue
Water).34 Thus, interindividual differences in the pulmo-
nary uptake of ketamine would not be expected to have
much of an effect on onset of action.

The lack of stereoisomeric effect for the distribution of
ketamine in pulmonary tissue suggests that the distribu-
tion of the S-(+) and R-(—)-enantiomers in other tissues
might also be identical. Because the pharmacokinetics of
tissue distribution are described by intercompartmental
clearance (Cly; and Cl.¢) and volume of distribution
(Vr and Vi), we systematically explored the modeling
implications (Z.e., goodness of fit vs. number of adjust-
able parameters) of treating the enantiomers as individ-
ual drugs or as identical drugs with respect to these
parameters. If these parameters can be made to be com-
mon to the two enantiomers without substantially affect-
ing goodness of fit, the AIC should become progressively
smaller as more distribution parameters are made com-
mon. Table 3 shows that in the case of a central elimi-
nation model this is true if Cl.; and Cl.g are made
common, but does not hold up if V. and V.4 are also
made common. Because the S-(+)-enantiomer has the
greater Cl;, we would expect its peripheral distribution
volume to be less than that of the R-(—)-enantiomer
during this condition. With Cl; modeled from V., we
obtained similar fits with fewer adjustable parameters
and an improved AIC (fig. 5 and table 3); that is, there
was a consistent improvement in the AIC when both
enantiomers were “forced” to share the same V., Vg,
Clp, and Cl. Thus, it is reasonable to conclude that
there are no significant differences in the pharmacoki-
netics of tissue distribution between the two enanti-
omers of ketamine. This exercise provides evidence that
the choice of the site from which Cl; is modeled (i.e.,
central or peripheral) will affect the peripheral distribu-
tion volume and thus V.

Using a central elimination model with all parameters
independent for the two enantiomers (model 1) resulted
in a Vg for R-(—)ketamine of 55.8 1, compared with
429 1 for S-(+)ketamine. This is in contrast to the
peripheral elimination model (model 4) in which the Vg
for either enantiomer was 46.4 1. Using model 1, the Clgs
were 0.49 and 0.66 1/min, respectively, the same as
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Fig. 5. (4) Graphs of the ratio of measured to predicted drug
concentrations versus time relations for $-(+)- and R-(—)-ket-
amine in all five dogs. Predicted concentrations are from the
ketamine models in which Cl; is modeled from the arterial
sampling site (central) and all distribution parameters are ad-
justed independently (model 1). (B) Graphs of the ratio of
measured to predicted drug concentrations versus time rela-
tions for §-(+)- and R-(—)-ketamine in all five dogs. Predicted
concentrations are from the ketamine models in which Cl;, is
modeled from the rapidly equilibrating peripheral tissue com-
partment (peripheral) and all distribution parameters are ad-
justed such that they are the same for the S-(+)- and R-(-)-
enantiomers (model 4).

reported for model 4 in table 2 because elimination
clearance is independent of the model used.

The ketamine Vgg (model 4) in these five dogs averaged
2.11 I/kg when referenced to plasma and compared with
2.5 I/kg reported by Kaka and Hayton®> and with 1.37
I/kg reported by Schwieger et al.*® The total (i.e., race-
mic) ketamine Cl;; values reported in these studies were
32.2and 18.1 ml - min~ ' - kg™ ', respectively, compared
with 22.2 ml - min~ ' - kg~ ! for R-(—)-ketamine and 29.9

Anesthesiology, V 91, No 6, Dec 1999

ml - min~ ! - kg~ ! for $-(+)ketamine (table 1) in the
current study.

There was a marked difference in Cl; for the two
enantiomers of ketamine. On average, the Cl; was 35%
greater for the S-(+)-enantiomer compared with the
R-(—)-enantiomer and was greater in all five dogs (table
2). This is consistent with the results of White et al.> and
Geisslinger et al*® in humans (15 and 22% greater,
respectively) and previous findings in rodents."* In hu-
man liver microsomes, Kharasch and Labroo®? showed
that the rate of N-demethylation was greater for S-(+)-
ketamine than for the R-(—)-enantiomer.

The ICG and antipyrine kinetics compare very well
with those from previous studies during similar condi-
tions,” 11192922 guggesting that the 100-mg dose of ket-
amine had little if any effect on the factors governing the
pharmacokinetics of these markers and drugs. Only in
dog 2 was there a brief period of systematically poor
fitting. This incident corresponds to the large positive
deflection just before 1 min in the measure to predicted
drug concentration ratio versus time plots (fig. 5). This
may be the result of a brief hemodynamic perturbation
in this dog caused by the ketamine bolus. Because of the
need for near-continuous arterial sampling, no hemody-
namic measurements could be made during this period.
However, at t = 10 min, all such values were within 10%
of baseline.

Although antipyrine and ketamine were modeled inde-
pendently, their mean intercompartmental clearances
(Clp and Clp¢) and the nondistributive intercompart-
mental clearances (Cly,) were remarkably similar. A
linear regression for these parameters is shown in figure
6 and shows that the correlations were highly significant
for Clyy and Clyg; the correlation for Cly, was not
significant because of an outlying datum. This finding
suggests that a further model-reduction step, whereby
the enantiomers of ketamine share common distribution
clearance terms with antipyrine, could be made. It also
indicates that factors determining the transcapillary ex-
change of these two compounds are similar. Antipyrine
has been used as a marker of perfusion-limited tissue
distribution in many tissues'’ because it is minimally
plasma protein bound, freely diffuses across lipid mem-
branes, and equilibrates very rapidly with tissues. It
would appear that the transcapillary exchange of ket-
amine is similar to that of antipyrine, despite ketamine’s
more extensive plasma protein binding (53%),>> indicat-
ing that the protein binding of ketamine does not influ-
ence its transcapillary exchange.

We described the pulmonary uptake and recirculatory
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Fig. 6. Linear regressions of antipyrine clearances Clyp, Cly g,
and Cl, 5 versus the individual corresponding ketamine clear-
ances in the five dogs. The squared value of the correlation
coefficient for each regression is displayed on the graph. The
ketamine intercompartmental clearance axis intercept (ap-
proximately 0.39 1/min) for the Cl. regression probably re-
flects the inclusion of Cl in the estimates of these parameters
for ketamine but not for antipyrine, as a result of modeling
elimination from the peripheral and central compartments,
respectively.

pharmacokinetics of the individual stereoisomers of ket-
amine based on a multiple-indicator dilution technique
with frequent arterial blood sample collection. Although
the S-(+)-ketamine enantiomer had a Cl that averaged
35% more than the R-(—)-enantiomer, we found no dif-
ference in the pulmonary uptake of these two stereoiso-
mers. Our conclusion that the peripheral distribution
kinetics of the ketamine stereoisomers do not differ is
predicated on the assumption that, if the pulmonary
uptake of ketamine is not stereospecific, peripheral tis-
sue distribution is unlikely to be stereospecific. Modeling
the two different stereoisomer Clgs from V.. rather than
from V. yielded a model of ketamine stereoisomer tissue
distribution that was consistent with this assumption.
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