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Background: Dopamine is an agonist of «, 8, and dopaminer-
gic receptors with varying hemodynamic effects depending on
the dose of drug being administered. The purpose of this study
was to measure plasma concentrations of dopamine in a homo-
geneous group of healthy male subjects to develop a pharma-
cokinetic model for the drug. Our hypothesis was that dopa-
mine concentrations can be predicted from the infusion dose
using a population-based pharmacokinetic model.

Methods: Nine healthy male volunteers aged 23 to 45 yr were
studied in a clinical research facility within our academic med-
ical center. After placement of venous and arterial catheters,
dopamine was infused at 10 ug * kg™' - min™"' for 10 min,
followed by a 30-min washout period. Subsequently, dopamine
was infused at 3 pug - kg™! - min~' for 90 min, followed by
another 30-min washout period. Timed arterial blood samples
were centrifuged, and the plasma was analyzed by high-perfor-
mance liquid chromatography. Mixed-effects pharmacokinetic
models using NONMEM software (NONMEM Project Group, Uni-
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versity of California, San Francisco, CA) were used to determine
the optimal compartmental pharmacokinetic model for dopa-
mine.

Results: Plasma concentrations of dopamine varied from
12,300 to 201,500 ng/1 after 10 min of dopamine infusion at 10
pg - kg™' - min~'. Similarly, steady-state dopamine concentra-
tions varied from 1,880 to 18,300 ng/l in these same subjects
receiving 3-pg - kg™' - min~' infusions for 90 min. A two-
compartment model adjusted for body weight was the best
model based on the Schwartz-Bayesian criterion.

Conclusions: Despite a homogeneous population of healthy
male subjects and weight-based dosing, there was 10- to 75-fold
intersubject variability in plasma dopamine concentrations,
making standard pharmacokinetic modeling of less utility than
for other drugs. The data suggest marked intraindividual and
interindividual variability in dopamine distribution and/or me-
tabolism. Thus, plasma dopamine concentrations in patients
receiving dopamine infusion at identical rates may vary pro-
foundly. Our data suggest that dosing dopamine based on body
weight does not yield predictable blood concentrations. (Key
words: Catecholamines; clearance; drug dosing; half-life; ino-
tropes.)

DOPAMINE is an endogenous catecholamine that regu-
lates cardiac, vascular, and endocrine function. Dopa-
mine is also used clinically to support organ function and
to modulate hemodynamics in critically ill patients. Con-
ventional teaching' states that when exogenous dopa-
mine is infused at low doses (between 0.5 and 3.0 ug*
kg™ ' - min~"), the predominate effects are stimulation of
dopaminergic receptors with resultant increases in
splanchnic (including renal) blood flow, diuresis, and
natriuresis. At higher doses (> 3 ug : kg~' - min™"),
B-adrenergic receptor stimulation predominates, increas-
ing cardiac inotropy and chronotropy. Doses > 7 ug *
kg™' - min™! result in predominate a-adrenergic stimu
lation, resulting in peripheral and splanchnic vasocon-
striction. Despite this conventional wisdom, clinical ex-
perience demonstrates that there is considerable
interpatient variability in response to dopamine infu
sions, even when administered at identical rates.

The purpose of this study was to define the pharma
cokinetics of dopamine infusions in a homogeneous
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Table 1. Timing of Blood Samples and Heart Rate Measurements during the Four Phases of the Study

Sample Dopamine First Washout Dopamine Second Washout
Number (10 ug - kg™ '+ min™") Period (B ug-kg™'-min") Period
1 30s 30s 30s 30s

2 1 min 1 min 1 min 1 min
3 2 min 2 min 2 min 2 min

4 4 min 4 min 5 min 4 min

5 7 min* 7 min 10 min 7 min

6 10 min* 10 min 30 min* 10 min
7 15 min 60 min* 15 min
8 20 min* 90 min* 20 min*
9 30 min* 30 min*®

* Time points for values displayed in Figure 2. Blood samples were drawn into evacuated blood collection tubes beginning precisely at the above listed times.

group of healthy male subjects. Our goal was to classify
dopamine into either a one-, two-, or three-compartment
model and to derive the kinetic parameters of clearance,
volume of distribution, and terminal halflife. Our hy-
pothesis was that a pharmacokinetic model of dopamine
could be used to define doses of the drug that would be
required to obtain specific plasma concentrations.

Methods

This study was reviewed and approved by the Institu-
tional Review Board of Wake Forest University Baptist
Medical Center. Informed consent was obtained from
nine healthy, nonobese male volunteers between the
ages of 23 and 45 years who were compensated for their
time. Healthy, young-adult, male volunteers were se-
lected as the study population to minimize demographic
variability between subjects. Specifically, our goal was to
minimize the effects of sex hormones, extremes of age
and weight, and organ dysfunction. We planned to study
10 subjects, but 1 subject unexpectedly withdrew, and
we were unable to schedule a replacement while we had
research space and staff to complete the study.

An intravenous catheter was placed in each volun-
teer’s dominant arm, and an arterial catheter was placed
in the opposite radial artery. Monitors consisted of elec-
trocardiogram, pulse oximeter, and noninvasive blood
pressure cuff. Serum electrolyte and creatinine concen-
trations were measured for each volunteer. Once heart
rate and blood pressure had remained unchanged for a
period of 10 min, a continuous infusion of dopamine at
10 ug - kg~ - min~ ! was begun and continued for 10
min. After discontinuing the infusion, a 30-min washout
period was observed. At the conclusion of this washout
period, dopamine infusion was restarted at 3 ug - kg !
min~' and continued for 90 min. Another 30-min wash-
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out period was observed after the 3-ug - kg™ ' - min~*

dopamine infusion was discontinued. Heart rate and
blood pressure were monitored during each phase of the
study.

Table 1 details the timing of 32 blood samples obtained
from each subject. Evacuated blood collection tubes
were used to withdraw blood, with 3 ml of blood re-
moved S s before the stated collection times, and a 3-ml
sample withdrawn beginning precisely at the listed
times. Blood samples drawn from the catheter were
immediately placed on ice. During each washout phase
and immediately after compietion of each phase of the
study (Z.e., within 20 min for each sample), samples were
centrifuged, the pellet was discarded, and the plasma
was removed and frozen at —70°C. Plasma samples were
thawed, and dopamine concentrations were analyzed
after alumina extraction by high-performance liquid
chromatogaphy and electrochemical detection as previ-
ously described.” Absolute detection limit was 0.8 ng/l.
Interval reference standards were mixed randomly with
subjects’ samples to confirm the ongoing accuracy and
precision of the assays; interassay coefficient of variation
at 10 ng/l was 4.6%.

Statistical Metbods

Concentration-versus-time data were fit to several vari-
ations of one-, two-, and three-compartment models with
and without absorption lags and rates. Population mod-
els were fit using nonlinear mixed-effects regression
techniques with the NONMEM software package (NON-
MEM Project Group, University of California, San Fran-
cisco, CA). NONMEM fits models by minimizing the
—2 X log likelihood objective function as it simulta-
neously estimates the model’s pharmacokinetic parame-
ters, their interindividual variance, and the intraindi-
vidual residual variability (the mixed-effects approach).
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This objective function minimization was achieved using
NONMEM'’s Laplacian method, an algorithm using sec-
ond-order derivatives. In addition to the aforementioned
population modeling, NONMEM was used to fit models
to each individual patient separately (the interindividual
variance parameters being excluded). The parameter
estimates from each individual were then combined us-
ing geometric means (the two-stage approach). In an
attempt to maximize the precision of our models, pa-
rameter covariates of age, sex, weight, and serum creat-
inine were included in some of the models tested. Mod-
els were judged best that simultaneously minimized both
the —2 X log likelihood objective function and number
of model parameters, as indicated by the Schwartz-Bayes-
ian criterion. Selection was further aided by the graphic
examination of the model fits and residual plots. Model
microrate constants, k,,, Ky, k,; k3, and k;;, and the
central compartment’s volume of distribution, V,, were
estimated directly by the NONMEM program. Clearances
(CD and the remaining compartment volumes of distri-
bution were calculated from the rate constants as fol-
lows:

Clic =V, Ko, Clj; =V -k, and V, = k- Vi/k,, (1)

Parameter subscripts refer to the model’'s compart-
ment number. Double subscripts refer to flow from one
compartment to the next (e.g., k,, is the rate constant
describing drug movement from compartment 1 to com-
partment 2). Compartment O is outside the body (Z.e., k;,
is the rate constant describing drug elimination). Expo-
nential coefficients and half-lives were calculated using
standard equations.

For two-compartment models, steady-state concentra-
tions (C,y during continuous infusions were calculated
as follows™:

Co = ko kpi/(Vy - B) @

where k, is the infusion rate constant, « is the initial
exponential rate constant from biexponential disposi-
tion model, and S is the terminal exponential rate con-
stant from biexponential disposition model.

The possible effects of sex, age, weight, and creatinine
clearance on C. were tested using linear and loglinear
regression. The mixed-effects interpatient variability of
the rate constants and V; were modeled lognormal in
distribution. Models of intraindividual residual variability
fit by NONMEM included the constant coefficient of
variability model, the combined additive and constant
coefficient of variability model, and the power function
model.
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Table 2. Demographics of the Nine Volunteer Subjects

Age Height Weight Creatinine
Subject (yn {cm) (ka) (mg/di)
1 39 171 75 0.9
2 29 177 91 0.9
3 39 166 85 1.1
4 26 166 73 0.9
5 34 178 93 1.0
6 45 171 84 0.8
7 36 186 108 0.8
8 23 181 116 1.0
9 25 176 82 0.8
Mean 33 175 90 0.9

Simple measures of model performance were calcu-
lated, including absolute performance error (APE). APE
calculations were made for each individual, modified
from procedures described by Coetzee et al. .4 as follows:

APE; = | (obs; — predy) ‘ /pred;;

where obs is the observed (measured) concentration;
pred is the predicted concentration from the model; and
the subscripts i and j refer to the jth time of the ith
individual.

With these calculations, APEs, is the median APE; over
the entire range of i and j, and APEy; is the 95th percen-
tile APE;;. The APE;, and APE; are based on the absolute
values and represent the ranges within which 50% or
95% of the APE occur.

Repeated measured analysis of variance tested for
heart rate changes between baseline, the 10-ug - kg ' -
min~ " infusion peak, the first washout, the 3-ug - kg~
min~" infusion peak, and the second washout period.
This analysis of variance was performed using the Proc
Mixed subroutines of SAS version 6.12 (SAS Institute,
Inc., Cary, NO).

1 .

Results

The demographics of our nine subjects are listed in
table 2. The body mass index [weight in kilograms/
(height in meters)®] ranged from 25.6 to 35.4 with a
mean * SD of 29.2 *+ 3.0. Dopamine concentrations for
all subjects and time points are illustrated in figure 1.
There was a total of nine missing data points because of
sampling errors. One of these errors occurred during the
initial baseline phase, and another (different subject)
occurred during the final washout phase. There were no
other technical errors during the study or during mea-
surement of plasma concentrations.
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Fig. 1. Dopamine plasma concentrations.
Log scale dopamine plasma concentra-
tions for each measurement on each of
the nine volunteers. Infusion 10 repre-
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Initial basal dopamine plasma concentrations varied
over a wide range from 3 to 8,023 ng/l. These concen-
trations were not significantly different from those mea-
sured at the end of the two subsequent washout periods
(fig. 2, top), and there was no correlation between basal
dopamine concentrations and weight. After initiation of
the 10-ug * kg ! - min~ ! infusion (10 min), plasma
concentrations increased rapidly, with individual plasma
concentrations for the 7- and 10-min samples ranging
from 5,616 to 201,513 ng/l. After termination of the
10-min bolus infusions, dopamine concentrations de-
creased rapidly, ranging from undetectable to 1,191 ng/l.
Dopamine concentrations during the 90-min infusion at
3 ug - kg~ - min~' appeared to reach a steady-state
plateau rapidly, with individual measurements of plasma
concentrations varying between 367 to 83,745 ng/l. Af-
ter termination of the infusion, dopamine plasma con-
centrations decreased precipitously back to baseline lev-
els. Figure 2 (top) demonstrates the concentrations
obtained during the final two measurements (7 and 10
min) during the 10-ug * kg~ ' - min~ ' infusion and the
final three measurements (30, 60, and 90 min) during the
3-ug - kg™' - min~! infusions, as well as the interceding
baseline values. Of note, the subjects with the highest
baseline concentrations did not have the highest concen-
trations during the drug infusions, and many of the
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washout concentrations were lower than the original
baseline concentrations for the same subjects.

The mixed-effects population models best fit the data to
a twocompartment model with an absorption lag of 0.5
min and V, adjusted for body weight. This best model
characterized the interindividual variability as lognormal in
distribution and modeled the intraindividual residual error
using a constant coefficient of variability model (constant
coefficient of variability, residual error = o, X predicted
outcome). Selection criteria for a representative four of our
tested models are listed in table 3. This table is not inclusive
of all the mixed-effects models tested but demonstrates the
process of building what ultimately became the best fit
model (model D). This best fit model performs best using
the Schwartz-Bayesian criterion.

The best model is characterized by its extremely rapid
microrate constants (k,, = 1.10, k,, = 0.244, and k,, =
0.07), resulting in an initial halflife, t,, , = 0.5 min, a
systemic clearance (Cl,) equal to 110% of the central
compartment’s volume of distribution (V,) per minute,
and a terminal halflife, t;, 3 = 12.3 min (table 4). These
rapid rates agree with the immediate increase and de-
crease of dopamine concentrations before and after in-
fusion (fig. 1). Dopamine C (in ng * 17" - kg™ ") during
any prolonged continuous infusion can be estimated
from equation 2 and our model as:
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Fig. 2. Dopamine concentrations and heart rates. Data for the
dopamine concentrations (fop) are presented for the initial
baseline concentrations, the average concentrations measured
from the 7- and 10-min samples during the 10-p - kg™* - min™*
dose, the concentrations measured at the end of the first wash-
out period, the average concentrations measured from the 30-,
60-, and 90-min samples during the 3-p - kg™ - min~* dose, and
the concentrations measured at the end of the final washout
period. Heart rate data (bottom) were recorded at the initial
baseline, 8 min into the 10-p - kg™ - min~! dose, at the end of

the first washout period, 45 min into the 3-p - kg™* - min~* dose,
and at the end of the final washout period.

C., = (3.77 min/l) -k, * 1,000 3

where kg is the infusion rate (in yg - kg~ ' - min™"), and

1,000 corrects the dose units (ug) to concentration units
(ng).

This equation estimates C for 3- and 10-ug * kg™ ' -
min~" infusions at 11,300 and 37,700 ng - kg~ - 177,
respectively. These concentrations at steady state (C,y)
are asymptotes; C is only reached as time approaches
infinity. However, based on simulations using our model,
dopamine concentrations during continuous infusion
will reach 88.9% of C, at 10 min, 90% of C, at 12.3 min,
and 95% of C, at 24.8 min. This best model uses a
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weight-adjusted infusion rate, but there were no signifi-
cant effects of patient age, sex, or serum creatinine on
Cys-
Our best model outperforms all other models using the
Schwartz-Bayesian criterion as well as two other com-
monly used indices of selection criteria, the —2 - log
[likelihood] and the Akaike Information Criterion. Using
this best model, the APEs, and APE,s were 59% and
514%, respectively. These performance measures can be
interpreted as 50% of our measured concentrations differ
from predicted concentration by no more than 59%,
whereas 95% of measured concentrations differ from
model predictions by no more than 514% of the pre-
dicted concentrations. Graphical representation of our
best fit pharmacokinetic model is included in figure 1 as
the shaded curve.

The best fit two-stage modeling approach resulted in a
one-compartment model with no lag time (k,, = 0.44
min~ "' and V, = 55.5 ) and had an overall APE,, of 81%
and APE,s > 100,000%. The two-stage model fits were
far inferior to our best mixed-effects models and thus are
not mentioned further.

Table 5 demonstrates the performance characteristics
of our best mixed-effects fit model by individual subject.
This table demonstrates that for five of the nine subjects,
the curve fit very well (APEys < 100%), whereas four
subjects varied from the predicted values by consider-
able amounts (APE,; from 194% to 648%). Additional
parameter adjustments for the demographic covariates
of age, weight, or serum creatinine could not account for
this subject-to-subject variability.

Figure 2 (bottom) displays the heart rates measured
during the initial baseline; 8 min into the 10-ug - kg™ ' -
min~ ! infusion; 25 min into the first washout period; 45
min into the 3-ug - kg ™' - min~"' infusion; and at the end
of the final washout period. Heart rate was monitored as
a safety issue rather than a therapeutic end point. Re-
peated measures analysis of variance found no differ-
ences between the heart rates for the three baselines.
Mean heart rate increased significantly with the infusion
of 10 ug * kg~! + min~! but did not increase above
baseline with the prolonged infusion of 3 ug - kg™' -

min .

Discussion

Most studies of drug pharmacokinetics assume a single
compartment into which the drug is administered, com:
monly represented by plasma volume, and that there is
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Table 3. Pharmacokinetic Model Selection Criteria for Four Illustrative Model Fits

Model A B
Compartments 1 2
Absorption lag Ne No
Covariates No No
Residual error structure Combined Combined

additive additive
and CCV and
ccv
Parameters estimated 6 10

Model selection criteria
—2LL (smaller is 1326.86 1224.48
better)

SBC (larger is better) —680.08 —639.98
AIC (larger is better) —669.43 —622.24
LRT (P value) — <0.0001

Standard error estimates Yes Yes
Overall model performance

APEq, +78% +62%
APEqs +100,000% +600%

C D
2 2
Yes Yes
No Weight-adjusted V,
Combined ccv

additive

and

Cccv
11 10
1150.44 1088.10 (best)
—-605.74 —571.80 (best)
~586.22 —554.05 (best)
<0.0001 —
No Yes

One-compartment
Two-stage

+55% +59% *81%
+737% +514% +186,741%

CCV = constant coefficient of variability model; SBC = Schwartz-Bayesian Criterion; AIC = Akaike’s Information Criterion; LRT (P value) = P values from the
Likelihood Ratio Test, which can only be used to compare nested models. These P-vaiues compare the model with the model immediately to its left.

—2LL = —2 - log (likelihood) is the objective function minimized by NONMEM during model fitting of parameter estimates. —-2LL, AIC and LRT (P value) are
included for readers more familiar with these model selection criteria. SBC is the mast parsimonious in adding model parameters and thus our basis for madel

selection.

no other source of drug within the body. The elimina-
tion of drug from this single compartment is dependent
on clearance of the drug out of the plasma either by
excretion from the body or through terminal metabo-
lism. Our study modeled the pharmacokinetics of dopa-
mine in healthy male subjects receiving clinically rele-
vant doses of dopamine infusions at 10 and 3 pg- kg " -
min~' using compartmental models. Compartmental
pharmacokinetic models are based on the assumption
that the concentration at any time is directly propor-
tional to the infusion dosages. This assumption of linear-
ity would suggest that for a given dosing scheme, tripling
the amount of drug infused will triple the expected drug
concentrations at any given sampling time.

Rarely do drugs actually follow such a simplified ki-
netic scheme; most drugs are better described by a more
complex exponential model, thus accounting for alter-
ations in drug concentration that result from redistribu-
tion of drug into a second “peripheral” compartment
from which it can distribute back into the plasma “cen-
tral” compartment. Multiexponential models describing
the pharmacokinetics of drugs with more than a single
compartment have been described for a number of med-
ications, including narcotics, inotropic medications, ben-
zodiazepines, and other anesthetic drugs.* ! Defining
the pharmacokinetic parameters for a drug allows for
more precise determination of dosing to accommodate
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changes in drug distribution associated with physiologic
parameters such as age, gender, and body weight, as
well as changes brought about by disease states and
organ dysfunction.>”'*'> Many of these pharmacoki-
netic studies have raised doubt about using body weight
as the primary adjustment for dosing drugs, a conflict
recently highlighted by Bouillon and Shafer.'®

Dopamine is known to increase cardiac output, which,
in turn, may affect its own clearance. Thus, rates of
clearance and other pharmacokinetic parameters may
change as plasma dopamine concentrations change.
Such dose and concentration-dependent changes in
pharmacokinetic parameters would violate pharmacoki-
netic linearity and may account for our model predic-
tions (fig. 1) overestimating plasma concentrations dur-
ing the 10-min infusion. Nonlinearity may also explain
why “renal dose” dopamine (3.0 pg * kg~' - min~ ")
infusions result in plasma concentrations equivalent to
plasma concentrations achieved with 10-ug - kg™! -
min "' infusions. Any concentration-dependent changes
in the pharmacokinetic parameters would violate the
assumption of linearity and question the validity of com-
partmental models.

Regardless of nonlinear pharmacokinetics and other
possible model misspecifications, our two-compartment
model predictions do, for the most part, follow the
median observed dopamine concentrations (fig. 1). Indi-
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Table 4. Pharmacokinetic Parameter Estimates for Our Best
Model

Fitted Parameters Estimate = Standard Error Units
Micro-Rate
Constants
Lag 0.508 =+ 0.002 (min)
Kio 0.244 + 0.054 (min~")
Koy 0.070 = 0.018 (min™")
Kio 1.10 = 0.1 (min~")
Vv, 0.241 + 0.087 (- kg™ "y
Derived Alternate
Parameters
Clearance/volumes
Clio 0.27 l-kg™" - min™"
Cl;,, Cly, 0.059 - kg™ min~?
V, 0.840 |- kg™
Biexponential
A 4.11 - (dose)t ug i kg?
B 0.0423 - (dose) ug 171 - kg™!
a 1.36 min~"
0.0567 min~"
Half-lives
ti/oa 0.511 min
ti2p 12.3 min
Estimate time to
within
90% of C .t 12.3 min
95% of Gy 248 min

* Parameters with kg™" unit are weight-adjusted; per kg of body weight;
t Dose is body weight-adjusted as ng - kg~'; $ Concentration at theoretical
steady-state reached during a prolonged continuous infusion.

vidual measurements of plasma dopamine concentra-
tions do, however, vary as much as 75-fold, despite the
use of identical weight-based infusion rates. The random
plasma concentration peaks observed at lower concen-
trations during the postinfusion sample times may reflect
experimental error or system instability caused by the
influences of endogenous dopamine concentrations.
Such large variability in plasma concentrations in a ho-
mogencous population of healthy male subjects casts
doubt on the reliability of using any pharmacokinetic
model to predict plasma concentrations.

Study designs for determining drug pharmacokinetics
involve starting and stopping the drug and measuring
concentrations frequently as the changes in plasma con-
centration occur. Ideally, the drug could be administered
in doses less than, equivalent to, and greater than stan-
dard clinical practices to define the upper and lower
limits of plasma concentrations and pharmacokinetic
variables. Our design began with a group of healthy male
volunteers to limit demographic differences and to use a
moderately high dose (10 ug * kg™ - min™") but to limit
the duration of this infusion to avoid unpleasant side
effects encountered in previous studies we conducted
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with the drug. Thus, 10 min was chosen for the higher
dose, then a prolonged infusion with the better-tolerated
3-ug - kg~ ' - min~' dose. We prospectively chose not to
randomize this order because we felt a prolonged infu-
sion was more likely to cause accumulation of drug, and
a longer washout phase would be required. Given the
rapidity of washout of the drug, this assumption seems
to have been incorrect, and dose randomization could
have been performed. Our design leaves open the po-
tential that sequential dosing effects have influenced our
results.

Previous studies have measured endogenous catechol-
amine levels under different physiologic conditions. Re-
gitz et al.'” demonstrated large variability in dopamine
(and other catecholamines) in healthy control subjects.
Schwartz et al.'® demonstrated variations in dopamine
concentrations at rest and during angina. Zaloga et al."’
reported a wide range of epinephrine concentrations
after coronary artery bypass grafting. In this same study,
dopamine concentrations were also measured but were
not reported because of the tremendous variability in the
measured concentrations (personal communication
from the authors, September 1998). These wide varia-
tions are confirmed by the baseline values we measured,
and the large intrapatient variability is confirmed by the
fact that the concentrations measured during the wash-
out phases were lower than baseline concentrations for
some of our subjects. It remains unclear how much of
the discrepancies in plasma concentrations are cause by
endogenous dopamine, initial distribution, compartmen-
tal differentiation between subjects, genetic differences
in catecholamine metabolism, or dopamine-induced
changes in metabolism of the drug. Regardless of the
cause of these intrapatient and interpatient differences,
our data demonstrate that plasma dopamine concentra
tions in subjects receiving “renal dose” dopamine at 3
pg - kg™! - min~' may actually exceed plasma concen

trations in other subjects receiving 10-pg - kg ™' * min ™’

Table 5. Performance Errors by Individual Study

ID APEgy, (%) APEqs; (%
1 36 509
2 43 194
3 158 475
4 319 648
5 39 100
6 56 84
7 46 90
8 35 84
9 85 94
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infusions. This phenomenon occurred in our study, with
four subjects having peak plasma concentrations during
the 10-ug - kg~ ! - min~! infusions that were lower than
maximal concentrations achieved by four other subjects
during the 3-ug - kg ' - min~ ! infusions.

Additional studies have attempted to define pharmaco-
kinetic variables for dopamine. Le Corre et al*® deter-
mined that the volume of distribution and clearance of
dopamine varied according to the dose of drug infused.
This finding suggested nonlinear, dose-dependent phar-
macokinetics for the drug and possible receptor or met-
abolic “saturation.” The reported steady-state volumes of
distribution were 0.78 * 0.22 I/kg and 1.58 = 0.62 I/kg
for doses of 3 and 6 ug - kg~ ' - min~ ', respectively, and
these values were similar whether a one- or two-com-
partment model was used. However, this study was
conducted using a small number of patients within the
intensive care unit, with varying degrees of organ dys-
function, age, gender, and associated diseases. In a study
by Ratge et al.,'* dopamine metabolites were measured
using three male and three female volunteers receiving 5
ug * kg™ - min~! of the drug. This study used a single-
compartment model to determine the volume of distri-
bution as 2.1 = 0.5 I/kg. It is unclear if gender had an
influence on dopamine pharmacokinetics in this study,
but each of these studies demonstrated considerable
variability in dopamine concentrations.

The 0.5-min lag time was the most stable model pa-
rameter, with a coefficient of variability that was < 1%.
The determination of 0.5-min lag time is consistent with
the experimental methods; the infusion of drug was
intravenous, whereas the sampling of blood was from
the arterial catheter. Thus, a short (0.5-min) delay to
allow for mixing of samples in the blood stream and
circulation of drug to the sampling site is reasonable. A
lag is commonly not required for pharmacokinetic mod-
cling when elimination of drug is slower, where the
delay is inconsequential. Dopamine concentrations,
however, increase and decrease very rapidly, and thus a
lag accounts for the rapid shift from low to higher
concentrations.

Our study represents the “best case scenario” with
little demographic variation between subjects. It is rea-
sonable to assume that had we studied subjects with a
wider range of body mass, we would have found even
greater variability in pharmacokinetics, as has been dem-
onstrated recently by Egan et al?' using the opioid
remifentanil. Similarly, hormonal influences, age, con-
comitant administration of medications, and associated
disease processes commonly alter the pharmacokinetics
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of drugs; therefore, extrapolating our predicted concen-
trations to a population of critically ill patients should be
performed with extreme caution. Our study design also
does not eliminate the possibility of a drug sequencing
effect by starting with a high dose of drug followed by
infusion of a lower dose. The likelihood of such a “prim-
ing” effect is unlikely given the fact that plasma concen-
trations decrease back to very low levels (at or below the
initial baseline values) between the two drug administra-
tions, and our washout between infusions was of suffi-
cient duration to allow for complete elimination of the
drug from the system. In retrospect, however, random-
izing the order of infusions would have been appropriate.

There are no published reports that associate the phys-
iologic effects of dopamine with defined plasma concen-
trations or that determine whether selective stimulation
of dopaminergic, 3, and « receptors is better accounted
for by specific plasma concentrations or by specific
infusion rates. Analysis of variance testing showed that
heart rate was increased by the higher infusion rate in
our study. Nevertheless, we caution that we did not
design this study to test for a relationship between do-
pamine concentrations and clinical effects and can only
speculate about the relationship between dopamine con-
centrations and other clinical variables, such as cardiac
output, urine volume, or organ function.

In conclusion, despite designing our study with a ho-
mogeneous population of healthy male subjects and us-
ing specific weight-based dosing, the plasma concentra-
tions of dopamine we measured varied widely. Although
we have been able to construct a pharmacokinetic
model of dopamine, the APE for this model remains
high. Our data suggest that dopamine dosing based on
body weight does not yield couasistent, predictable
plasma concentrations, even in a population of healthy
male subjects.

The authors thank James C. Eisenach, M.D., for his assistance with
performing the high-performance liquid chromatogaphy assays, and
Judy Bennett, R.N., Lynne Harris, R.N., and Kendra Murphy, R.N., for
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