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Background: The Cs, of remifentanil for ventilatory depres-
sion has been previously determined using inspired carbon
dioxide and stimulated ventilation, which may not describe the
clinically relevant situation in which ventilatory depression
occurs in the absence of inspired carbon dioxide. The authors
applied indirect effect modeling to non-steady state Paco, data
in the absence of inspired carbon dioxide during and after
administration of remifentanil.

Methods: Ten volunteers underwent determination of carbon
dioxide responsiveness using a rebreathing design, and a model
was fit to the end-expiratory carbon dioxide and minute venti-
lation. Afterwards, the volunteers received remifentanil in a
stepwise ascending pattern using a computer-controlled infu-
sion pump until significant ventilatory depression occurred
(end-tidal carbon dioxide [Peco,] > 65 mmHg and/or imminent
apnea). Thereafter, the concentration was reduced to 1 ng/ml.
Remifentanil pharmacokinetics and Paco, were determined
from frequent arterial blood samples. An indirect response
model was used to describe the Paco, time course as a function
of remifentanil concentration.

Results: The time course of hypercarbia after administration of
remifentanil was well described by the following pharmacody-
namic parameters: F (gain of the carbon dioxide response), 4.30;
k., carbon dioxide, 0.92 min~"'; baseline Paco,, 42.4 mmHg; base-
line minute ventilation, 7.06 1/min; Kk co,, 0.08 min~"; Cs, for
ventilatory depression, 0.92 ng/ml; Hill coefficient, 1.25.

Conclusion: Remifentanil is a potent ventilatory depressant.
Simulations demonstrated that remifentanil concentrations
well tolerated in the steady state will cause a clinically signifi-
cant hypoventilation following bolus administration, confirm-
ing the acute risk of bolus administration of fast-acting opioids
in spontaneously breathing patients.
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THE ventilatory depressant action of p-agonistic opioids
represents their greatest potential source of toxicity.
Application of morphine in the postoperative period
resulted in significantly more frequent and severe de-
creases in oxygen saturation than regional anesthesia. '
At a major Dutch University Hospital (Leiden, The Neth-
erlands), 30% of all patients who received a general
anesthetic for major surgery developed oxygen satura-
tion below 90% in the postanesthesia care unit, caused at
least partially by a blunted ventilatory drive.” As a result,
there has been ongoing interest in finding methods that
adequately describe opioid-induced ventilatory depres-
sion. Unfortunately, only on very few occasions were
exact measures of potency (e.g., CsyS) determined.>”’
Most efforts to model the effects of opioids on ventila-
tion have involved clamping partial pressure of carbon
dioxide (Pco,) in a isohypercapnic approach, effectively
canceling out carbon dioxide kinetics and dynamics and
modeling drug-induced change of minute ventilation
(MV) at constant Pco,. Because ventilatory depression in
the clinical setting does not include carbon dioxide in-
halation and carbon dioxide displays its own kinetics and
dynamics, these models developed from isohypercapnic
approaches cannot describe the extent and duration of
opioid-induced ventilatory depression at non-steady
state. A different approach accounting for both drug and
carbon dioxide kinetics and dynamics has been sug-
gested and successfully applied to the ventilatory depres-
sant effect of alfentanil in the non-steady state.® The C,
for alfentanil calculated from non-steady state data with
an indirect response model (a model that does not relate
[effect site] drug concentration to the value of a depen-
dent variable but to the rate of change of a dependent
variable) agreed with C5, determinations from steady
state approaches.*” However, the non-steady state ap-
proach remains poorly tested (only a single zero-order
infusion was used) and therefore requires further valida-
tion. We now apply the approach to non-steady state
data for remifentanil, an opioid with rapid kinetics and
effect compartment equilibration, which already has
been investigated with isohypercapnic methods.*>

Materials and Methods

The study was approved by the Stanford University
Institutional Review Board (Stanford, California). Written
informed consent was obtained from each subject. The
reported data are a subset from a study of propofol and
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remifentanil aimed at identification of either drug’s ven-
tilatory depressant effects, the pharmacokinetic interac-
tion between both drugs, and the interaction of both
drugs with regard to suppression of quantal responses to
central nervous system stimulation and electroencepha-
lographic effects.

Subjects

We studied five male and five female healthy volun-
teers (age, 33.5 [23-43] yr, weight, 69.3 [50-100] kg).
All volunteers received a physical examination, labora-
tory tests (complete blood cell count, blood chemis-
tries), and an electrocardiogram.

Study Design

All volunteers were studied after fasting for at least 6 h.
After arrival in the operating room, standard monitoring
(noninvasive blood pressure, electrocardiography, and
pulse oximetry) was established; one arterial cannula
(radial artery of the nondominant hand) and two intra-
venous cannulae (both forearms) were inserted. The
volunteers were supplied with a continuous positive
airway pressure mask connected to a pressure differen-
tial spirometer/sidestream gas analyzer (D-lite flow sen-
sor/gas sampler, AS/3; Datex-Ohmeda, Helsinki, Fin-
land). Bispectral Index was recorded with an Aspect
1000 electroencephalographic monitor (BIS® monitor
Aspect Medical, Natick, MA). Before the study, the pres-
sure differential spirometer underwent three-point cali-
bration (500, 1,000, 1,500 ml) with a 3- calibration
syringe (Hans Rudolph, Kansas City, MO). The gas ana-
lyzer underwent two-point calibration with gas mixtures
containing 4% and 8% CO,. Heart rate, blood pressure,
ventilatory rate, tidal volume, MV, and inspiratory/expira-
tory oxygen and carbon dioxide were recorded every 5 s
using the software program Collect (Datex, Helsinki,
Finland).

Determination of Baseline Paco,

After a 5-min resting and equilibration period, an arte-
rial blood sample for determination of arterial carbon
dioxide tension (Paco,) was drawn.

Determination of the Ventilatory Response to

Carbon Dioxide

Two anesthesia ventilation bags (volume, 2.3 1 each)
connected with a Y piece were filled with oxygen and
connected to the D-lite ventilatory sensor. The volun-
teers breathed from this reservoir and therefore re-
breathed their exhaled carbon dioxide. Contrary to the
classic Read design,® the bags contained no carbon di-
oxide when rebreathing was initiated. At the volunteers’
request, the rebreathing bags, but not the D-lite sensor,
were removed (on average after 5 min), enabling us to
obtain blood gas and volume measurements during re-

# Available at: http://anesthesia.stanford.edu/pkpd. Accessed April 28, 2003.
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Table 1. Remifentanil Concentrations for the Ventilatory
Depression Study

Peak Final
Individual, No. Concentration, Concentration Concentration,

in Study ng/ml Steps, ng/ml ng/ml
1* 3 05,1,2,3 1
2 45 1,2,3,45 1
4 6 1,2,4,6 1
8 3 3,2 1
9 7.5 3,575 1
10 9 3,6,9 1
16* 3 3 1
17 9 3,6,9 1
19 3 3,2 1
20 6 3,6 1

After having obtained baseline values in absence of drug, each concentration
step was maintained for 15 min before switching to the next one (exception:
volunteers 1 and 2, 20 min). The first concentration indicated refers to the
highest concentration achieved (maintained spontaneous ventilation at free-
floating Pco,. The concentration ranges were determined by the tolerance of
the respective volunteer to the ventilatory depressant effect of remifentanil.

*Volunteer 1 was excluded because of a spuriously low baseline (Paco,), in
volunteer 16 we were unable to get a carbon dioxide response because of
equipment failure.

covery to normal resting ventilation. At the start of and
during and after the rebreathing part of the study, arte-
rial blood samples were drawn every 1-2 min for the
determination of Paco,. After stabilization of MV at base-
line levels, this part of the study was terminated.

Determination of Remifentanil-induced Ventilatory

Depression

After determining individual carbon dioxide re-
sponses, remifentanil was administered via target-con-
trolled infusion with a Harvard infusion pump (Harvard
Clinical Technology, Inc., South Natick, MA) driven by
STANPUMP# running on a commercially available laptop
computer. The remifentanil pharmacokinetic parame-
ters were the covariate adjusted set reported by Minto ez
al’® Remifentanil was administered in ascending steps
targeting plasma concentrations until end-tidal carbon
dioxide (Peco,) exceeded 65 mmHg and/or apnea peri-
ods of more than 60 s occurred. Thereafter, the remifen-
tanil concentration was allowed to passively decrease to
1 ng/ml. Table 1 displays the target concentrations steps
for each volunteer. During and after the infusion, fre-
quent arterial blood samples for determination of
remifentanil concentrations and Paco, were drawn. Fig-
ure 1 displays a typical example of this administration
schedule and the corresponding Paco, values.

Sampling and Data Processing

Blood sampling was timed based on pharmacokinetic,
pharmacodynamic, and efficiency considerations (high-
resolution sampling during periods of rapidly changing
concentrations). A blank sample was drawn after inser-
tion of the arterial cannula. Blood samples were drawn 2,
5, 10, and 15 min from the start of the infusion. For every
further step up, one sample was drawn immediately
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Fig. 1. Experimental design displayed for one subject. After having
undergone carbon dioxide rebreathing, the volunteer was sub-
jected to stepwise increasing remifentanil concentrations applied
with STANPUMP (3, 5, 7.5 ng/ml) targeting the plasma (solid line),
not the effect compartment (dasbed line). Unfilled circles =
remifentanil plasma concentration measurement; filled circles =
arterial carbon dioxide tension (Paco,) measurement.

before changing the target concentration. During the
passive decrease down to 1 ng/ml for remifentanil, sam-
ples were drawn at 2, 4, 6, 8, 10, 15, and 30 min after the
last change in the target concentration. Citric acid was
added to the samples immediately after blood was
drawn. Samples were stored at —20°C until assaying (for
assay method see Bouillon et al.'®).

All arterial blood samples drawn for analysis of Paco,
were stored on ice immediately after the drawing of
blood and were analyzed within 20 min with a portable
blood gas analyzer (i-stat Corporation, East Windsor, NJ).
All volume measurements were converted to standard
temperature and pressure before entering further calcu-
lations. Because Paco, measurements were at best avail-
able every minute, MV measurements every 5 s and the
further analysis required data pairs of Pco, and MV
matched by time, Peco, values were used for calculation
of the carbon dioxide response. To check for the validity
of this approach, the average difference between Peco,
and Paco, and the corresponding 95% confidence inter-
val was calculated. Paco, measurements were used for
calculation of drug-induced ventilatory depression.

Model Building

The pharmacokinetic model has been described previ-
ously.'® In brief, the arterial concentration time course
of remifentanil was adequately predicted by a two-com-
partment model with the following parameters (typical
value * coefficient of variation), V; = 13.50 1, V, =
8.64 1 * 27.4%, Cl; = 2.57 I/min = 25.3%, Cl, =
1.31 I/min = 7.7%. The individual post boc Bayesian
predictions of this model were used for the pharmaco-
dynamic calculations.

Proportional and exponential models were used to
describe the interindividual variability of the pharmaco-
dynamic parameters:

6o = By (1 + 1(D)); 0y = by €™ (D)

where 6;, refers to the individual value of the respective
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parameter in the ith individual, 0.1, is the typical value
of the respective parameter in the population, and n
varies randomly between individuals with mean zero and
variance of (.2

An additive (constant SD) error model was chosen for
modeling residual variability of both MV and Paco,:

DVohs = DVexp t+e (2)
DV, refers to the observed value of the dependent
variable (MV, V,.); DV, refers to the value predicted

based on dose, time, and the individual pharmacokinetic
and pharmacodynamic parameters. € is a normally distrib-
uted random variable with mean zero and variance o.”

The program system NONMEM, version V with the
“First Order Conditional Estimation” method and “n-e
interaction,” was used for all model fits and empirical
Bayesian estimation of the individual parameters.'!

Decisions between different models were made using
the log likelihood test (P < 0.01). Model misspecifica-
tion was checked for by plotting the predicted against
the measured values of the dependent variable.

Modeling the Carbon Dioxide Response Curves

Minute ventilation, MV, was modeled as a function of
end-tidal carbon dioxide, Peco,, the independent variable.
Hysteresis in the MV versus Peco, relation was modeled
using an effect compartment for carbon dioxide:

dPecco,

de ~ Keoco " (Pecoy(t) — Peccoy(t)) (3

where Pecco, is the partial pressure of carbon dioxide at
the effect site (“biophase”; mmHg) and k., o, is the
first-order equilibration constant between arterial and
effect-site Pco,.

Before rebreathing, the system is at steady state, and
baseline carbon dioxide, Pecco,(0), equals Peco,(0).

Although the relation between MV and Pecco, above
the metabolic hyperbola (the steady state relation be-
tween alveolar ventilation and Paco, for a given carbon
dioxide production and inspiratory fraction of carbon
dioxide) can be well described by a straight line,"*'? the
shape of the curve changes near the hyperbola. We
speculated that this change persists, and is even exag-
gerated, if ventilation is depressed below baseline. To
account for our hypothesized shape of this relationship,
Pecco, was used as an independent variable of a nonlin-
ear expression(’:

P F
ecco,(t) ) @

MV(Pecco,) = MV(0) - (Peccoz(())

where MV(Pecco,) is the MV depending on Pecco,
(I/min); MV(0) is the baseline MV (I/min); Pecco,(0,t) is
the partial pressure of carbon dioxide at the effect site,
baseline, and time t (mmHg); and F is the gain determin-
ing the change of MV for a given ratio of Pecco,(t) and
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Pecco,(0). For reasons of completeness, a linear carbon
dioxide response was also calculated as:

MV(Pecco,) = MV(0) + SL - (Pecco,(t) — Pecco,(0))
©)

where SL is the slope of the carbon dioxide response
curve. For each individual, baseline Pecco, was fixed to
the measured value of baseline Peco,.

Modeling of Remifentanil-induced Ventilatory

Depression

Because changes in Paco, during drug-induced venti-
latory depression are not as fast as those during carbon
dioxide rebreathing and Paco, is less artifact sensitive
than Peco, (mask fit, shallow breathing), Paco, was used
as the dependent variable for modeling of remifentanil-
induced ventilatory depression. Although described pre-
viously,® the essential steps of the modeling approach
are repeated here.

Changes of partial pressures of a gas in the body over
time can be computed with mass balance equations. For
a one-compartment model with constant input (carbon
dioxide production) and constant output (carbon diox-
ide elimination) under baseline steady state conditions,
the change of amount of carbon dioxide over time can
be expressed as:

d Paco,
VdCOZ a

260~ Kin(t) = Kou(©) ©
where V,C0, is the apparent volume of distribution of
carbon dioxide (1), Paco, is the arterial partial pressure of
carbon dioxide (mmHg), k;, is the production rate of car-
bon dioxide (I/min), k,, is the elimination rate of carbon
dioxide (I/min), and 760 is the atmospheric pressure at sea
level (mmHg). k(O can also be expressed as the product
of alveolar ventilation (I/min) and the current Paco, divided

by the barometric pressure, yielding:

d Paco,

dt VeC%2" 56

Paco,(t)

= kin(t) - Valv(t) . 760

(@)
Under the assumption that the production rate of carbon
dioxide is always equal to the baseline elimination rate,
the production rate can be substituted by the product of
the baseline value of the normalized Paco, and alveolar
ventilation and becomes a constant:

d Paco, .

de Va2 560 T

Paco,(0)

Paco,(t)
() 760

~ Va0 56

®

Rearranging for the change of Paco,, the dependent
variable, over time yields:
d Valv(o)

— Paco, =
de 2002

Paco,(0) — Van(V)

- Paco,(t
V,4C0, V,C0, 200,(t)

(@)
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Introduction of a hypothetical effect compartment for
remifentanil was attempted according to the following
equation but did not improve the fit of the model to the
data:

dcC
dt

€

= ke * (Cp — Ce) ao
where Cp is the drug concentration in plasma calculated
from the individual dosing histories and pharmacoki-
netic parameters, Ce is the drug concentration in the
effect compartment, and k., is the first-order rate con-
stant governing the transfer of drug out of the effect
compartment.

The combined inhibitory effect of remifentanil (plasma
concentration) and the stimulatory effect of Pecco, on
alveolar ventilation was then expressed as product of a
fractional sigmoid Emax model and the nonlinear term
for carbon dioxide response:

valv(cpa PCCCOZ) = Valv(o) .

Cp(t)? Pecco,(t)
( TG+ pr) ' (Peccoz(m

F
> an

where V,,(0) refers to baseline alveolar ventilation, <,
refers to the plasma concentration of remifentanil, and
Cs, refers to the remifentanil concentration at which V,,
and therefore k, , will be decreased to 50% of the value
in the absence of remifentanil, for unchanged Pecco,. F
was calculated from the individual carbon dioxide re-
sponse curves. This equation also yields alveolar ventila-
tion normalized to baseline (divide both sides by ValV(O))
and can therefore be used for predictions of the time
course of ventilation after the administration of drugs,
even in the absence of measured ventilatory data.

After insertion into the mass balance equation, the final
equation to describe opioid induced hypercapnia can be
obtained:

i Paco, = Valv(o) - Paco (0) . Valv(o) .
de 29927 y oo, A2 V,CO,
Cp(t)” Pecco,(t) \*
L= e cp7) | Peccoy(0)) ~Pacolt) (2

As an alternative approach, we used the power func-
tion advanced by Dahan et al.”:

Valv(Cpa PCCCOZ) = Vﬂlv(o) .

(Cp(t)>A
Cs, Pecco,(t) \*
== ’ (Peccoz(0)> a3

Results

General
One volunteer was excluded from the analysis because
of a very low baseline Paco,, presumably caused by
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Table 2. Parameters of the Carbon Dioxide Response Curves
Obtained in Absence of Drug, Nonlinear Carbon Dioxide
Response

Parameter TV (SE) CV, %
Kegs I/min 0.92 (0.16) 44.2
F 4.3 (0.25) 15.9
MV(0), I/min 7.06 (0.83) 32.7
Peco,(0), mmHg* 42.4 (—) 8.2

Calculations were performed with end-tidal carbon dioxide (Peco,) and not
arterial carbon dioxide (better time resolution). The bias between arterial and
end-tidal Pco, was 1.98-3.54 (95% confidence interval). Mean error was 1.67
I/min, the value of the objective function 2640. Rebreathing was initiated
without carbon dioxide; the rate of Peco, increase during rebreathing was
3.7-4.2 mmHg/min (95% confidence interval). The estimated parameters are
those characterized by the mixed effects model.

* Baseline Peco, of each individual was fixed at the measured value of Paco,
and not estimated. The SE is therefore meaningless and was omitted; the
coefficient of variation is included.

CV = coefficient of variation as a measure of interindividual variability; F =
amplification factor determining the steepness of the carbon dioxide re-
sponse; koo = equilibration constant between Peco, and Pco, at the effect
site (PocC0,); MV(0) = baseline minute ventilation; Peco,(0) = baseline Peco,;
TV = typical value (population mean).

anxiety; in one volunteer, carbon dioxide rebreathing
failed as a result of equipment problems. No volunteer
was more than lightly sedated, as judged from both
clinical observation and electroencephalographic data.

Carbon Dioxide Dynamics

The parameters of a nonlinear model characterizing
the influence of carbon dioxide on MV including effect
compartment equilibration are summarized in table 2.
Table 3 shows the respective values for a linear model.
Applied to the entire range of measurements, a nonlinear
model described the data better than a single linear
model, with a difference in objective function of 388

Table 3. Parameters of the Carbon Dioxide Response Curves
Obtained in Absence of Drug, Linear Carbon Dioxide
Response

Parameter TV (SE) CV, %
Keo, I/min 0.96 (0.14) 39.7
SL, I'min~"mmHg 0.93 (0.08) 22.8
MV(0), I/min 7.27 (0.99) 38.2
Peco,(0), mmHg* 42.4 (—) 8.2

Calculations were performed with end-tidal carbon dioxide (Peco,) and not
arterial carbon dioxide (better time resolution). The bias between arterial and
end-tidal Pco, was 1.98-3.54 (95% confidence interval). Mean error was 1.96
I/min; the objective function was 3028 (388 more than for the nonlinear model,
P < 0.001). Rebreathing was initiated without carbon dioxide; the rate of
Peco, increase during rebreathing was 3.7-4.2 mmHg/min (95% confidence
interval). The estimated parameters are those characterized by the mixed
effects model.

* Baseline Peco, of each individual was fixed at the measured value of Paco,
and not estimated. The SE is therefore meaningless and was omitted; the
coefficient of variation is included.

CV = coefficient of variation as a measure of interindividual variability; koo =
equilibration constant between Peco, and Pco, at the effect site (P,.C0,);
MV(0) = baseline minute ventilation; Peco,(0) = baseline Peco,; SL = steep-
ness of the carbon dioxide response curve; TV = typical value (population
mean).
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Fig. 2. Carbon dioxide response curves. (Top) Bayesian predic-
tions of minute ventilation versus partial pressure of carbon
dioxide (Pco,) in the effect compartment (n = 8). (Bottom)
Goodness of fit for the nonlinear carbon dioxide response
model. Predictions of minute ventilation based on typical values
(unfilled circles) and Bayesian parameter estimates (filled cir-
cles) are plotted against measured minute ventilation. Note the
pronounced interindividual variability in the carbon dioxide
response. The Bayesian parameter values (individual carbon
dioxide response) were used in the indirect response model.

(P < 0.001). Therefore the predictions of the linear
model were not plotted, and its parameters were not
used for further calculations.

The population and Bayesian predictions and goodness
of fit of the nonlinear model are summarized in figure 2.
The upper panel shows the carbon dioxide response
curves of the volunteers (Bayesian predictions of MV vs.
Pco, in the effect compartment [Pecco,]). The lower
panel shows the Bayesian predictions of MV versus the
measured MV. Because the data points are symmetrically
distributed around the line of identity, the effect com-
partment model and nonlinear model for carbon dioxide
response adequately capture the relation of MV and
carbon dioxide in the range of measurements. The
Bayesian predictions of F, the gain of the nonlinear
carbon dioxide response curves, and k., o, Were used
for the calculation of remifentanil-induced ventilatory
depression.

Indirect Response Model Describing Drug-induced

Ventilatory Depression

The remaining parameters characterizing the indirect
response model describing remifentanil-induced ventila-
tory depression are summarized in table 4. Note that
K¢ coz is the elimination constant of carbon dioxide and
completely independent of drug action. Paco,(0) was
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Table 4. Pharmacodynamic Parameters of the Indirect
Response Model

Parameter TV (SE) CV, %
Ket.coz, I/min 0.08 (0.02) 44.7
Cso, Ng/ml 0.92 (0.2 54.8
% 1.25(0.13) 24.6

Calculations were performed with Bayesian estimates of the plasma concen-
trations and carbon dioxide responsiveness (see table 2 for population pa-
rameters). Mean error was 2.64 mmHg. The estimated parameters are those
characterized by the mixed effects model.

vy = slope factor of the fractional sigmoid Emax model; C5, = remifentanil
concentration causing 50% depression of minute ventilation under constant
Paco,; (note that these conditions will not occur in a spontaneously breathing
patient with fraction of inspired carbon dioxide (Fico,) = 0, see Discussion);
CV = coefficient of variation as a measure of interindividual variability;
Kei.co, = €limination constant of carbon dioxide; TV = typical value (popula-
tion mean).

measured. The sigmoid Emax pharmacodynamic model
(equation 12) resulted in a 25-point improvement in log
likelihood over the power pharmacodynamic model
(equation 13), which was therefore not considered
further.

Figure 3 displays the population and Bayesian predic-
tion of Paco, for one volunteer (fop) and the goodness of
fit of both the population and Bayesian estimates for all
volunteers (bottom). Although the model is not mis-
specified, as can be seen from the good fit of the indi-
vidual post bhoc Bayesian predictions, the amount of
scatter of the population predictions as well as the large
interindividual variability of the parameters suggests that
ventilatory depression in individuals may be poorly pre-
dicted by population estimates.

Discussion

General

The ability of opioids to provide profound analgesia is
limited by the ventilatory depression associated with
opioid overdose. Therefore, quantitation of opioid-in-
duced ventilatory depression is a pharmacokinetic-phar-
macodynamic problem relevant to the practice of anes-
thesia. In general, pharmacokinetic-pharmacodynamic
modeling serves two purposes: identification of param-
eters to characterize the potency of drugs (typically, the
concentration that causes half maximal effect, Cs,) and
identification of models that can be used for optimiza-
tion of dosing regimens. The former can be achieved
with steady state designs. However, the latter requires
non-steady state data and, even in absence of feedback
mechanisms, models to compensate for the hysteresis
between the time courses of plasma concentration and
effect. Unfortunately for the scientist, and fortunately for
humans as biologic systems, ventilation is actively con-
trolled by several feedback loops, including hypoxic
ventilatory drive, hypercarbic ventilatory drive, and
“wakefulness drive” (direct neural influences on respira-
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Fig. 3. (Top) Example of the fitted arterial carbon dioxide ten-
sion (Paco,) and concentration time course (same subject as
shown in fig. 1). Dasbed line = plasma concentration as pre-
dicted by the target controlled infusion; unfilled circles = pre-
diction of plasma concentration based on Bayesian pharmaco-
kinetic parameters (previously published pharmacokinetic
model); filled circles = measured Paco,; dotted line = popula-
tion prediction of Paco,; solid line = Bayesian prediction of
Paco,. (Bottom) Goodness of fit (all subjects). Predictions of
Paco, based on typical values (unfilled circles) and Bayesian
parameter estimates (filled circles) are plotted against mea-
sured Paco,.

tory activity).'®> These sources of ventilatory drive con-
tribute individually to the homeostasis of the respective
variables (pH, Pao,, Paco,). This poses additional diffi-
culties for non-steady state models of drug-induced ven-
tilatory depression. To model a feedback system, it must
first be reduced to a manageable number of independent
variables. Second, simple and stable relations of drugs on
the feedback circuit must be characterized.

To determine the Cs, of a drug influencing the behav-
ior of a feedback-controlled system is a formidable task.
There are two basic paradigms: the steady state ap-
proach and the dynamic or non-steady state approach.
Maximal control of the experimental environment
(clamped partial pressure of oxygen [P0,] and Pco,) and
thereby opening the feedback loop collapses the prob-
lem to a simple, direct relation between dependent vari-
able (MV) and independent variable (drug concentra-
tion), leading to a reliable estimate of the C5, in question
obtainable with standard pharmacokinetic-pharmacody-
namic models. The number of assumptions and the dan-
ger of model misspecification are negligible. Hence, the
ventilatory depressant potency can be determined with
a high degree of certainty, and precision and Cs, values
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determined by this methodology are the “gold standard.”
However, by eliminating the dynamic and feedback ele-
ments of the system, the approach cannot describe the
time course of the effect in non-steady state situations,
which includes the typical clinical applications of the
model. The Cs, refers to the concentration that de-
creases MV by 50% while maintaining a constant Paco,,
a situation never encountered in the clinical setting. An
example of this steady state approach is the isohyper-
capnic approach to model drug-induced ventilatory de-
pression, and this approach has successfully character-
ized the ventilatory depressant potency of fentanyl and
morphine in neonatal dogs,3 alfentanil in humans,4’6’7
and remifentanil in humans.*>

The alternative approach uses “real-world” dynamic
data with non-steady state Paco, and drug concentration
values and extracts the potency parameter from a com-
posite model of the underlying system (the simplified
carbon dioxide kinetics, the simplified carbon dioxide
feedback loop, the pharmacokinetics of the drug, and
the drug pharmacodynamics). With such a model, the
number of assumptions and the danger of model mis-
specification are considerable. However, by including
the feedback loop, the approach has the potential to
describe the time course of the effect in non-steady state
situations and is therefore useful for dose finding and
clinical simulation and control. The system can be vali-
dated, at least in part, by comparing the potency param-
eter derived from non-steady state approaches with the
potency estimated using steady state data, because the
steady state model is a subset of the dynamic model.

This approach applied to drug-induced ventilatory de-
pression has been called the modified indirect response
model. It has been used successfully to determine the
ventilatory depressant potency of alfentanil from non-
steady state data, during and after a zero-order infusion
(indirect response Cs, 60.3 ng/ml®; isohypercapnic Cs0s
49.5 and 75.3 ng/ml*7).

Experimental and Model Building Considerations

Pharmacokinetics. A dosing regimen designed for
maximal “disturbance” of the system should be used in
non-steady state studies to carefully assess the response.
For this study, we used stepwise increases in remifen-
tanil plasma concentrations using a target-controlled in-
fusion device, up to an individually determined concen-
tration associated with severe ventilatory depression.
We expected the model to require a first-order equilibra-
tion delay to compensate for the time course of remifen-
tanil transfer from the plasma to the site of remifentanil
drug effect. The inclusion of a remifentanil plasma effect-
site equilibration delay did not improve the quality of the
fit. Our guess is that remifentanil’s equilibration with the
brain was so much faster than the equilibration of car-
bon dioxide that this additional delay was invisible to our
measurements. For drugs with much slower equilibra-
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tion between the plasma and the site of drug effect (e.g.,
fentanyl, morphine), it would be critically important to
base the modeling on effect-site opioid concentrations.

Carbon Dioxide Dynamics. Because it is impossible
to simultaneously determine carbon dioxide dynamics
and pharmacodynamics from data with constantly
changing drug and carbon dioxide concentrations over
time, the experimental design included a drug-naive
non-steady state carbon dioxide response curve in all
subjects. We preferred Peco, to Paco, values for deter-
mination of the carbon dioxide response due to the
higher resolution of the Peco, and the very small bias
encountered (1.98-3.54 mmHg, 95% confidence
interval).

Classically, carbon dioxide dynamics have been deter-
mined from the rebreathing design proposed by Read.®
In Read’s approach, data analysis was limited to the
linear portion of the stimulated hypercapnic carbon di-
oxide-versus-ventilation relation above the metabolic
hyperbola. This approach has been shown to yield dif-
ferent carbon dioxide dynamics from the steady state
design.'? We believe that the difference between classic
Read rebreathing models of carbon dioxide dynamics
and steady state carbon dioxide dynamics is at least
partially due to an unaccounted hysteresis in the carbon
dioxide-versus-ventilatory response relation. For this
reason, we have used a modified rebreathing design in
this study but added a first-order constant to permit
modeling of the hysteresis between Paco, and ventila-
tory response. We would like to stress that our results
are not intended to resolve the question about whether
hysteresis explains discrepancies between the classic
Read methodology and more contemporary steady state
approaches to carbon dioxide dynamics. However, the
good predictions of ventilation with non-steady state
carbon dioxide obtained with our empirical and parsi-
monious model are consistent with the hypothesis that
hysteresis is, at least partially, the explanation for the
differences.

The portion of the carbon dioxide-versus-ventilatory
response relation in the hypercapnic subject above ap-
proximately 45 mmHg is well approximated by a linear
model. As the concentrations approach the metabolic
hyperbola, the relation becomes flatter, with a distinct
“hockey stick” appearance. Respiratory physiologists use
two to three linear segments with corresponding thresh-
olds to describe the effect of carbon dioxide on MV at or
below resting values.'>'® Our nonlinear model is an
attempt to create the same basic relation using a math-
ematically parsimonious approach. As mentioned be-
fore, we have not attempted to resolve this question
with this pharmacodynamic study, but the good perfor-
mance of the model suggests that our nonlinear equation
is a reasonable approximation of the underlying relation.
Interested readers are welcome to test different models
for the shape of the carbon dioxide-versus-ventilation
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relation against a simulator that can be downloaded.*
Our model was able to describe the observations in the
simulated system well, although the F value we obtained
from this simulator was approximately 6.

Carbon Dioxide Kinetics and Pharmacodynam-
ics. The core of our dynamic model of carbon dioxide is
an indirect response model, which has been described
previously.® The carbon dioxide kinetic model and its
parameters can be checked for plausibility by predicting
the rate of increase of Paco, during apnea. The model
predicts that Paco, increases 3.4 mmHg/min during
apnea, which is in good agreement with the rate of
increase during carbon dioxide rebreathing (3.7-
4.2 mmHg/min [95% confidence interval]) and the stan-
dard view in respiratory physiology that carbon dioxide
increases during apnea at 3-6 mmHg/min.'® The phar-
macodynamic model can be checked for plausibility by
comparing the Cs, value with isohypercapnic Cs, values.
The Cs, of 0.92 ng/ml is in good agreement with published
isohypercapnic values of 1.12 ng/ml> and 1.17 ng/ml.*
Thus, even though our carbon dioxide dynamic methodol-
ogy differs from steady state approaches in several impor-
tant details, our results are consistent with those obtained
using steady state approaches.

The practical implications of our modeling exercise
have been summarized in a simulation (fig. 4). Equal
concentrations of remifentanil lead to different degrees
of ventilatory depression, depending on the administra-
tion schedule. A 70-ug intravenous bolus of remifentanil
causes a decrease of ventilation to essentially apneic
values. The increase in Paco, occurs too slowly to ade-
quately counteract the opioid effect. In fact, Paco, still
increases after the nadir of MV has passed, demonstrat-
ing the inertia of the system. For an infusion designed to
achieve the identical peak concentration (fop panel),
the maximum depression of ventilation is much less
because of the beneficial effect of the concurrent in-
crease in Paco,. Our model supports the clinical guid-
ance that remifentanil boluses are inappropriate for pa-
tients when spontaneous respiration is desired (e.g., for
conscious sedation).

Finally, we would like to explain why patients experi-
ence only minimal impairment of steady state MV at the
Cs, for ventilatory depression and demonstrate that,
under the assumption of constant carbon dioxide pro-
duction, the steady state ventilation with unclamped
carbon dioxide can directly be determined from the
isohypercapnic/indirect response Cs, value and the car-
bon dioxide sensitivity.

At steady state, with maintained spontaneous ventila-
tion, the relation between Pecco, and (alveolar) ventila-

** Available at: http://www.utoronto.ca/respgrp/. Accessed April 28, 2003.
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Fig. 4. The concentration—effect relation of remifentanil for
ventilatory depression depends on the rate of application (sim-
ulation results). (Top) Concentration time course of remifen-
tanil after a 70-ug bolus (solid line) and an infusion yielding a
steady state concentration equal to the peak concentration after
the bolus (dasbed line). (Bottom) Corresponding time courses
of arterial carbon dioxide tension (Paco,) and fractional alveo-
lar ventilation. Solid line = values corresponding to bolus ap-
plication; dashed line = values corresponding to infusion. The
direction of change defines Paco, and ventilation plots (venti-
lation decreases, Paco, increases). Note that, because of the
effect of carbon dioxide in the non-steady state, equal concen-
trations do not correspond to equal effect.

tion is expressed by the metabolic hyperbola, regardless
of the presence of drug. (Alveolar) ventilation equals the
ratio of a constant (a) incorporating (constant) carbon
dioxide production and Pecco, at the respective steady
state and vice versa:

a

Van(ss) = Pecco,(ss)

a9

Combined with the equation for MV accounting for
both carbon dioxide and drug effects (substituting
Pecco, in equation 14 into equation 11 and solving for
V,1,(58)), we obtain:

a- Valv(o) )F
Valv(ss) *a .

Cp(ss)?
( Gy + Cp(ss)“’) as

Valv(ss) = Valv(o) : (

which can be simplified to:
Cp(ss)” V(E+1)
Gy Cp(ss)y)
(16

Valv(ss) = Valv(o) * (1
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which permits us to express steady state ventilation as a
fraction of baseline:
1/(F+1)
) an

Vay(ss) ( Cp(ss)”
Va(0) Csy” + Cp(ss)”

This equation can be used to determine the fractional
steady state MV as a function of the drug concentration,
isohypercapnic Cs,, and F, the gain of the carbon diox-
ide-versus-ventilation response curve.

This equation also leads to an interesting observation
about C,. By definition, if the concentration of opioid
equals the Cs,, then ventilation will decrease by 50%,
assuming no change in carbon dioxide. That is, of
course, the acute response, not the steady state re-
sponse. Based on the steady state equation above, when
Cp(ss) = Cps,, the equation reduces to:

Valv(ss)

: =(0.5 1/(F+1)
Valv(O) ( )

as

Because F = 4.3, this can be solved for the fractional
ventilation, which equals 88% of baseline. This explains
why our dosing regimen, which was designed to avoid
apnea, included the administration of concentrations
fivefold higher than the Cs, value. In fact, solving the
equation for Cp(ss) = 5 X Cps, yields a fractional alve-
olar ventilation of 67%, leading to a concomitant rise of
fractional Paco, to 1.5 or, in other words, to 60 mmHg
from a baseline of 40 mmHg. Of course, this control
mechanism must collapse at higher drug concentrations
or Paco, values, and we caution the reader not to ex-
trapolate to higher than investigated concentration
ranges. In addition, any decrease of the carbon dioxide
production will lead to a further proportional decrease
of fractional alveolar ventilation by shifting the position
of the metabolic hyperbola to lower ventilation values.

We chose the commonly used sigmoid Emax model to
relate opioid concentration to drug effect (ventilatory
depression). Dahan et al.’” have typically modeled this
relation using a power function. The power function
performed relatively poorly describing the observations
when compared to the sigmoid Emax model, demon-
strating the importance of evaluating multiple models in
pharmacodynamic research. However, neither model ad-
equately captures periodic breathing and apnea in a
meaningful way. The Emax model does not predict 0O
ventilation at finite drug concentrations. The power
model predicts ventilation up to fairly high concentra-
tions, even though it is likely that patients intermittently
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become apneic at much lower concentrations. In our
view, ventilation is a stochastic phenomenon, and apnea
would be better predicted using a logistic probability
model than a deterministic sigmoid Emax or power
model.

In conclusion, we extended our previously described
indirect response model to remifentanil in a dosing reg-
imen consisting of multiple concentration steps. This
indirect response model with carbon dioxide hysteresis
yields estimates of Cs, for ventilatory depression almost
identical to those obtained with steady state methods.
The dynamic carbon dioxide model may be useful in
developing drug dosing regimens that minimize ventila-
tory depression, including the rational design of dosing
regimens that balance the onset of opioid drug effect
with ventilatory depression and rising carbon dioxide.
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