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Background: Propofol and alfentanil are frequently com-
bined to provide general anesthesia. The purpose of this study
was to characterize the pharmacodynamic interaction be-
tween propofol and alfentanil for several clinically relevant
end points.

Methods: Twenty-one women, aged 20-55 yr, scheduled for
lower abdominal surgery, were randomly assigned in a double-
blind manner to one of three groups to receive a computer-
controlled infusion of propofol with target concentrations of
2, 4, or 6 pg/ml. In addition, all patients received computer-
controlled infusion of alfentanil (initial target concentration
50 ng/ml). While the target concentration of propofol was
maintained constant, the target concentration of alfentanil
was varied in steps of 10-50 ng/ml according to the presence
or absence of patient responses to perioperative stimuli. Ar-
terial blood samples for alfentanil and propofol determination
were taken at clinically relevant stimuli. Alfentanil-propofol
interactions for laryngoscopy, intubation, skin incision, the
opening of the peritoneum, and awakening were determined
by logistic regression over the three groups (n = 21). The al-
fentanil concentrations associated with a 50% probability
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(ECsos) of suppression of responses to intraabdominal surgical
stimuli, as determined by logistic regression in the individual
patients, were related to corresponding mean blood propofol
concentrations by nonlinear regression analysis.

Results: With blood propofol concentrations increasing from
2 to 10 ug/ml, the ECs, of alfentanil decreased from 170 to 25
ng/ml for laryngoscopy, from 280 to 23 ng/ml for intubation,
from 259 to 9 ng/ml for the opening of the peritoneum, and
from 209 to 16 ng/ml for the intraabdominal surgical stimuli.
With plasma alfentanil concentrations increasing from 10 to
150 ng/ml, the ECs, of propofol for the regaining of con-
sciousness decreased from 3.8 to 0.8 ug/ml.

Discussion: We defined the pharmacodynamic interaction
between propofol and alfentanil for suppression of responses
to perioperative stimuli during lower abdominal surgery. We
conclude that propofol reduces alfentanil requirements for
all studied clinical end points. In addition, alfentanil decreases
propofol concentrations at which patients regain conscious-
ness. (Key words: Analgesics, opioids: alfentanil. Anesthetics,
intravenous: alfentanil; propofol. Anesthetic techniques:
computer-controlled infusion. Interactions (drug): alfentanil-
propofol. Pharmacodynamics: alfentanil; propofol.

FREQUENTLY in clinical practice, inhalational or in-
travenous anesthetic agents are combined to reduce
the dose requirements of the individual agents, to di-
minish the incidence of side effects during induction
and maintenance of anesthesia, or to increase the speed
of recovery. Because anesthetic agents are combined
so often, numerous studies have been performed to
evaluate the effects of various combinations. Most
combinations of inhalational agents have been shown
to exert additive anesthetic effects.! For intravenous
anesthetics, however, the effect of various combina-
tions is less predictable, probably because of the wider
variability in mechanisms of action of intravenous
agents of different classes (e.g., barbiturates and
opioids). Combinations of intravenous agents have
been found to exert additive,? synergistic,> or less
than additive® effects. To date, studies on the interaction
of intravenous agents in humans have focused mainly
on effects with respect to the induction of anesthesia.
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PHARMACODYNAMIC INTERACTION OF PROPOFOL AND ALFENTANIL

Determination of the intraoperative concentration—re-
sponse relations of combinations of sedative and an-
algesic agents that are commonly used in total intra-
venous anesthesia would provide the data essential for
optimal application of this technique.

The induction characteristics of propofol when given
as the sole agent” and when combined with fentanyl#
have been described. The concentration associated with
a 50% probability (ECs,) of loss of consciousness is
3.4 pg/ml and is not affected by the concomitant ad-
ministration of fentanyl.# Recently we described the
concentration-response relations of alfentanil for var-
ious clinically relevant perioperative end points at a
single fixed blood propofol concentration.'’ It is likely
that the plasma alfentanil concentration—response re-
lations vary with the blood propofol concentration.

We therefore examined the influence of the blood
propofol concentration on the alfentanil concentra-
tion-response relations for several clinical relevant
stimuli in women undergoing lower abdominal surgery.
In addition, we studied the recovery characteristics af-
ter anesthesia with three propofol-alfentanil concen-
tration regimens.

Materials and Methods

With approval of the local Medical Ethics Committee
and after obtaining informed consent, 21 women
(American Society of Anesthesiologists physical status
1, aged 20-55 yr) scheduled for lower abdominal sur-
gery were studied. Patients with known cardiac, pul-
monary, or renal disease and patients receiving medi-
cation, including oral contraceptives, were excluded
from the study. Patients consuming more than 20 g
alcohol/day or smoking more than 10 cigarettes/day
were also excluded from the study.'' The patients were
randomly assigned to one of three study groups to re-
ceive, in a double-blind manner, a controlled infusion
of propofol with target concentrations of 2 ug/ml
(group A), 4 ug/ml (group B), or 6 ug/ml (group C),
in combination with alfentanil.

The solutions of propofol were prepared by an anes-
thesiologist who took no further part in the study. For

# Smith S, McEwan Al, Jhaveri R, Wilkinson M, Goodman D, Canada
A. Glass PSA: Reduction of propofol Cps, by fentanyl (abstract). ANES-
THESIOLOGY 77:A340, 1992.

** Schiittler J, Schwilden H, Stoeckel H: Pharmacokinetic-dynamic
modeling of Diprivan (abstract). ANESTHESIOLOGY 65:A549, 1986.
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patients in group A, 40 ml glucose 5% was added to
20 ml propofol (10 mg/ml) to obtain 60 ml propofol,
3.33 mg/ml. For patients in group B, 20 ml glucose
5% was added to 40 ml propofol (10 mg/ml) to obtain
60 ml propofol, 6.66 mg/ml. For patients in group C,
the propofol solution was not diluted. The investigator
was blinded to the propofol solutions being used.

A pocket computer (Portfolio, Atari, Okasagi, Japan)
provided with three-compartment population pharma-
cokinetic data'? for alfentanil, which were adjusted for
patient gender, weight, and age, was used to control an
infusion pump (Ohmeda 9000, Madison, WTI) for the in-
fusion of alfentanil. A second Atari Portfolio computer,
provided with three-compartment pharmacokinetic data'?
for propofol, was used to control another Ohmeda 9000
infusion pump for the infusion of propofol.

One hour preoperatively all patients received tema-
zepam, 10-20 mg orally. In the operating room elec-
trocardiographic electrodes were attached, and two
electrodes were fixed on the ulnar side of a wrist for
determination of muscle relaxation with a neuromus-
cular monitoring device (Myotest DBS, IBC Danica,
Denmark). An intravenous cannula was inserted into a
large forearm vein for infusion of alfentanil and pro-
pofol, and a cannula was inserted into a radial artery
for continuous measurement of arterial blood pressure
and collection of blood samples.

After the subjects breathed 100% oxygen for 3 min,
0.02 mg/kg pancuronium was given intravenously, and
then anesthesia was induced by computer-controlled
infusion of propofol with a target concentration of 6
ug/ml, to be achieved in 2 min. Because the propofol
concentrations in the syringes in the patients of the
three groups differed, the real target concentrations
were 2, 4, and 6 ug/ml in the patients of groups A, B,
and C, respectively. This infusion was maintained
throughout the surgical procedure until the perito-
neum was closed.

Eight minutes after the start of the propofol infusion,
the alfentanil infusion was initiated with a target con-
centration of 50 ng/ml, to be achieved in 1 min. Four-
teen minutes (7.e., four times the TV2ke0 of propofol)
after the start of the propofol infusion, provided that
the patients had lost consciousness, 1 mg/kg succinyl-
choline was given intravenously; laryngoscopy was
performed; and the trachea of the patient was intubated.
If a patient had not lost consciousness by 14 min after
the start of the propofol infusion, the target alfentanil
concentration was increased by 100-200 ng/ml to in-
duce unconsciousness.
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To determine optimally the concentration—effect re-
lation of alfentanil for laryngoscopy, a second and third
laryngoscopy were performed at different target alfen-
tanil concentrations and the presence or absence of a
response noted. When patients did not respond to the
first or second laryngoscopy, the target alfentanil con-
centration was decreased by 25-50 ng/ml. When pa-
tients did respond to the first or second laryngoscopy,
the target alfentanil concentration was increased by 25-
50 ng/ml for the next laryngoscopy. Four minutes after
a new target alfentanil concentration had been reached,
the next laryngoscopy was carried out. For each patient,
information on response and no-response to laryngos-
copy was thus obtained. A response to laryngoscopy
was defined by the same criteria as those used to define
inadequate anesthesia (see below). After intubation,
the lungs of the patients were ventilated with 30% ox-
ygen in air to an end-tidal carbon dioxide partial pres-
sure of 34-38 mmHg.

The target propofol concentration was maintained
constant until the peritoneum was closed. Then the
target propofol concentration was reduced by 50% and
finally discontinued approximately 10 min before skin
closure. The alfentanil administration was continued
and changed in response to the presence or absence of
signs of inadequate anesthesia. When signs of inade-
quate anesthesia developed, the target alfentanil con-
centration was increased by 10-50 ng/ml for 8 min.
When no signs of inadequate anesthesia were observed
for 8 min, the alfentanil target concentration was de-
creased by 10-50 ng/ml. The alfentanil infusion was
discontinued approximately 10 min before skin clo-
sure.

Inadequate anesthesia was defined by the following
criteria'*:

1. an increase in systolic blood pressure by more than
15 mmHg above normal for that patient, with nor-
mal systolic blood pressure defined as the mean of
three systolic blood pressure measurements from
admission until premedication

2. aheart rate exceeding 90 beats/min in the absence
of hypovolemia

3. other autonomic signs such as sweating or flushing

4. somatic responses such as movements or swallowing

During the study each patient was observed continu-
ously for evidence of inadequate anesthesia as defined
above by three persons: a resident in anesthesia, an
anesthesiologist, and a medical student. If inadequate
anesthesia was detected it was accepted only if verified
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by all three observers. Neuromuscular transmission was
monitored by percutaneous stimulation of the ulnar
nerve by using the train-of-four method. To facilitate
identification of somatic responses, pancuronium was
given at a minimal dose as necessary for surgery.

After skin closure, neuromuscular blockade was an-
tagonized by 1 mg intravenous neostigmine and 0.5
mg intravenous atropine. Once spontaneous ventilation
had been established, if the end-tidal carbon dioxide
partial pressure was less than 46 mmHg, tidal volume
more than 7 ml/kg, and respiratory rate more than 10
breaths/min, the trachea was extubated. If 10 min after
skin closure patients did not breathe adequately,
respiratory depression was antagonized by 40 ug intra-
venous naloxone, repeated every 2 min, if required.

After skin closure, the patients were tested every 2
min by verbal commands to evaluate return of con-
sciousness. Return of consciousness was defined as the
positive response to a verbal command. After the tra-
chea had been extubated, the patient was transported
to the recovery room. Twenty-four hours postopera-
tively, the patients were interviewed to evaluate pos-
sible side effects and any recall of intraoperative events.

To evaluate the speed of recovery, the patients were
asked to perform a “‘deletion-of-p’s™ test.'>'® The pa-
tients were asked to delete in 2 min as many p’s as
possible on a sheet of closely packed, randomly typed
letters. Only correctly deleted p’s were counted. The
test was done preoperatively and 5, 30, 60, 120, and
240 min postoperatively.

Blood Samples and Assays

Arterial blood samples, for measurement of the
plasma alfentanil concentration, were collected in
heparinized syringes at laryngoscopy, intubation, skin
incision, the opening of the peritoneum, and awak-
ening. Samples were also obtained 4 and 8 min after a
predicted alfentanil target concentration was achieved
during the intraoperative period. Every 20-30 min an
additional arterial blood sample for the determination
of blood propofol concentrations was collected in glass
tubes containing potassium oxalate. The concentrations
of alfentanil in plasma were determined by capillary
gas chromatography.'” The detection limit was ap-
proximately 0.2 ng alfentanil per ml plasma. The coef-
ficient of variation of the gas chromatographic method
did not exceed 5% in the concentration range encoun-
tered in this study. The blood propofol concentrations
were measured by reversed-phase high-performance
liquid chromatography.® The detection limit was ap-
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proximately 5 ng propofol/ml blood. The coefficient
of variation for this chromatography method did not
exceed 7% in the concentration range encountered in
this study.

Data Analysis

Patient characteristics, duration of anesthesia, per-
centage of anesthesia time during which all four
twitches of the train-of-four were present, and total
dose of alfentanil were compared among groups using
one-way analysis of variance followed by the Student-
Newman-Keul test if appropriate.

For each patient only one data point was available
for intubation, skin incision, the opening of the peri-
toneum, and awakening, whereas only two data
points were used for the analysis of the interaction
at laryngoscopy (the highest plasma alfentanil con-
centration at which a response was noted, and the
lowest plasma alfentanil at which no response was
noted). The interaction between propofol and alfen-
tanil for suppression of the responses to these stimuli
was therefore determined over all patients (n = 21),
for each stimulus separately, by logistic regression'®
(see appendix) using the statistical software program
NCSS (Number Cruncher Statistical System, Kaysville,
UT). For each stimulus both the possibilities of an
additive, and nonadditive interaction were explored.
On the basis of the isobolographic method,'” the na-
ture of the interaction (additive or nonadditive) be-
tween propofol and alfentanil was determined, for
each stimulus separately, by examining the correla-
tion between the original data and the two fitted
curves.

In contrast, for the intraabdominal part of surgery,
multiple data were available per patient. The con-
centration—effect relation of alfentanil for suppres-
sion of responses to the intraabdominal part of sur-
gery was therefore determined for each patient sep-
arately by logistic regression (sce appendix) using
the statistical software program NCSS. In addition,
the mean propofol concentration was calculated for
each patient by averaging the concentrations mca-
sured in all blood samples collected from that patient
intraoperatively. The ECs, of alfentanil for suppres-
sion of responses to the intraabdominal part of sur-
gery in the individual patients was then related to
the corresponding mean blood propofol concentra-
tions by an unweighted least-squares nonlinear
regression analysis over all patients (n = 21) (see
appendix). Both the possibilities of an additive, and
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nonadditive interaction were explored. According to
the isobolographic method'” the nature of interaction
between propofol and alfentanil for suppression of
responses intraoperatively was then determined,
comparing the residual sum of squares of both fitted
curves with a F test (see appendix).

The predictive performances of the computer-con-
trolled infusion systems for alfentanil and propofol
were evaluated by examining the performance errors.
For each blood sample the performance error?’~??
was calculated as ((C,, — C;)/C;) X 100, where C,,
and C,, = the measured and predicted concentrations,
respectively, of alfentanil or propofol. Subsequently,
the bias and inaccuracy of each system were assessed
by determination of the median performance error
(MDPE) and the median absolute performance error
(MDAPE), and the corresponding 95% confidence in-
tervals. When the 95% confidence interval of the
MDPE included zero, it was concluded that no sig-
nificant bias had occurred. To evaluate whether time
affected the accuracy in each of the computer-con-
trolled infusion devices, the performance error and
absolute value of the performance error at skin in-
cision and skin closure were compared using the
paired ¢ test. The performance of the alfentanil and
the propofol infusion devices were compared among
the three groups by the multisample median test, fol-
lowed by a multisample comparison test.

Because the results of the deletion-of-p’s test showed a
linear relation versus time, the postoperative time course
in the performance of the deletion-of-p’s test was evalu-
ated for each patient by linear regression over the appro-
priate time intervals. The times from arrival in the re-
covery room until the patients scored 50% and 90% of
their preoperative values were estimated for each patient,
and compared among the groups using a one way analysis
of variance followed by an unpaired # test.

Data are presented as mean + SD, median and range,
or percentage, unless stated otherwise. P < 0.05 was
considered as the minimum level of statistical signifi-
cance, except for multiple (triple) comparison tests,
where P < 0.02 was considered significant.

Results

Age, weight, duration of anesthesia, type of surgical
procedure and the percentage of time that all four
twitches of the train of four were present, did not differ
significantly among the three study groups (table 1).
The total alfentanil dose was significantly greater in the
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Table 1. Patient Characteristics, Percentage of Time with T,
Present, Duration of Anesthesia, Total Alfentanil, and
Propofol Dosages, in the Patients Who Received Alfentanil
as a Supplement to a Target Propofol Concentration of 2 ug/
ml (Group A), 4 ug/ml (Group B), or 6 ug/ml (Group C)

Group A Group B Group C

(2 pg/mi) (4 pg/ml) (6 ug/mli)
Age (yr) 36+7 33+ 6 38 +6
Weight (kg) 64 +5 60 + 6 62 +8
Duration (min) 202 + 32 157 = 61 199 + 54
Alfentanil dose (mg) 16.4 + 4.3" 4.8 + 1.41 3.8+25
Propofol dose (mg) 1,043 + 185 1,574 + 641 2,882 + 680
Time with T, (%) 59 + 14 68 + 12 66 + 15

Duration = time from induction until extubation; T, = fourth twitch of the train
of four.

* P < 0.02 versus group B and group C.

1 P < 0.02 versus group A and group C.

patients of group A compared with those of group B
and C (P < 0.02), and also greater in group B than in
group C (P < 0.02) (table 1).

None of the patients from group A, 2 patients from
group B, and all patients from group C lost conscious-
ness with the initial target alfentanil concentration of
50 ng/ml. In the patients that remained conscious with
the initial target alfentanil concentration, uncon-
sciousness was induced when the target alfentanil con-
centration was increased by 100-200 ng/ml.

The ECs, of alfentanil for laryngoscopy, intubation,
and the opening of the peritoneum decreased with in-
creasing propofol concentrations (fig. 1). For laryn-
goscopy, intubation and the opening of the peritoneum
the data were best characterized by a concave-up fitted
curve (table 2). As blood propofol concentrations in-
creased from 2 to 10 ug/ml, the ECs, of alfentanil de-
creased from 170 to 25 ng/ml for laryngoscopy, from
280 to 23 ng/ml for intubation, and from 259 to 9 ng/
ml for the opening of the peritoneum. For skin incision
no consistent data set was obtained, the propofol-al-
fentanil interaction for this stimulus could therefore
not be determined.

The number and type of responses that were noted
during the intraabdominal part of surgery are presented
in table 3. The measured blood propofol concentration
remained fairly stable throughout the surgical proce-
dure in all patients (fig. 2). The alfentanil concentra-
tion—effect relations in the individual patients of the
three groups for the intraabdominal part of the surgical
procedure are shown in figures 3-5. In one patient of
group B (patient 5) no response was observed during
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Blood propofol concentration (ug/ml)

Fig. 1. The concentration-effect relations of the combination
of propofol and alfentanil for laryngoscopy, intubation, and
opening of the peritoneum. The curves were obtained by lo-
gistic regression of the response-no-response data versus the
corresponding measured blood propofol concentrations and
the corresponding natural logarithm of the measured plasma
alfentanil concentrations for the three stimuli separately. The
displayed curves represent alfentanil and propofol concen-
trations associated with a 50% probability of no response. Be-
cause laryngoscopy was performed more than once, the high-
est alfentanil concentration associated with a response and
the lowest alfentanil concentration without a response were
used in the regression. The curve for laryngoscopy is described
by the equation: EC;, of alfentanil = (5588788 - 0.2256.Cprop) wwhere
Corop = the blood propofol concentration; R? = 0.27. The curve
for intubation is described by the equation: ECs, of alfentanil
= (6279797 - 031562.Cprop). B2 _ (9 41. The curve for the opening of
tzhg(gfgsg{lsz?;;cspgﬁcribed by the equation: ECs, of alfentanil

; R? = 0.38.
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Table 2. The Fitted Values of the Coefficients + Standard Error (SE) of the Two Logistic Regressions That Were Performed to
Explore the Possibilities of an Additive and of a Nonadditive Interaction between Propofol and Alfentanil for the
Suppression of Responses to Laryngoscopy, Intubation, the Opening of the Peritoneum, and for Awakening, and Their

Correlation Coefficients

Bo = SE By = SE B2 = SE R?

Laryngoscopy* 2.6755 + 1.2601 —0.2332 = 0.1465 —0.0122 + 0.0048 0.18
Laryngoscopyt 9.6845 + 3.4447 —1.7328 + 0.5899 —0.3909 + 0.1891 0.27
Intubation* 6.2789 = 2.5635 —0.6314 + 0.3068 —0.0185 + 0.0090 0.32
Intubationt 17.3504 = 10.3836 —2.7629 + 1.7685 —0.8720 + 0.5076 0.41
Peritoneum opening* 7.3489 + 3.0877 —0.8464 + 0.3494 —0.0325 + 0.0179 0.36
Peritoneum openingt 17.8432 + 8.7560 —2.7827 = 1.5130 —1.1880 + 0.5368 0.38
Awakening* 11.3519 = 3.6221 —2.9504 = 0.9422 —0.0709 = 0.0252 0.45
Awakeningt 17.1923 + 5.4479 —3.0289 + 0.9401 —2.6782 + 0.9198 0.47
* Bo, B1, B2, and R? of the function; ECs, of alfentanil = (—f32 * Cpropotol — Bo)/B1, €Xploring the possibility of an additive interaction.

[(Cprop b '132) gl ﬁo]

T 6o, B1, B2, and R2? of the function; ECs, of alfentanil = e -
P

the intraabdominal part of surgery, even though the
plasma alfentanil concentration had decreased to 16
ng/ml. The concentration—effect relation of alfentanil
for intraabdominal stimuli could therefore not be de-
termined in this patient. The mean blood propofol
concentration in this patient was 7.5 ug/ml. In another
patient of group B (patient 1) no overlap was found
between response and no-response data. In this patient,
the ECs, was therefore determined as the midrange be-
tween the lowest measured plasma alfentanil concen-
tration at which no response occurred and the highest
plasma alfentanil concentration at which a response
was noted. The ECs, of alfentanil versus mean blood
propofol concentration relation for the intraabdominal
part of surgery as determined over all patients, is pre-
sented in table 4, and figure 6. The residual sum of

Table 3. Type and Number of Responses Observed during
the Intraabdominal Part of Surgery in the Patients
Receiving Alfentanil as a Supplement to Propofol 2 pg/ml
(Group A), 4 ug/ml (Group B), or 6 pg/ml (Group C)

Group A Group B Group C

Response Type (n) (n) (n)
Blood pressure* 37 17 28
Blood pressure and pulse 2 2 1,
Blood pressure and movement 5 0 0
Movement 2 0 0
Pulse and movement 0 1 0
Autonomic response 1 1 0
Total 47 21 29

* Blood pressure responses were observed in all patients
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, exploring the possibility of a nonadditive interaction.

squares of the model exploring a nonadditive inter-
action between propofol and alfentanil was significantly
smaller than the residual sum of squares of the model
exploring a possible additive interaction (20,009.5
versus 36,160.0, respectively; P < 0.001). According
to the isobolographic method'” (see appendix), the
interaction between propofol and alfentanil was then
judged to be synergistic for the suppression of re-
sponses to lower abdominal surgery. As the mean blood
propofol concentration increased from 2 to 10 pg/ml,
the ECs, of alfentanil for intraabdominal stimuli de-
creased from 209 to 16 ng/ml.
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Fig. 2. Measured blood propofol concentrations versus time
in the individual patients of group A (target propofol concen-
tration 2 ug/ml), group B (target propofol concentration 4
ug/ml), and group C (target propofol concentration 6 pg/ml).
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Fig. 3. The alfentanil concentration-effect relations in the in-
dividual patients for the intraabdominal part of surgery when
alfentanil was given as a supplement to a target propofol con-
centration of 2 ug/ml. The mean measured blood propofol
concentrations were 2.5, 2.8, 2.0, 2.7, 2.6, 3.4, and 2.9 pug/ml
in patients 1-7, respectively (see table 4). The curves were
determined by logistic regression of response-no-response
data versus the corresponding measured plasma alfentanil
concentrations, as shown beneath the curves. Filled circles =
concentrations of alfentanil associated with a 50% probability
(ECs08) of no response.

Alfentanil significantly affected the blood propofol
concentration at which the patients regained con-
sciousness (fig. 7 and table 2). The ECs, of propofol
for regaining consciousness decreased from 3.8 to 0.8
ng/ml as the plasma alfentanil concentration increased
from 10 to 150 ng/ml. All patients breathed adequately
on awakening.

None of the patients reported awareness for any peri-
operative event. The mean times from entering the re-
covery room until the patients scored 50% and 90% of
the preoperative control values in the deletion-of-p’s
test, were 79 *+ 49 min and 223 + 53 min for the
patients of group A, 105 + 47 min and 220 + 49 min
in the patients of group B, and 128 + 48 min and 250
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+ 55 min in group C. These were not significantly dif.
ferent among the three groups.

The predictive performance of the computer-con.
trolled infusion device, implemented with alfentani]
pharmacokinctic data, did not differ among the three
study groups. The median (range) number of blood
samples that were taken from each patient for alfentanil
determination was 23 (12-32). The MDPE (25th-75th
percentiles) and MDAPE (25th-75th percentiles) of

__ 100
X
3
= 75
o
Q
(7]
o
o 50
=
=
o
E 25
Q
©
Q2
[e]
—
o 0 T T T T =
0 50 100 150 200 250 300
e dl 1 NO RESPONSE
1 % ol Bt RESPONSE
2 ]|=|] | | | auf
m
anl ﬂl T | $al e o
3 dlli Bty
— — s
o ]
€ s 1S SRS S ) _
2
=
© I#I —=
&% TR
7 HI ]
f T T T T T 1
0 50 100 150 200 250 300

Plasma alfentanil concentration (ng/ml)

Fig. 4. The alfentanil concentration-effect relations in the in-
dividual patients for the intraabdominal part of surgery when
alfentanil was given as a supplement to a target propofol con-
centration of 4 ug/ml. The mean measured blood propofol
concentrations were 5.1, 4.4, 5.1, 4.4, 7.5, 5.6, and 6.3 ug/ml
in patients 1-7, respectively (see table 4). The curves were
determined by logistic regression of response—no-response
data versus the corresponding measured plasma alfentanil
concentrations, as shown beneath the curves. In patient 1,
there was no overlap between response and no-response data;
in this patient, the alfentanil concentration associated with a
50% probability of no response was determined by the mid-
range between the highest plasma alfentanil concentration
vyith a response and the lowest plasma alfentanil concentra-
tion without a response. In patient 5, no responses occurred,
and therefore in this patient the concentration-response re-
lation could therefore not be determined. Filled circles = con-

centrations of alfentanil associated with a 50% probability
(ECso5) of no response.

o
=z
—t
m
D
>
Y

b
=
=
>
[(ep]
o
s}
=
=2
>
=

mol
:
g
[}
45
o 9
4
]
%
o
N 1 1%
0 g
a
(0]
Q
/M”Luu 5
=3
1 §
1] [feadl 22 5
Bl |
0 i L
e
o
94/"““_1_// &:"
o =
9 e e =2
|
% I ]
I so—
S -
o
— <
0 50 100 5150
@,
e
Plasma alfentaniBconce
&

fig.5. The alfentanil concemra;:ion -t
dvidual patients for the intraabgomi;
dfentanil was given as a suppldgnent

catration of 6 yg/ml. The m@n m
wncentrations were 6.3, 8.4, 18.9, 7.
ulinpatients 1-7, respectively see t
&ternined by logistic regression o
Gz versus the corresponding? mea
(ncentrations, as shown benegth th

| (ncentrations of alfentanil assBciate
o

(ECys) of no response,

q Jpd'€00

te alfentani infusion s@tcm
158)0d 30% (18- 1% gin g,
“12%) and 409 (20-49"@ in
(46--11%) anq 39% (36-5.

(25th-73




ficandy gif

3pU[€r~c0n_
1 alfemanil
g the thl‘ee
'r of bIOQd
r alfentanj|
2 Sth‘75th
entiles) of

250 300

NO RESPONSE
RESPONSE

nl)

ns in the in-
irgery when
ropofol con
od propofol
d 6.3 pg/ml
curves weré
no—respoﬂs.e
a alt"entall‘l
n patient 1,
sponse data;
jated with2
by the mid-
ncentration
1 concentrad
es occurreé
response €
ircles = C‘f“’
. probabimy

15

PHARMACODYNAMIC INTERACTION OF PROPOFOL AND ALFENTANIL

75

50

25

Probability of no response (%)

0 50 100 150 200 250 300

NO RESPONSE

o lhll [ o | DS
[ RESPONSE
) R [ e (| |
2 jPT -
o d - T i
a 3 = == -
2 1
o> 4 P = ——— ik
2]
2 o M nr ] Swils Ar A Al o ik 8
5 K
T 11
e -
7 { I estylien o _ ol
0 50 100 150 200 250 300

Plasma alfentanil concentration (ng/ml)

Fig. 5. The alfentanil concentration-effect relations in the in-
dividual patients for the intraabdominal part of surgery when
alfentanil was given as a supplement to a target propofol con-
centration of 6 ug/ml. The mean measured blood propofol
concentrations were 6.3, 8.4, 11.9, 7.7, 8.4, 10.6, and 11.4 pug/
ml in patients 1-7, respectively (see table 4). The curves were
determined by logistic regression of response-no-response
data versus the corresponding measured plasma alfentanil
concentrations, as shown beneath the curves. Filled circles =
concentrations of alfentanil associated with a 50% probability
(ECs08) of no response.

the alfentanil infusion system were —29% (—40-
—16%) and 30% (18=41%) in group A, —34% (—40-
—12%) and 40% (20-49%) in group B, and —30%
(—46-—11%) and 39% (26-52%) respectively, in
group C. The MDPE (25th-75th percentiles) and
MDAPE (25th—75th percentiles) of the alfentanil com-
puter-controlled infusion device calculated from the
data of the combined groups were —33% (—45-—18%)
and 34% (21-46%).

The predictive performance of the computer-con-
trolled infusion device, implemented with propofol
pharmacokinetic data, did not differ among the three
study groups. The median number of blood samples
that were taken for propofol determination from each
patient was 10 (5-13). The performance error versus
time of the computer-controlled infusion of propofol
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in the individual patients is displayed in figure 8. The
MDPE (25th-75th percentiles) and MDAPE (25th-
75th percentiles) of the propofol infusion system were
30% (11-40%) and 31% (15-43%) in group A, 43%
(18-01%) and 43% (18-61%) in group B, and 52%
(28-83%) and 52% (28-83%) respectively, in group
C. The MDPE (25th-75th percentiles) and MDAPE
(25th-75th percentiles) of the propofol computer-
controlled infusion device, calculated for the combined
data, were 38% (18-65%) and 40% (19-65%). All
computer-controlled infusion devices showed a sig-
nificant bias. No significant difference was found be-
tween the performance errors or absolute value of the
performance errors at the times of skin incision and
skin closure with any of the computer-controlled in-
fusion devices.

Discussion

The main goal of this study was to characterize the
pharmacodynamic interaction between propofol and
alfentanil with respect to the suppression of responses
to several clinically relevant stimuli. The interaction
between these agents can only be determined accu-
rately when data are obtained after blood-effect site
equilibration of both propofol and alfentanil, and when
the blood propofol concentration remains constant
during the study. Blood propofol concentrations were
fairly stable throughout the surgical procedure in all
patients (figs. 2 and 8), although the computer-con-
trolled infusion of propofol showed a significant bias.
The measured blood propofol concentrations exceeded
the predicted by approximately 30-50%. The bias of
the computer-controlled infusion device of propofol
might be explained by a discrepancy between the
pharmacokinetics of propofol in the patients in this
study compared with those in which the pharmacoki-
netics of propofol were determined.'” The demo-
graphic data were not very different from those of the
patients in our study. However, in contrast to the pa-
tients in our study, the patients in whom the pharma-
cokinetics of propofol were determined underwent
surgery in the majority of cases under spinal anes-
thesia.'® Spinal anesthesia has been known to decrease
peripheral resistance and blood pressure considerably,
and might thereby seriously change the distribution
and elimination of propofol in and from the body. Fur-
thermore, the hemodynamic effects caused by the ad-
ministration of alfentanil and of propofol itself in the
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Table 4. Mean (+SD) Measured Blood Propofol Concentrations,

Characterizing the Probability of No Response to Surgical Stimu

Patients Receiving Alfentanil as a Supplement to Propofol at T
4 pg/ml (Group B), or 6 u/ml (Group C)

ECs, + Standard Error (SE), and 7, for Alfentanil,

li Observed during the Intraabdominal Period of Surgery in
arget Concentrations of 2 pg/ml (Group A),

Group A (2 ug/ml)

Group B (4 pg/ml)

Group C (6 ng/ml)

No (ol ECso + SE v No. G ECso + SE Y No. Corop ECso + SE 5
1 25 405 136 = 27 2.8 1 5.1+0.6 130 == 1 6.3+£0.8 55 + 4 10.1
2 28+ 05 70+ 9 8.6 2 44 +0.9 29+ 9 3.4 2 84 +14 17 £ 2 54
3 20+04 210 = 14 9.3 3 51+0.8 20 + 4 5.3 3 7.7+0.9 1742 6.7
4 27+04 119 + 21 3.5 4 44 +07 14 + 2 8.3 4 11.9+25 4+03 19.2
5 26+0.2 140 + 19 5. 5 AL — — 5 84+16 33+2 14.9
6 34+04 92 + 19 3.4 6 5.6 +0.8 41 =11 2.8 6 106 = 1.1 25+2 10.8
7 29+0.3 190 + 25 6.4 7 6.3+ 0.7 29+ 3 8.9 7 114+£15 3+0.3 78
Mean* 2.6 121 5.3 27 8.8 9
Range 2.0-3.4 70-210 4.4-7.5 14-130 6.3-11.9 3-55

* Harmonic mean.

patients in our study might contribute as well to the
described bias.

The pharmacodynamic interactions between pro-
pofol and alfentanil for laryngoscopy, intubation, the

300

n
(9]
o

200

150

100

Alfentanil EC 5, (ng/ml)

50

0 mm
0 2 4 6 8 10 2 14

Blood propofol concentration (ug/ml)

Fig. 6. Plasma alfentanil concentrations versus blood propofol
concentrations associated with a 50% probability of no re-
sponse to intraabdominal surgical stimuli. The curve repre-
sents a mechanistic function (see appendix) fitted to the data
by unweighted least-squares nonlinear regression analysis and
is described by the equation: C,; = (—329.971 X [21,794.8 —
Cprop))/(21,794.8 — 26.5 X Cyrop), Where C,,,, = the mean blood
propofol concentration calculated in each patient; R* = 0.74.
Squares = ECsos of alfentanil at corresponding mean blood
propofol concentrations for suppression of responses to in-
traabdominal surgical stimuli as determined in the individual
patients by logistic regression (see figs. 3-5).
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opening of the peritoneum, and awakening were de-
termined by logistic regression as described for the
analysis of the pharmacodynamic interaction between

o ® Awake

oo

9 Unconscious

Blood propofol concentration (ug/ml)

0 50 100 150 200
Plasma alfentanil concentration (ng/ml)

Fig. 7. The concentration-response relation of the combination
of propofol and alfentanil for regaining consciousness. The
curve was obtained by logistic regression of the awake-un-
conscious data versus the corresponding measured blood pro-
pofol concentrations and the corresponding natural logarithm
of the measured plasma alfentanil concentrations. Open
squares = lowest concentrations of propofol and alfentanil at
which the individual patients were still unconscious; filled
Squares = concentrations of propofol and alfentanil at which
the patients regained consciousness. The curve represents the
P}'Opofol and alfentanil concentration combinations asso-
ciated with a 50% probability of regaining consciousness and

is described by the equation: ECs, of propofol = 6.4194 — 1.1310
X Ln Cyye; R = 0.47.
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fentanyl and desflurane.'® The interaction between
propofol and alfentanil for these events was best
characterized by concave-up fitted curves. Because
the alfentanil infusion was initiated at a low target
concentration (50 ng/ml) more response than no-
response data were obtained at intubation and the
opening of the peritoneum, in particular at lower
blood propofol concentrations. The curves for in-
tubation and the opening of the peritoneum might
therefore be less well defined compared with those
for laryngoscopy or awakening.

Theoretically the pharmacodynamic interaction be-
tween two agents is best defined if data are obtained
by studying the effects of the agents separately as well
as in combination. In our investigation no data were
obtained for propofol or alfentanil as sole agents. We
intentionally did not study the agents separately be-
cause in our opinion anesthesia with alfentanil as a
sole agent is likely to be associated with intraoperative
awareness, and pure propofol anesthesia may compro-
mise hemodynamic function to an unacceptable de-
gree.

Some studies, however, have determined the phar-
macodynamics of propofol when given as sole agent.
The reported ECs, and the concentration effective in
90% of subjects for induction of loss of consciousness
(ECyo) are 3.4 and 4.3 ug/ml, respectively, in
nonpremedicated patients,” and these were not in-
fluenced by the concomitant use of fentanyl.# The
ECs, for skin incision with propofol was reported to
be 16 ug/ml, and was reduced by 50% with 0.6 ng/
ml fentanyl.# Intraoperatively, blood propofol con-
centrations of 9-10 ug/ml were necessary for ade-
quate anesthesia during lower abdominal and or-
thopedic surgery,”* when no adjuvant analgesics were
given. The mean alfentanil ECs, for lower abdominal
surgery when given as a supplement to propofol
anesthesia at a mean blood propofol concentration
of 4 ug/ml was defined at 68 = 37 ng/ml."" These
data closely correspond to those in this study. With
blood propofol concentrations exceeding 10-1 2 ug/
ml very little alfentanil was needed to suppress re-
sponses to perioperative stimuli. The fitted curve for
the suppression of responses to intraabdominal sur-
gery crosses the X-axis at a blood propofol concen-
tration of 21.8 ug/ml, whereas it never Crosses the
Y-axis, but lies asymptotically to a line that crosses
the X-axis at a blood propofol concentration of 0.8

ug/ml. This suggests that propofol in the absence of

alfentanil provides adequate anesthesia, and might
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200 1

Performance error (%)

0 60 120 180 240
Time (min)
Fig. 8. Performance error versus time for the computer-con-
trolled infusion of propofol in the individual patients of group
A (target propofol concentration 2 pg/ml), group B (target
propofol concentration 4 ug/ml), and group C (target propofol
concentration 6 pg/ml).

therefore be called a complete anesthetic, whereas
alfentanil apparently is not capable of replacing pro-
pofol completely, and therefore is not to be consid-
ered a complete anesthetic. In an analogous finding,
Hall et al. has found that alfentanil in dogs was ca-
pable of decreasing the enflurane minimum alveolar
concentration in dogs by only as much as 70%.%*

We conclude that with blood propofol concentra-
tions exceeding 4.3 ug/ml, alfentanil is supple-
mented predominantly for its analgesic properties
because at these propofol concentrations uncon-
sciousness is ensured in the majority of patients (4.3
ug/ml is the concentration of propofol effective in
producing loss of consciousness in 90% of subjects”).
At blood propofol concentrations less than 4.3 ug/
ml however, alfentanil is not only required because
of its analgesic properties, but because of its sedative
properties as well. With blood propofol concentra-
tions less than 0.8 ug/ml adequate anesthesia can not
be assured, even in the presence of high plasma al-
fentanil concentrations.

The synergistic type of interaction between propofol
and alfentanil when given for suppression of responses
to intraabdominal surgical stimuli may reflect an in-
teraction at similar effector sites or an indirect inter-
action through separate pathways. The effects of alfen-
tanil are caused by interaction with opioid receptors.
Studies suggest that propofol has a dose-related, re-




18

VUYK ET AL.

versible, y-aminobutyric acid-mediated activ-
ity.2>1t#+§§ ||| Therefore, one might conclude that
the synergistic interaction of propofol and alfentanil is
not a result of an interaction at similar receptor sites,
but is probably effectuated indirectly through yet un-
known pathways.

Our study clearly showed that propofol reduced in-
traoperative analgesic requirements. The question
arises as to whether propofol only potentiates the an-
algesic properties of alfentanil or possesses analgesic
properties itself. Initial studies with propofol suggested
that propofol had no analgesic effects.”® However, other
studies have suggested that propofol does possess an-
algesic properties.’’*” Propofol exerts actions on the
spinal cord that are consistent with spinal analgesic
effects.?® This effect is attributable, at least in part, to
actions that increase the effectiveness of y-aminobutyric
acid A receptors. Some studies suggest that subhypnotic
doses of propofol (0.25-0.5 mg/kg) reduce the sen-
sitivity to somatic pain,*® and decrease the acute pain
evoked by argon laser stimulation.?” Other studies,
however, have concluded that propofol only reduces
nociception at concentrations that also exert anesthetic
effects.®® Thus, if one defines ‘‘pain’’ as the subjective
conscious perception of nociception, it remains yet
uncertain whether propofol exhibits analgesic effects.
From our study it is clear that propofol undoubtedly
reduces nociception to perioperative stimuli in the un-
conscious patient. We agree with Jewett et al.>® that
the overlap between blood propofol concentrations
that suppress nociception, cause sedation, and that are
required to induce and maintain general anesthesia,
may contribute to the reputation of propofol as an agent
with only minor analgesic properties.

To gain insight into the sedative and analgesic prop-
erties of different anesthetic agents, and to increase the
comparability of the effects of different agents, we sug-
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gest to index these drugs with rcspcq to their sedative
and analgesic properties by calculating the hypnotic-
analgesic ratio for each anesthetic agent. This ratio can
be determined as the ECs, for loss of consciousness (as
a parameter of the sedative propertics) divided by the
ECs, for skin incision (as a parameter of the antinoci-
ceptive properties). The hypnotic—analgesic ratio for
propofol for example, is then calculated”# as 3.4
pg-ml~'/16 pg-ml~' = 0.21. For thiopental the hyp-
notic—analgesic ratio is determined®’ 3% an 056
pg-ml~'/40.5 pug/ml = 0.39. For inhalational anes-
thetic agents' the hypnotic—analgesic ratio is approx-
imately 0.7, whereas for alfentanil it approaches 1.
In contrast to inhalational agents, the slopes of the
curves of various intravenous agents arc dissimilar. One
should therefore keep in mind that for intravenous an-
esthetic agents the ECys is not a constant multiplication
of the ECs,, as for the inhalational agents (for inhala-
tional agents EDys is approximately 1.3 X EDs,").

Finally, we found a strong relation between the
plasma alfentanil concentration and the blood propofol
concentration at which patients regained conscious-
ness. To date, a large discrepancy exists between the
blood propofol concentrations that cause loss of
consciousness’ (ECso 3.4 pug/ml) compared with the
blood propofol concentrations at which patients have
been reported to regain consciousness after propofol-
opioid anesthesia (1-1.5 ug/ml*"). Hysteresis might
partially explain this phenomenon, because the blood
propofol and plasma alfentanil concentrations that were
taken at awakening®* were not in equilibrium with the
effect site. The blood-effect site equilibration half lives
of propofol and alfentanil, however (2.9 min,** and
1.1 min®’ respectively), are very short. The blood pro-
pofol and plasma alfentanil concentrations therefore
only slightly lag behind those at the effect site after
termination of the infusion. Hysteresis can thus not ex-
plain the mentioned discrepancy fully. In our study,
some patients already regained consciousness at blood
propofol concentrations of approximately 4 pg/ml,
when alfentanil concentrations were very low. In con-
trast, with plasma alfentanil concentrations as high as
130 ng/ml, the blood propofol concentration had to
decrease to 0.5 — 1 ug/ml before patients regained
consciousness. Consequently, we conclude that when
the opioid concentration is taken into consideration no
discrepancy exists between blood propofol concentrd-
tions at loss of consciousness and awakening.

This reasoning could as well explain why no differ-
ence was found in the speed of recovery as tested by
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the deletion-of-p’s test among the patients of the three
groups. The higher plasma alfentanil concentrations
that were required in the patients who received low
blood propofol concentrations refrained these patients
from awakening faster than the patients who received
high blood propofol concentrations intraoperatively.
This tendency is enhanced by the fact that after ter-
mination of the infusion, the plasma alfentanil con-
centration decreases less rapidly than the blood pro-
pofol concentration.

To explore this further, we simulated the decay
curves of propofol and alfentanil after termination of
a computer-controlled infusion of 180 min, using the
pharmacokinetic data sets of propofol and alfentanil
that were used in this study. We then found that the
simulated propofol concentrations decrease by 50% in
10 min, compared with 40 min for alfentanil. These
context-sensitive half-times closely correspond to those
described previously.*® Subsequently, we simulated the
regimens of propofol and alfentanil infusions at equi-
anesthetic concentration combinations associated with
a 50% probability of no response to lower abdominal
surgery (propofol concentrations of 1.5, 2, 2.5,

12 ug/ml corresponding with alfentanil concentrations
of 373, 209, 143, . . . 11 ng/ml) (fig. 6). For each
propofol and alfentanil concentration combination, we
examined the decay in the alfentanil and propofol con-
centrations after a computer-controlled infusion of 180
min. Finally, we derived the intercept between these
simulated decay curves and the propofol-alfentanil
concentration curve associated with a 50% probability
of regaining consciousness (fig. 7) and recorded the
corresponding times elapsed since the cessation of the
alfentanil and propofol infusions. This time (the time
from the termination of the propofol and alfentanil in-
fusion until the alfentanil and propofol concentrations
had decreased to concentrations equal to those at which
50% of patients regain consciousness) was found
shortest in the simulations (10 min) (fig. 9) after an
infusion of propofol with a concentration of 3.5 ug/
ml and a corresponding alfentanil concentration of 85
ng/ml. In other words, after equianesthetic infusion
regimens of propofol and alfentanil at various concen-
tration combinations equal to the ECss for suppression
of responses to lower abdominal surgery, patients are
likely to wake up the fastest after a propofol infusion
at a concentration in blood of 3.5 ug/ml. With higher
blood propofol concentrations, propofol delays the
time after which patients regain consciousness, whereas
with lower propofol concentrations, the higher alfen-
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Fig. 9. Computer simulation of the decay in blood propofol
and plasma alfentanil concentrations, showing the first 40 min
after the termination of a computer-controlled infusion that
had been given for 180 min, with target propofol and alfentanil
concentrations equal to the alfentanil concentration asso-
ciated with 50% probability of no response determined for
intraabdominal surgery (see fig. 6). The decay curves for pro-
pofol and alfentanil were determined with a computer sim-
ulation program that was provided with the pharmacokinetic
data sets of propofol and alfentanil used in this study.'*"* Bold
line = blood propofol and plasma alfentanil concentrations
at which 50% of patients regain consciousness (see fig. 7). The
interval between the termination of the infusion of propofol
and alfentanil and the time that the propofol and alfentanil
concentrations had decreased to concentrations equal to those
at which 50% of patients regain consciousness was found to
beshor&ﬁt(lOnnin)aﬂerzl1804nininfusknlofpropofoland
alfentanil at concentrations of 3.5 ug/ml and 85 ng/ml, re-
spectively.

tanil requirements delay recovery after termination of
the infusion (fig. 9). Because of the longer context-
sensitive half-time of alfentanil compared with pro-
pofol,*® recovery is more affected by an increase in
alfentanil dosage compared with propofol. This ten-
dency increases, and gains clinical relevance, with in-
creasing duration of infusion, because the context-sen-
sitive half-time of alfentanil increases more with in-
creasing duration of infusion than that of propofol.*
These concentrations can be used as a guideline from
which the propofol and alfentanil infusion regimens
should be adjusted to the requirements of the individ-
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ual patients for the suppression of responses to various
stimuli.

In summary, we have defined the pharmacodynamic
interaction between propofol and alfentanil when given
to patients undergoing lower abdominal surgery. Pro-
pofol significantly reduces alfentanil requirements
when given for suppression of responses to laryngos-
copy, intubation, and the opening of the peritoneum.
The interaction between propofol and alfentanil was
found to be synergistic when given for suppression of
responses to intraabdominal surgical stimuli. In addi-
tion, alfentanil decreases blood propofol concentra-
tions at which patients regain consciousness. In clinical
practice, with higher blood propofol concentrations,
the alfentanil dosage should therefore be reduced to
avoid intraoperative overdosage, and prolonged recov-
ery. Computer simulations revealed that the optimal
blood propofol and plasma alfentanil concentrations,
both with respect to satisfactory intraoperative anes-
thetic conditions and speed of recovery, are 3.5 ug/ml
and 85 ng/ml, respectively.

The authors express appreciation to Jaap W. Mandema, Ph.D., As-
sistant Professor of Anesthesia, Department of Anesthesia, Stanford
University School of Medicine, Palo Alto, California, for his sugges-
tions regarding the analysis of the interactions between propofol and
alfentanil; Erik Olofsen, M.Sc., for his assistance with the graphic
display of the results; and Martijn Mertens, M.D., for his contribution
during the investigations.
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Appendix

Data Analysis of the Interaction at
Laryngoscopy, Intubation, SkRin Incision, the

Opening of the Peritoneum, and Awakening

For laryngoscopy, intubation, skin incision, the opening of the
peritoneum, and awakening, only one or two (laryngoscopy, and
awakening) data points were available per patient. Therefore the
interaction between propofol and alfentanil for these events was de-
termined over the group (n = 21), by means of a logistic regression
using the statistical software program NCSS. The logistic regression
models the probability of a dichotomous outcome (yes or no response
during one of the above events), as a function of the measured blood
propofol and plasma alfentanil concentrations. The logistic regression
was performed twice for each stimulus to explore both the possi-
bilities of an additive interaction (a regression of the presence or
absence of a response to one of the stimuli versus the measured
blood propofol and the plasma alfentanil concentrations), as well as
of a nonadditive interaction (a regression of the presence or absence
of a response versus the measured blood propofol and the natural
logarithm of the measured plasma alfentanil concentrations).'” The
logistic function is described by the equation:

JBotBix)+B82x2
C

T =

| + ePotfixtha

where © = the probability of no response; x; = the plasma alfentanil
or the natural logarithm of the plasma alfentanil concentration; X,
= the blood propofol concentration; and 3o, By, and , = the coef-
ficients describing the shape of the curve.

The possibility of an additive interaction between alfentanil and
propofol was examined by the equation

. ,
B2 X Cprop Po
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EC., of alfentanil =
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and the possibility of a nonadditive interaction between alfentanil
and propofol was examined by the equation

o) 0202 Coren 5100
ECs, of alfentanil = ¢ SHas ey 1
B,

where ECs, of alfentanil = the plasma alfentanil concentration at
which 50% of patients do not respond to the stimulus; C,,, = the
measured blood propofol concentration; and f3,, 3,, and (3, are the
coefticients describing the shape of the curve. For each stimulus the
nature of the interaction (additive or nonadditive) was then deter-
mined on the basis of the magnitude of the correlation between the
original data and both fitted curves. The fitted curve with the highest
correlation with the original data was judged to be the optimal fitted
line, and to represent the true nature of the interaction between
propofol and alfentanil for that stimulus. Figure 1 shows for each
stimulus the optimal curve, the corresponding correlation coefficient
and the raw data. Table 2 displays for each stimulus the 3,, 8;, 3;,
and R?, of both models that were explored.

Data Analysis of the Interaction during the

Intraabdominal Part of Surgery

In contrast to the events described above (intubation, incision,
opening of the peritoneum, and awakening), multiple response and
no-response data were available for each patient for the intraabdom-
inal part of surgery. Therefore, the concentration—effect relation of
alfentanil for the suppression of responses to intraabdominal surgical
stimuli could be determined in each patient individually. This was
done by means of a logistic regression using the statistical software
program NCSS. The logistic function is described by the equation:

HTO1X)

CU(

1), L& cﬂu*ﬁh\'/

where 7 = the probability of no response; x; = the measured plasma
alfentanil concentration; and 3, and 3, = the coefficients describing
the shape of the curve. The results of the regression analysis in the
individual patients are displayed in figures 3=5 for the patients of
the three groups separately. Subsequently, the ECsgs of alfentanil for
suppression of responses to the intraabdominal surgical stimuli in
the individual patients were related to the corresponding mean blood
propofol concentrations with a mechanistic model over all patients
(n = 21) by unweighted least-squares nonlinear regression analysis.
The mechanistic function is described by the equation:

_(1L+_(*_“+t_(J_l__(_‘“_:l
E(:*”Pf“l‘ E(‘,;.u“ l"r(‘ﬁnpr..p ECsoais

where ﬁ = the mean blood propofol concentration calculated in
each patient; C,c = the ECsg of alfentanil for suppression of responses
to intraabdominal surgical stimuli as determined in cach patient by
logistic regression; ECsgpeop and ECsqu; the blood propofol and
plasma alfentanil concentrations, respectively, at which 50% of pa-
tients do not respond to intraabdominal surgery when these agents
are given as sole agents; and € = a dimensionless parameter charac-
terizing the shape of the curve (with ¢ = 0: the result is a straight
line suggesting additivity, with ¢ > 0 the result is a curved line sug-
gesting nonadditivity)

Both the possibilities of an additive and nonadditive interaction
were explored. The possibility of an additive interaction between

alfentanil and propofol was examined by the equation
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Cprop X ECsourr

Cair = ECsour — o3
|‘-(/=.up,..p

and the possibility of a nonadditive interaction between alfentanil
and propofol was examined by the equation

ECspuir X (:Drnp)
ECsoprop T € X Cprop ’

(RCioon

Cur =

The residual sum of squares of both fitted curves were compared
with an F test to determine which fitted line correlated best with the
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original data. The residual sum of squares of the model exploring 3
nonadditive interaction between propofol and alfentanil was signif.
icantly smaller compared with the re sidual sum of squares of the
model exploring a possible additive interaction (20,009.5 versys
36,160.6, respectively; P < 0.001). The interaction between pro-
pofol and alfentanil for suppression of responses to intraabdomina|
surgical stimuli is thus best characterized by a nonadditive function.
According to the isobolographic method,"” the interaction between
propofol and alfentanil for suppression of responses to intraabdomina]
surgical stimuli was therefore judged to be synergistic.
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