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Pharmacodynamic Interaction between Propofol
and Alfentanil When Given for Induction

of Anesthesia
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Background: Propofol and alfentanil often are combined
during induction of anesthesia. However, the interaction be-
tween these agents during induction has not been studied in
detail. The influence of alfentanil on the propofol concentra-
tion-effect relationships was studied for loss of eyelash reflex,
loss of consciousness, and hemodynamic function in 20 un-
premedicated ASA physical status 1 patients aged 20-55 yr.

Methbods: Patients were randomly divided into four groups
to receive a computer-controlled infusion of alfentanil with
target concentrations of 0, 50, 200, or 400 ng/ml (groups A,
B, C, and D, respectively). While the target concentration of
alfentanil was maintained constant, patients received a com-
puter-controlled infusion of propofol, with an initial target
concentration of 0.5-1 pug/ml, that was increased every 12
min by 0.5-1 ug/ml. Every 3 min, the eyelash reflex and state
of consciousness were tested and an arterial blood sample was
taken for blood propofol and plasma alfentanil determination.
The propofol-alfentanil concentration-response relationships
for loss of eyelash reflex and loss of consciousness were de-
termined by nonlinear regression, and for the percentage of
change in systolic blood pressure and heart rate by logistic
regression.

Results: The patient characteristics did not differ signifi-
cantly among the four groups. The patients in groups A and
B continued to breathe adequately, whereas all patients in
groups C and D required assisted ventilation. End-tidal carbon
dioxide partial pressure remained less than 46 mmHg in all
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patients. With plasma alfentanil concentrations increasing
from 0 to 500 ng/ml, the ECs, of propofol decreased from 2.07
to 0.83 ug/ml for loss of eyelash reflex and from 3.62 to 1.55
ug/ml for loss of consciousness. With plasma alfentanil con-
centrations increasing from 0 to 500 ng/ml, the blood propofol
concentrations associated with a 10% decrease in systolic blood
pressure and heart rate decreased from 1.68 to 0.17 ug/ml and
from 2.36 to 0.04 ug/ml, respectively.

Conclusions: Alfentanil significantly reduces blood propofol
concentrations required for loss of eyelash reflex and loss of
consciousness. In addition, alfentanil enhances the depressant
effects of propofol on systolic blood pressure and heart rate.
Hemodynamic stability, therefore, does not increase in pa-
tients receiving propofol in combination with alfentanil com-
pared to those receiving propofol as the sole agent for induc-
tion of anesthesia. (Key words: Anesthetic techniques, intra-
venous: computer-controlled infusion. Anesthetics,
intravenous: alfentanil; propofol. Pharmacodynamics: alfen-
tanil; drug-drug interactions; propofol.)

DRUG interactions can be either beneficial or detri-
mental to the patient receiving a combination of drugs.
Because of their clinical importance, adverse drug in-
teractions frequently are reported and have been well
documented.' To date, beneficial drug interactions have
received less attention. In anesthetic practice, however,
wide use is made of such drug interactions. For most
inhalational and intravenous anesthetics, the adminis-
tration of drug combinations reduces the dose require-
ments of the individual agents.?>”” Furthermore, the
magnitude of various side effects (the reduction of he-
modynamic or ventilatory function) generally is con-
sidered to be less when the drugs are combined than
when they are given alone to obtain a specific thera-
peutic effect. However, to date, scientific data sup-
porting this theory are scarce.

Recently, we have shown that 50% of female patients
lost consciousness at a blood propofol concentration
of 3.4 ug/ml.* Furthermore, we have described the in-
teraction between propofol and alfentanil for the
suppression of responses to lower abdominal surgical
stimuli.” Propofol markedly reduced the alfentanil
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PHARMACODYNAMIC INTERACTION OF PROPOFOL AND ALFENTANIL

concentrations required for the suppression of re-
sponses to perioperative stimuli, and acted synergis-
tically in combination with alfentanil in this respect.’
Short and coworkers® recently reported that propofol
dose requirements for hypnosis were reduced up to
80% by concomitant administration of alfentanil. In
that study, however, plasma alfentanil or blood pro-
pofol concentrations were not measured, whereas
blood-effect site equilibration was not taken into con-
sideration. The importance of blood-effect site equil-
ibration as a determinant of induction dose require-
ments has been stressed recently.'® The true nature of
the propofol-alfentanil interaction for sedation or loss
of consciousness thus remains uncertain. Furthermore,
the magnitude of various side effects of the combination
of propofol and alfentanil (e.g., reduction in hemo-
dynamic function) at concentrations associated with
therapeutic effects (e.g., loss of consciousness) is as
yet unknown.

This study examined the interaction between pro-
pofol and alfentanil for loss of eyelash reflex and loss
of consciousness in patients scheduled to undergo gen-
eral surgery. In addition, we investigated the magnitude
of the changes in the arterial systolic blood pressure
and heart rate generated by the combination of propofol
and alfentanil at concentrations associated with loss of
consciousness.

Materials and Methods

With approval of the local Medical Ethics Committee
and informed consent of patients, 20 patients of ASA
physical status 1 who were scheduled for general sur-
gery and aged 20-55 yr, participated in the study. Pa-
tients with known cardiac, pulmonary, or renal disease,
and patients receiving medication, including oral con-
traceptives, were excluded from the study. Patients
consuming more than 20 g of alcohol or smoking more
than 10 cigarettes per day were also excluded.'' Pa-
tients were randomly divided into four groups to re-
ceive alfentanil by computer-controlled infusion at a
target concentration of either 0, 50, 200, or 400 ng/
ml (groups A, B, C, and D, respectively).

The computer-controlled infusion system consisted
of an Atari Portfolio pocket computer (Atari, Okasaki,
Japan) coupled to an Ohmeda 9000 infusion pump.

** Schiittler L, Schwilden H, Stoeckel H: Pharmacokinetic-dynamic
modelling of diprivan (abstract). ANESTHESIOLOGY 1986; 65:A549
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The system was supplied with two-compartment phar-
macokinetic data'? of propofol. A second system, sup-
plied with three-compartment population-based phar-
macokinetic data of alfentanil,'® adjusted for patient
gender, weight, and age, was used to administer alfen-
tanil. No preanesthetic medication was administered.

In the operating room, an intravenous cannula was
inserted into a large forearm vein for the infusion of
propofol and alfentanil, and another cannula was in-
serted in a radial artery for continuous measurement
of arterial blood pressure and collection of blood sam-
ples for propofol and alfentanil determination. The
electrocardiogram, arterial blood pressure, heart rate,
end-tidal carbon dioxide partial pressure, and oxyhe-
moglobin saturation (Nellcor N-200, Hayward, CA)
were monitored continuously throughout the study.

With the patients breathing 30% oxygen in air, the
alfentanil infusion was started at a target concentration
of either 0, 50, 200, or 400 ng/ml in the patients in
groups A, B, C, and D, respectively. This target alfentanil
concentration was maintained constant throughout the
study. At the same time, the propofol infusion was
started at a target propofol concentration of 0.5-1 ug/
ml. The target propofol concentration was increased
every 12 min (4 times the blood-effect site equilibra-
tion half-life of propofol)** by 0.5-1 ug/ml, depending
on the degree of sedation, until a sufficient number of
hemodynamic data had been obtained, and the patients
had lost consciousness.

Every 3 min, the eyelash reflex was tested and the
patients were asked to open their eyes or to otherwise
indicate that they were still conscious. If no response
to these stimuli occurred, the patients were stimulated
manually by gently rubbing their shoulders and the
response was noted. Loss of consciousness was defined
as unresponsiveness to both verbal and tactile stimuli.

Throughout the study, patients were observed for in-
adequate ventilation. Inadequate ventilation was de-
fined as an end-tidal carbon dioxide partial pressure
exceeding 46 mmHg, and/or an oxyhemoglobin satu-
ration of less than 90%. When the patients breathed
inadequately, the ventilation was assisted with a mask
and bag to maintain the end-tidal carbon dioxide partial
pressure below 46 mmHg, and the oxyhemoglobin sat-
uration greater than 90%. When loss of consciousness
was induced and an adequate number of hemodynamic
data had been obtained, the study was terminated, 1
mg/kg was succinylcholine was administered, the tra-
chea of the patient was intubated, and anesthesia was
continued with the computer-controlled infusion of
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propofol and alfentanil. Twenty-four hours postoper-
atively, the patients were queried as to their recollec-
tion of events during the study period and intubation.

Blood Samples and Assays

Arterial blood samples for determination of the whole
blood propofol concentration were taken just before
the start of the propofol infusion and every 3 min
thereafter until the trachea was intubated. Blood sam-
ples were transferred into test tubes containing potas-
sium oxalate and stored at 4°C. Assays were carried out
within 12 weeks. Propofol concentrations in blood
were measured by reversed-phase high-performance
liquid chromatography.® The detection limit was ap-
proximately 5 ng propofol per milliliter of blood. The
coefficient of variation of the high-performance liquid
chromatographic method did not exceed 7% in the
concentration range encountered in this study.

Every 3—-6 min, an additional blood sample was taken
in a heparinized syringe for determination of the plasma
alfentanil concentration. The concentrations of alfen-
tanil in plasma were determined by capillary gas chro-
matography.'* The detection limit was approximately
0.2 ng alfentanil per milliliter of plasma. The coeffi-
cient of variation of the gas chromatographic method
did not exceed 5% in the concentration range encoun-
tered in this study.

Data Analysis

The patient characteristics were compared between
the patients of the four groups using one-way analysis
of variance followed by the student Newman-Keuls test,
if appropriate.

The interaction between propofol and alfentanil for
loss of eyelash reflex and loss of consciousness was
determined by nonlinear regression analysis. For each
patient, the mid-range propofol and mid-range alfen-
tanil concentrations were calculated between the mea-
sured concentrations at the time of loss of eyelash reflex
and the measured concentrations at the time when the
patient still responded to the testing of the eyelash re-
flex at the previous target propofol step. Similarly, these
mid-range propofol and alfentanil concentrations were
calculated for loss of consciousness. The mid-range
propofol concentrations determined for loss of eyelash
reflex and loss of consciousness in the individual pa-
tients were then related to the corresponding mid-range
plasma alfentanil concentrations by an unweighted
least-squares nonlinear regression analysis over all pa-
tients (n = 19, see Appendix). For both endpoints,
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both the possibilities of an additive, and nonadditive
interaction were explored. The residual sum of squares
of both fitted curves of each endpoint were compared
with an F-test (Appendix). The nature of the interaction
between propofol and alfentanil for loss of eyelash re-
flex and loss of consciousness was then determined us-
ing the isobolographic method."’

The effect of propofol and alfentanil on hemodynamic
function was characterized by deriving the propofol
and alfentanil concentration combinations that caused
a 10%, 20%, and 30% decrease in the arterial systolic
blood pressure and heart rate using logistic regression
(Appendix). Immediate preinduction arterial systolic
blood pressure and heart rate values were used as con-
trol data. For the three curves of both hemodynamic
parameters, both the possibilities of an additive, and
nonadditive interaction were explored. The logistic
regression that demonstrated the highest correlation
with the raw data, was considered to represent the best
fitted line.'® Furthermore, the decrease in the systolic
blood pressure and heart rate values that occurred at
loss of consciousness in the individual patients were
compared between the patients in the four groups using
one-way analysis of variance followed by a Tukey test,
if appropriate.

Performance of the computer-controlled infusion
systems of propofol and alfentanil was evaluated as fol-
lows. For each blood sample, the performance error
was calculated as ((C,, — C,)/Cp) X 100, where Cy,
and C;, are the measured and predicted blood propofol
or plasma alfentanil concentrations.'”™'? Subsequently,
the bias and inaccuracy of each system were assessed
by determination of the median performance error and
the absolute performance error (MDAPE), and the cor-
responding 95% confidence intervals. When the 95%
confidence interval of the median performance error
included zero, it was concluded that no significant bias
had occurred. In addition, the effect of time on the
performance error was evaluated by linear regression.

Data are presented as mean + SD, median and range,
or as a percentage, unless stated otherwise. P < 0.05
was considered as the minimum level of statistical sig-
nificance.

Results

The age, weight, and sex distribution did not differ
among the patients of the four groups (table 1). None
of the patients experienced rigidity during the study
period, or reported awareness during intubation. The
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Table 1. Characteristics of the Patients of Groups

A-D, Receiving Propofol in Addition to a Target Alfentanil
Concentration of 0 (Group A), 50 (Group B), 200 (Group C),
or 400 ng/ml (Group D)

Group A Group B Group C Group D
n 5 5 5 4
Age (yr) 35+6 29+ 5 35+5 40 = 10
Weight (kg) 62+ 5 LSS 82 + 11 67 + 11
Sex (F/M) 41 2/3 3/2 3/1

patients in groups A and B breathed adequately without
assistance throughout the study, whereas all patients
in groups C and D already required assisted ventilation
at the lowest target propofol concentration. The end-
tidal carbon dioxide partial pressure remained less than
46 mmHg in all patients. One patient from group D
lost consciousness when the blood propofol concen-
tration was increased to 2.56 pg/ml with a mean mea-
sured plasma alfentanil concentration of 868 ng/ml
(target alfentanil concentration: 400 ng/ml). This male
patient, in whom juvenile rheumatoid arthritis had de-
veloped 4 yr previously, and who had been taking non-
steroidal anti-inflammatory medication on a daily basis
until 7 days before surgery, was a distinct outlier and
was not included in the data analysis.

The plasma alfentanil concentrations remained fairly
stable over time in all patients (fig. 1), while the mea-
sured blood propofol concentrations increased in a
stepwise fashion (fig. 2) corresponding closely with
target propofol concentrations. Alfentanil significantly
reduced the blood propofol concentration associated
with loss of eyelash reflex and loss of consciousness.
With plasma alfentanil concentrations increasing from
0to 500 ng/ml, the propofol concentration associated
with loss of eyelash reflex in 50% of patients decreased
from 2.07 to 0.83 ug/ml, and the propofol concentra-
tion associated with loss of consciousness in 50% of
patients decreased from 3.62 to 1.55 ug/ml (figs. 3
and 4 and table 2). Both the concentration-effect re-
lationship for loss of eyelash reflex and for loss of con-
sciousness were best characterized by a concave-up
isobole (Appendix).

In figures 5 and 6, the interaction between propofol
and alfentanil with respect to reduction in the systolic
blood pressure and heart rate is shown. The supple-
mentation by alfentanil enhanced the effects of pro-
pofol on hemodynamic function. With plasma alfen-
tanil concentrations increasing from 0 to 500 ng/ml,
the propofol concentration associated with a 10% de-
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Fig. 1. The measured plasma alfentanil concentrations versus
time of the 14 patients who received a computer-controlled
infusion of alfentanil with a constant target concentration of
50, 200, or 400 ng/ml.

crease in the systolic blood pressure in 50% of patients
decreased from 1.68 to 0.17 ug/ml, and the propofol
concentration associated with a 10% decrease in the
heart rate in 50% of patients decreased from 2.36 to
0.04 pug/ml. The supplementation by alfentanil, al-
though reducing propofol requirements, did not in-
crease the hemodynamic stability during induction of
anesthesia. At loss of consciousness, no significant dif-
ference was found in the percentage decrease in the

19

Measured blood propofol concentration (ug/ml)

Time (min)

Fig. 2. The measured blood propofol concentrations versus
time of the 19 patients who received a computer controlled
infusion of propofol with a target concentration that was in-
creased every 12 min with 0.5-1 pg/ml.
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Fig. 3. The concentration-effect relationship of the combina-
tion of propofol and alfentanil for loss of eyelash reflex. The
open squares represent the highest blood propofol and plasma
alfentanil concentrations associated with the presence of the
eyelash reflex. The filled squares represent the blood propofol
and plasma alfentanil concentrations associated with the loss
of eyelash reflex. The curve represents alfentanil and propofol
concentrations associated with a 50% probability of loss of
eyelash reflex and is described by the equation: mid-range
propofol = (2067.969*(—198.56 Cair))/(—198.56
—3.08183*C,y), R* = 0.68. The curve runs asymptotically to a
horizontal line defined as Cp,,, = 0.67 pg/ml, suggesting that
loss of eyelash reflex does not occur below this blood propofol
concentration, regardless how high the plasma alfentanil
concentration.

systolic blood pressure between the groups (22.7
4.5% in group A, 29.6 = 10.7% in group B, 24.7
5.5% in group C, and 27.0 £ 6.2% in group D). At loss
of consciousness, the percentage decrease in the heart
rate was even greater in group D patients compared to
group A and B patients (12.9 = 7.5% in group A, 10.6
+ 8.1% in group B, 21.4 + 4.3% in group C, and 35.2
+ 8.0% in group D, P < 0.05).

The performance of the infusion device that was pro-
grammed with the two-compartment pharmacokinetic
data of propofol showed no significant bias, whereas
the computer-controlled device that was programmed
with the population-based pharmacokinetic data of al-
fentanil underestimated the measured plasma alfentanil
concentration. The median performance error (25—
75th percentile) for the infusion of propofol was —1%
(—14%to 19%) with a 95% confidence interval of —6%
to 3% (no significant bias), and the absolute perfor-
mance error (25-75th) was 16% (8-28%). The median
performance error (25-75th) for the infusion of alfen-
tanil was 23% (—4% to 48%) with a 95% confidence
interval of 13-29%, and the absolute performance error

*
s
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(25-75th) was 26% (11-48%). The performance error
of the propofol and alfentanil infusion systems did not

change over time.

Discussion

The objective of this investigation was to characterize
the interaction between propofol and alfentanil both
for therapeutic and side cffects when given to induce
anesthesia. To evaluate whether a combination of
agents is preferable to the agents individually, it is nec-
essary to characterize the interaction between these
agents with respect to the therapeutic effects as well
as to the side effects. In general, when a combination
shows a more powerful interaction with respect to a
therapeutic effect, compared to the interaction with
respect to the side effects (e.g., therapeutic effects:
synergistic vs. side effects: additive; or therapeutic ef-
fects: additive vs. side effects: infraadditive), the use
of the combination is to be preferred to the adminis-
tration of the individual agents. When the reverse holds

" Awake

5 Unconscious

Blood propofol concentration (ug/ml)

O‘f o Y S e L 1 ol Y 1 . .
0 100 200 300 400 500 600

Plasma alfentanil concentration (ng/ml)

Fig. 4. The concentration-effect relationship of the combina-
tion of propofol and alfentanil for loss of consciousness. The
open squares represent the highest blood propofol and plasma
alfentanil concentrations associated at which patients still
were conscious. The filled squares represent the blood pro-
pofol and plasma alfentanil concentrations associated with
loss of consciousness. The curve represents alfentanil and
propofol concentrations associated with a 50% probability of
loss of consciousness and is described by the equation: 10ss
of consciousness = (3620.003*(—240.377 —C,,))/(—240.377 —
2.98379*Cay), R* = 0.72. The curve runs asymptotically to 2
horizontal line defined as Cerop = 1.21 ug/ml, suggesting that
loss of consciousness does not occur below this blood pfOpOfOl

concentration, regardless how high the plasma alfentanil
concentration.

PHAHMACODY NAMIC IN

¢ Plasma Alf

2, Midrang : |
Ta'b::sh Reflex [Alfl.,,, (i), Pr
l?:fieﬂts of the Four Groups

Al
le_____——
Al )

X} -
M §
% 2
Mean = SD 5
=
Bl z
[
8 :
; 5
3 3
Mean = SD §
of :
02 :
5 |
Mean + SD e
bl :
)/ §
0 g
]
D4 :
Mean + SD 2 ‘
3
g
3
g

, A9
e (an infraadditige int
5 O
terapeutic effects, Jn ad
. . =
ittion with respect 3o the
. . =
Ombination genergly w
Yiew of this, we stuaicd t
Rofol and alfentanil §oth f
ide effect, 7., chahge i
:\'aluate Whether th& con
tNtani] e
o s benf:hug_ or (
1¢gard during iy ey
With ¢h X
.. € use of tivo ¢
1€es, we were able to
Propofol ;
and alfentanj
Iatiop, 4
L0 that, after o,
Quired fop bl [
00d-effect gj

uter'COn[r()l l(

V84, No 2. Feb



> €ITOor
id not

terize
| both
1duce
on of
s nec-
these
s well
1ation
t to a
- with
ffects:
tic ef-
1c use
minis-
holds

>lous

600

mbina-
ss. The
plasma
1ts still
»d pro-
d with
nil and
ility of
n: loss
0.377 —
lly to a
ng that
ropofol
‘entanil

PHARMACODYNAMIC INTERACTION OF PROPOFOL AND ALFENTANIL

Table 2. Midrange Plasma Alfentanil and Midrange Blood Propofol Concentrations in the Individual Patients at Loss of

Eyelash Reflex [Alf o (7), Propioe (7)] and at Loss of Consciousness [Alfioc (7), Prop,oc (7)] as Used in the Analysis in the
Patients of the Four Groups ;

Patient No. Alfioen (i) (ng/mi) Propioen (i) (ug/mi) Alfioc (i) (ng/ml) Propioc (i) (g/mi)

A1 0 2.38 0 3.56

A2 0 1.68 0 2.42

A3 0 2.40 0 4.605

A4 0 1.78 0 3.425

A5 0 2.13 0 4.30
Mean + SD 0 2.07 +0.33 0 3.66 +0.85

B1 62 0.87 65.5 234

B2 68 1.62 89.5 2.71

B3 145 1.20 181.5 2.155

B4 50 1.29 47 1.995

B5 79 1.76 77 2.40
Mean + SD 80.8 + 37.4 1.35 +0.35 92.1 +52.4 232 +0.27

Ct 233 0.85 269 2.12

c2 213 0.77 203 2.40

c3 360 0.90 229 237

c4 169 1.13 182.5 1.87

c5 344 0.43 361.5 1.36
Mean + SD 236.8 + 84.0 0.82 +0.25 249.0 + 70.7 2.02 +0.43

D1 470 0.42 4845 1522

D2 358 1.37 362 1.355

D3 410 0.80 463 1.57

D4 424 1.39 476 1.395
Mean + SD 4155 + 46.1 0.995 + 0.47 446.6 + 56.9 1.385 + 0.14

true (an infraadditive interaction with respect to the
therapeutic effects, an additive or supraadditive inter-
action with respect to the side effects), the use of the
combination generally will be disadvantageous.'” In
view of this, we studied the interactions between pro-
pofol and alfentanil both for the therapeutic and a major
side effect, 7.e., change in hemodynamic function, to
evaluate whether the combination of propofol and al-
fentanil is beneficial or detrimental to the patient in
this regard during induction of anesthesia.

With the use of two computer-controlled infusion
devices, we were able to study the interaction between
propofol and alfentanil at blood and plasma concen-
trations that, after an appropriate period of time re-
quired for blood-effect site equilibration, may be ex-
pected to correspond closely with the concentrations
in the biophase. With the two-compartment pharma-
cokinetic data of pmpofol“’ and the population phar-
macokinetic data of alfentanil'’ entered into the com-
puter controlled infusion device, fairly stable blood
propofol and plasma alfentanil concentrations were
obtained (figs. 1 and 2). The measured blood propofol
concentrations closely corresponded to those predicted
by the computer-controlled infusion device. The mea-

Anesthesiology, V 84, No 2, Feb 1996

sured plasma alfentanil concentrations, however, ex-
ceeded those predicted by approximately 23%, which
is in accordance with previous reports on the perfor-
mance with this set of pharmacokinetic parameters.'’
The results of this study are comparable with those of
previous studies on the pharmacodynamics of propofol.
We found that in the absence of alfentanil, 50% of pa-
tients lost eyelash reflex and consciousness at blood
propofol concentrations of 2.07 and 3.62 ug/ml, re-
spectively, compared to 2.07 and 3.40 ug/ml, as re-
ported recently.® Furthermore, Smith et al. similarly
found that 50% of patients lost consciousness at a blood
propofol concentration of 3.3 ug/ml,*° a concentration
that decreased in the presence of fentanyl. The shape
of the interaction curve between propofol and fentanyl
described by Smith et al. remarkably resembles that
found by us between propofol and alfentanil at equi-
potent opioid concentrations. In the presence of a
plasma fentanyl concentration of 3 ng/ml, the propofol
concentration associated with loss of consciousness in
50% of patients was reduced by 40%.° We found a
similar decrease in the propofol concentration asso-
ciated with loss of consciousness in 50% of patients in
the presence of a plasma alfentanil concentration of
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Blood propofol concentration (ug/ml)
- w

Plasma alfentanil concentration (ng/ml)

Fig. 5. The effect of the combination of propofol and alfentanil
on systolic blood pressure. Numbers represent the percentile
decrease in the systolic blood pressure at propofol and alfen-
tanil concentration combinations at 12, 24, 36, 48, and 60 min
after the start of the propofol infusion in the individual pa-
tients (0 = a decrease less than 10%; 1 = a decrease exceeding
10% but less than 20%; 2 = a decrease exceeding 20% but less
than 30%, 3 = a decrease exceeding 30%). The curves represent
propofol and alfentanil concentration combinations asso-
ciated with the indicated decrease in the systolic blood pres-
sure. The curves were obtained by logistic regression of the
hemodynamic data versus the corresponding measured blood
propofol concentrations and the (natural logarithm of the)
plasma alfentanil concentrations. The 10% curve is described
by the equation: Propsgpio = (0.0107*C,—5.9694)/—3.5443, R?
= 0.38. The 20% curve is described by the equation: Propsge;o
= (0.0097*C,,—6.8470)/-2.3212, R® = 0.45. The 30% curve is
described by the equation: Propsgps, = (31700061 = 6.1973)/74.113%)
R? = 0.32.

approximately 122 ng/ml. Although the intravenous
bolus dose potency ratio of fentanyl to alfentanil is ap-
proximately 5:1, the steady-state serum concentration
potency ratio for changes in ECs,, values of parameters
derived from electroencephalogram analysis, has been
reported to be 61:1.%' Regarding the potentiation of
the hypnotic effects of propofol by fentanyl and alfen-
tanil, the potency ratio is in the same order of magni-
tude; 122:3 = 41:1. This suggests, not surprisingly,
that the interaction between propofol and fentanyl
probably is propagated through a similar mechanism
as that between propofol and alfentanil.

Both the interaction curves for loss of eyelash reflex
and for loss of consciousness were best fitted by an
isobole with the concavity upward, indicating a su-
praadditive interaction with respect to these clinical
endpoints. In general, the slope of the concavity of the
interaction curve is representative for the magnitude
of the described interaction, and is mathematically de-
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scribed by the parameter e in the mechanistic inter-
action model (Appendix). The interaction between
propofol and alfentanil for loss of eyelash reflex and
for loss of consciousness is rather weak (e = 3.1, and
3.0 respectively), compared to the interaction for the
suppression of responses to intraoperative stimuli dur-
ing lower abdominal surgery (e 26.5).° Similarly,
the degree of interaction between propofol and fentanyl
was much stronger for the suppression of responses to
skin incision than that for loss of consciousness.*” Ap-
parently, for the combination of propofol with fentanyl
or alfentanil, the strength of the stimulus affects the
magnitude of the interaction, Ze.. the stronger the
stimulus (testing of responsivencess to intraoperative
surgical stimuli > testing of responsiveness to skin in-
cision > testing of cyelash reflex or consciousness),
the stronger the interaction between propofol and the
opioid. Similarly, Kissin et al. previously reported on
the changing character of the interaction between bar-

Blood propofol concentration (ug/ml)

0 100 200 300 400 500 600

Plasma alfentanil concentration (ng/ml)

Fig. 6. The effect of the combination of propofol and alfentanil
on heart rate. The numbers represent the percentile decrease
in heart rate at propofol and alfentanil concentration com-
binations at 12, 24, 36, 48, and 60 min after the start of the
propofol infusion in the individual patients (0 = a decrease
less than 10%; 1 = a decrease exceeding 10% but less than 20%;
2 = adecrease exceeding 20% but less than 30%; 3 = a decrease
exceeding 30%). The curves represent propofol and alfentanil
concentration combinations associated with the indicated de-
crease in the heart rate. The curves were obtained by logistic
regression of the hemodynamic data versus the corresponding
measured blood propofol concentrations and the (natural
logarithm of the) plasma alfentanil concentrations. The 10%
octl;l::/$ ltsl described by the equation: Propg, = €@’ o
3 Y/ M1, R? = 0.22. The 20% curve is described by the equa-
tion: Propyg, = (G~ 00142 — 28145)/-09544) g2 — (.37, The 30%

curve is described by the e ion: — p((calf * 0.0086
3.9529)/ 020 g2 _ ) 21y quation: Propggse = €
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PHARMACODYNAMIC INTERACTION OF PROPOFOL AND ALFENTANIL

Tahl.e %..F‘ittedﬂ\'alues (‘)f‘the Coefficients + SE of the Two Logistic Regressions That Were Performed to Explore the
POSSlhl]ltl'ES f)t an .Addmvc and of a Nonadditive Interaction between Propofol and Alfentanil for the 10%, 20%, and 30%
Decrease in Systolic Blood Pressure, the 10%, 20%, and 30% Decrease in Heart Rate, and Their Correlation Coefficients

Bo = SE By £ SE B2 = SE

10% decrease in SBP*
10% decrease in SBPT
20% decrease in SBP*
20% decrease in SBPt
30% decrease in SBP*
30% decrease in SBPt
10% decrease in HR*
10% decrease in HRT
20% decrease in HR*
20% decrease in HRt
30% decrease in HR*
30% decrease in HRt

5.9694 + 1.9918
2.5136 + 1.0866
6.8470 + 1.5653
5.0446 + 1.2459
5.8035 + 1.4181
6.1973 + 1.6619
1.4360 + 0.7519
0.9913 = 0.5705
3.1862 + 0.9695
2.8145 + 0.7599
3.8992 + 1.1121
3.9529 + 0.9731

—3.5443 + 1.1436
—5.2159 + 1.6123
—2.3212 + 0.5280
—4.8064 + 1.0764
—1.3080 + 0.3469
—4.1134 + 1.1648
—0.5252 + 0.2410
—1.1405 + 0.4820
—0.4280 + 0.2485
—0.9544 + 0.5234
—0.0390 + 0.2698
—0.2077 + 0.6139

—0.0107 + 0.0040
—0.0126 + 0.0042
—0.0097 + 0.0029
—0.0097 + 0.0031
—0.0055 + 0.0022
—0.0061 + 0.0024
—0.0092 + 0.0029
—0.0096 + 0.0030
—0.0140 + 0.0033
—0.0142 + 0.0032
—0.0086 + 0.0024
—0.0086 + 0.0023

SBP = systolic blood pressure; HR = heart rate.

* Bo, P1. B2, and R2, of the function: Propegect = (—B2* Can — Bo)/B1, exploring the possibility of an additive interaction.

[(Can- —B2)— o)

t Bo. 1. B2, and R2, of the function Propggec = € By , exploring the possibility of a nonadditive interaction.

biturates and morphine in rats. However, in contrast
to the propofol-opioid interaction, the barbiturate-
morphine interaction weakened with increasing
strength of stimulation.?* The interaction between these
agents in rats turned from synergistic for loss of righting
reflex (an endpoint generally accepted to correspond
with hypnosis in humans), to antagonistic for the
blockade of motor responses, to tail clamping (an end-
point generally accepted to correspond with anesthesia
in humans)."*?

Why does the magnitude of the interaction between
two anesthetic agents vary for different endpoints? In
general, biologic phenomena are nonlinear.'”” The
weaker the intensity of the stimulus studied, the lower
the concentrations of the agents at which both re-
sponse and no-response data can be gathered relative
to the range of concentrations at which the combi-
nations is effective. As a consequence, the weaker the
intensity of the stimulus studied, the more difficult it
becomes to distinguish between the interaction curve
and a straight line, regardless of the true shape of the
former. Because of this, it is generally more difficult
to substantiate the true nature of the interaction be-
tween two agents at weaker stimuli compared to that
at more profound stimuli. Hence, synergistic inter-
actions between drugs tend to additivism with de-
creasing stimulus intensity, although the mechanism
of interaction between these agents might remain un-
changed. This argument supports the hypothesis that

/\ncslh('\inlug_\. V 84, No 2. Feb 1996

for all studied endpoints propofol and alfentanil gen-
erate their actions in one and the same way. Con-
versely, several studies support the hypothesis that
the mechanism of (inter)action by which the various
effects of a combination of intravenous anesthetics is
accomplished is effected through difterent pathways
at different sites in the central nervous system.”*?
Loss of consciousness induced by the combination of
propofol and alfentanil might be the result of the
binding to a different receptor site than that producing
unresponsiveness to surgical stimuli. The origins of
the differential analgesic and sedative effects of
opioids have long been of interest to pharmacologists.
Whereas the analgesic effects of opioids are generated
through receptor binding in, among others, the peri-
aqueductal gray matter of the brain stem and in the
spinal cord; morphine, and other u- and é-opioid re-
ceptor agonists were found to selectively induce hyp-
notic effects when injected locally into the nucleus
of the solitary tract in cats.”' In contrast, morphine
promoted wakefulness after administration at the me-
dial pontine reticular formation.?’ These data suggest
that the various actions of opioids are dependent on
locus, and the interactions between opioids and other
intravenous agents might thus be effected at different
sites, and thereby be different in magnitude or char-
acter.

In addition to the therapeutic effects of the combi-
nation of propofol and alfentanil, we studied the in-
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teraction for a major side effect, i.e., depression of he-
modynamic function. The effect of propofol on he-
modynamic function is caused by a combination of a
decrease in peripheral vascular resistance and a direct
negative inotropic effect.?*?” Furthermore, propofol is
known to affect both the setpoint of the baroreceptor
reflex and the sensitivity, thus preventing or attenuating
the heart rate increase in response to hypotension.*®tt
In contrast, apart from a minor vagotonic cffect, in-
duction of anesthesia with alfentanil usually is hemo-
dynamically stable. When given in combination, we
found that alfentanil enhanced the depressant eftfects
of propofol on both systolic blood pressure and heart
rate. Figure 6 shows that from these two agents alfen-
tanil predominantly causes the heart rate decrease.
However, analysis of the heart rate data in the absence
of propofol as a covariate, resulted in fitted curves that
correlated less well with raw data, suggesting that pro-
pofol, albeit to a lesser degree than alfentanil, atten-
uates the heart rate as well. The correlation coefficients
associated with the functions describing an additive
interaction for the three isohemodynamic curves of
both hemodynamic parameters were nearly similar to
those describing a nonadditive interaction (table 3).
Although it is clear that with increasing plasma alfen-
tanil concentrations, the depressant effects of propofol
on systolic blood pressure and heart rate were aug-
mented, from these data we cannot conclusively decide
whether the interaction between propofol and alfen-
tanil is additive or nonadditive. Table 3 shows the fitted
coefficients and correlation coefficients of both solu-
tions of the three curves of both hemodynamic param-
eters. Figures 5 and 6 show the curves with the highest
correlation with the raw data. Figure 7, displaying the
hemodynamic as well as the sedative and hypnotic ef-
fects of the combination of propofol and alfentanil,
shows that the interaction curve for loss of eyelash re-
flex runs closely to that at which 50% of patients ex-
perienced a 10% decrease in systolic blood pressure,
and that the curve for loss of consciousness runs closely
to that at which 50% of patients experienced a 20%
decrease in systolic blood pressure. Furthermore, figure
7 shows that in the presence of higher plasma alfentanil
concentration loss of eyelash reflex and loss of con-
sciousness were induced to the expense of profound
decreases in heart rate. From this, we conclude that

tt Ebert TJ, Muzi M, Goff DR, Kampine JP: Does propofol really
preserve baroreceptor reflex function in humans? (abstract). ANEs-
THESIOLOGY 1992; 77:A337.
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Fig. 7. The propofol and alfentanil concentration combinations
associated with a 10%, 20%, and 30% decrease in the systolic
blood pressure and heart rate, in relation to the propofol and
alfentanil concentration combinations associated with a 50%
probability of loss of eyelash reflex, and loss of consciousness.

the supplementation of propofol by alfentanil does not
increase the hemodynamic stability during induction
of anesthesia in this patient population. With plasma
alfentanil concentrations exceeding 400 ng/ml, loss of
eyelash reflex and loss of consciousness even tend to
be effected in the presence of greater hemodynamic
alterations than in presence of no or rather low plasma
alfentanil concentrations. Although alfentanil reduced
the blood propofol concentrations required for loss of
cyelash reflex and loss of consciousness, this potcntiul
positive effect on hemodynamic stability was nullified
by the approximately equivalent strengthening effect
of alfentanil on the hemodynamic depressant effects of
propofol. Clinically, this necessitates that the propofol
dosage be reduced when alfentanil is coadministered
during induction of anesthesia to avoid significant he-
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modynamic depression. One should keep in mind,
however, that the interactions described in this study
were determined in patients in the absence of noxious
stimuli. The implications of these data might be dif-
ferent in patients in whom induction of anesthesia is
rapidly followed by intubation and/or surgical stimuli.

In conclusion, this study demonstrates the marked
decrease in blood propofol concentrations required for
loss of eyelash reflex and loss of consciousness, in the
presence of alfentanil. Propofol and alfentanil interact
in a supraadditive way for loss of eyelash reflex and
loss of consciousness. Furthermore, alfentanil enhances
the depressant effects of propofol on the systolic blood
pressure and heart rate. As a result, within the concen-
tration ranges studied, and in the absence of noxious
stimuli, the supplementation of propofol by alfentanil
does not increase the hemodynamic stability during
induction of anesthesia in ASA physical status I patients.

Appendix

Data Analysis of the Interaction for Loss of

Eyelash Reflex and Loss of Consciousness

The mid-range propofol concentrations data calculated from the
raw data for loss of eyelash reflex and loss of consciousness in the
individual patients were related to the corresponding mid-range
plasma alfentanil concentrations with a mechanistic model over all
patients (n = 19) by an unweighted least-squares nonlinear regression
analysis. The mechanistic function is described by the equation:

[)’-(’/)I//.u(l‘) f”f///ul(i)
Jt

EC

*50prop

Prop grea(1) Alf greci(7)
(i's 5 ; == =
EC SOuy EC SOprop EC S04y

1, (A1)

where Propegeq(7) and Alfgge.(7) are the mid-range blood propofol
and mid-range plasma alfentanil concentration determined in the 7
individual, the Effect is loss of eyelash reflex (LOER) or loss of con-
sciousness (LOC), and EC50y,,, and EC50, are the blood propofol
and plasma alfentanil concentrations at which 50% of patients lose
the eyelash reflex or consciousness when these agents are given as
sole agents, and ¢ is a dimensionless parameter characterizing the
shape of the curve (with € = 0: the result is a straight line suggesting
additivity, with ¢ = 0 the result is a curved line suggesting nonad-
ditivity). Both the possibilities of an additive, and a nonadditive in-
teraction were explored. The possibility of an additive interaction
between alfentanil and propofol was examined by the equation (de-
rived from equation A1, assuming ¢ = 0):
Alf grect(P) - ECso,,.,, .
Prop pea (1) = l:'(,';,,,w = ——_1(—“;—_ y (A2)
Al
The possibility of a nonadditive interaction between alfentanil and
propofol was examined by the equation (derived from equation Al ):
ECsp,, (ECs0,, — Alf sgec(1))
Il‘(r'iulw es 11/) //t'(l(i)

Prop grea (i) = (A3)
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The residual sum of squares of both fitted curves for loss of eyelash
reflex and loss of consciousness were compared with an F-test to
determine which fitted curve correlated best with the data used in
the analysis (table Al). For loss of eyelash reflex (fig. 3), a significant
difference was found between the residual sums of squares of the
models exploring an additive and a nonadditive interaction between
propofol and alfentanil (residual SS: 3015174 vs. SS: 2017698, F =
7.9, P < 0.05). For loss of consciousness (fig. 4), the residual sum
of squares of the model exploring a nonadditive interaction between
propofol and alfentanil was also significantly smaller compared to
that of the model exploring a possible additive interaction (residual
§S: 6304605 vs. SS: 4648040, F = 5.7, P < 0.05). The interaction
between propofol and alfentanil is thus best characterized by a non-
additive function both for loss of eyelash reflex and for loss of con-
sciousness. According to the isobolographic method,'’ the interaction
between propofol and alfentanil was therefore judged to be synergistic
both for loss of eyelash reflex and for loss of consciousness. Both for
loss of eyelash reflex and for loss of consciousness, the negative values
for EC504, and e indicate that the curve corresponding with this
function does not cross the y-axis, but runs asymptotically to lines
corresponding with propofol concentrations of 0.67 ug/mland 1.21
ug/ml, respectively. This suggests that alfentanil is not capable of
the induction of loss of eyelash reflex and loss of consciousness in
the absence of propofol, which is in correspondence with previous

reports on the pharmacodynamics of alfentanil 2!

Data Analysis of the Interaction with Respect to

Changes in Hemodynamic Parameters

The effect of propofol and alfentanil on hemodynamic function
was characterized by defining the propofol and alfentanil concen-
tration combinations that caused a 10%, 20%, and 30% decrease in
the arterial systolic blood pressure and heart rate by logistic regres-
sion. Immediate preinduction systolic blood pressure and heart rate
values were used as control data. The percentile decrease in the
systolic blood pressure and heart rate values at 12, 24, 36, 48, and
60 min, i.e., the times just before an increase in the target propofol
concentration, were used in the analysis versus the corresponding
measured blood propofol and plasma alfentanil concentrations. For
both hemodynamic parameters, three logistic regressions were per-
formed to obtain hemodynamic lines representing blood propofol
and plasma alfentanil concentrations associated with a 10%, 20%,
and 30% decrease in the systolic blood pressure and heart rate. In
the logistic regression analysis, no-response was defined as a percentile
decrease in the systolic blood pressure or heart rate of less than 10%,
20%, or 30%, whereas a response was defined as a percentile decrease
in systolic blood pressure or heart rate exceeding 10%, 20%, or 30%.
For both hemodynamic parameters, the logistic regression was per-
formed twice for each curve to explore both the possibilities of an
additive interaction (a regression of the presence or absence of a
response to one of the stimuli ¢s. 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
vs. the measured plasma alfentanil and the natural logarithm of the
measured blood propofol concentrations.®” The logistic function is
described by the equation:
BotrB i x,+02x2

e

14 (,Nn'/h‘-"r*/‘_w.\'_.‘
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Table A1. Values of the Estimates of the Concentrations of Propofol and Alfentanil Associat‘eq with a 150% Probability of No
Response (EC50p,,,, EC50,), ¢, the Residual Sum of Squares (RSS), and the Correlation Coefficients (R?) for the Two Possible
Interactions (Additivity or Nonadditivity) for Loss of Eyelash Reflex and Loss of Consciousness

Stimulus EC50p,p (2g/ml) EC50, (ng/ml) € RSS R?
* 3015174 0.53
Loss of eyelash reflex 1.78 691.2 0
Loss of eyelash reflext 2.07 -198.6 3.08 2017698% 0.68
Loss of consciousness® 3.20 731.7 0 6304605 0.63
Loss of consciousnesst 3.62 240.4 —2:98 4648040% 0.72

* Exploring the possibility of an additive interaction.
t Exploring the possibility of a nonadditive interaction

t Significantly different from the residual sum of squares corresponding with the model describing the possibility of an additive interaction. The interaction between
propofol and alfentanil for loss of eyelash reflex and loss of consciousness was therefore decided to be synergistic The negative values for EC50,, and ¢ in these
functions indicate that the curves corresponding with these functions do not cross the x-axis, but run asymptotically to a line corresponding with a propofol
concentration of 0.67 ug/mi for loss of eyelash reflex and 1.21 ug/ml for loss of consciousness. This suggests that according to this function alfentanil is not capable
of the induction of loss of eyelash reflex and loss of consciousness in the absence of propofol

where 7 is the probability of no response, x, is the blood propofol
or the natural logarithm of the blood propofol concentration, x, is
the plasma alfentanil concentration, and 3, 3,, and (3, are the coef-
ficients describing the shape of the curve. The possibility of an ad-
ditive interaction between propofol and alfentanil was examined by
the equation (derived from equation A4)

—B2°* Casr— Bo _
Propesec = A2: Cay— Bo) d‘“’ o) (AS)
g |

The possibility of a nonadditive interaction between propofol and
alfentanil was examined by the equation (derived from equation
A4):

Propeggee, = /(a7 d”’/ﬁl ) (AG)

where Propgg. is the blood propofol concentration associated with
any of the studied changes in both hemodynamic parameters in 50%
of patients, Effect is the 10%, 20%, or 30% decrease in systolic blood
pressure (SBP10, SBP20, or SBP30), or heart rate (HR10, HR20,
HR30), C,y is the corresponding plasma alfentanil concentration,
and B, B, and f3, are the coefficients describing the shape of the
curves. For each curve of both hemodynamic parameters the nature
of the interaction (additive or nonadditive) was then determined on
the basis of the magnitude of the correlation between the original
data and both fitted curves. The fitted curve with the highest corre-
lation 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. Figures 5 and 6 show for each he-
modynamic parameter the optimal curves and the raw data. Table 3
displays for each stimulus the f,, ;, 85, and the R?, of both models
that were explored.
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