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Background: Isoflurane is commonly combined with fen-
tanyl during anesthesia. Because of hysteresis between plasma
and effect site, bolus administration of fentanyl does not ac-
curately describe the interaction between these drugs. The
purpose of this study was to determine the MAC reduction of
isoflurane by fentanyl when both drugs had reached steady
biophase concentrations.

Methods: Seventy-seven patients were randomly allocated
to receive either no fentanyl or fentanyl at several predeter-
mined plasma concentrations. Fentanyl was administered us-
ing a computer-assisted continuous infusion device. Patients
were also randomly allocated to receive a predetermined
steady state end-tidal concentration of isoflurane. Blood sam-
ples for fentanyl concentration were taken at 10 min after
initiation of the infusion and before and immediately after
skin incision. A minimum of 20 min was allowed between the
start of the fentanyl infusion and skin incision. The reduction
in the MAC of isoflurane by the measured fentanyl concen-
tration was calculated using a maximum likelihood solution
to a logistic regression model.

Results: There was an initial steep reduction in the MAC of
isoflurane by fentanyl, with 3 ng/ml resulting in a 63% MAC
reduction. A ceiling effect was observed with 10 ng/ml pro-
viding only a further 19% reduction in MAC. A 50% decrease
in MAC was produced by a fentanyl concentration of 1.67
ng/ml.

Conclusions: Defining the MAC reduction of isoflurane by
all the opioids allows their more rational administration with
inhalational anesthetics and provides a comparison of their
relative anesthetic potencies. (Key words: Analgesics, opioid:
fentanyl. Anesthetics, volatile: isoflurane; minimum alveolar
concentration. Potency: minimum alveolar concentration.)

THE minimum alveolar concentration (MAC) of volatile
anesthetic drugs has been used as a measure of anes-
thetic potency.’ At present, no anesthetic drug is com-
monly used alone to provide all the necessary com-
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ponents of general anesthesia. Therefore, it is important
to define the properties of the interaction between the
different anesthetic drugs that may be used in combi-
nation. It is generally accepted that, when combining
potent volatile anesthetics, their MACs are simply ad-
ditive."* However, the effect of combining intravenous
anesthetics or opioids with potent volatile drugs has
been less clearly established. All studies in humans at-
tempting to quantify the MAC reduction of potent vol-
atile anesthetics by the opioids have utilized a bolus
dose technique for administering the opioid.> In a
previous study, in which a bolus dose of fentanyl was
administered and its plasma concentration measured
at skin incision, a profound interaction was noted.’
When defining these drug interactions, it is critical that
both drugs have reached a steady biophase (effect com-
partment) concentration.®” After a bolus dose, the
plasma concentration is continuously decreasing and
there is an inconsistent relationship (hysteresis) of the
plasma concentration to effect.®” Thus, the interaction
previously observed between fentanyl and the potent
volatile anesthetic did not accurately determine this
interaction.’

This study was designed to more accurately determine
the MAC reduction of isoflurane by fentanyl by ensuring
that both drugs had reached steady biophase concen-
trations.

Materials and Methods

Approval was obtained from the Duke Institutional
Review Board for the project and all patients signed a
written informed consent. Unpremedicated, ASA phys-
ical status 1 or 2 patients of both sexes, between the
ages of 20 and 60 yr, scheduled for elective surgery,
were included in the study. The following patients were
excluded from the study: 1) those in whom an inha-
lational induction was contraindicated, 2) those having
any significant cardiovascular, respiratory, hepatic or
renal disease, 3) those receiving medications known
to affect MAC, or having a history of either alcohol or
drug abuse, and 4) those in whom any sudden move-
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ment may have been dangerous, e.g., those having sur-
gery on the head or neck or those placed in the prone
position.

Patients were initially randomly allocated into one
of four different groups (fig. 1). Group one received
no fentanyl, while groups two, three, and four each
received predicted target plasma concentrations of 0.8,
1.5, and 3.0 ng/ml. An additional group of eight pa-
tients was added at the conclusion of the study to more
clearly define the MAC reduction at fentanyl concen-
trations greater than 3 ng/mi. Fentanyl was adminis-
tered using a pharmacokinetic model-driven infusion
device known as CACI (Computer Assisted Continuous
Infusion) that is capable of delivering fentanyl to a de-
sired constant plasma concentration.® The pharmaco-
kinetic set used for fentanyl in CACI were those pub-
lished by McLain and Hug.® This pharmacokinetic set
has previously been tested in a homogeneous group of
surgical patients, in which it provided a nonsignificant
bias and a precision (10th to 90th percentile of the
median performance error) of —31% to 26%.°

Patients in each group were also randomly allocated
to receive predetermined end-tidal isoflurane concen-
trations (fig. 1). These concentrations were chosen to
provide a range that would provide both adequate and
inadequate anesthesia at each fentanyl concentration,
and were based on data from a previous MAC reduction
study.> A Puritan Bennett Anesthetic Agent Monitor
222® (Wilmington, MA) was used to measure end-
tidal isoflurane concentrations. Before use with each
patient, a two-point calibration of the agent monitor
using a standard calibration gas was performed after
allowing a warm-up period of 30 min. The fentanyl
and isoflurane concentrations used for induction of
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Fig. 1. Randomization scheme, End-tidal isoflurane concentra-
tions for each subject in each of the predicted fentanyl groups.
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anesthesia in this study were based on those used in a
previous MAC-reduction study.’

Before induction of anesthesia, the target plasma
concentration of fentanyl (according to the random-
ization schedule) was entered into CACI. The fentanyl
infusion and gaseous induction with increasing con-
centrations of isoflurane in oxygen were started simul-
taneously. After loss of consciousness, succinylcholine
(1 mg/kg intravenously) was given. This was followed
by laryngoscopy and tracheal intubation. Before skin
incision, the return of neuromuscular function was
checked using a peripheral nerve stimulator. Imme-
diately after tracheal intubation, the inspired end-tidal
concentration was adjusted to maintain the measured
end-tidal concentration constant at the value prese-
lected according to the randomization schedule. Pa-
tients’ lungs were mechanically ventilated to normo-
capnia and body temperature was maintained above
35.5° C during the period of the study. Blood samples
for plasma fentanyl levels were taken from an indwell-
ing intravenous catheter in the arm contralateral to that
in which the fentanyl infusion was occurring. These
samples were taken at 10 min after the start of the in-
fusion and 5 min before and immediately after incision
to ensure that plasma fentanyl levels remained constant
during the study. A minimum period of 20 min after
the start of the fentanyl infusion was allowed before
skin incision to allow steady state conditions to develop
between the plasma and brain effect compartment.”*°
The fentanyl samples were immediately placed in hep-
arinized vacutainers on ice. As soon as possible there-
after (within 60 min), the samples were centrifuged
and the plasma separated and stored at —70° C for sub-
sequent analysis. The plasma concentration of fentanyl
was measured by radioimmunoassay, using fentanyl an-
tisera and tritiated fentanyl (Fentanyl Radioimmunoas-
say kit, Janssen Life Sciences. Piscataway, NJ).'"!? The
lower limit of detection of the assay was 0.2 ng/ml.
The assay was linear over the concentration range mea-
sured and the coefficient of variation was less than 10%.
The desired end-tidal concentration was held constant
for at least 15 min before skin incision to allow ade-
quate time for alveolar and brain isoflurane partial
pressures to equilibrate.’

Patients were observed for movement for 60 s after
incision, with movement defined as gross purposeful
movement in response to incision. Coughing, chewing,
or swallowing was not considered to be movement.'?
The MAC for isoflurane at the measured fentanyl plasma
concentrations obtained just before skin incision was
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Fig. 2. Measured plasma fentanyl concentrations (ng/ml)
plotted at 10 min pre- and postincision.

calculated using a maximum likelihood solution to a
logistic regression model® (see Appendix). To insure
that fentanyl concentrations were stable at the time of
skin incision, only patients in whom the pre- and post-
incision fentanyl plasma concentrations were within
+30% or within 0.5 ng/ml of each other were included
in the analysis.

Results

A total of 77 patients were enrolled in the study.
However, four patients were excluded from the sub-
sequent analysis because the measured pre- and postin-
cision plasma concentrations were not within 30% or
0.5 ng/m] of each other. Thus, the results of 73 patients
are presented. Of these patients, 30 were men and 43
were women, with an average age of 36 + 10 yr (range
20-57 yr) and weighing 75 + 15.0 kg (range 46-123
kg).

The measured plasma fentanyl concentrations tended
to be higher than the predicted concentrations. How-
ever, the measured fentanyl concentrations in each in-
dividual remained relatively constant at 10 min pre-
and postincision (fig. 2). The preincision fentanyl con-
centrations, which were those used in the statistical
analyses, ranged from 0 to 10.6 ng/ml.

The MAC reduction of isoflurane by fentanyl is pre-
sented in figure 3. In our study population, the MAC
of isoflurane, when calculated from the isoflurane-only
group, was 1.23% (95% C.1. 0.95, 1.51) (fig. 4). Fen-
tanyl 1 ng/ml resulted in a 39% MAC reduction (table
1). Increasing the fentanyl plasma concentration to 3
ng/ml resulted in a further MAC reduction; specifically,
63%. Fentanyl concentrations greater than 3 ng/ml
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Fig. 3. Maximum likelihood (logistic regression) solution for
the MAC reduction of isoflurane by increasing concentrations

of fentanyl is represented by the solid line. The 95% confidence
intervals of the isoflurane MAC are also plotted as dashed lines.

produced a limited further reduction in MAC. The
maximum MAC reduction over the concentration range
studied (up to 10.6 ng/ml) was 82%. A 50% MAC re-
duction of isoflurane was produced by 1.67 (95% fi-
ducial limits 1.11, 2.38) ng/ml fentanyl.

Discussion

The aim of our study was to determine the reduction
of the MAC of isoflurane by different steady plasma
concentrations of fentanyl, once equilibration had oc-
curred between the plasma fentanyl concentration and
its theoretical effect compartment.” This has not pre-
viously been done in humans.

There have been many studies to determine the extent
to which opioids reduce the MAC of volatile anesthetic
agents, but the majority of these studies have been done
in animals.'-'* § A small number of studies have been
performed in humans, but these did not attempt to pro-
duce steady plasma opioid concentrations.>~> When at-
tempting to define drug interactions, it is important to

§ Murphy MR, Hug CC: Efficacy of fentanyl in reducing isoflurane
MAC; Antagonism by naloxone and nalbuphine (abstract). ANESTHE-
SIOLOGY 59:A338, 1983
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MAC of Isoflurane

MAC = 1.23 (95% CI: 0.95, 1.51)
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Fig. 4. The isoflurane concentrations at which patients did or
did not move when only isoflurane was administered. The
concentration is plotted along the x axis; an upward tick rep-
resents a patient that did not move, and a downward tick a
patient that did move.

ensure that all drugs under investigation have reached
steady concentration conditions, in both the plasma
and the theoretical effect compartment.®”>!> Fentanyl,
when given intravenously, exhibits hysteresis whereby
the physiologic effect, as measured by the EEG, lags
behind the plasma concentration. The half life for
transfer to the theoretical effect compartment (T1/2
KeO) is 6.4 = 1.3 min.” In our study, we allowed a
minimum of three KeO half lives (approximately 20
min) to elapse between initiating the fentanyl infusion
and skin incision (Z.e., 95% of equilibration between
the plasma and effect site had occurred). The fentanyl
was administered vig CACI so that the desired plasma
concentration was obtained rapidly. This ensured that
steady state conditions were achieved for fentanyl be-
tween the plasma and the theoretical effect compart-
ment at the time of skin incision. Venous samples were
obtained as we have previously demonstrated, such
that, after 10 min of fentanyl administration by CACI,
arterial and venous fentanyl concentration differences
are minimal.® The end-tidal isoflurane concentration
was held constant at the desired concentration for a
minimum of 15 min to allow the alveolar and brain
partial pressure to equilibrate.!® Thus, at the time of
skin incision, the measured fentanyl plasma concen-
tration and the measured end-tidal isoflurane concen-
tration were a true reflection of the effect compartment
concentration. Before the initiation of this study, we
chose to exclude those patients in whom the pre- and
postincision fentanyl samples were not within either
0.5 ng/ml or £30% of each other, to insure a steady
biophase concentration. Ideally, the pre- and postin-
cision fentanyl concentrations should be identical. As
we were dependent on CACI to maintain this steady
concentration, such precision would be impossible.
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Our previous data with CACI administration of fentanyl
demonstrated that concentrations could be maintained
within £30% in the majority of patients; therefore, this
was chosen as the degree of variability that we would
accept during this study.®

The MAC of isoflurane obtained in this study was
1.23%. This is very similar to the previously determined
isoflurane MAC in humans, although the study meth-
odology and statistical analysis used in this study were
different than the classic Dixon up-down method.!!?
The interaction of isoflurane along a continuum of fen-
tanyl concentrations is more accurately calculated us-
ing logistic regression analysis. When using logistic
regression analysis, it is necessary to randomize to pre-
determined groups, rather than randomizing patients
during the study according to the outcome of the pre-
vious patient. From this study, we have demonstrated
that fentanyl produces an initial steep decrease in the
MAC of isoflurane. This decrease then reaches a plateau
with minimal further reduction in MAC at a fentanyl
concentration greater than 3 ng/ml of fentanyl. At 3
ng/ml, the MAC of isoflurane is reduced by 63%. Dou-
bling the plasma concentration from 3 to 6 ng/ml only
produces a further 12% reduction in MAC, with a max-
imum MAC reduction of just greater than 80% being
achieved at plasma fentanyl concentrations of 10 ng/
ml. This rapid flattening of the curve in the plot of
plasma fentanyl concentration versus MAC of isoflurane
(fig. 3) suggests that a ceiling effect exists in the in-
teraction of fentanyl on the MAC reduction of isoflu-
rane.

In the first MAC-reduction studies, in which both
drugs were administered to reach steady biophase con-
centrations, Murphy et al.'® § showed that fentanyl
given by continuous infusion to dogs at a plasma con-
centration of 6 ng/ml produced a 63% reduction in
the MAC of isoflurane. A fentanyl concentration of 21

Table 1. MAC and MAC Reduction of Isoflurane by
Increasing Concentrations of Fentanyl

Fentanyl MAC of Isoflurane Isofturane MAC Reduction
Concentration (ng/m!) (95% Cl, %) (%)

0 1.20 (0.99, 1.62) —
1 0.73 (0.63, 0.88) 39
2 0.55 (0.45, 0.65) 54
3 0.45 (0.35, 0.54) 63
6 0.30 (0.21, 0.38) 75
10 0.22 (0.13, 0.30) 82

MAC = minimum alveolar concentration; Cl = confidence interval.
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ng/ml produced very little (67%) further reduction in
the MAC of isoflurane.'® § These results are in agree-
ment with the ceiling effect seen in our study. Sufen-
tanil,'” alfentanil,"* and morphine, ¢ given to animals,
resulted in a similar ceiling in the maximal MAC re-
duction of the potent volatile anesthetic. In humans,
the MAC reduction of the potent volatile anesthetics
has only been studied after a single dose of the opioid.
Morphine, 10-12 mg, given subcutaneously produced
a 20% reduction in the MAC of fluroxine.® Morphine
premedication, 8—-15 mg, resulted in a 7% decrease in
the MAC of halothane.* These small reductions in MAC
produced by morphine are in contrast to the 48% and
63% reduction in desflurane MAC after 3 and 6 ug/kg
fentanyl, respectively.’ The degree of MAC reduction
of the potent volatile anesthetic obtained after a bolus
dose of the opioid cannot be compared to the MAC
reduction observed in our study, because the resultant
opioid concentration after a bolus dose is markedly
dependent on the timing between administration of
the opioid and application of the stimulus to evaluate
MAC. This is because of the continuously changing
concentration and hysteresis observed after the admin-
istration of a bolus dose of the opioid.

There are important clinical implications of the initial
steep reduction in MAC of isoflurane by fentanyl fol-
lowed by a ceiling effect beyond 3 ng/ml fentanyl.
Substantial reduction in isoflurane requirement (40~
60%) can be achieved at low (1-3 ng/ml) plasma con-
centrations of fentanyl. Fentanyl given as an initial bolus
dose of 3 ug/kg over 5 min, followed by an infusion
of 1 ug-kg™'-h™', will achieve a 1-ng/ml fentanyl
plasma concentration. Doubling these dosages will re-
sult in doubling the fentanyl plasma concentration.
There is also little to be gained in terms of MAC re-
duction of isoflurane by increasing plasma fentanyl to
greater than 2-3 ng/ml, because fentanyl plasma con-
centrations greater than 2 ng/ml may be associated with
significant respiratory depression.® These values may
not necessarily apply uniformly to the interaction of
fentanyl with other potent volatile anesthetics. Studies
in dogs have shown that an equal reduction of MAC by
fentanyl requires higher fentanyl plasma concentrations
for enflurane than isoflurane.'®'® This may be because
enflurane may have some cerebral excitatory effects.
Further studies in humans are needed to ascertain

1 Doherty MA, Glass PSA, Jacobs JR, Reves JG: CP50 for fentanyl
(abstract). ANESTHESIOLOGY 71:A231, 1989
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whether patients anesthetized with enflurane require
a higher concentration of fentanyl to produce the same
degree of MAC reduction as seen with isoflurane.

Establishing the relative anesthetic potencies of the
different opioids is difficult. Comparing opioids after
a single bolus dose does not account for the lag time
required for the drug to enter the theoretical effect
compartment.®”'® It is also important that a precise
measure of efficacy is chosen when establishing the
potency of an opioid. Determining the effect of different
opioids on postoperative pain is another method em-
ployed; however, it lacks an objective endpoint. At-
tempts have also been made to establish relative opioid
potency by determining the dose requirements during
a nitrous oxide-opioid anesthetic.?® Although this study
was well designed, it also lacked a single well defined
endpoint. Depression of the EEG has been used as a
measure of effect to determine the relative potency of
fentanyl to alfentanil.” However, the relationship of
EEG depression to anesthetic potency of the opioids is
not clearly established.

Movement at skin incision is the standard measure
for assessment of anesthetic effect.' Thus, the concept
of Cp50 (skin incision) has been proposed for deter-
mining the potency of intravenous anesthetics.?! The
Cp50 (skin incision) for an opioid is defined as the
plasma concentration, in the presence of 66% nitrous
oxide, that will prevent a somatic, hemodynamic, or
somatic response to skin incision. The Cp50 for alfen-
tanil, fentanyl, and sufentanil have been determined
and provide, like MAC, 2 measure of potency.?"?? | The
ability of an opioid (at a steady concentration and when
equilibrated with the effect compartment) to reduce
the MAC of a potent volatile anesthetic provides a sim-
ilar objective measure of its analgesic potency. Thus,
opioid concentrations producing the same MAC reduc-
tion may be considered equipotent. In this study, we
have defined the plasma concentration of fentanyl that
produces a 50% MAC reduction of isoflurane. This value
can then be compared to that of other opioids that pro-
duce the same MAC reduction, and their relative po-
tency can be established.

In conclusion, we determined the MAC reduction of
isoflurane by fentanyl by using a pharmacokinetic
model-driven infusion device to provide constant
plasma fentanyl concentrations. The reduction of the
MAC of isoflurane by fentanyl was greatest with plasma
fentanyl concentrations of up to 3 ng/ml (63% MAC
reduction). At higher plasma fentanyl concentrations
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(3~10 ng/ml), there was little further reduction in the
MAC of isoflurane.

References

1. Quasha AL, Eger IE, Tinker JH: Determination and application
of MAC. ANESTHESIOLOGY 53:315-334, 1980

2. DiFazio CA, Brown RE, Ball CG, Heckel CG, Kennedy SS: Ad-
ditive cffects of anesthetics and theories of anesthesin. ANESTHESIOLOGY
36:57-63, 1972

3. Munson ES, Saidman LJ, Eger El: Effect of nitrous oxide and
morphine on the minimum anesthetic concentration of fluroxine.
ANESTHESIOLOGY 26:134-139, 1965

4. Saidman LJ, Eger EI: Effect of nitrous oxide and of narcotic
premedication on the alveolar concentration of halothane required
for anesthesia. ANESTHESIOLOGY 26:302-306, 1964

5. Scbel PS, Glass PSA, Fletcher JE, Murphy MR, Gallagher C, Quill
T: Reduction of MAC of desflurane with fentanyl, ANESTHESIOLOGY 76:
52-59, 1992

6. Hudson RJ, Stanski DR, Saidman L], Meathe E: A model for
studying depth of anesthesia and acute tolerance to thiopental. ANEs.
THESIOLOGY 59:301-8, 1983

7. ScottJC, Ponganis KV, Stanski DR: EEG quantitation of narcotic
effect: The comparative pharmacodynamics of fentanyl and alfentanil,
ANESTHESIOLOGY 62:234-241, 1985

8. Glass PSA, Jacobs JR}J, Smith LR, Ginsberg B, Quill TJ, Bai SA,
Reves JG: Pharmacokinetic model-driven infusion of fentanyl: As-
sessment of accuracy. ANESTHESIOLOGY 73:1082-1090, 1990

9. McClain DA, Hug CC Jr: Intravenous fentanyl kinetics. Clin
Pharmacol Ther 28:106-114, 1980

10. Shafer SL, Varvel JR: Pharmacokinetics, pharmacodynamics,
and rational opioid selection. ANESTHESIOLOGY 74:53-63, 1991

11. Michiels M, Hendriks R, Heykants J: A sensitive radioimmu-
noassay for fentanyl plasma levels in dogs and man. Eur J Clin Phar-
macol 12:153-158, 1977

12. Schutter J, White PF: Optimization of the radioimmunoassay
for measuring fentanyl and alfentanil in human serum. ANESTHESIOLOGY
61:315-320, 1984

13. Eger EI, Saidman, LJ, Brandstater B: Minimum alveolar anes-
thetic concentration: A standard of anesthetic potency. ANESTHESIOLOGY
26:756-~763, 1965

14. Hall RI, Szlam F, Hug CC Jr: The enflurane-sparing effect of
alfentanil in dogs. Anesth Analg 66:1287, 1987

15. Murphy MR, Hug CC: The anesthetic potency of fentanyl in
terms of its reduction of enflurane MAC. ANESTHESIOLOGY 57:485,
1982

Ancsthesiology, V 78, No 5, May 1993

16. Murphy MR, Hug CC: The enflurane sparing effect of morphine,
butorphanol and nalbuphine. ANEsTHESIOLOGY 57:489, 1982

17. Hall RI, Murphy MR, Hug CC: The enflurane sparing effect of
sufentanil in dogs. ANESTHESIOLOGY 67:518, 1987

18. Hecker BR, Lake CL, DiFazio CA, Moscicki JC, Engle JS: The
decrease of the minimum alveolar anesthetic concentration produced
by sufentanil in rats. Anesth Analg 62:987, 1983

19. Lake CL, DiFazio CA, Moscicki JC, Engle JS: Reduction of halo-
thane MAC: Comparison of morphine and alfentanil. Anesth Analg
64:807-810, 1985

20. Flacke JW, Bloor BC, Kripke BJ, Flacke WE, Warneck CM, Van
Etten AP, Wong DH, Katz RL: Comparison of morphine, meperidine,
fentanyl and sufentanil in balanced anesthesia: A double-blind study.
Anesth Analg 64:897-910, 1985

21. Ausems ME, Hug CC, Stanski DR, Burm AGL: Plasma concen-
trations of alfentanil required to supplement nitrous oxide anesthesia
for general ancsthesia, ANESTHESIOLOGY 65:362~373, 1986

22, Doherty MA, Glass PSA, Jacobs JR, Goodman DK, Reves JG:
Cp50 for sufentanil (abstract). ANESTHESIOLOGY 73:A378, 1990

Appendix

If P is the probability of a response, the odds of a response is P/
(1 ~ P). To determine which factors (concentrations of the two
drugs) influence the probability of response, the logistic model
(where the log-odds is expressed as a linear function of the explan-
atory factors) can be used:

In(P/1-P) = fo + Bix; + B2%2 + Br2%:1%z,

where P = probability of response, x, is the concentration of drug
1, x, is the concentration of drug 2, g, is the intercept, 8, is the
slope coefficient for drug 1, 8, is the slope coefficient for drug 2,
and 3, ; is the measure of the interaction of the two drugs acting
jointly. If the Cp represents the minimum drug concentration at which
P% of the patients will be effected, to solve for P = 0.5 (50% level):

Cso(xl<5V>X2) = "‘(ﬂo + B2x2)/(B1 + B1,2%2).

For this study, we used x; = In (1 + concentration) of drug 1
(isofturane), and x, = In (1 + concentration) of drug 2 (fentanyl),
where In is natural logarithm function. The addition of 1 to the con-
centration permits the taking of the logarithm of the dose without
altering the shape of the response curve. Parameter estimates were
Bo = 0.6673, B, = —3.6952, i, = —2.5982, and $,,2 = 0.
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