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Background. Anesthetic drug interactions traditionally have 
been characterized using isobolographic analysis or multiple 
logistic regression. Both approaches have significant limita- 
tions. The authors propose a model based on response-surface 
methodology. This model can characterize the entire dose- 
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response relation between combinations of anesthetic drugs 
and is mathematically consistent with models of the concentra- 
tion-response relation of single drugs. 

Methods: The authors defined a parameter, 8, that describes 
the concentration ratio of two potentially interacting drugs. The 
classic sigmoid E,, model was extended by making the model 
parameters dependent on 8. A computer program was used to 
estimate response surfaces for the hypnotic interaction be- 
tween midazolam, propofol, and alfentanil, based on previously 
published data. The predicted time course of effect was simu- 
lated after maximally synergistic bolus dose combinations. 
Results: The parameters of the response surface were identi- 

fiable. With the test data, each of the paired combinations 
showed significant synergy. Computer simulations based on 
interactions at the effect site predicted that the maximally syn- 
ergistic three-drug combination tripled the duration of effect 
compared with propofol alone. 

Conclusions: Response surfaces can describe anesthetic inter- 
actions, even those between agonists, partial agonists, compet- 
itive antagonists, and inverse agonists. Application of response- 
surface methodology permits characterization of the full 
concentration-response relation and therefore can be used to 
develop practical guidelines for optimal drug dosing. (Key 
words: Alfentanil; antagonist; infraadditive; logistic regression; 
midazolam; propofol; synergy; supraadditive.) 

DRUG interactions are the basis of anesthetic practice. 
For example, induction of anesthesia may consist of 
intravenous administration of a benzodiazepine before 
induction, a hypnotic to achieve loss of consciousness, 
and an opioid to blunt the response to noxious stimula- 
tion. Similarly, anesthesia often is maintained with a 
combination of a hypnotic (e.g., propofol, isoflurane) 
and an analgesic (e.g., fentanyl, nitrous oxide). Anes- 
thetic drugs are often combined because they interact 
synergisticallyJmqeate the anesthetized state. 

Pharmacodynamic drug interactions are typically de- 
scribed using mathematical models. The basic model is 
that of an isobole. Isoboles are iso-effect curves, curves 
that show dose combinations that result in equal effect.’ 
The combination of two doses (d, and d2) can be rep- 
resented by a point on a graph, the axes of which are the 
dose axes of the individual drugs (fig. 1). The isobole 
connects isoeffective doses of the two drugs when ad- 
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ologram (A) additivity, (B) synergy, (C) Ifraaddi- 
tivity. D, and D, are isoeffective doses of two drugs adminis- 
tered alone. The administration of the two drugs in combina- 
tion (dl, d,) results in the same effect. If D, and D, are the D50 
doses, in each case the line represents the 50% isobole. 

ministered alone, D, and D,. If the isobole is straight (fig. 
IA), then the relation is additive. If the isobole bows 
toward the origin (fig. lB), then smaller amounts of both 
drugs are needed to produce the drug effect when ad- 
ministered together, so the relation is supraadditive or 
synergistic. If the isobole bows away from the origin (fig. 
lC), then greater amounts of both drugs are needed to 
produce the drug effect when administered together, so 
the relation is infraadditive. 

In table 1 we propose a set of criteria that pharmaco- 
dynamic models of drug interactions should meet. In this 
article we propose an interaction model that meets these 

criteria, based on response-surface methodology. Re- 
sponse surfaces are a powerful statistical methodology 
for estimating and interpreting the response of a depen- 
dent variable to multiple inputs.’ Response-surface 
methodology is used for two principal purposes; to pro- 
vide a description of the response pattern in the region 
of the observations studied and to assist in finding the 
region in which the optimal response occurs. Our model 
is a straightforward extension of the sigmoidal concen- 
tration-response relation for individual drugs. We test 
the proposed model using data from a study of the 
interaction of midazolam, propofol, and alfentanil with 
loss of consciousness.’ 

This article only considers pharmacodynamic interac- 
tions, the type of interaction most relevant to the prac- 
tice of anesthesia. Pharmacokinetic interactions are en- 
tirely different and will not be considered. Appendix 1 
(which can be found on the ANESTHESIOLOGY Web site at 
www.anesthesiology.com) reviews several commonly 
used pharmacodynamic models of drug interactions and 
shows areas in which existing models fail to meet the 
criteria in table 1. 

Methods 

Model Development and Mathematics 
The effects of individual drugs are often modeled by 

relating drug effect (E) to drug concentration (C) using a 
sigmoid model: 

where E, is the baseline effect when no drug is present, 
Em,, is the peak drug effect, C,, is the concentration 
associate- 50% drug effect, and y is a “sigmoidicity 
factor” that determines the steepness of the relation. 

This relation is shown graphically in figure 2 .  The 
concentration term often is defined as the concentration 
at the site of drug effect, but the model can be general- 
ized to any measure of exposure (e.g., dose, plasma 
concentration, or area under the curve). For models of 
probability, such as the probability of moving in re- 
sponse to surgical incision, E, is 0 and Em,, is the max- 
imal probability (usually assumed to be 1). 
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Table 1. Characteristics of an Ideal Phaimacodynamic Interaction Model 

1. The interaction model is consistent with prior mathematical proofs (e.g., additive isobole, equation 15 in web supplement). 
2. The interaction model is equally valid for any measure of drug exposure, such as dose, plasma concentration, tissue concentration, or 

3. The parameters of the interaction model can be accurately estimated from studies of reasonable size. 
4. Interaction parameters provide flexibility in the concentration-response relations of the interacting drugs, permitting assessment of 

effect site concentration. 

additive, synergistic, and antagonistic interactions, and interactions when the interacting drugs differ in the steepness of the 
concentration-response relation or the maximum effect of the drugs. 

5. The interaction model predicts the response over the entire clinical range of doses or concentrations for one, two, or three drugs. 
6. The interaction model predicts no drug effect when no drugs are present. 
7. If one of the drugs in the interaction model is not present, the model reduces to the correct model for the remaining drugs. 

Dividing the numerator and denominator of equation 1 drug, which is actually a fixed ratio of the two drugs, has 
its own sigmoidal concentration-response relation, as 
shown in figure 3 .  This is the basic premise of our 
interaction model. The mathematics are simply an ex- 

by CsOy,  we obtain an alternate form: 

c y  I-\ 

In this model, concentration has been normalized to 
the concentration that results in 50% of maximal drug 
effect. This is a natural way to think about drug concen- 
tration-as a fraction of some measure of potency. For 
example, anesthesiologists are accustomed to thinking 
about volatile anesthetics in terms of minimum alveolar 
concentration (MAC), rather than in absolute concentra- 
tion terms. This is precisely the concept of normalizing 
drug concentration to potency. 

The basic concept of our proposed interaction model 
is simple. Consider two drugs, each of which has a 
sigmoidal concentration-response relation. We will 
think of any given ratio ( i e . ,  B/(A + B), called 8 herein) 
of the two drugs as behaving as a new drug. This new 

k ’ o.6 1 50%Probability / 0 

.3 

g 0.2 0.4 1 

tension of the model for a single drug to a model that 
considers each ratio of two drugs as a drug in its own 
right. 

We will express the concentrations of drugs A and B as 
[A] and [B]. As suggested by equation 2, we must first 
normalize each drug to its potency, C,,, and express the 
results in units (U) of potency. 

CBI 
and U, = ~ 

CAI 
UA = ~ 

C 5 O . A  G o , ,  
( 3 )  

where U, is the normalized concentration of drug A, and 
U, is the normalized concentration of drug B. We can 
define a family of “drugs,” each being a unique ratio of 

a 0  Fig. 3. The lea- and rightmost edges of the surface are the 
sigrnoid concentration-response relation for drug A and drug B, 

0.1 1 10 100 respectively. The three radial lines on the surface show the 
sigmoid concentration-response relation for three fured ratios 
of drug A and drug B. The effect for any combination of drug A 
and drug B is described by the response surface. The 25, 50, and 
75% effect isoboles as shown. 

Drug concentration 
Fig. 2. The sigmoidal concentration-response relation for a 
single drug. 
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U, and U,. Each drug will be defined in terms of 8, 
where 8 is defined as 

( 4 )  

By definition, 8 ranges from 0 (drug A only) to 1 (drug 
B only). The “drug concentration” is simply U, + U,. We 
can extend equation 2 to describe the concentration- 
response relation for any ratio, 8, of the two drugs in 
combination: 

where 8 is the ratio of the two drugs, the drug concen- 
tration is U, + U,, y(@ is the steepness of the concen- 
tration-response relation at ratio 8, U,,(8) is the number 
of units (U) associated with 50% of maximum effect at 
ratio 8, and Em,(@) is the maximum possible drug effect 
at ratio 8. Because Em,,, C,,, and y in equation 2 have 
been replaced by functions of 8, each ratio has the 
potential to have its own Em,, C,,, and y. This allows 
each ratio of drug A and drug B to behave as its own 
drug, with its own sigmoidal concentration-response 
relation, which is the basic premise of the model. 

The term “U,,(8)” is the potency of the drug combi- 
nation at ratio 8 relative to the normalized potency of 
each drug by itself. This requires careful explanation. Let 
us assume that only drug A is present, in a concentration 
of CSO,,. In this case, the drug effect is half of the 
maximal effect, U, = 1, U, = 0, 8 = 0, and the drug 
concentration is U, + U, = 1.  Because we have 50% of 
the maximum drug effect, and 1 unit of drug, then the 
number of units associated with 50% drug effect when 
only drug A is present, U,,(O), must be 1. Similarly, let us 
assume that only drug B is present and the concentration 
of drug B is C50,B. In this case, the drug effect is half of 
the maximal effect, U, = 0,  U, = 1, 8 = 1, and the drug 
concentration is U, + U, = 1. Because we have 50% of 
the maximum drug effect, and 1 unit of drug, then the 
number of units associated with 50% drug effect when 
only drug B is present, U5,(1), must again be 1.  By 
definition, if only drug A or drug B is present, U,,(@ = 1. 

Now, let us assume that drug A and drug B both are 
present, each in exactly half of the concentration that 
would cause 50% of the drug effect when administered 

alone. In this case, U, = 0.5, U, = 0.5, 8 = 0.5, and the 
drug concentration is U, + U, = 1. If this causes 50% of 
maximum effect, then the drugs are simply additive at 
8 = 0.5, and U,,(0.5) = 1.  However, if this combination 
produces more than a half-maximal effect, then 1 unit of 
this combination, at 8 = 0.5, is more potent than 1 unit of 
either drug alone ( ie. ,  synergistic). In this case, U,,(0.5) < 
1. Conversely, if this combination produces less than a 
half-maximal effect, then 1 unit of this combination, at 8 = 
0.5, is less potent than either drug alone (i.e., infraadditive). 
In this case, U,,(0.5) > 1. Thus, U,,(@ is the potency of the 
combination compared with the potency of either drug 
alone, which is 1 by definition. 

Thus, the units of U,,(8) are not concentration units, 
but rather the number of units, at ratio 8, associated with 
50% of maximal drug effect. U,,(O) is 1 for 8 = 0 and 8 = 
1.  For all values of 8 between 0 and 1 (Le., all possible 
ratios of the two drugs), U,,(O) assumes a value deter- 
mined by the data. If this value is 1, then the interaction 
is additive at 8. If the value is less than 1, then the drug 
effect is synergistic at 8. If the value is greater than 1, 
then the interaction is antagonistic at 8. 

Figure 4 shows the relation between a three-dimen- 
sional response surface and a conventional two-dimen- 
sional isobolographic analysis. The two-dimensional 
isobologram is a cut through the three-dimensional sur- 
face, generally taken at the 50% r sponse level. In this 
particular example, synergy is e ident in the three-di- 
mensional model as a bowing of i e surface toward the 
reader. This bowing causes the conventional isobolo- 
gram to deviate toward the origin from the straight line 
of additivity. 

Much pharmacodynamic literature supports the sig- 
moid relation in equation 1, equation 2 ,  and equation 5. 
There is only modest information specifying the func- 
tions Emax(@, U,,(8), and y(8). Our choice is to use 
functions that are capable of taking a variety of shapes, 
so that good approximations to the true relations can be 
determined empirically. To provide these flexible func- 
tions we chose fourth-order polynomials of the form 

where f(8) is Emax(@, U,,(O), or y(8). The coefficients 
(Po, PI, p2, P3,  p4) are model parameters that are either 
constrained by the model or estimated from the data. 
Fortunately, two of these terms, Po and p,, can be 
replaced by other terms already defined. 
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Fig. 4. Surface showing relation to standard isobologram. The 
three-dimensional surface relating drugs A and B with the prob- 
ability of no response. Conventional "isobolographic" analysis, 
whether for doses or concentrations, only produces the line at 
the 50% probability, as shown in the lower figure, and fails to 
capture the full surface shape. 

We already defined the values Emax( d), U5,( O ) ,  and y( 0) 
when only drug A is present, Emax,*, U50,A, and yA, 
respectively. Note in equation 6 that when I9 = 0 (only 
drug A is present), f(0) = Po. Therefore, when f(0) is 

respectively. 
Similarly, we also defined the values Em,,(@, U5,(0), 

and ~ ( 0 )  when only drug B is present, USO,,, and 
yB, respectively. Referring again to equation 6, when I9 = 

1 (only drug B is present), f(1) = Po + P1 + p2 + P3 + 
p4. We can rearrange this as PI = f(1) - Po - P2 - P3 - 
p4. Thus, when f(0) is Emax(@, U5,(19), or 7(6), p1 must 

Emax(@, u50(8), Or P O  must be Emax,A, u513,A? and 7.4, 

- be Emax,B P2,Emax - &,Emax  - P4,Emaw 

'50.B - U50,A - P 2 ,  U,,, - P3,U50 - P4,U50, Or YB - YA - 

Emax,A - 

&, - P4,,, respectively. 
This permits us to develop models that incorporate the 

individual drug parameters for Emax( O) ,  U5,( O) ,  and y( 0) 

as functions of 8. The equation for Em,(@, using the 
substitutions previously mentioned for Po and P1, is 

= Emax,A + (hxxx,B-%ax,A - P2,E,, - P3,E,, 

- P 4 , E  "lax )I9 + P2,Emme2 + P5,EmAX@ + P4,Emae4 (7) 

U50,A and U,,,,, [equivalent to U,,(O) and U5,(1)], are 
both 1 by definition. Thus, when f(@ = U,,(@, the 
values of Po and P1 in equation 6 are 1 and - P2 - P3 - p4, 
respectively. Therefore, the equation for potency as a 
function of 6 can be simplified to 

Many isobolograms have a simple inward or outward 
curvature, which can be readily encompassed with a 
simple quadratic form of equation 8 with just one coef- 
ficient: 

U5,(8> = 1 - P2,U,"O + P2,U5,,192 ( 9 )  

If /32,U,,, is 0, then the value of U,,(f3) will be 1 for all 
values of 19. This means that the interaction will be 
additive. If &,,<, is a positive number, then U5,(0) will 
be less than 1 for all values of I9 between 0 and 1. The 
effect is to magnlfy the term 

L u'4 + UB 
U50( 0 1 

in equation 5 ,  making it appear that there is more drug 
present. This will produce a greater than additive 
effect, i .e.,  synergy. If P2,u,, is a negative number, then 
U5,(19) will be greater than 1 for all values of 0 be- 
tween 0 and 1.  This reduces the term 

UA + u* 
u50( 8 1 

in equation 5 ,  making it appear that there is less drug 
present. This will produce a less than additive effect. 
This assumes that drugs A and B have the same maximal 
effect. It is possible for some approaches to synergy 
analysis to show apparent synergy if the maximal effects 
of drugs A and B are not identical, even if U5,(f3) = 1 for 
all values of 8. 

The model for the steepness term, y(I9), can similarly 
be described from equation 6, with appropriate substi- 
tutions for Po and PI.  The resulting equation is 
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A 

E,,(e) 100 

50 150ei!: 0 0.0 0.2 0.4 0.6 0.8 1.0 

e B 
1.5 1 11.5 

0.0 0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

e 
C 

2 

n(e) :i_-rli, 0 0.0 0.2 0.4 0.6 0.8 1.0 

e 
Fig. 5. The functions for the parameters (Ema(0), U,,(O), and 
fie)) for the two drug-interaction shown in figure 4. 

Equations 6 - 10 describe straight lines (simple additiv- 
ity) when the coefficients (i.e., p2, p3, p4) are 0. They are 
the equations for parabolas if the respective p2 coeffi- 
cient is nonzero, and ps and p4 are 0. More complex 
shapes are generated when p3 and p4 are nonzero. 

Figure 5 shows Em,, U,,, and y as functions of 8 for 
the synergistic interaction seen in figure 4 .  Em,, and y 
are constant, and thus have no interaction. U,, is neces- 
sarily 1 at 8 = 0 and 8 = 1 ,  but is less than one between 
these extremes. This increases the potency of the drugs 
when administered in combination, resulting in the syn- 
ergy seen in figure 4. 

The model can be readily expanded to show the inter- 
action of more than two drugs. In the case of three drugs 
(A, B, and C) the proportion of each drug present can be 
expressed by 8,, 8,, and O,, where 

** Dr. Shafer, via e-mail to sshafer@pharsight.com 
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u.4 UB and 8, 
O.4 = u, + u, + UC'  O , =  u, + u, + u, 

We can define the ratio of three drugs from just two of 
these ratios because OA+ 8,+ 8,= 1.  For our purposes 
here, we will use 8, and 8,. We again assume that for any 
fixed value of 8, and 8,, there is a sigmoidal relation 
between concentration and response. Therefore, if the 
three drugs could be administered to the effect site in an 
exactly fixed proportion, they would show a sigmoidal 
total concentration-response relation, where the "con- 
centration" was the sum of the three normalized con- 
centrations. This is precisely the notion that underlies 
the two-drug model. The equation for the three-drug 
model follows: 

(12) 
In the three-drug model the parameters of the sigmoi- 

dal relation, Em,, y,  and U,,, are functions of OB and 8,. 
The functions Emax(OB,8,), U,,(8,,8,), and y(O,,O,) are 
described in Appendix 2 (which can be found on the 
ANESTHESIOLOGY Web site at www.anesthesio1ogy.com). 
The important point is that instead of describing a curve, 
as in equations 6-10, when three drugs are present, the 
parameters of the sigmoidal rel-equation 12) are 
themselves surfaces. Figure 6 shows representative sur- 
faces for U,, as functions of 8, and 8,. 

The response-surface model was written in the C pro- 
gramming language by the authors and compiled as a 
dynamic link library for Excel (Excel 7.0 for Windows; 
Microsoft Corporation, Redmond, CA). 

We also implemented the model for NONMEM (NONMEM 
Project Group, University of California at San Francisco, 
This code is available on request to the authors.** Graphs were 
prepared using Excel and Mathematica (Mathematica for Win- 
dows, Version 4.0; Wolfram Research, Champaign, TI.). 

Patients and Clinical Trial Design 
To demonstrate the use of our response-surface model, 

we analyzed data previously published by Short et d 4  
These data are also available via the ANESTHESIOLOGY Web 
site (www.anesthesio1ogy.org). Dose-response relations 
were established after intravenous bolus doses of mida- 
zolam, propofol, and alfentanil administered individually 
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Fig. 6. The three-drug parameter surface and three-drug axes 
seen at the base. Representative surfaces for U,, as a function of 
OB and 0,. The three corners of the triangular surface represent 
the value of U,,(0,, 0,) for drug A alone, drug B alone and drug 
C alone. The three edges represent the value of U,,(0,, 0,) for 
the paited combinations for A and B (labeled 0-1, A and C 
(labeled O,,), and B and C (labeled OBc). The surface represents 
the value of U,,(0,, 0,) for the three-drug combination. (Top) 
Shows additive interaction for all three drugs. (Middle) Shows 
synergistic interaction between drug A and drug B and between 
drug A and drug C, but shows the additive interaction between 
drug B and drug C. (Bottom) Shows synergistic interactions 
among all three drugs. 

and in combination in 400 women patients undergoing 
elective gynecologic surgery. Patients were assessed for 
hypnosis (defined as failure to open the eyes to verbal 
command) 4 min after midazolam administration and 2 

The doses of midazolam, propofol, and alfentanil used 
and the proportion of patients achieving hypnosis for 
each dose category are shown in table 2. This data set 
was selected because it provided three two-drug combi- 
nations that could be used to demonstrate response- 
surface relations. In addition, the data are notable for the 

Table 2. Doses of Midazolam, Propofol, ALfentanil, and the 
Proportions of Patients Achieving Hypnosis for Each Dose 
Category 

Alfentanil Propofol Midazolam 
( m g W  (mg/kg) (mg/kg) Proportion Hypnotic. 

0.1 
0.125 
0.15 
0.175 
,o .2 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.03 
0.04 
0.05 
0.065 
0.085 
0.1 
0.13 
0.1 7 

0.035 
0.044 
0.056 
0.07 
0.085 

0 
0 
0 
0 
0 

0.023 
0.03 

0 
0 
0 
0 
0 

0.7 
1 
1.3 
1.6 
1.9 
2.2 
2.5 

0 
0 
0 
0 
0 

0.21 
0.29 
0.36 
0.46 
0.6 
0.71 
0.92 
1.2 

0 
0 
0 
0 
0 

0.25 
0.31 
0.4 
0.5 
0.63 

0.1 7 
0.21 
0.26 
0.33 
0.42 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0.05 
0.075 
0.1 
0.125 
0.15 

0 
0 
0 
0 
0 
0 
0 
0 

0.025 
0.031 
0.04 
0.049 
0.061 

0.025 
0.031 
0.04 
0.049 
0.061 

0.01 6 
0.021 
0.026 
0.032 
0.041 

0.2 
0.3 
0.5 
0.8 
0.8 

0.1 
0.3 
0.9 
1 
1 
1 
1 

0 
0.3 
0.5 
0.9 
1 

0.2 
0.4 
0.5 
0.8 
1 
1 
1 
1 

0.4 
0.7 
0.9 
0.9 
1 

0.1 
0.3 
0.4 
0.8 
0.9 

0.3 
0.6 
0.8 
0.9 
1 

min after propofol or alfentanil injection (the approxi- 
mate times to peak effect after an intravenous bolus). 
When the combination being tested included midazo- 
lam, it was administered 2 min before the other drugs. 

0.037 
0.047 
o.059 

'Ten subjects received each dose combination (10 subjects per line). 
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relatively large number of subjects and the uniformity of 
the experimental conditions. Lastly, it provides the abil- 
ity to include a three-drug interaction model, showing 
the flexibility of the proposed response-surface model. 

Statistical Analysis 
We assumed in the model that all subjects were awake 

when no drug was present; therefore, E, was 0 by 
definition. In addition, we assumed that each drug was 
capable of causing complete hypnosis if administered in 
a high enough concentration. 

These assumptions permitted a simplification of equa- 
tion 12. E, (no hypnosis) and E,,,(O,, 0 3  (complete 
hypnosis) can be constrained to 0 and 1 respectively, 
with no interaction across the Emax(O,, 0,) parameter 
surface. Thus, the probability of hypnosis for any com- 
bination is 

p = -  

1 

where U,, U,, and U, are the doses of midazolam, 
propofol, and alfentanil, respectively. The units are frac- 
tions of each drug’s dose necessary to cause hypnosis in 
50% of the population (D,,). Four separate analyses 
based on equation 13 were performed: (1) the data for 
the single and paired combination of midazolam and 
propofol were modeled; (2 )  the data for the single and 
paired combination of midazolam and alfentanil were 
modeled; (3) the data for the single and paired combi- 
nation of propofol and alfentanil were modeled; and (4 )  
the complete data set for the single, paired, and three- 
drug combinations (table 2 )  were modeled simulta- 
neously. Model parameters and standard errors were 
estimated using NONMEM, by maximizing the log likeli- 
hood (LL) for all 400 observations: 

400 

i =  1 
LL = 2 (R, * log (P) + (1 - Ri) * log (1 - P)) 

( 1 4 )  

where R, is the observed response of the ith individual, 
either 0 (respond to voice) or 1 (not respond to voice), 
and P is the probability of response to voice for each 
dose Combination. Equation 14 can be expressed in 
words as the sum of the natural logarithm of the proba- 

bilities of “no response in the nonresponders” and “re- 
sponse in the responders.” The contribution of the poly- 
nomial coefficients to the model was evaluated by 
excluding the coefficients one at a time, by determining 
whether the model deteriorated significantly (likelihood 
ratio test), and by assessment of residuals (observed us. 
predicted probability of hypnosis for each dose combi- 
nation). Parameter estimates and standard errors were 
tabulated. The response surfaces for the paired interac- 
tions and the U,,(O,, 0,) parameter surface were 
graphed. 

Computer Simulations 
Excel Solver was used to find the maximally synergistic 

combinations of the paired and the three-drug interac- 
tions based on the parameter estimates obtained from 
the simultaneous analysis of the entire data set. The 
intravenous bolus doses necessary to achieve 95% prob- 
ability of hypnosis in this population were tabulated for 
each drug alone, for each paired combination, and for 
the three-drug combination. To illustrate the application 
of the response-surface model with concentrations, the 
pharmacokinetic parameters of Biihrer et al. ,, Schnider 
et a p 7  and Scott and Stanski” were used to calculate 
the C,, for hypnosis for midazolam, propofol, and alfen- 
tanil, respectively. This was calculated as the predicted 
effect-site concentration at the time of assessment after 
the respective D,, bolus. Eq ation 13 was then used to 
calculate the predicted time f course of effect (probability 
of hypnosis in the population) after these maximally 
synergistic doses of midazolam, propofol, and alfentanil, 
administered alone and in combination. The pharmaco- 
kinetic parameters, the calculated C,, values and the 
time from hypnosis in 95% of the population to “no 
hypnosis” in 95% of the population were tabulated. The 
predicted time course of effect was graphed. All simula- 
tions were performed using PKPD Tools for Excel (PKPD 
Tools for Excel; written by C. Minto and T. Schnider, 
Stanford University, Palo Alto, CA). 

Response Surfaces 
The shapes of the response surfaces generated by the 

aforementioned equations are not readily visualized. We 
therefore used three-dimensional graphics to illustrate 
the response surface for a variety of interactions be- 
tween two drugs, by varying the model parameters of 
equation 5. These interactions include additive, synergis- 
tic, and antagonistic interactions between two agonists 
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Table 3. Parameter Estimates (SE) for the Three Paired Interactions 

D,, Drug A D,, Drug B Y 
p 2 . D ~  (slope parameter) Drug A Drug B (mg/kg) (mg/kg) 

Midazolam Propofol 0.144 (0.00922) 1 .OO (0.0660) 
Midazolam Alfentanil 0.144 (0.00949) 0.0936 (0.00673) 
Propofol Alfentanil 1.01 (0.0645) 0.0944 (0.00658) 6.1 0 (0.861) 0.766 (0.274) 

5.52 (0.780) 1.45 (0.225) 
5.1 7 (0.846) 1.79 (0.207) 

SE = standard error. 

and interactions between full agonist-partial agonists, 
agonist- competitive antagonists, and agonist-inverse 
agonists . 

Resul ts  

Midazolam-Propofol-Alfentanil Interaction 
We were able to include the data for all 400 patients in 

the analysis, in contrast to the method used by Short et 
al. ,4 which necessitated the exclusion of the data for 120 
patients. Parameter estimates and standard errors for the 
analysis of the three paired drug interactions are shown 
in table 3. Parameter estimates and standard errors for 
the simultaneous analysis of the entire data set are 
shown in table 4. There were no significant differences 
in the slope parameter of the three drugs, nor were there 
significant drug interactions across the y(& 19,) surface. 
The D,, values for each drug tended to be the same, 
regardless of the combination being modeled (tables 3 
and 4). This is an expected result. Because the data for 
single administration was included in the interaction 
models, the D,, values were almost entirely determined 
from subjects receiving each drug alone. Figure 7 shows 
the response surfaces for each of the paired interactions. 
All paired drug interactions showed significant synergy. 
The triple synergy parameter in the three-drug model 
was not statistically significant (see Appendix 2 on the 
ANESTHESIOLOGY Web site at www.anesthesiology.com). 

Table 4. Parameter Estimates for the Simultaneous Evaluation 
of the Entire Data Set 

Parameter Estimate (SE) 

D,, Midazolarn (mg/kg) 
D,, Propofol (mg/kg) 
D,, Alfentanil (mg/kg) 
y (slope parameter) 
pz,D50 Midazolam-Propofol 

Midazolam-Alfentanil 
p2,D50 Propofol-Alfentanil 

0.144 (0.00947) 
0.988 (0.0642) 
0.0930 (0.00665) 
5.27 (0.516) 
1.39 (0.220) 
1.74 (0.200) 
0.634 (0.257) 

SE = standard error. 

Anesthesiology, V 92, No 6, Jun 2000 

Fig. 7. The response surface for each of the paired interactions 
based midazolam, propofol, and alfentanil data in table 1. 01) 
Synergy between propofol and midazolam. (B) Synergy be- 
tween alfentanil and midazolam. (C) Synergy between alfen- 
tanil and propofol. The drug doses are expressed in milligrams/ 
kilogram. Maximum effect is failure to open the eyes to verbal 
command. The isoboles for 10, 20,30,40,50,60,70,80, and 90% 
response are shown. 
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Fig. 8. The D,,(0,, 0,) parameter surface. The three edges of the 
triangular surface represent each of the pairwise combinations 
as described in figure 5. The apparent decrease in the D5, is as 
follows: midazolam-alfentanil edge > midazolam-propofol 
edge > propofol-alfentanil edge. The nadir of each edge corre- 
sponds to the maximally synergistic pairwise combination. The 
nadir of the surface is located at OM,,,,, = 0.24, OM,-m = 0.47, 
and OAlf--prop = 0.73. This point appears as a dot and represents 
the maximally synergistic three-drug combination. No synergy 
was found beyond that expected for each of the pairwise com- 
binations. Additional synergy would appear as a deeper hollow 
in the Dso(BB, 0,) parameter surface, and could be implemented 
with one additional parameter in the three-drug model, as de- 
scribed in Appendix 2 (available on the ANESTHESIOLOGY Web 
site). 

This indicates that, when all three drugs are present, 
there is not synergy beyond that expected from the 
paired interactions of all three drugs. 

The U,,($, 0,) surface is shown in figure 8. The 
maximum decrease in U,,(0,, 0,) values for the paired 
combinations are represented by the midpoint of the 
three edges of the triangular surface. Values follow (ex- 
pressed as a percentage decrease): midazolam-propo- 
fol = 35%; midazolam-alfentanil = 44%; propofol-alfen- 
tanil = 16%. The maximum decrease (45%) in U5,($, 
0,) for the three-drug combination is found at the lowest 
point of the U,,(OB, 0,) surface, which is located at OB = 

Table 5. Maximally Synergistic Doses and Duration of Effect 

Midazolam Propofol Alfentanil Duration 
(ms) (ms) (ms) (min)* 

- 24.6 12.6 - 
3.8 86 

- - 8.1 11.5 
7.5 4.1 28 

3.5 - 2.3 18.1 
- 36 3.4 5.1 
3.2 6.9 1.8 14.4 

- - 

- 

1 

.- 2. b 0.4 

-8 
0.2 2 

3 .- 

a 
0 

-, 

0 5 10 15 20 
Time (minutes) 

Fig. 9. The time course for the probability of no response to 
voice after each of the dosing schemes in table 5. Simulations 
are based on pharmacokinetic and pharmacodynamic parame- 
ters in table 7 using the three-drug interaction model (equation 
13). Midazolam (M) is administered at time = 0 min; propofol 
(P) and alfentanil (A) are administered at time = 2 min. Doses 
are selected to cause loss of response to voice in 95% of indi- 
viduals at time = 4 min. The time course for each combination 
is labeled as they cross the horizontal line at P = 0.05. 

0 .144  and 0, = 0.396.  This corresponds in figure 8 to 
= 0 .24 ,  = 0.47 ,  and = 0.73 ,  

where the point appears as a dot on the axis plane. 

Computer Simulations 
Table 5 shows the doses for the single, paired, and 

three-drug combinations optimized for maximum syn- 
ergy associated with 95% probability of hypnosis (in a 
population of 50-kg women) based on the parameters 
shown in figure 6.  The time between 95% probability of 
hypnosis to 95% probability of no hypnosis for each 
combination was calculated based on the simulations 
shown in figure 9. Although the maximally synergistic 
three-drug combination enables administration of one 
tenth the propofol dose, this results in a threefold in- 
crease in the time for 95% to awaken. Propofol alone is 
the drug of choice when the desired end point is a brief 
period of hypnosis. A knowledge of the occurrence and 
time course of other effects, such as anxiolysis, amnesia, 
analgesia, bradycardia, hypotension, muscular rigidity, 
and respiratory depression is necessary to determine the 
optimum drug combinations for other clinical end 
points. 

Response Surfaces 
Figure 10 shows our two-drug, response-surface model 

’Time from 95% probability of “hypnosis” to 95% probability of “no hypnosis.” (equation 5 )  for an additive interaction (A), a synergistic 
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Table 6. Pharmacokinetic and Pharmacodynamic Parameters 
Used for Simulations* 

Parameter Midazolarn Prooofol Alfentanil 

3.3 
17.6 
96.7 
0.535 
2.01 
0.832 
4.8 

229 

~~ 

4.27 
27.9 

238 
1.64 
1.77 
0.836 
1.51 

2660 

1.56 
4.78 

0.142 
1.02 
0.1 76 
0.9 

10.3 

1020 

‘Covariates: gender, female; age, 30 years; weight, 50 kg; height, 165 cm. 

interaction (B), and an antagonist interaction (C).  It also 
shows the interaction between a full agonist and a partial 
agonist (D), a full agonist and a competitive antagonist 
(E), and a full agonist and an inverse agonist (F). 

Discussion 

One way to describe our model for two drugs, A and B, 
is that along the drug A axis and the drug B axis there are 
two one-drug sigmoid Em, equations (equation 1). Our 
proposed model connects these two sigmoid curves via 
polynomial functions of 0 (equation 4). Drug interac- 
tions are then sought as coefficients of the polynomials 
that connect the “one-drug” sigmoids to each other. 
Although each value of 0 can have its own E,,, C,,, and 
y, the model assumes that the underlying sigmoidal 
shape is preserved for all values of 6. This concept of a 
fixed ratio (6) of two drugs having their own properties 
is not new. Carter et al.‘ considered each drug ratio to 
be essentially similar to a single agent, whose response 
could be described by a single two-dimensional concen- 
tration-response curve. Short et aL4 proposed that when 
using combinations of sedatives “the combination 
should be regarded as a new ‘drug’ with individual prop- 
erties, rather than merely reflecting the known proper- 
ties of the individual agents.” 

The use of functions (equations 7-10) to connect the 
parameters of drug A to drug B assumes that the re- 
sponse surface is smooth and continuous. Although the 
basic model (equation 5) contains the usual parameters 
estimated in sigmoid Em,, models, the polynomials that 
underlie U,,(0), Emsx(6), and y(0) are more complex. 
The use of polynomial response functions to approxi- 
mate complex response surfaces is common in many 
experimental situations. However, polynomial models 

with the independent variable present at powers higher 
than the second power are not often used because it 
becomes difficult to interpret the coefficients.’ We pro- 
posed a very flexible model. Potentially, poor trial de- 
sign, incomplete sampling of the response surface, or 
careless application of the curve-fitting procedures could 
result in estimation of parameters that provide a “good 
fit,” but when evaluated more closely generate an unre- 
alistic shape for the surface. These concerns are not 
unique to this model and can be alleviated by proper 
model-selection techniques. 

When evaluating the polynomial functions, one is par- 
ticularly interested in whether the higher order terms 
can be dropped from the model. The statistical signifi- 
cance of the higher order terms should be tested against 
the simpler models using the likelihood ratio test. In 
addition to standard methods of 
such as evaluation of standard errors and he pattern of 
residuals, the model should also be evaluated by graph- 
ing the entire response surface, and by graphing the 
individual model parameters as functions of 0 (e.g., equa- 
tions 7 -  10) to ensure that the pharmacodynamic param- 
eters do not extrapolate to unreasonable values. For 
instance, it must be ensured that U,,(0) and y(0) are 
always positive in the range of 0 5 8 5 1 .  In the case of 
three drugs, the parameter surface should be graphed as 
shown in figure 8. 

Berenbaum’ developed a mathematical proof showing 
that zero-interaction holds if  and only if the isobolograms 
are straight lines. For this to be true, Em,, must be 
constant with respect to 0. The case of y(8) is more 
complicated. If7 is constant with respect to 0, there is 
zero-interaction if Em,,(@ and U,,(0) are also constant. 
But ifyA is not equal to ye, there is no easy way to use our 
interaction model to test for zero-interaction (as defined 
by Berenbaum’). Although we agree with Berenbaum’s’ 
treatment of the zero-interactive surface, the description 
of an interaction as zero-interactive, synergistic, or an- 
tagonistic may be too simplistic. For example, a drug 
combination can be synergistic in certain regions and 
antagonistic in others.’” To our thinking, the focus on 
whether drug interactions can be reduced to simple 
descriptors such as “additive,” “synergistic,” or “antago- 
nistic” completely misses the point. The interaction has 
the potential to be highly dimensional and complex. 
Rather than worry about which descriptor applies to the 
relation, the goal should be to characterize the response 
surface. From the surface one can identify the best com- 
bination to produce the specified therapeutic effect. 

Tmentl 
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Our model is empirical. It makes no assumptions about 
the mechanism of interaction between the drugs. How- 
ever, we assume that the concentration-response rela- 
tion for each of the interacting drugs is described by a 
direct pharmacodynamic model. We have not attempted 
to describe interactions between drugs that act directly 
and those that act indirectly," although we are not 
aware of any reason that our approach could not be 
combined with the more kinetic approach of indirect 
interactions. 

The fundamental model for each drug does not have to 
be the sigmoid Emax model (equation 1). For example, 
the model could be a linear, polynomial, or exponential 
response function. The model could also be a bimodal 
response function, as seen with some hypnotics.' In fact, 
the model can be any function, so long as it has param- 

Fig. 10. Response surfaces based on equa- 
tion 5. Only nonzero parameters are listed. 
For all figures, the effect ith no drug is 0. 
@) Additive interactio between two ago- 
nistq (B) supraadditi 6 (synergistic) inter- 
action between two agonists; (C) infra-ad- 
ditive interaction between two agonism 
(0) partial agonist and full agonist; (E) 
competitive agonist and full agonist; (F) in- 
verse agonist and full agonist. The isoboles 
for 10, 20, 30, 40, 50, 60, 70, 80, and 90% 
response are shown. 

eters that permit connection among the individual sin- 
gle-drug models. Thus, the only constraint is that the 
interaction model reduces to the model for drug A when 
0 = 0 and to the model for drug B when f3 = 1.  

Despite the flexibility of response-surface approaches, 
difficulties can still arise. For example, the occurrence of 
adverse effects might prevent the collection of data in a 
sufficient range to identify the model parameters for one 
of the drugs. An alternative to specifying a administered 
function for the concentration-response relation is to 
use a semiparametric function, as described by Troconiz 
et aL12 These authors discuss the use of flexible non- 
parametric functions (splines) that are forced to obey 
certain constraints (for example, a spline can be con- 
strained to resemble an Em, model). Although they 
illustrate their approach in the context of antagonistic 
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interactions, it can be extended to model additive and 
synergistic drug interactions. 

We used our response-surface model to analyze the 
drug interactions for the hypnotic end point between 
midazolam, propofol, and alfentanil. Based on this end 
point, a maximum effect of 100% for all three drugs 
described the data well. Although the high dose of 
propofol (alone) and alfentanil (alone) abolished the 
response to voice in 100% of patients, the high dose of 
midaaolam (alone) abolished the response to voice in 
only 80% of patients (table 2) .  These results do not 
suggest that alfentanil will prevent purposeful move- 
ment or awareness in response to a surgical incision; nor 
do they prove that higher doses of midaaolam will abol- 
ish response to voice in 100% of patients. 

Our computer simulations showed the ability of our 
response-surface model to take into account potential 
interactions of two or three drugs at the effect site over 
time. We emphasize that these simulated effect-site con- 
centrations are based on published information regard- 
ing pharmacokinetic parameters and do not take into 
account possible pharmacokinetic interactions between 
the three drugs. Notwithstanding this reservation, we 
were able to demonstrate that the maximally synergistic 
dose ratio is not necessarily advantageous if a brief hyp- 
notic effect is the desired end point. 

Although the three-dimensional view may aid in un- 
derstanding and comparing different methods used to 
study drug interactions, it does not contain informa- 
tion that cannot be presented by a sequence of two- 
dimensional figures such as the isobologram (horizon- 
tal “slices” of the response surface, representing 
typical contour representations of three-dimensional 
graphs), the response to increasing concentration of 
one drug in the presence of fixed concentration of the 
other drug (vertical slices parallel to one axis), and the 
response to fixed concentration ratios of the two 
agents (radial slices). With any of these methods, a 
three-dimensional picture of the response surface can 
be constructed if sufficient slices are studied. In the 

Conclusion 

In conclusion, the study of drug interactions in anes- 
thesia traditionally has used isobolographic analysis or 
multiple logistic regression. Both approaches have sig- 
nificant limitations. In particular, the multiple logistic 
regression approach is so beset with fla s (as described 
in Appendix 1 in the web suppleme t), including fun- 
damental incompatibility with acce fi‘ ted pharmacody- 
namic principles, that it should be abandoned. The ap- 
plication of response-surface methodology to the study 
of drug interactions has the potential to overcome the 
limitations of these models. We proposed a flexible 
model for drug interactions, which describes the full 
relation between the concentrations of two or three 
drugs and drug effect. We illustrated our new model 
using previously published data and showed that this 
model can also describe differing types of interaction 
between an agonist, a partial agonist, a competitive an- 
tagonist, and an inverse agonist. Application of response- 
surface methodology permits characterization of the full 
concentration-response relation and therefore can be 
used to develop practical guidelines for optimal drug 
dosing. 
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