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An overview of pharmacodynamic drug
interaction with isobole and response
surface model in anesthesia

Byung Moon Choi

Department of Anesthesiology and Pain Medicine, Asan Medical
Center, University of Ulsan College of Medicine, Seoul, Korea

Drug interaction is the principal concept of anesthetic practice.
Typically, drug interactions are divided into three categories i.e.,
additive, synergistic, or infra-additive interactions. Pharmacodynamic
drug interactions are typically described using mathematical models.
The traditional model is an isobole, which is an iso-effect curve that
shows dose or concentration combinations that result in equal effect.
Response surface model is a pharmacodynamic tool that describes
all isoboles and concentration effect curves for a given endpoint
in one equation. In summarizing concentration-effect relationships,
the response surface model allows anesthesiologists the versatility
to work with precise and safe drug interactions. The aim of this
review is to provide the reader with principal concepts of the isobole
and response surface model and evaluate characteristics of most
commonly used models, including 4 response surface models i.e.,
the Greco model, reduced Greco model, Minto model, and the
Hierarchy model. In addition, the concept of population analysis
using nonlinear mixed effects modeling is introduced. (Anesth Pain
Med 2016; 11: 1-13)
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Fig. 1. Necessity for consideration of drug interaction during general
anesthesia. PK: pharmacokinetic, kso: blood-brain equilibration rate
constant, PKPD: pharmacokinetic and pharmacodynamic, CNS: central
nervous system.
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Fig. 2. Isobole. (A) additivity, (B) synergy, (C) infra-additivity. D1, and D, are isoeffective doses of two drugs administered alone. The administration
of the two drugs in combination (d1, d2) results in the same effect. If D1, and D, are the Dso doses, in each case the line represents the 50% isobole.
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{ RESPONSE SURFACE MODEL }
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Fig. 3. Response surface models showing synergistic (A), additive (B), and infra-additive (C) interactions. Each panel contains a response surface (upper)

and an isobologram showing the 50% probability isobole (lower).
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Fig. 4. Response surfaces models. For all figures, the effect with no drug is 0. (A) Additive interaction between two agonists, (B) supra-additive (synergistic)
interaction between two agonists, (C) infra-additive interaction between two agonists, (D) partial agonist and full agonist; (E) competitive antagonist and
full agonist, (F) inverse agonist and full agonist. The isoboles for 10, 20, 30, 40, 50, 60, 70, 80, and 90% response are shown.
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$INPUT ID CONX CONY RESP=DV
$PRED

EMAX = THETA(1) + EXP(ETA(1)); Maximum response

EO0 = THETA(2) + EXP(ETA(2)); Baseline response

C50X = THETA(3)*EXP(ETA(3)); Concentration of drug X
associated with 50% peak effect

C50Y = THETA(4)*EXP(ETA(4)); Concentration of drug Y
associated with 50% peak effect

ALPH = THETA(S)*EXP(ETA(5)); Interaction term

GAM = THETA(6); Gamma

CMBO = CONX/C50X + CONY/C50Y + ALPH * CONX/
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EMAX = THETA(1)+EXP(ETA(1)); Maximum response

EO = THETA(2)+EXP(ETA(2)); Baseline response

C50X = THETA(3)*EXP(ETA(3)); Concentration of drug X
associated with 50% peak effect

C50Y = THETA(4)*EXP(ETA(4)); Concentration of drug Y
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Uso(0.5) > 10] et
A7HEE BY Aol Htiazte] el sidele &

vt Aolof sz,
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A17)

Uso(0.5) =10] =},

14 FiehH, Un®) 0 = 0, 19 ASCN ofEe]
dmog A w) 10]m, 0 < 6 < 10014 Us(®) < 1%

$ AEAE, Ua0) > 19 2% BIHolelaE, Uslh) -

d s AP vehdc.

A A GukskelH Euald), Uso(6), 716) roll digk
AR} WA o7 uifel] AA 43S 78 A (empirical) > Z
& ZA F JEE 4xc}gHA (fourth-order polynomials)S
A& & Uk

fO)=0,+8 « 0+8, « 0*+3; « 0°+p, « 60 21(18)

okE XU EAE A0 = 0), En0) = Enux, Uso(0) =
Usox, 7(0) = yxolth. TS f0) = foolct. g YU EAT
350 = 1), Ena(I) = Emaxy, Uso(I) = Usoy, W(I)= yyolth =
AL = Bo + Pi + P2 + Ps + Paolth WA, By = AD -
Bo - B2 - Bs - paolth.

o] 5 o]§8to] E.u(0), 1(0), Usi(®)oll Heto] Helsld o}
o3t 7k

Erax) = Boaxy =005, T Brp, Thom, tBsm, Thig,,
“Bg,,. = Euaxy—Bog,,. ~Pag,. ~Psg,. ~Bug,,

B O)=0, p 8, 5 XO+06, p X +B, . x5, X6

B, Bax =B (O) = Eax

o 51,5m By ™ Bnaxx— ﬁz,EM - ﬂg,gw - 54‘15 ax

B 0) =B+ By ™ B x “Bop. P, " Pig,, )%
0y 5 XOP A+, X0+, , <0

#(19)

A19)ell A o] 27 A
A% F et

I Eu()E ARz A

E:nax (Q)ZE:naxX—‘r(EmaxY EmnX ﬂZE )><9+ﬂ2Enm><92é}(20)

'7(1) =Yy~ ﬁgﬁ-, + 61,»y +ﬂ2,~, +63,7 + 647-,

S By =Yy Bosy ™ Bony ™ Bsy— Basy

Y(0) =By, + By, X O+ By X 02+ B, X 0P+ 3, < 0"
Boy=7(0) =~x

~n(0) = Txt (’Yy_ Tx— 52,7 - ﬂ3,7 - ﬂm) x +ﬂ2;}/

X 6%+ By, X 00+ B, <6 A1)

AeDelA oz AARE P71 woe AR el

+ aet
7(0) = xt+ (’YY_ PYX_/BQ,A/) x 0 +62,7 < 6 2}(22)
Uso(1) = Usoy = By, 1z, + Br.5, Bz, +Bs 1z, T B,

=B, = Usoy=Po.v, = Pois, Ps i, ~ Pau,
Usoy = Uso(l):l
ﬂo Uo: X = Ur ( ):

ﬁlU ([7)2[ +ﬁ?}U +B4 U)

Uso(8) = By, 1, By, < 0+ By, 1y, X 07+ By p <07+ B, 4,
x 04

S Uy (0) =1—(B, vy TBs.0, T8, U) X0+8,y ;)

XOP+ By X+ B X0 21(23)

A @23)0lA oA AR FIH U (0) = AHeaE el

U, (0)=1 By, X O+ By < 0 2)(24)

] A5, 2T 0ol thale] Us(d) = 10]M, ol

¥ oFE gre] 4E Aol APMAES vk 6, > 0

19,0 < 0 < 1olA] [4,(0) < lo]mZ 45Hee K

- By, < 02 A, 0 < e < 1<>M U ( ) > o]w
Z1

AAZ gk} 7 &9 E,st y7} Y8 A, *J %3
A wo] E.u(6), 16), Usn(f)E Fig. 6°ﬂ A A sk 7 ok
=9 E.wst b 583t 714 79, NONMEM Alo]++
< o3 2ok

$INPUT ID CONX CONY RESP=DV SEX; This example has

SEX as a covariate

$PRED
C50X = THETA(1)*EXP(ETA(L))
C50Y = THETA(2)*EXP(ETA(2))

A = THETAQ)*EXP(ETA(3)); Interaction term
GAM = THETA4)*EXP(ETA(4))
; Apply covariate effect
IF (SEX.EQ.1) THEN
C50A = C50A*THETA(S)
ENDIF
;Equations of Minto model
; Normalize to potency
UX = CONX/C50X
UY = CONY/C50Y
; Compute “theta” (Q) for Minto interaction model
IF(UX.EQ.0.AND.UY.EQ.0) THEN
Q=0
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A
150 1 - 150
100 100
g
LLIE
50 L 50
0 T T T T 0
0 0.2 0.4 0.6 0.8 1.0
0
C
61 -6
4 4
S
o
2 L2
0 T T T T O
0 0.2 0.4 0.6 0.8 1.0
0
ELSE
Q = UX/(UX + UY)
ENDIF

; Compute C50 Function In Combined Domain
US0 = 1 - A*Q + A*Q**2
; Compute “concentration” normalized to potency and corrected
for interaction
= (UX + UY)/U50
; Apply steepness term
UN = U**GAM
; Compute probability
= UN/(1 + UN)
; Compute probability of observation
Y = RESP*P + (1 - RESP) * (1 - P)
$EST LIKELIHOOD METHOD=1 LAPLACE NOABORT
gAY F opgel Ajast 24 gobe 4ut
4L sHssieh 4)(20), (22), (24)% NONMEM codeoll Hb
A5t Enat, Enaxs Boimas Vv Vi Poye 22 FAsHH Hr)

B
1.51 r1.5
1.0 1 - 1.0
e
>
0.5+ - 0.5
O T T T T 0
0 0.2 0.4 0.6 0.8 1.0
0

Fig. 6. The functions for the parameters (Emax(6), Uso(6), and y(6)) for
the two drug-interaction showing synergic interaction.

Hierarchy model

o] R¥L Kissin® Glass7} Agret Hdg 7blez
Bouillon o] AIAslATH9-11]. 23| FAFAel el
A5 (sequence)s AANsHAl 713k Zlo] 540t o] B

o 7bd Fad Md2 3 fAle FolA A9 A=
HEA e e s LS dta, & ok e AT
b 24" AdolA a3E vekivke Zlold ol E
of SAlsk ofASAAS WAL AT % 4 Y,
3 Ap=o] FhAtol| A 7RsliFIekaL 7Pl B A (preopioid intensity,
PreOl). o} -FAAl= % <(spinal cord)ol] Z-&slo] &= 74
EE Z4&AZ1ch(postopioid intensity, PostOl). T A= A
2RE] FAEE PostOI9] <d3F slollA ¥z dg A4
714l "t we2bA] Hill 28] 7182 Ade dobEe] o
2 ol A% 4 Yk

}-n
do aln o i o

Ccy

Effect= By + (B, — 1) % (Cyox X PostOD" + Cy" 429)

max
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Cy’YY
oy X PreOD” + ")

PostOI=PreOI< |1—

(c 41(26)

o

PreOIE 102} 7HAslH A5E AenE Aed +
a1, o] A o] AlZ(hierarchy) 23] HZE F£4]o] Ht}

C Cr T\
eralths CY)
Eff.eCt:EE)+(En]aX 7EE)) % 50X 50Y :
C oy \ YV
T+ =2 [ 14+ —~ )
Q)OX ODOV

@27

of7]oll A Fast AL ALHl FAY g aHEel
the Aelth Ae)ellAl, Al Y7b A3E vehle oAl
Xel $ES FEAAE AT Bohn 41T F US A
#EA7I7] '] g 1E A EA
A16)9] FH4 Greco BT FY31A =
3134“ Aolle B Mert Sk
Zlo|t}h. Bouillon $2[11] Z}E<*(overparameterization) A
£ A Skl A4S AlbsSle, Al 24
Csorr Bl E(scaled) £ TA(fixed)A 7)1 A= Aol o] F
B BT Gt Csors 71EFSZE AgslA ") vl
(scaled) Csp Al B3l A9 Ak A(28)3 ZEo] Foizlrt
C:')OX,,, = Csz X PreOl, C)OY 050){ X PreOI, 2](28)

ol thFst AS(PreOly)oll tato] PreOIE FAlol H3}
A7l Aol AgE T, Co> 27 Cso (Csoxs, Csor) L E
FE 543 v EE Flele AoE AulA =

A (fixed) Csp A% E¥ollA Q] A 293 Zo] F

oAt
Q)()X,, = CS(JX X PreOL,, 050)/ 050)1 4(29)

Cso7t IR 0], BE Aol t3le] FYS Aoz 7
stA Hl o] F 7HA9 FAHE AT EY EF AYA
(volunteer) QAo A 28 Ajte & 3le ASE dHA 9

ohs].

WeEHEYEE 75 e A A A 9
th. R WA E Sebo] Aslices) HHo] gid], 3 kAl: o}
kgt 714198 A ell (pseudo-steady state)®] FEZ A A7,
2 okAle Hd 37 97% AX o]EEE 168 9t

R} A 44 F(zero-order infusion)S st HHHolth 5 HA|

tﬂ—t'd o] 9

A A (crisscross) W o2, o Hozpe] Wb <kA|]
SES YAEA FAZ AeelA kAl Y

H H3kA 71 AL, v A] R kA

l A AeollA A X9 FEES vhekeiAl w7l
t} A WA= WA (radial) HHHO 2, T oA BRFE %)
A&R e aela 7F FAE GE A J9] A
74A AR &etol A(radial slices)S thedt o] 23}
1) /M4 oFAle] Fwk(population) Cs2 424 FUI 3
2 Agelt} 2) o] AFEEE SA3hr} <A X9

°Agr1r

FEEE

AFEEE 50% HaA7 L, FA YO BFEEE 50% S
7HAZIeL. 3) kAl XO] AFEEE 50% F7HAITIAL, kA
YO BAFEEE 50% ATk o] AZEA W FollA]
A2} A Al(crisscross design)7} 7 747 8k (robust) W ¢
o] #relzla[12], AAIZ ofe] E&ef|A] o] Hhﬂog WS E
HWEYS FHEAHILIZ). WS EHEH A3 A=

F2 AR ANAE oz AURNL, BAE ol
o2 #7] el % Aol 7] uH—ErOIC} %4 NONMEMO &
A w Aeze welg 1 AT ol Aol
A & 30 ol Fmgo] Weay m, 7 BE ol
ol EhE A7tol Dash] AR AAE oz
AR AelE ofel el ek F WAZE 5 FuA)
bS] AEALE WA ATEel e, 1
A Slel el BF2 PR} S Aol 2%
s DE oA ol

fo 44 AAE AP delE A& 20
9 ool AFReIAE TAslele WS EUTYE A4
S FEY & Qe AR A drH),

E %I I Ol AFAL K‘l.g-.

e
0l
El

A o LMY USEWEYES F2 oM
2] #H3¥ A 7 (equilibration time)o] Zro} 2

5 7Fe] dAA g e sl FAE FE A3V}
sty Aozhd

_>|:
et o
O
i)
fok
o
N
o

%93, sevoflurane®}  remifentanil ©]
[8,14-18], propofol¥} remifentanil®] ¥ Zr&o] FES X
Astar JrH7,11,13,19-23]. B2 o] BHEo| AAZ ojEA
A& EAE va BIslty 24 FE & Aot &
A, 55971 (equipotency ratio)Z FA|S WAl o] &
g & et Aol|A FHA#H EF S (minimum alveolar con-
centration) & FAA|7|= A& EUE fentanyl, sufentanil,
alfentanil, remifentanil®] 7}¥](potency ratio)E AlAFsHH 1 :
12 : 00625 : 127} vgtt}24,25]. o] & EE fentanyl®] &
ZFol] 125 FolH remifentanil S fentanyl 2 tA|ste] A2
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T Stk okgE dAFE ez g ohE oo s
fentanyl, sufentanil, alfentanil, remifentanil®] <J71H]7} 1 : 9 :
0014 : 04352 AXE 7% s}9ch26,.27]. =g 24 A7+-&
A& #|o] A (simulation)sh= ol HFEEHEFH ] At o] &
H71% gl Ting 52[18] HFF WS (scoliosis) &< 1
= 3IAE R 5 F 24 #H A (Stagnara wake-up
tes)E AT w] dod HAG 24 AHg oy 9

S . Sevoflurane@} remifentanil

[e]
oAl
of RhSEHEY S ol &sto] JellA A3t desflurane

HSEHEHE S o &
sto] o|&g ZAATE 7k A|7F Ho|7b H 2.6 A
3] FEsA dAFseh18]. o] Bk ol WHEEHE
qg ol 2 A%

g
S BAE Abg wel 4447 S dE
] |

2 =
] (response  surface model)

o
)
)
N
o
Y
e
i)
rn:
ofo
32
r.\:l
td
¢

Z5 90 99H Agol vhelo]
Asiug). olzo] £4 Hakel: 50% E3hE ehie

& ekl FQAAZTHolE W FUR
e F ople §% 5 FE 2PelA Ehd & 9t
2o EwAE AA 3t YRelA AAG B ok o]
3 glom, @Al ggeld Agshe ofel okAle
WE Fol FAA oAl ARG APS urh wabgo
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