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Pharmacokinetic and pharmacodynamic
modeling in anesthetic field

Dong-Woo Han

Department of Anesthesiology and Pain Medicine, Gangnam
Severance Hospital, Seoul, Korea

Models are simplified descriptions of true biological processes.
Pharmacokinetic/pharmacodynamic (PK/PD) modeling is a mathe-
matical description on the relationship between pharmacokinetics
and pharmacodynamics. The PK/PD modeling allows estimation
of PK/PD parameters and it can establish dose-concentration-respo-
nse relationships which describe and predict the effect-time courses
of a drug. PK/PD modeling has recently emerged as a major tool
in clinical pharmacology in order to optimize drug uses by designing
rational dosage forms. Population analysis is used to estimate the
variability in the population and also to establish guidelines for the
individualization of drug dosage regimen. Non-linear mixed effect
model is the basis of population approach. This approach permits
the simultaneous analysis for all the data of the studied population,
by using either PK or PD models to describe the typical trends
(population means) and individual profiles. The target controlled
infusion system is based on the population PK models which
describe the inter-individual PK variability by individualizing the PK
parameters according to the patient's covariate. The PK/PD
modeling is highly useful for the development of drugs as well as
for pharmacotherapy. (Anesth Pain Med 2014; 9: 77-86)

Key Words: Non-linear mixed effect model, Pharmacokinetic/
pharmacodynamic model, Population analysis,
Target controlled infusion.
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o|t}. HbHol| A7 <4 E A< (climination rate constant) ¥ W7
7] (half-lie, t;0)+= ©1&F k58 FF(secondary pharmacokinetic
parameter)2t3L at, ol& 4x oFFd RERRE AL
oAt} k5 AL =4 v 24 (non-compartmental
analysis)¥} -2]54] (compartment analysis).2. & o] 2t}

=

o
H5

=
=
Ok 317 =
o 1 B



78 Anesth Pain Med Vol. 9, No. 2, 2014

SEREE
MTFARAS AL, FE T ok¥R AY glol
AUC (area under the time-concentration curve), & ™H&E(Cpar)
3 AR Edste At T8 & BFE F
AeohFig. 1). AUCE FEol digt AA :=Z(systemic
exposure) AEE E3 O]— ZA kA o gFEe
AUCE o]g3to] &

THEEALE 8 Fol ¥ /MY F¥eE Jdox 713
she}, 5L FA ¥ (central compartment) O Z Eo]2FA F
NFE oA 2| A (elimination)¥] ¥, FAFE 3} w23 (peri-
pheral compartment)S Ux}HEo g odAx|o] gu wET
Hrlele AME JAEA &e AeE 7P 739 F
T Az, EE FAA #E s 718719 ol whEbA
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¥ h(biotransformation) ZHA 7} walA] ¢k x| & wlo & 1}
7+= wl A (excretion) #A o] At
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Fig. 1. Non-compartmental analysis. Cmax: peak concentration of a drug,
tmax: time to Cmax, AUC: area under the time-concentration curve.
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Fig. 2. The graph represents the plasma concentration in a thre-
e-compartment model after a bolus. During the rapid distribution phase
(solid line), drug is transferred from V; into V> and V3 and out of the
body. During the slow distribution phase (dashed line), drug is transferred
from V5 into V4, and from V; into V3 and out of the body. During the
terminal phase (dotted line), drug is transferred from V3 and V» into V4,
and from V; out of the body.
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ol uf A, B, C, o, p, y& F& EFela s, A, B,
CE AlF(coefficient)gt 3L 3}, o, B, y& A9(exponent)g}L
skl o, B, y= 27 rapid distribution phase, slow distrib-
ution phase %! terminal phase®] 7]&7]el™@ > B > )
(Fig. 3), 7+ phase™ WHH7]%= 0.693/c, 0.693/8, 0.693/y0]c}.
wsk 5 BEE Vy, ko ki ko, kis ke TF ol TAT
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% g} o3t FEd EyEY 4T wighe] shssle] 3t
7FA domain®t € U A= Alitel o F& 4 9l
Tt 4£% A (inter-compartment rate constant; ki ks
T SATER G2} FEY olF SEE e,
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Fig. 3. The solid line represents the plasma concentration in a
three-compartment model after a bolus. The concentration is the sum of
three monoexponential functions (dotted lines; Ae™® Be”, Ce™ A B,
C: coefficients. o, B, v: exponents.

Y el FATHA BT
sz ohest 2 WAL dekd 3.

% Hagol ¥

ot

= ViX k= VyxX ky
=V X k= V3X ky (/5! 3)

Ak
(]

g

0] & (Hysteresis)

W SE A ARAL Zol9AE AW UF BE
Lok A el HiAel ERelAm o AHeld 7%
A ARHAL Fedh T olfE oFEe ¥F HEE

o

Aol A oFE AE BEIA, effectsie)el
oF2o sl ool Edu] QAL O we A7
of Fesly] wliEolths) WS oFEel A R} of

g9l olgaels A5 WY uwie wh o
AAE v Wi AANEe R Uehdtl o#d FX,
T AZE Aol 4L FEA upregulation B A A
Aol A = &  SlvH10,11].

Fz9 w5+ ZH g EA AHsurrogate) = ALEEH F
dck. 2#EY o]Haert Yehue Afele % s&EE
a5 sy ol e Fxel e &l of
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Fig. 4. The boxes represent the three-compartment model in the
rate-constant/scaling-factor parameterization. The arrows represent the
rate constants for flow of drug. /(t): drug input, Vi: volume of distribution
of compartment J, kj; micro-rate constant from compartment i to
compartment j.
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Fig. 5. Correlation between state entropy and propofol plasma concentration (A) and propofol effect-site concentration (B). Two different values (arrows
of a, b) of state entropy are shown in spite of the same propofol plasma concentration in (A). Plotting propofol plasma concentration versus state
entropy reveals clockwise hysteresis (A), which is collapsed by introduction of propofol effect-site concentration (B).
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Fig. 6. The boxes represent the three-compartment model with an effect
site. kj. mirco-rate constant from compartment i to compartment j. V;
volume of distribution of compartment i. ke is the rate constant describing
drug elimination from the effect site.
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Fig. 7. The solid line represents the plasma concentration after a bolus
of a hypothetical drug. The dotted lines represent the effect-site
concentration of the drug, assuming different kep. As tiokeo increases, the
time to reach the peak biophase concentration increases.

libration rate constant)Z}il &}, 10k (=0.693/k0) S EY->]
AP A 7+ A4 (blood-brain equilibration time constant)z}x gk
b Bl kow EHA EBEFERA FYol o] &M,
T 5 EEE AT FEMA k't FTF (ke
7} ZHeaE) AA A kel =dsle AZbe] Wzl
th(Fig. 7) [15,16].
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BFeta 59 97}(potency)’t Y& Aoz o FE
ATH17]

49l ks weldHY Weow ¥
Ql = g<telu} bispectral
4490 wes] ozt Bk $ol
Sip $0l4 Stk $2 AR b Solth 14
ol ¥he-o AAHF IR (direct effect model)o]t} 7H AR
¥ (indirect effect model)S 3l el ¥ 4 A}t FAHAAR
9o okgel wEst Hael 494U G WA W AL
e, =9 A7 Aololl A Ado] e Aol FE
AgEd, AFEHNRY FFEE linear 2, log-linear

23, Emax 283} sigmoid Emax 23 So| Jrl1].

ot

Fmax 23

Emax 23 F&A] HF-o]E[Receptor occupancy theory)
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Fig. 8. The line represents concentration-effect relationship resulting from
a Emax model. ECs is the concentration at which 50% of the maximum
effect (Emax) is achieved.
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Sigmoid Emax =¥
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49 71E7]0l A vAE FFeE T4 sigmoidicity
= JehiH, Hill A5 (coefficient)Zt % k(2] 6). y7F =
1 T4 7hetEe ade glcbl 7] 29 a3t o

= Ho|mR okE FE zAo| ofgich o]¢ yb
W& b Aeow ofEo X Wil iz azrt A A3
Wslsle kS UERiYFig. 9).
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50% Emax' ————————————————— Y <1
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EC,,
Effect-site concentration

Fig. 9. Concentration-effect relationship resulting from a sigmoid Emax
model for drugs that have the same ECsy value, but different values of
the steepness factor, y.
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effect (Bo)ZFaL 3™, ofele] Aoz vehd 4 okl 7).
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CW
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EC]+ C7
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$oo] Zdel we} el EAAY 4
X7} st A$ole oS3 242 inhibitory sigmoid
Emax 285 A4 5 kA 8).
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E E;uax (E;nax_ )E058,+ C" 4 8

AAl Jddlolel & FAze HAA n&F Feg
Agsto] AN HAE Qlovinl ok gl Aol
383 <GEE Agsedl Agte] A F 9ok o]t
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Fig. 10. The solid curve represents concentration-effect relationship
resulting from a Emax model where the effect is plotted against the
logarithm of the concentration. The log-linear model (dotted line) is
applicable in the range of 20% to 80% of Emax model (within the area
of the box), where the effect and logarithm of the concentration follow

a linear relationship.

E=S§-C+E, 1 9)
< 71&7101a, Enz yAHl digetH (4] 9), AH3
BFES 243 4 9t} Linear

WE ool oleld
2qg ol FE3 dZE quinidine®} QT 7HA[22],
verapamil®} PR7FA[23], pilocarpine@} EFHEH] -3 THA|[21]
o gk

Log-linear 2§

Log-linear 282 FXoll log 2k& Hslo] F59 23k
7 zkele] FAIE JeRd E¥o|rt Emax B4 FE
o loggh& 3l sigmoidd el 2 whvledl 7Hewl &
lineardt FAIZ H 1 log-linear B o2 JERNA Foh(Fig.
10).
E=5-logC+b A 10)

b7l yAH oA uH(A 10) baseline effect?} 7+ AJa] A
Qu)Z 7MAAE ¢ton] Emax 29 20-80%0) 3dsl=
HIE Aete 9ol 83t} Angiotensin receptor antag-
onist¢] eprosartan®] HF Fx 9} F=7| dot il I
A7} log-linear B3 9] £ oflo]v}24].
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I. Inhibition-k,,
k

Ill. Stimulation-k;,

in Response koul kin
lc R) [Ec
50 50

kOUl
(R)

dR Cp dR Emax - Cp

=K, (1-=———)-k.' R =k, (1+——2F)-k

dt |n( |C50 + Cp ) out dt |n( EC50+ Cp ) out ”

Fig. 11. Four basic physiologic indirect
II. Inhibition-k,, IV. Stimulation-k, response models and differential equation
K K K K describing input (ki) and output (Kou) of
mn___, (Response LN m___, (Response out _,,  factors controlling the response variable
(R) lc (R) UEC (R). Inhibition (ICso) or stimulation (ECso
50 50 .
c and Emax) of these processes occur in
dR - P dR - Emax -Cp relation to plasma dru trati
=k -k ‘R =k, —k p! g concentration
d in out ( ICSO + Cp ) dt in out( EC50+ Cp ) (Cp)
Table 1. Drugs which produces indirect pharmacodynamic responses § 100
S -
Q.
Drug Measured PD response Indirect model @

e ™ Intubation
Warfarin | Prothrombin complex activity I 5 o
Prednisolone | Serum osteocalcin concentration I 2 50 L A ' Skin incision
Ibuprofen | Fever | % /[ Skin closure
Pyridostigmine 1 Muscle response Il 8
Furosemide 1 Urinary excretion of Na*, CI~ Il ﬂ;
Cimetidine 1 Prolactin release Il >
Terbutaline 1 Pulmonary air flow Il 0 . . . .
Terbutaline Hypokalemia I\ 0 200 400 600 800

Plasma alfentanil concentration (ng/ml)

N = o N Fig. 12. The curves represent the concentration-effect relationship for
xS AT AT Ade] yrhe Aelx ALY alfentanil. In this case, effect is the probability of no response to each
4 9=d), olglg &) A AL okEol X Ao 93t of three stimuli (skin closure, skin incision, intubation). (From Ausems

. ME, Hug CC, Stanski DR, Burm AGL. Plasma concentrations for
A OFE ulS oA EAS B ) ! ’
Aol ofdal ofg wbge] vEhrIZhA Wy eAe | alfentanil required to supplement nitrous oxide anesthesia for general
AsAY Zallsle FAl 93t Zlolrh. <kEo] EAEA surgery. Anesthesiology 1986;65:362-73).
ke W Aol whE ubg-o] WskEE whge fUES A
% 4)" el = zero-order rate constant®l k, 2} HF-&-9] A4
All or none response 2 3(threshold =3
<& Yehl+= first-order rate constantQl k.ol 23l A=} P B %)
jg‘_jl}oﬂ d3ks ulXE Qe4d Ui BE, dhe dAES All or none response -2 ‘9FF9] a7} 9t L2 9l
Brax RHo% QAFORA L AF HE oA e o RL v Mg E ool ol vl wa)
F2 ke AT HE AAlste 714 FHEe R EA Y vrebd &5 (probability) 24 E&sl= 3 o]rh28].
= A74E & ShekFig 1) Zt AMdellA e sE, AR 174]% o] &% WkS-(binary
5y B e 1§93 24 A7 AR R dawO R UERIAAR Bhe AFAREA o]l dlo]
HbSo] H4 &2 Frbsld, 2y Mt Ive v HE 7434 sigmoid Emax % oTJr fFASE FAH0E e
24 A ASRo e WSl Tk £ pasls 4 UslFie 12, BEol dlal dgel Yol BEL ol
$-0]t}H25]. Bouillon &-[26] propofol®] 3t7] A &= FTAE o] gshA =rh29].
ojihsters WigkES o] &3 HHadEYerA Al
v} 3 Abou Hammoud 5[27] morphine®] & ¥ 5% B c A 1D
oAl H#E PRAHEYo R AWela, T ellE B T ECgt O :
<+ 4 dgellA vhsiAl HEE 3 lrk(Table 1).
oy 7)ol A P= HFE-2] #E(probability of a response)o]il,
ECsp ol % 0% o 33% 1 50%% &0l y= T,

Hk-S 35 A9 7 A E(steepness)©] THA] 11).
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2% (model) ¥ 2&3H(modeling)

ke &% T Aold WAIE s el
ofH e 5o Wb Aol IAIE s SHrelvHs]
22 o3 BAE It FAHeE TH3 Ao, B
e A 2y s Fe FHolrh BY ol
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AR}, 2YL o)geto gy TR ow st A
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= d
=
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2o
’%‘.
=
=
g
rlo
E)
N
A,

&
al “
2= 99 %V-M —Er'—";“%k% ’%01'7}“ FH4 (fitting) 1]
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