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Modeling Dosing Regimens:
Propofol Kinetics in Children

Real World Biomedical Modeling Techniques
Through Case Studies — Module 5

IEEE/EMBS and BMES Pre-Conference Workshop
October 22, 2002 « Westin Galleria « Houston, TX

Modeling Complex Infusion Rates

« Example: propofol pharmacokinetics

» Data are from: Kataria BK, Ved SA,
Nicodemus HF, Hoy GR, Lea D, Dubois
MY, Mandema JW, Shafer SL. The
pharmacokinetics of propofol in children
using three different data analysis
approaches. Anesthesiology. 1994
Jan;80(1):104-22.
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Propofol Pharmacokinetics

* 53 healthy, unpremedicated children

» Twenty children only received an initial
loading dose of 3 mg/kg intravenous
propofol. In the remaining 33 children, an
initial intravenous propofol dose of 3.5
mg/kg was followed by one or two propofol
maintenance infusion

» Correct modeling of the infusion rates is
crucial for pharmacokinetic estimates

Propofol Measurements (N=53)

e
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Concentration (microg/ml)

Time (minutes)
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Propofol Measurements (N=53)
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Three Compartment Model
Rf:d ki2,1) et ea k{1,3)
%R(U,D
Inf ¥
% =—{k(0,1) + k(2,1) + k(3,D]q, (t) + k(1,2)q, (t) + k(1,3)q5(t) + Inf(t)
9 _ 2,09, (0 -k(1,2)q, (6)
dt - ) ql 9 q2
d
= TRGDa 0 -k(1.3)a,(0)
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Back to the Data...

> Infusion protocol:
Loading dose of 92 mg over 30 seconds

3 ——S01

Concentration (microg/ml)

0 T T + —= ~ ]
0 30 60 90 120 150 180

Time (minutes)

Data Format
# TID 1 » Data are in column format, as we
DATA
(FSD 0.1) have seen
t dat . . .
1.5 6.37 * Units are: minutes for time,
5 2 o
7 1.47 micrograms/ml for propofol
8 1.41 o
10 1.06 concentration
13 0.604 .
16 0.714 * The data measurement error is
20 0.574 3 . .
31 0.314 constant fractional standard deviation
45 0.272
60 0.146 (FSD) equal to 10% of the
90 0.0589
S O measurement value
152 0.035 . .
END * We will use model-based weights for
this exercise
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Define Your System Model

*, SAAM II Compartmental - SUB01.5TU

F\ Edt Yiew Show Compute Sef Window Help

=lolx]|
DBHQIF’TEqEII =lh.| B[# ¥
| SUBOLSTU:L =10l x|

k(1,2) k(3. 1)
k(2,1) k(1,3)

k(0,1}

There are three compartments in this model

| Sy
I,

SELECT model Function or component

Deﬁne the Experiment Duratlon. .

“, SAAM I1 Compartmental - SUBD1.STU
F\ Edt View Show Compute Set Window Help

& JEI_I B/ = = 5% |

-, SUBDL.STUEL

When clicking on the Experzment T oolbox
You are required to provide units and duration.

k(1,2) k(3,1)
k(2,1) k{(1,3)

k(u 1)

Experiment Attributes

Independent Variable: It
Urits Iminulas
Start at |uu

This experiment starts at time 0 and
ends after|160 minutes

A
companent

[ w2

SELECT model Function o
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Type

Infusion

M ame: IM Referance Mame:

Exogenous Input (Inf)

Exogenous Input

X

Units: I

Initial Constant Start

Stop RBepeat Every Nr. Repeats

The dose is a continuous infusion at a rate of
92 mg per minute over 30 seconds

[
Input Type: ritial Aot ID_D
" Bolus Canstant Rate: [32.00000000
& |nfusion

™ Primed Infusion

¢~ Equation Ewent Stap: ID.SDDDDDDD

Ewent Start: IU_U

Repeat Every: I Delete & |

Mr. of Repeats: I

Equatian: ||nf =

Split Input... |

Done I Lancel | Help |

10 ]
Ele Edt View Show Computs Set Window Help

Sample (s1)

£, SAAM II Compartmental - SUB01.5TU

D= &

Model

SElECt

need to account for baseline

(el Fluir;
T~ Lok
Name: Propafol
Chonse. Rename.

Create. Remove.

Sample
Change
Condifion | nput
I~ Lock
[}

10

<

propofol is not endogenously rleased, we do nc‘r‘i

sample Attributes x|
Mame: 51
Units: I
Agsociate with Data Mame: Idat
- Equations:
1 =qglsival ;I
Done I LCancel Heln | -

SELECT experimental function or comp

4y
anent

T 4
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Provide Parameter Values
al : =10l x|
B=]E ?@ﬂ EhEER =l B[] »||
7+ SUBDLSTU:L e =101
fiodell | =
| © ||| Which parameter values are plausible
— ||| for your model and data? Beware of units!
Name: k(01] vae 02
Type: (* Fised LowLimk [002000000 ]
[ oo | Concel | teh |
| BF
o[

Model Fit
(remember to use Model-based Weights)

Note that the model is zero at time
t =0, as the input is not a bolus, but
6 - a continuous infusion

Concentration (microg/ml)
)]
1

0 T T = = = 1
0 30 60 90 120 150 180

Time (minutes)
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Concentration (microg/ml)

Model Fit

(semilog scale)

The multiple phases of decay (three)
give the impression of a curvilinear plot

0.01

30 60 90 120

Time (minutes)

150 180

Another Example

Infusion protocol:
Loading dose of 252 mg over 30 seconds,

followed att=1.17 by a maintenance dose of
5.4 mg/min for 90 minutes

—— S48

= 47

E 35

=Y)]

S 3

2

E 25-

g 27

§1.5—

50.5-

0

0

400 600

Time (minutes)

800
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Exogenous Input (Inf)

Exogenous Input x|

:I Reference Name:l Units:l

Initial Constant Start Stop Bepeat Every Nr. Bepeats

1.170

91,170

Both doses are entered in this window.
Remember to check start and endtimest——

 Bolus Carstant Rate: | 252 00000000
& .
Infusian Ewent Stark: IU_U
i Primed |rfusion
& Bt Ewent Stop: ID.SDDDDDDD
Repeat Every: l—

Nr. of Repeats: I

Equation: || nf =

Split [rput... | Done I LCancel | Help |

Provide P ter Val
+* SAAM II Compartmental - SUB48.5TU B (Ol x|
Fle Edt Vien Show Compute Sef Window Heip
Of=|6] 2| 75 B|mm] =h B2 e
T, SUB48.5TUEL —1o| x|
| ol | =
Which parameter values are plausible
Seleet | Companment)
—» ||| for your model and data? Beware of units!
I~ ook 51
Experimert
Name: racer /\{. e TN
Chaose.,. || Rename.. Pt EdlParameters 4 =10 x|
Cene. | Remore [ame  Twve  Ourranc  Lov Ltwsc mioh Limic |
| o o R LT T
k(103) aa) 0lo0ss  5.000a-004 0. 0500
Chenge k(z,1) aay o/5563 o_0200 2. 0000
aee || & k(3,1) ot 01376 0_0050 0. 5000
Irip ol a3 63896 09000 90. 0000
™| gk
o
Hame: K1) \ialue: 014568031 (aEdited
72 ® E Lo Limit: [0.01500000
© Adustable ﬂ
High Limit: [T 5000000
Done Cancel | bee |
4 T W
(Fitted in 0 iterations) Omin 0.0sec [ w4

vicini@u.washington.edu
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18 -
16 -
14 -
12 +

Concentration (microg/ml)

Model Fit

(remember to use Model-based Weights)

Note that the model accounts for
both inputs

o

200

400 600 800 1000

Time (minutes)

bW Sk atistics

What About the Statistics?

=101x]

e Correlation Matrix

Parameter/Wariahle Walue Std.Dev. Coef. of War. 35% Confidence Interval
ki0, 1) 0.14568 4. 21768e+000 Z_39516e+003 -3 25130 9.54326;'
kil Z) 0.1772&6 7.37886e-001 4_16Z75e+00Z -1.46685 1.82137
kil 32} 0.00E594 1.11801e-002 1.28306=+001 0.003245 0.00842
kE{E, 1} 0.E55689 E2.30501e+001 4_13310=+0032 -E0.2019% E1._391E57E
k(3.1 0.12257 £.52262e+000 Z_290Z6ce+003 -lz.zZ820% 12.54713
wol 6.38963 1.85078e+00&2 Z_32654e+003 -405. 33045 41576974

&

'8 Covariance Matrix

K

=1l : dat

Total objectiwe

ATC
EIC

Kl

Scaled Data Variance
4_13713%=+000

Objective
—E_3236lZet000

—Z.32361Ze+000

1.946324e-001
S.63636Ze-001

Unacceptable...
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hi I b !
This Fit Is Not Robust!
%+ SAAM II Compartmental - SUB48.5TU e =10l
Fle Edi View Show Compute Set Window Help
c|=(a] 2| Z@e] Blo|m S =l 58 e
1% SUB4B.STL: i =10l
| e | ith sliehtly diff initial i *
Selest | compartment)
e
) (AL
I [eek s1
/\/.
Name: tacer e ol N
Cieser | Fevne T NEE
Cieste | Remove Neue Type  Curremt  lLow Limic High Limiv
f’” 1z (0,11 Ad3 01500 00150 15000
Selent Sample (1,2} Adj3 0. 2000 0.0z00 2.0000
(1031 aa 00050 5. 000e-D04 o_0sa0
Charge g 12 (2,11 adj 0. zooo 0_0zo0 2. 0000
2 (3,10 Adj 0. 0800 00050 0. 5000
Corliion Bt 3. 0000 0.9000 900000
I~ ook
o —10
R ol Value: [ <aEditd
Taps € Eied Low Limit: [3,30000000 i ]
& fdustable i
High Lit: [30 00000000
poe | Concel | Hp |
4l T M
UM i

Warning Message

FCompute Log

=10l %]
IEARNING: The following parameter limit(s) constrain further optimization:d
Ei3,1l) hit upper limit.

Solution: adjust (reset) upper and lower limits for k(3,1)

vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved.
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Another Warning Message

. =10l x|
ERROE: TThile fitting, the optimizer was unable to find any ;I
combination of parameter walues that would satisfy the
convergence criteria. Try changing the computational
settings.
.
Kl A

Solution: There is none! The fit is not robust!

What About the Statistics?

b Statistics i ] B4
Parameter/Variahle Walue Std.Dev. Coef. of War. 9E5% Confidence Interwal
(0,1} 0.42413 EF.&£1272e-001 &.01239e4001 -0.148032 l.DlSZS:I
kil,.2) 0.16275 1.&62208=-001 1._00035=+00E -0.Z0001 0O.EZEEL
zil,3) 0.00527 1.17054e-003 1_993E5e+001 0.003E8 0.00g42
kiZ,.1) 1.76213 1.34477e2+000 1.10365e+002 -&.57110 6. 03536
Li2,.1} O.5711& 2.6843F7e=-001 &.45106e4001 -0. 24980 1.39E202
ol Z2.132298 1.34317e+000 S_EZ5714e+001 -0.25372 E_12E7E

=
" Coprelation Matrix " Cowariamce Matrix (* Dhjective
Objectiwve Scaled Data Wariance :I
=l - dat —E.330687e+000 4.153780=+000
Total objective —£.330687e+000
ATC 1.910550e-001
EIC 2.6005288e-001
-
Kl J

Still unacceptable...

vicini@u.washington.edu
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Model Fit

(semilog scale)

100 -
What about that point at 500 minutes?

Concentration (pmol/ml)

0.01 . . . . .
0 200 400 600 800 1000

Time (minutes)

Unweighting Measurements
# ID 48 » Sometimes, it is of interest to try
DATA K . X
ED 0o fitting data when unweighting (or

a
10 2.61 neglecting) some measurements
20 3.11
20 Sis  There may be many reasons for this:
65 2.6 0 . .
80 2.9 — It is believed that the measurement is an
ol o outlier (i.e. a very unlikely outcome of
121.2 0.979
ae2 07 the measurement process)
ey o — The measurement may have an
iﬂg gg;s unreasonable value, or an unreasonable
451.2  0.482 (-) amount of noise
811.2 0.128 . .
END — One wants to test how sensitive the fit is

to the removal of a single measurement

vicini@u.washington.edu
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Should We Just Take Out Data
That Do Not Fit the Model?

Answer: it depends

Lack of model fit may not be a compelling
enough reason to delete data

On the other hand, it sometimes is apparent
that some points are outliers, i.e. other errors
may have been involved in data collection

It often is a judgment call, but it should be
supported by independent, verifiable evidence

Modified Initial Conditi
-+ 5RAM 11 Compartmental - SUB48-UNW.STU E 1ol
Fle Edit View Show Compute Set Window Help
e EEEEEEENECE]
T, SUB48-UNW.STU: e P [=] 1
el =l
| © ||| Start with again slightly different
EIEGE Comparment
— ||| initial conditions...
el
T [l
Eipeient
Name: traser
Chogse. | Rename
Create._| Remove,
Hame: K(01) Valie: [ooo7ee473 Cakdite]
Tipe: € £t Lot C 05| gmvecd)
Sikeany Highlmic [1a7eea00 |
Dore | Concel | e |
| of
For Help, press F1 w4

vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved. 14
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14 -
12 -
10 -

Concentration (microg/ml)

Modified Dataset Fit

(start from the modified initial conditions)

There is not much difference
that can be appreciated
on a linear scale plot...

o

600 800 1000

Time (minutes)

Modified Dataset Fit

(start from the modified initial conditions)

... but the fit to the tail of the data
improves after the (putative) outlier
has been excluded from the fit

~ 100 -
E
=Y)]
S 10 -
2
g
g 17
=
=
§ 0.1
=
S
0.01 .

0 200 400 600 800 1000

Time (minutes)
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What About the Statistics?

Kl

bl st atistics [ ]
Parameter /Wariable Walue Scd.Dew. Coef. of Var. 95% Confidence Interwal
{0, 1) 0.09725 4 15000e-00Z2 4.2392CLe+001 0. 00402 D.lQl'?'?:I
il 2} 0.032277 1.37487e-00Z 4.159E51l4e+001 0.001&e7 0.0&387
z(l, 3} 0.00338 1.Z142L5e-003 32.E59307=+001 6.3E591le-004 0.00&12
= (Z, 1) 0,122l &.52798e-00Z E£.0937Ze+001 -0.0135Z 0.z7583
ki3, 1) 0.06744 3.05756e-00Z 4.53404e+001 -0.00173 0.13660
ol 9.935581 4.4Z09%2+000 d4._44369e+001 =0.0&8543 19_33650
-
(" Coprelation Matrix (" Cowariance Matrix % objective

Nhjective Scaled Data Wariance ;I
=l @ dat —Z.851435=+000 Z2.3E2461le+000
Total objective -Z.851435=+000
ATC -4 01124E5=-00Z2
EIC 1.2E0933=-001

They improved substantially

-

oo
N W U AUt WD
]

[\

Concentration (microg/ml)
N

Hands-On: Propofol Infusion

Infusion protocol:
Loading dose of 220 mg over 30 seconds,
followed at 2 minutes by a maintenance dose of
6.2 mg/min for 28 minutes, followed at

30 minutes by a second maintenance dose of
3.88 mg/min for 98 minutes

——S40

0 100 200 300 400 500

Time (minutes)

vicini@u.washington.edu
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Hands-On: Propofol Infusion

 Define the infusion protocol
 Find appropriate starting values
* Fit the data

» Report the statistics

Model Reparameterization

* Multicompartmental models are often
parameterized in terms of rate constants
k(i,j) and volumes

» A sometimes more useful parameterization
is based on clearances and volumes

* Clearances are defined as the product of the
rate constant k(i,j) times the volume of
distribution of the originating compartment

vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved. 17
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Three Compartment Model

k(l,2) k{3,1)
k{2,1) k{1,3)

k(l] 1)

Inf ¥

% = —{k(0,1) + k(2,1) + k(3,D)]q, (t) + k(1,2)q, (t) + k(1,3)q; (t) + Inf (t)

‘ﬁtz = +k(2.)q, (1) —k(1,2)q, (1)

%:+k(3,l)q1(t)—k(1,3)Q3(t)

Three Compartment Model

» There are three clearances:
— Metabolic (elimination) Clm
— Rapid peripheral, CLr
— Slow peripheral, CLs

k{1,2) k{3,1)
k{2,1) k(1,3)

k[ll 1)

mo ¥ CLm

vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved. 18



Real World Biomedical Modeling
Techniques Through Case Studies

Three Compartment Model

* There are three volumes:
— Central, Vc

— Rapid peripheral, Vr
— Slow peripheral, Vs
Vr Ve 521 Vs
J/k(n,n
Inf ¥
Reparameterization

* Fundamental equations are:
— CLr=k(1,2)Vr=k(2,1)Vc
— CLs =k(1,3)Vs =k(3,1)Vc
— CLm = k(0,1)Vc

vr CLr Ve 2 CLs Vs
k{1,2) k{3, 1) 3
%k[ll,l)
™ ¥ CLm

vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved.
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Reparameterization

Thus, we can express the rate constants as
functions of the clearances, and make the
clearances primary parameters:
~k(1,2)=CLr/ Vr

—k(2,1)=CLr/ Vc

—k(1,3)=CLs/ Vs

—k(3,1)=CLs/ Vc

—k(0,1)=CLm/ Vc

This reparameterization can be

accomplished in the Equations window of
SAAM 11

The Equations Window

AAM II Cor
il it View

4
o

vicini@u.washington.edu
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The Equations Window

* The top window

-I0ix] shows predefined (by
e — - the graphical model)
O Mo equations
fluxi0, 1) = ki0,1} * gl
* The bottom window is
B - available for user-
Equations Defined Here: ;I deﬁned equations
* Any equation is
feasible
o .| » The right hand side

must contain only
terms that have been
defined beforehand

Primary Parameters
(directly estimated)

* Those that appear in the Parameter Window
[ parameters ol x|

Nare:  k[0.1) Value: [.13648763 {oedite) |
e @ e Low Limi: [0.01000000 mSaveﬁl

* Adjustable
High Limit: |1 00000000

Done I LCancel | Help |

vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved. 21
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User-Defined Equations
(in the Equation Window)
» These equations redefine the primary parameters
12| Equations ] 4
i (a7 21 (A dyact L
4 o
e o -
o o
New Parameter Window
* The primary parameters have become those
on the left side of the equations
i Parameters I i |
(note you need to change vol to Vc;
they are the same thing, but the
Name i software dogs not know that)
Type: © Fixed }
R Low Limit: I BT
High Limit: I
Done I LCancel | Help |
vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved. 22
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Initial Estimates

| Parameters ]

mit High Limit

CLr Adj 1.Zooo 0.1lz00 lz.0000
CL= Adj 04700 0.0470 4._7000
Ve Ady g.0000 0.g000 20.0000
Ve Adj Zz. 0000 Z.3000 Z20.0000
Vs Ady 144_0000 14_4000 14400000

Name:  CLm Value: |b.asuunnnu
Type: € Eived Law Lirit: |u,ugsuuuuu

o Adjustable -
High Limit; IS_ B0000000

Dione I LCancel | Help |

Example Dataset

h W

i These are the data you have
4 - just analyzed with the rate
3.5 - constant parameterization

2.5 —~—$40

Concentration (microg/ml)

0 T T T T 1
0 100 200 300 400 500

Time (minutes)

vicini@u.washington.edu
(C) 2001 UW-RFPK. All rights reserved. 23
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Model Fit

You can verify that the fit is identical
to the one obtained with rate constant
parameterization, i.e. the two models
are completely equivalent

—
S N A
1 1 ]

Concentration (microg/ml)

0 T T = 1
0 200 400 600

Time (minutes)

What About the Statistics?

» There are Derived Variables!

bl statistics 10l =|
Parameter /Variable Value Std.Dev. Coef. of War. 95% Confidence Interwval
CLm 1.0E5750 4.12427e-001 32.595675e2+001 0.1z51% 1.98398]1 &
CLr 1.00217 Z.96406e-001 Z.5957c4e2+001 034174 1.662Z60
CLs 0.34337 Z.E738le-001 &.6EZE062+001 -0.163E7 0.25001
Ve 7.70407 4 _9FZ547e+000 &.353342+001 —3.Z7057 18.8787E2
V' 36.854EL  1.99650e+001 5_41730e+001 -7.63065 81.3351%
Vs 157.64754 L. 194FLe+00Z 3.E9485e+00E —9399_70354 1314.93872
Derived Variahles
ki{0,1}) 0.13726 9.80455e-00Z 7.14Z20=+001 -0.0811% D.SSSTZLI
" Correlation Matrix " Covariance Matrix

Objective Scaled Data Wariance ;I
sl @ dat —Z.EZ50E14=+000 4.4859016e+000
Total objectiwve —E_E9051l4e+000
ATC 2.111812e-001
EIC 2.801851le-001

i o

vicini@u.washington.edu
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What About the Statistics?

» The rate constant estimates are all available

(with their confidence interval) under the
‘Derived Variables’ heading

bl statistics -0l x|
Parameter/Varizhle Value std.Dev. Coe ar. 95% Confidence Interval
s 157 64754 5_13425et00Z 3.29485e+00Z -993_ 70364 131433872 |
Derived Varisbles

Iz0,1) 0.13726 9.80455e-002 7.14Z80e+00l -0.08113 035572
il,2) 0.02715 1_56810e-002 &.7EE5Se+001 -0_00775 0.06213
kil,3) 0.00218 5.83991e-003 2.6812Zet00z -0.01083 0.01513
iz, 1) 0.13008 9.27548e-002 7.1304Zet00l -0.07653 0.33875
(3,1} 0.04457 3_88771le-002 & 72275et00l -0.04205 0.13113

=

" Correlastion Matrix " Covarisnce Marrix o+ ok

B

Objective Zcaled Data Va
=1 : dat —Z.230514e+000 4.483016=+000
Total objective —Z.Z30E81lde+000
AIC Z.lllglze-00L1

EIC 2.801l881le-001

4 o

What Have We Learned?

Defining complex dosing administrations
Dealing with lack of robustness in a fit
Interpreting SAAM II warnings
Reparameterizing models
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