Exercise 12

Bicompartmental model

Kinetic disposition of a parent drug and its primary metabolite

Physiological interpretation of results

Objectives of the exercise

· To fit exponential models to IV, oral and IM bolus data for a parent drug.

· To analyze the kinetic disposition of the primary metabolite.

· To evaluate the systemic availability of the parent drug for oral and IM administrations.

· For the oral route, to estimate, from the metabolite disposition, the fraction of drug actually absorbed. 

· To interpret the oral clearance in terms of the first-pass effect.

· To compute the urinary clearance of the metabolite.

· To compute the total amount of metabolite eliminated by the urine from 3 spot-check urine samples.

· To build a comprehensive model fitting simultaneously the parent drug and its metabolite.

The test problem

A drug company is developing a new benzimidazole formulation for cattle. Its molecular weight (MW) is 310. From radio-labeled and mass balance experiments, the company knows its drug is totally metabolized by liver (and only by liver) into a single active primary metabolite (MW 310) that is eliminated by urine. From in vitro testing on target parasites, it was shown that the drug was actually an inactive prodrug that must be transformed in its active moiety in the liver. In a pilot trial, the company investigated the kinetic disposition of the drug itself and its active metabolite for the expected routes of administration: oral (PO) and intramuscular (IM). The company also administered its prodrug and its active metabolite by IV.

The results of these different kinetic studies are given in Table1 and in the Excel sheet attached to this dossier.

Table 1: Plasma concentrations (ng/mL) of the parent prodrug and its active metabolite after IV, oral and IM administrations of the parent prodrug at 0.1 mg/kg and metabolite plasma concentration after an IV metabolite concentration
	Parent drug; IV administration; 0.1 mg/kg

	Time (h)
	parent compound (ng/mL)
	primary metabolite (ng/mL) 

	0
	666.67
	0.00

	0.2
	111.22
	469.75

	0.5
	32.95
	739.72

	1
	18.24
	843.23

	2
	14.68
	938.84

	3
	12.21
	994.46

	4
	10.16
	1020.42

	8
	4.87
	947.28

	12
	2.33
	761.10

	24
	0.26
	289.65

	
	
	

	Parent drug; oral  administration; 0.1 mg/kg

	Time (h)
	parent compound (ng/mL)
	primary metabolite (ng/mL) 

	0
	0.00
	0.00

	0.2
	19.14
	89.02

	0.5
	24.91
	289.60

	1
	19.97
	551.05

	2
	12.45
	812.17

	3
	8.80
	900.45

	4
	6.75
	917.37

	8
	3.02
	790.56

	12
	1.45
	608.34

	24
	0.16
	220.68

	
	
	

	Parent drug; IM administration; 0.1 mg/kg

	Time (h)
	parent compound (ng/mL)
	primary metabolite (ng/mL) 

	0
	0.00
	0.00

	0.2
	5.11
	4.56

	0.5
	6.55
	22.91

	1
	7.00
	58.90

	2
	7.20
	129.51

	3
	7.10
	193.98

	4
	6.82
	250.36

	8
	4.95
	386.69

	12
	3.13
	406.42

	24
	0.56
	225.63

	
	
	

	Primary metabolite; IV metabolite administration; 0.1 mg/kg 

	Time (h)
	primary metabolite (ng/mL) 
	

	0
	2000.00
	

	0.2
	1960.40
	

	0.5
	1902.46
	

	1
	1809.67
	

	2
	1637.46
	

	3
	1481.64
	

	4
	1340.64
	

	8
	898.66
	

	12
	602.39
	

	24
	181.44
	


Pharmacokinetic analysis of the parent prodrug using compartmental analysis

· Import all your data in WNL, edit the headers and qualify units
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· Plot the different curves for the IV route of administration in order to select an exponential model
Figure 1: IV route
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Visual inspection of the curve after an IV bolus administration of the parent prodrug suggests a bi-exponential model for the parent prodrug and a mono-exponential model for the metabolite. After an IV administration of the primary metabolite, the decay of the curve suggests a mono-exponential model to fit the data.

· Can you comment on the other curves?

Figure 2: IM route
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Figure 3: PO route
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· Fit the prodrug plasma concentration to a bi-exponential model 

· First exclude all other data using the selection function of WNL

· Give the dose (100 µg/kg BW); do not forget to qualify per kg BW
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· Save your dosage regimen

Keep default WNL option for WNL Generated Initial Values to avoid needing  to find some starting values yourself (e.g. using peeling technique)
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Use Uniform Weighting (no weighting with W=1)
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Figure 4: parent drug decay after an IV administration. Bi-exponential model, equal weighting (w=1) 
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· Can you comment on the fitting in Fig.4? 

· Fit the  IV data again but with a weighting factor W=1/(Yhat*Yhat)

· What do you think about this new fitting (Fig 5)?

Figure 5: Parent drug decay after an IV administration. 

Weighting = 1/(Yhat*Yhat)= 
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· What is the influence of weighting on the estimation of the terminal half-life (2.51 vs. 3.7h)?

· What is the influence of weighting on the estimation of plasma clearance (Cl) and  the different volumes of distribution?

Table 2: Prodrug disposition after an IV administration. Parameters obtained with an unweighted fitting. Dose = 100 µg/kg

	Analyte
	Route
	Parameter
	Units
	Estimate
	StdError
	CV%
	UnivarCI

_Lower
	UnivarCI

_Upper

	parent
	IV
	A
	ng/mL
	638.22
	3.822812
	0.60
	628.86
	647.5731

	parent
	IV
	B
	ng/mL
	28.418
	2.941831
	10.35
	21.220
	35.61628

	parent
	IV
	Alpha
	1/hr
	10.09
	0.202579
	2.01
	9.5953
	10.586

	parent
	IV
	Beta
	1/hr
	0.275
	0.054397
	19.73
	0.142
	0.408869


	Analyte
	Route
	Parameter
	Units
	Estimate
	StdError
	CV%

	parent
	IV
	AUC
	hr*ng/mL
	166.299395
	14.133751
	8.50

	parent
	IV
	K10_HL
	hr
	0.172912
	0.014705
	8.50

	parent
	IV
	Alpha_HL
	hr
	0.068689
	0.001378
	2.01

	parent
	IV
	Beta_HL
	hr
	2.513544
	0.495321
	19.71

	parent
	IV
	K10
	1/hr
	4.008675
	0.341260
	8.51

	parent
	IV
	K12
	1/hr
	5.663956
	0.341514
	6.03

	parent
	IV
	K21
	1/hr
	0.694184
	0.095675
	13.78

	parent
	IV
	Cmax
	ng/mL
	666.640162
	2.461476
	0.37

	parent
	IV
	V1
	mL/kg
	150.005964
	0.553351
	0.37

	parent
	IV
	CL
	mL/hr/kg
	601.325097
	51.158910
	8.51

	parent
	IV
	AUMC
	hr*hr*ng/mL
	379.966578
	119.553258
	31.46

	parent
	IV
	MRT
	hr
	2.284834
	0.532375
	23.30

	parent
	IV
	Vss
	mL/kg
	1373.928261
	212.587158
	15.47

	parent
	IV
	V2
	mL/kg
	1223.922297
	212.579508
	17.37

	parent
	IV
	CLD2
	mL/hr/kg
	849.627141
	51.251405
	6.03


Table 3: Prodrug disposition after an IV administration. Parameters obtained with a weighting factor W=1Yhat*Yhat. Dose = 100 µg/kg

	Analyte
	Route
	Parameter
	Units
	Estimate
	StdError
	CV%
	UnivarCI

_Lower
	UnivarCI

_Upper

	parent
	IV
	A
	ng/mL
	593.13
	55.49
	9.36
	457.3
	728.9

	parent
	IV
	B
	ng/mL
	21.699
	1.107
	5.10
	18.990220
	24.40

	parent
	IV
	Alpha
	1/hr
	8.3945
	0.557
	6.65
	7.029433
	9.759

	parent
	IV
	Beta
	1/hr
	0.1848
	0.004
	2.57
	0.173202
	0.196


	Analyte
	Route
	Parameter
	Units
	Estimate
	StdError
	CV%

	parent
	IV
	AUC
	hr*ng/mL
	188.064034
	6.290402
	3.34

	parent
	IV
	K10_HL
	hr
	0.212020
	0.015646
	7.38

	parent
	IV
	Alpha_HL
	hr
	0.082571
	0.005482
	6.64

	parent
	IV
	Beta_HL
	hr
	3.750262
	0.096297
	2.57

	parent
	IV
	K10
	1/hr
	3.269261
	0.241369
	7.38

	parent
	IV
	K12
	1/hr
	4.835527
	0.399559
	8.26

	parent
	IV
	K21
	1/hr
	0.474582
	0.029722
	6.26

	parent
	IV
	Cmax
	ng/mL
	614.830330
	55.571855
	9.04

	parent
	IV
	V1
	mL/kg
	162.646498
	14.686767
	9.03

	parent
	IV
	CL
	mL/hr/kg
	531.733781
	17.775267
	3.34

	parent
	IV
	AUMC
	hr*hr*ng/mL
	643.647726
	24.637251
	3.83

	parent
	IV
	MRT
	hr
	3.422492
	0.123199
	3.60

	parent
	IV
	Vss
	mL/kg
	1819.854819
	105.512994
	5.80

	parent
	IV
	V2
	mL/kg
	1657.208321
	95.697303
	5.77

	parent
	IV
	CLD2
	mL/hr/kg
	786.481597
	78.346567
	9.96


Pharmacokinetic analysis of the active metabolite after its IV administration using a mono-exponential model

Plot of the fitted curve looks good for this mono-exponential model suggesting that the metabolite obeys a mono-compartmental model.
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Table 4A: The primary and secondary estimated parameters 

	Analyte
	Route
	Parameter
	Units
	Estimate
	StdError
	CV%
	UnivarCI

_Lower
	UnivarCI

_Upper

	metab iv
	IV
	V
	mL/kg
	50.00
	0.000034
	0.00
	49.9
	50.0

	metab iv
	IV
	K10
	1/hr
	0.100
	0.000000
	0.00
	0.099
	0.10


Why are the CV% giving precision of the estimates null? Do you think these are experimental or simulated data?

Table 4B

	Analyte
	Route
	Parameter
	Units
	Estimate
	StdError
	CV%

	metab iv
	IV
	AUC
	hr*ng/mL
	20000.052527
	0.041101
	0.00

	metab iv
	IV
	K10_HL
	hr
	6.931492
	0.000016
	0.00

	metab iv
	IV
	Cmax
	ng/mL
	1999.999374
	0.001356
	0.00

	metab iv
	IV
	CL
	mL/hr/kg
	4.999987
	0.000010
	0.00

	metab iv
	IV
	AUMC
	hr*hr*ng/mL
	200001.113161
	0.874065
	0.00

	metab iv
	IV
	MRT
	hr
	10.000029
	0.000024
	0.00

	metab iv
	IV
	Vss
	mL/kg
	50.000016
	0.000034
	0.00


· Let us analyze the other disposition curves with a classical mono-compartmental model

Metabolite - IM
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Metabolite - IV

[image: image13.png]Concentartion {ng/mL)

Analyte=metab, Route=V'

1200

1000

800

600
~C- Observed

o) — Predicted
400

200

Time ()




Metabolite - PO
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Parent drug - IV
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Parent drug - PO
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Visual inspection of these different fittings indicates severe misfits. It also suggests that none of the classical compartmental models will be able to fit these data and so we decided to carry out only an NCA of the metabolite plasma kinetics. 

Before proceeding to this NCA, add a time point to the IM kinetics of the metabolite, namely plasma metabolite concentration at 20h = 294ng/mL (add this value at the end of the workbook, WNL will reorganize data vector accordingly).

This plasma concentration was added because the NCA analysis requires at least 3 sampling times to compute a terminal half-life and there were not 3 points in the descending phase for the metabolite after the IM administration in our initial vector.

Select the best fitting option and WNL will find the best estimate of the slope of the terminal phase by selecting the most appropriate number of sampling points in the terminal phase.
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The following table gives the most relevant results of the NCA. It has been obtained from the non transposed table resulting from the WNL analysis and after editing using the statistical tool to obtain the next presentation that is more convenient to read.

Table 5: Selected results of the NCA analysis

	Parameter
	Analyte
	Route
	Mean

	AUC_%Extrap_obs
	metab
	IM
	39.5755

	AUC_%Extrap_obs
	metab
	IV
	18.2749

	AUC_%Extrap_obs
	metab
	PO
	16.4036

	AUC_%Extrap_obs
	metab iv
	IV
	8.8096

	AUC_%Extrap_obs
	parent
	IM
	4.3791

	AUC_%Extrap_obs
	parent
	IV
	0.6582

	AUC_%Extrap_obs
	parent
	PO
	0.9333

	AUCINF_obs
	metab
	IM
	11922.9923

	AUCINF_obs
	metab
	IV
	20980.0029

	AUCINF_obs
	metab
	PO
	16640.0380

	AUCINF_obs
	metab iv
	IV
	20595.8520

	AUCINF_obs
	parent
	IM
	92.7595

	AUCINF_obs
	parent
	IV
	214.7153

	AUCINF_obs
	parent
	PO
	93.3628

	AUClast
	metab
	IM
	7204.4090

	AUClast
	metab
	IV
	17145.9180

	AUClast
	metab
	PO
	13910.4675

	AUClast
	metab iv
	IV
	18781.4365

	AUClast
	parent
	IM
	88.6975

	AUClast
	parent
	IV
	213.3020

	AUClast
	parent
	PO
	92.4915

	Cl_F_obs
	metab
	IM
	8.3872

	Cl_F_obs
	metab
	IV
	4.7664

	Cl_F_obs
	metab
	PO
	6.0096

	Cl_F_obs
	metab iv
	IV
	4.8553

	Cl_F_obs
	parent
	IM
	1078.0566

	Cl_F_obs
	parent
	IV
	465.7331 mL/kg/h

	Cl_F_obs
	parent
	PO
	1071.0902

	HL_Lambda_z
	metab
	IM
	14.4957

	HL_Lambda_z
	metab
	IV
	9.1752

	HL_Lambda_z
	metab
	PO
	8.5735

	HL_Lambda_z
	metab iv
	IV
	6.9315

	HL_Lambda_z
	parent
	IM
	5.0278

	HL_Lambda_z
	parent
	IV
	3.7677

	HL_Lambda_z
	parent
	PO
	3.7747

	MRTINF_obs
	metab
	IM
	25.4186

	MRTINF_obs
	metab
	IV
	14.4770

	MRTINF_obs
	metab
	PO
	13.7453

	MRTINF_obs
	metab iv
	IV
	9.5828

	MRTINF_obs
	parent
	IM
	8.3785

	MRTINF_obs
	parent
	IV
	3.0365

	MRTINF_obs
	parent
	PO
	4.5441

	MRTlast
	metab
	IM
	12.6506

	MRTlast
	metab
	IV
	9.3875

	MRTlast
	metab
	PO
	9.3061

	MRTlast
	metab iv
	IV
	7.2239

	MRTlast
	parent
	IM
	7.3309

	MRTlast
	parent
	IV
	2.8616

	MRTlast
	parent
	PO
	4.3095


· What is the bioavailability of the prodrug by the oral route?

The classical equation to compute the systemic availability is Eq.1 :
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 Eq.1

In this trial, we also got information on the fraction of the drug that was actually absorbed by the oral route that is different from the systemic bioavailability because we know that the prodrug is totally metabolized by the liver with Eq.2 :
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Eq.2

Meaning that the ratio of metabolite AUCs is an estimate of what is actually absorbed.

The difference between the fraction that is absorbed (79%) and the actual bioavailability (43%) is due to the hepatic first-pass effect with:
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Where Ffirst-pass is the fraction (from 0 to 1) that escapes the first-pass hepatic effect. Here this fraction can be estimated to be 54%.

This relatively large first-pass effect could have been expected from the plasma clearance of the parent drug that was 465.7 mL/kg/h or 7.76 mL/kg/min.

Indeed the hepatic blood flow in cattle is about 30% of the cardiac output. The cardiac output can be computed with the following allometric relationship:
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And the hepatic blood flow is about 16.6 mL/kg/min in cattle.

Taking into account the fact that the blood concentration is equal to plasma concentration (i.e. an even repartition of the drug between plasma and red blood cells), the maximal possible bioavailability for a drug that is administered by oral route and that is only metabolized by the liver is given by the following relationship:
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This estimate of the extent of the hepatic first-pass effect (53%) is practically equal to the one we measured (54%).

For the IM route, there is no hepatic first-pass effect and Eq.1 and Eq.2 should give the same estimate of the total bioavailability. This is roughly the case with a bioavailability estimated to 57% from the kinetics of the primary metabolite vs. 43% from the prodrug itself, with a mean estimate of 50%. It should be stressed here that our estimates of the AUCs were not very robust because the % extrapolated was quite large.

In the same experiment urines were collected and metabolite concentrations were measured at three sampling times: see Table 6.

Table 6: Plasma metabolite concentrations and amount of metabolite collected in urine after IV administration of the metabolite.

	time
	Plasma concentration

(ng/mL)
	Amount of metabolite collected in urine (µg/kg)

	1

2
	1809

1637
	8.6

	8

9
	898

713
	4.2

	18

19

20
	330

299

270
	3.0 for 2h


· What is the urinary clearance of the metabolite?

By definition, a clearance is a rate of excretion divided by the driving concentration.

Here for the first sampling interval, the geometric mean of the plasma metabolite concentration was 1720ng/mL and urinary clearance:
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Similarly between 18 and 20h, the average geometric concentration was 298.5ng/mL and the urinary clearance was also 0.005L/kg/h. This is exactly the value of plasma clearance (see table 4B).

· What is the amount of metabolite that has been eliminated after a delay of 24h when the prodrug is administered by oral route?

The amount eliminated over 24h after an oral prodrug administration can simply be computed from urinary clearance and the AUC from 0 to 24h (13910ng*h/mL) and the renal clearance (0.005 L/kg/h) with:
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When analyzing these kinds of data it can be very useful to build a full comprehensive model and to simultaneously fit the different kinetics. In the present exercise, data were generated with the model depicted in the next figure and simulated with a user model presented in the next section.

A comprehensive user model to model the disposition of a prodrug and its active metabolite
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MODEL

remark   ******************************************************

remark   Developer:
PL Toutain

remark   Model Date:
03-27-2011

remark   Model Version:
1.0

remark   ******************************************************

remark

remark - define model-specific commands 

COMMANDS 

NCON 1

NFUNCTIONS 7

NDERIVATIVES 7

NPARAMETERS 12

PNAMES  'k12', 'k21', 'k16', 'k61', 'k41', 'k40', 'k52', 'k50', 'k23', 'k30','v1','v3'

END

remark - define temporary variables

TEMPORARY

dose=CON(1)

END 

remark - define differential equations starting values

START 

Z(1) =dose

Z(2) = 0

Z(3) = 0

Z(4) = 0

Z(5) = 0

Z(6) = 0

Z(7)=0

END

remark - define differential equations

DIFFERENTIAL 

DZ(1) = k41*z(4)+k61*z(6)+k21*z(2)-(k16+k12)*z(1)

DZ(2) = k12*z(1)+k52*z(5)-(k23+k21)*z(2)

DZ(3) =k23*z(2)-k30*z(3) 

DZ(4) =-(k41+k40)*z(4) 

DZ(5) = -(k52+k50)*z(5)

DZ(6) = k16*z(1)-k61*z(6)

DZ(7) = k30*z(3)

END

remark - define algebraic functions

FUNCTION 1

F= z(1)/v1

END

FUNCTION 2

F= z(2)

END

FUNCTION 3

F= z(3)/v3

END

FUNCTION 4

F= z(4)

END

FUNCTION 5

F= z(5)

END

FUNCTION 6

F= z(6)

END

FUNCTION 7

F= z(7)

END

remark - define any secondary parameters

remark - end of model

EOM 

As written above, the model can do a simulation for a dose administration in compartment Z(1), i.e. an IV administration of the parent drug. If you want to simulate an oral administration for the parent drug, you have to edit the model and put Z(1)=0 and Z(5)=dose.

To run this model with its 12 parameters you need a minimal number of observations. 

To make my simulations, I declared 27 times over 24h: do not forget to create a vector with a function number (from 1 to 7).
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End of the exercise
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