Exercise 8

Non-compartmental analysis (NCA)

of the kinetics of drug disposition. 
Physiological interpretation of the results

Objectives

· To calculate and interpret the main pharmacokinetic parameters from a non-compartmental analysis.

· To perform a “stochastic interpretation” of the disposition of a drug in the body

Overview

· Non-compartmental analysis and statistical moments 

In NCA, plasma drug concentration is regarded as a random variable. The so-called statistical moments describe the distribution of this random variable. Statistical moments of n-order are defined by equation 1:
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Eq. 1

· AUC is given by equation 2:
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Eq. 2

The area under the plasma concentration (C(t)) versus time (t) curve is the area under the zero(-order) moment curve.

· AUMC is given by equation 3:
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Eq. 3

The area under the product of the concentration x time versus time is the area under the first(-order) moment curve.
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Cl, the total clearance, Vss, the volume of distribution at steady-state, and MRT, the mean residence time are calculated from AUC and AUMC:
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Eq. 5
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Eq. 6

· Computation of statistical moments: trapezoidal rules 

The two main trapezoidal rules for AUC calculations are linear and log-linear rules.

( Linear rule:
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Eq. 7

The time interval is multiplied by the arithmetic mean of concentrations during the time interval.

( Log-linear rule:
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Eq. 8

The time interval is multiplied by the geometric (or logarithmic) mean of concentrations during the time interval.

There are many numerical integration methods for the estimation of AUC and AUMC. In many computer software programs, hybrid methods are implemented e.g. the linear trapezoidal rule is applied up to the Tmax and the log-linear trapezoidal rule is applied after the Tmax. (See: Purves R D. Optimum numerical integration methods for estimation of AUC and AUMC. J. Pharmacokinet. Biopharm. 1992, 20: 211–225).

· Extrapolation to infinity 

For an accurate evaluation of the different kinetic parameters, the AUC and AUMC from time zero to infinity are required.

The extrapolation from the time of the last measured concentration (tlast) is done by mathematical integration of the curve from tlast to infinity.

For AUC:
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Eq. 9
with C(tlast), the last measured concentration and z, the slope of the terminal phase.

Similarly for AUMC:
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Eq. 10
Extrapolation requires calculating z i.e. to perform a linear regression on the last points (at least 3 points should be used).

The extrapolated area from the last sample to infinity should remain small compared with the total area: usually no more than 20 % of the total AUC. If the extrapolated AUC and AUMC are over 20 %, the derived pharmacokinetic parameters should be interpreted with caution. 

The exercise

A company is developing a new antibiotic for dogs. The in vivo minimum inhibitory concentration (MIC) of the target pathogen is 0.1 (g/mL.

A 20 kg BW dog was administered with the drug by the IV route at a dose of 10 mg/kg. Plasma concentrations ((g/mL) were measured at different times (h) post administration.

The results of this kinetic study are given in Table 1.

Table 1: Plasma concentrations (µg/mL) of the drug after IV administration at 10 mg/kg 

	Time (h)
	Concentrations (µg/mL)

	0.0167
	18.01

	0.033
	16.96

	0.083
	14.16

	0.167
	10.49

	0.33
	5.803

	0.67
	1.881

	1
	0.715

	2
	0.191

	4
	0.096

	6
	0.052

	8
	0.028

	10
	0.015

	12
	0.008


Urines were collected and the total amount of drug recovered in the urine was 10 mg for the dog of 20 kg BW.

A new formulation was developed for the intramuscular (IM) route and was administered to the same dog at a dose of 10 mg/kg. Plasma concentrations ((g/mL) were measured at different times (h) post administration.

The results of this kinetic study are given in Table 2.

Table 2: Plasma concentrations (µg/mL) of the drug after IM administration at 10 mg/kg 

	Time (h)
	Concentrations (µg/mL)

	0.0167
	0.0224

	0.033
	0.0434

	0.083
	0.0992

	0.167
	0.1724

	0.33
	0.2646

	0.67
	0.3406

	1
	0.3608

	2
	0.3592

	4
	0.3301

	6
	0.2967

	8
	0.2633

	10
	0.232

	12
	0.2034

	24
	0.0896

	36
	0.0391


EXERCISES and QUESTIONS

Exercise 1: Perform a non-compartmental analysis of the IV data using WNL.

· Question 1:

· What is the plasma clearance?

· Is the plasma clearance rather low, medium or high?

· Question 2 :

The drug is bound to albumin (55 %) and the Glomerular Filtration Rate (GFR) in dog is about 3 mL.kg-1.min-1.

· What is the renal clearance of the drug?

· Can you give some information about the mechanisms of renal excretion i.e. the relative contributions of filtration, secretion and re-absorption?

· Question 3:

Assuming that elimination is only by the liver (metabolism) and kidney:

· What is the hepatic clearance of the drug?

· Can you give some information about the bioavailability of the drug after oral administration?

· Question 4: Volumes of distribution

Three volumes of distributions can be defined from a pharmacokinetic analysis: Vc, the volume of the central compartment, Vss, the volume of distribution at steady-state, and Varea, the volume of distribution of the terminal phase. 

· What are the values of the three volumes of distribution?

· What was the amount of drug in the body when plasma concentration was 0.052 (g/mL?

· What was the proportion of the drug present in the plasma?

Exercise 2 : 
· Calculate the intravenous maintenance dose required for the antibiotic to maintain a mean in vivo target concentration of 0.1 (g/mL over 12 h.

Exercise 3: Perform a non-compartmental analysis of the IM data using WNL.

Exercise 4: Perform a stochastic interpretation of the disposition of the drug in the body after IV.

EXERCISES, ANSWERS TO QUESTIONS AND COMMENTS

EXERCISE 1: Non-compartmental analysis of IV data
· Import all your data into WNL, edit the headers and qualify the units
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· Plot the curve in order to inspect the data
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· Select Tools>PK/PD/NCA Analysis Wizard and click Noncompartmental
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· In the following window, select Model 201
· Select Model>Data Variables and document the X and Y variables 

· Select Model>Lambda z ranges
· WNL will attempt to calculate z, the slope of the terminal phase.

· The user can give the range of times used for  z estimation, by filling the Start-time, End-time box : 8 and 12 for example (begin by the End-time box.

· z will be used to calculate extrapolated AUC (from Clast to infinity)
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· Select Model>Dosage Regimen and give the dose: 10 mg/kg

· In Model>Model Options>NCA Settings we can select the calculation method for AUC:  Linear/Log Trapezoidal will give a more precise estimation of the AUCs because the over-estimation of areas with Linear/Log is lower than with Linear Trapezoidal when concentrations decrease.
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· Click on  Start Modelling
The results:
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· Before the analysis, we can cancel the parameters we do not want to be calculated, using Model>Model Options>Parameter Names.

· Inspection of the parameters AUC_%Extrap_obs and AUMC_%Extrap_obs indicates that the extrapolations were very low and that total AUC and AUMC are appropriately estimated.

· Question 1 :

Plasma clearance
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Is the plasma clearance of this drug low, medium or high? 

To determine the magnitude of plasma clearance, its value should be compared with the cardiac output, which can be obtained from the following allometric relationship:

Cardiac output = 180 x BW-0.195

with cardiac output in mL.kg-1.min-1 and BW, the body weight in kg, the cardiac output of a 20 kg BW dog is about:

Cardiac output = 180.20-0.195 ( 100 mL.kg-1.min-1
When comparing plasma clearance with physiological blood flow, we assume that plasma clearance is equal to blood clearance, meaning that plasma concentrations are equal to the blood concentrations. This should be experimentally checked early during the drug development.

The plasma (blood) clearance represents approximately 25 % of the cardiac output.

Assuming that the drug is only cleared by the liver and kidneys, the maximal possible clearance is equal to the sum of the clearances by the liver and kidneys:
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and because clearance by an organ is the product of the organ blood flow multiplied by an extraction coefficient:
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The maximal possible clearance is obtained when the two extraction coefficients are equal to 1:
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Assuming that the renal blood flow represents 20% of the cardiac blood flow and liver blood flow represents 30% of the cardiac blood flow:
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Thus, for a dog, the drug clearance represents about 50% of the maximal capacities of the two major clearing organs, which is rather high for a drug.

· Question 2:

Renal Clearance

The renal clearance (Clr) is given by the relationship:
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and when scaled according to body weight (20 kg) :
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Mechanism of renal elimination

The free fraction (fu) for this drug is:

fu = 1 – 0.55 = 0.45

i.e. 45 % of the drug is free in plasma and will be filtered by the glomerulus.

The clearance by renal filtration is given by the relationship:
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For a drug with a fu of 0.45, Clfiltration in dog is given by the relationship:
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Thus, the hypothesis that this drug is filtered and neither secreted nor reabsorbed by the kidney tubules is compatible with current experimental data.

· Question 3:

Hepatic clearance

Plasma (total) clearance is given by the relationship:
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We know that Clrenal,is 1.33 ml.kg-1.min-1; thus Clh, the hepatic clearance is given by:
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The bioavailability by oral route

The bioavailability by oral route is given by the relationship:



[image: image30.wmf]liver

gut

abs

oral

F

F

f

F

´

´

=


where 
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 is the drug fraction which is absorbed from the gut lumen into the enterocytes, 
[image: image32.wmf]gut

F

 is the fraction escaping from metabolism in intestinal cells, 
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 is the fraction escaping from metabolism in the liver.

The bioavailability by the oral route which is “permitted” by the liver (
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) is given by the relationship:
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liver, the hepatic blood flow, is approximately equal to 30 % of the cardiac output, i.e. about 30 mL.kg-1.min-1 for a 20 kg BW dog:
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Fmax should be the maximal bioavailability in the case of a complete absorption of the drug into the hepatic portal blood. Thus, it is unlikely that a drug company would develop an antibiotic for the oral route that underwent such a high hepatic first-pass effect (this is a drug property and not a formulation property i.e. no formulation modification would be able to improve the systemic availability). In addition, a small change in Clliver or 
[image: image38.wmf]Q

&

liver can yield a relatively large change in Fmax leading to very high inter-individual variability of systemic exposure after oral administration.

Comments:

When plasma and blood concentrations are different, the blood clearance and not the plasma clearance should be taken into account for the physiological interpretation:



[image: image39.wmf]ú

ú

û

ù

ê

ê

ë

é

-

+

=

=

1

C

C

1

ion

concentrat

 

Plasma

ion

concentrat

 

Blood

blood

 

Cl

plasma

 

Cl

plasma

 

cells

blood

Ht


where Ht is the haematocrit, Cbloodcells and Cplasma are concentrations in blood cells and plasma, respectively.

· Question 4 :

Computation of volumes

Vss and Varea are given by the non-compartmental analysis:
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Vc is given by the following equation:
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Varea can be obtained from the clearance using the following equation:
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Remark: The latter equation is used to calculate a volume, but conceptually all time constants are dependent on clearance and volumes:   
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In these relationships, Time parameters are always the dependent variables: those variations depend on the variations of either volumes or clearance (or both), which are the independent variables.

Amount of drug in the body when the plasma concentration is 0.052 (g/mL :

The amount of drug in the body can be obtained by multiplying the plasma concentration by the volume of distribution.

At time zero (after IV): we use Vc
At steady-state (infusion) we use Vss
At pseudo-equilibrium (terminal phase of the concentration-time profile): we use Varea.

The concentration 0.052 µg/mL was measured in the terminal phase of the concentration-time profile; the adequate volume of distribution is Varea:
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Proportion of the drug present in the plasma
The following equation gives the percentage of the total drug in the body which is present in the plasma:
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The volume of blood is about 7% of the body weight in mammalian species, and taking into account a haematocrit of 35-40%, the volume of plasma is about 5% of the body weight.
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When distribution equilibrium is achieved, about 1% of the drug is present in plasma and 99% is distributed outside plasma.

The direct comparison of the volume of distribution with volume of plasma gives an estimation of the “extent of distribution” of a drug. 

EXERCISE 2 :

The dose required over 12h to maintain an average plasma concentration of 0.1 mg/L:

At steady-state:
Dose rate in = Dose rate out
Dose rate in = average plasma concentration x Clearance

Clearance = 26.62 mL.kg-1.min-1

Dose rate in = 26.62 mL.kg-1.min-1 x 0.1 g.mL-1 = 2.662 g.kg-1.min-1

Dose rate in = 2.662 g.kg-1.min-1 x 1440 min      
for a 24h dosing interval

Dose rate in = 3.83 mg.kg-1.24 h-1


which is the daily dose

Dose rate in = 1.92 mg.kg-1.12 h-1
EXERCISE 3 : 
Non-compartmental analysis of IM data
· Import all your data in WNL, edit the headers and qualify the units

[image: image52.png]



· Plot the curve in order to inspect the data
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· Plot together the curves after intravenous and intramuscular administrations
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Questions:

1. The decreasing part of the IM curve is mono-exponential whereas plasma concentrations declined with two exponentials after the IV. Can you explain this phenomenon?

2. By comparing the terminal phases from the two administrations, can you interpret what was happening after the IM?

Answers:

1. The concentration-time profile after the IV is controlled by distribution (the first phase) and elimination (the terminal phase). After the IM, the distribution equilibrium was achieved before concentrations began to decline, which explains why the phase due to distribution was not detectable.

2. The slope of the terminal phase after the IM is much slower than after the IV, which is indicative of a flip-flop situation: the rate constant of absorption is much slower than the rate constant of elimination and plasma concentrations decrease according to the slower rate constant. This is a feature of “slow-release” or “long-acting” formulations.

· Select Tools>PK/PD/NCA Analysis Wizard and click Noncompartmental
· In the following window, select Model 20
· Select Model>Data Variables and document the X and Y variables 

· Select Model>Lambda z ranges
· Start-time, End_time box : 12 and 36.
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· Select Model>Dosage Regimen and give the dose: 10 mg/kg

· Select Model>Model Options>NCA Settings 

· The best calculation method for AUC is Linear Up/Log Down
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· Click on  Start Modelling
The results:
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Questions/Tasks:

1. Calculate the bioavailability of the IM formulation.

2. Calculate the Mean Absorption Time (MAT) using two different approaches.

3. Can you explain the meaning of the parameters named Cl_F and Vz_F and compare their values with Cl and Vz calculated after IV. What is the problem?

Answers:

1. 
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The problem is that the equation calculating Vz is:
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This equation is valid when Z is the rate constant of elimination, but not when Z is the rate constant of absorption which is the case here due to the flip-flop.

EXERCISE 4: Stochastic interpretation of the kinetics after IV
The information contained in the plasma concentration versus time profile can be used to describe the disposition of the drug in the body, in terms of mean times spent in the different compartments (central and peripheral), number of visits in these compartments and mean duration of one visit.


[image: image77]
Under minimal assumptions (there is only one exit outside the system, which is connected to the central compartment, and which has a first-order rate constant), the plasma concentration profile allows the evaluation of the average behaviour of all the drug molecules, with each molecule exhibiting an independent and random behaviour.

Calculations from plasma data:



Derived calculations:
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and then
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MTT, Mean Transit Time, corresponds to the mean duration of a single visit in the compartment; Nperiph is the mean number of visits in the peripheral compartment.

MRTbody, AUC and C(0) are given by the non-compartmental analysis, see the Final Parameters table in the NCA Workbook.
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MRTperiph :    		?


Mean duration of one visit :   		?


Mean number of visits :          		?


Vp :        			?





Number of visits ?





MRTbody ? 





MRTCentral :   		?


Mean duration of one visit :    		?


Mean number of visits :      	    	?


Vc :        			?





AUC





AUMC





MRTperiph :    28 min


Mean duration of one visit :   180 min


Mean number of visits :          0.1547


Vp :        0.742 L/kg





one in six molecules








MRTbody = 48 min





MRTCentral :   20 min


Mean duration of one visit :    17 min


Mean number of visits :          1.1547


Vc :        0.522 L/kg
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