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Pharmacokinetic Simulations
an interactive pharmacokinetic simulation program which presents graphical displays of the relationships between dosage regimen and drug plasma levels

By: Ian Hughes & Chris Bowmer, Department of Pharmacology, University of Leeds, UK.
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Introduction
This program offers a flexible approach to the investigation of the relationship between dosage regimen and drug plasma levels for a range of clinically useful drugs.  For each drug the user must determine a number of parameters: dose, dose interval, duration of administration, loading dose (if any) and whether the "patient" is in normal health or sffering severe liver damage or renal failure.  Once these parameters have been selected the program will calculate the drug plasma concentrations and present, on-screen, a variety of graphical (plasma concentration of drug (y axis) against time (x-axis) using either linear x-y axes or log y linear x axes) or numerical outputs.  The display also shows recommended upper and lower plasma concentration levels for the chosen drug.

The program is aimed at students of pharmacology on a variety of undergraduate courses, medicine, dentistry and biomedical sciences and includes printed, student-centred exercises.

To run the program you will need a Visual Basic dll (Vbrun300.dll). This will normally be available in your institution but if it is not then I can supply it to you on request or it may also be downloaded from http://web.unboxed.com/help_win_vbrun300.htm The dll should be copied into the Windows System directory. 

Notes suggesting ways to use the program are included on the floppy disk as a Word document which can be printed or modified.

Using the Program
Once the program has loaded using it is easy. All choices are made from menus by typing the appropriate numbers. Please note that in order to obtain some outputs a printer must be connected.

Student Notes
The following section contains suggested student exercises which are aimed at getting the most from the program.  For your convenience textfiles containing this text have been included on the floppy disk supplied both as a Wordperfect file (KINTXT.WP) and as an ascii file (KINTXT.ASC).  The content of these files may be easily amended or edited to suit your own requirements.

Objectives
The following pages guide you through a set of work schedules the objectives of which are:-

1. To illustrate some of the aspects of pharmacokinetics which you have dealt with in earlier teaching.

2. To ensure you can derive some of the basic pharmacokinetic parameters from curves relating plasma concentration to time after administration of a drug.

3. To show how correct choice of dose and dosage regimen can ensure appropriate plasma concentrations are achieved.

4. To demonstrate how the pharmacokinetic behaviour of drugs varies from agent to agent and the implications this has for drug therapy.

5. To give you practise in finding and retrieving specific information from literature sources.

Requirements
For each piece of work you are required to:

- carry out the set schedule;

- produce a write-up presenting data you have derived from the computer model (PK-SIMS);

- explain the form the data takes;

- produce written answers to the questions which are to be found at the end of each piece of work.  Note that the information you need to answer these questions may have to be obtained from reference sources in the library.  Standard text books (which may contain useful references) are always a good starting point.  Index Medicus will also provide a ready source of references (search in the pharmacokinetics section under each drug name).  Martindale, The Extra Pharmacopoeia published by the Pharmaceutical Press contains a great deal of useful information; The National Formulary and Goodman & Gilman's The Pharmacological Basis of Therapeutics may also be helpful.

The Computer Model
The computer model allows you to generate data relating the plasma concentration of drugs to the time after administration. These data can be obtained:-


1. as a screen display using linear arithmetic concentration (y) and time (x) axes,


2. as a screen display using a log10 concentration (y) and arithmetic time (x) axes.

Measurements can be taken directly from the screen displays which are largely self-explanatory. Note the scale and units on the concentration axis. The program chooses an appropriate scale on which to plot the graphs but you can change the concentration scale by specifying the top value for the scale if you wish. This sometimes makes it easier to compare a set of graphs (since they have a common y-axis scale) or it can be used to magnify the lower part of a graphical display showing a large sharp peak of concentration.

The data can also be obtained in numerical form which you can plot yourself.  Note that it is not necessary to plot every point for which data are given to obtain an adequate graph relating plasma concentration to time.

The upper (maximum therapeutic) and lower (minimum effective) plasma concentrations for each drug are displayed numerically at the top of the screen display.  If these upper and lower concentrations fall within the scale of the graphical presentation they are also displayed as lines across the screen at the appropriate concentration level.  Note that these are guide-line concentrations only.  In the program these concentrations have fixed values but in practise they will vary from subject to subject and will also depend ON THE THERAPEUTIC USE OF THE DRUG.  For example, the minimum effective concentration of aspirin depends on whether it is being used as a minor analgesic (headache) or as an anti-inflammatory agent (rheumatoid arthritis).  For antibacterial drugs like ampicillin the effective concentration will depend on the sensitivity of the organism. In vitro  minimum inhibitory concentrations may be as low as 0.02 μg/ml (strep. pneumoniae) or as high as 500 ug/ml (ß lactamase producing H. influenzae).

What is a toxic level may depend on:-

1. The duration for which tissues are exposed to a concentration of the drug;

2. The nature and seriousness of the toxic effect in relation to the likely benefits of treatment;

3. The particular aspect of toxicity considered;

4. The proportion of patients that experience toxicity.

Gentamicin for example can produce vestibular damage (tinnitus, vertigo), deafness (less often) or nephrotoxicity.   The proportion of patients exhibiting these effects at a plasma concentration of say 15 μg/ml is very different and depends on the duration of exposure to the drug.

Toxicity can also be affected by the degree of protein binding (reduced in hypoalbuminaemia, uraemia or by interactions with other drugs).  Allergic reactions can occur at any concentration of drug.  The effective and toxic concentrations shown are therefore GUIDE-LINES only.

The model assumes that all drugs given by intravenous injection are administered as a bolus over a few seconds.  This will produce a very high initial peak plasma concentration.  In practice many drugs are given iv by a slow injection over 2-3 minutes and this produces a lower initial plasma concentration.  Note also that oral dosage forms may be available which release the drug slowly, quickly or over a sustained period.  Clearly the characteristics of the particular dosage form used will influence the shape of the plasma concentration-time plot.      

The program will ask you for certain information about the subject in whom the measurements are being made (e.g.normal/liver failure) and about the dosage regimen (eg. size of dose; frequency of dosing;).  These can be set as you wish or according to the instructions you have been given.  Note that the duration of the investigation specifies the time period (hours; maximum 300) over which measurements of plasma concentration of drug will be taken.  Allow sufficient time for steady-state to be established if using multiple dose regimens or for plasma concentrations to fall to very low levels if single doses are used.

Work Schedules
1. Routes Of Administration
Generate plasma concentration-time plots for single doses of 500 mg of ampicillin given iv, im, sc and orally (12 h duration), ampicillin given as an intravenous infusion (42 mg/hr given over 12 h) and for diazepam 20 mg given iv and orally (24 h duration).

For each route and drug derive and tabulate:-

a) The maximum plasma concentration achieved.

b) The time for an effective concentration to be established.

c) The duration for which it is exceeded.

d) The time for which maximum therapeutic levels are exceeded.

Explain the results you have obtained and answer the following questions.

a) How would the curves differ if:

i. adrenaline was incorporated into the sc injection?

ii. the oral doses were given on a full or an empty stomach?

b) Can ampicillin be given rectally? Are there any advantages or disadvantages for this route of administration?

c) Why cannot all drugs be given by all routes? Why are quinidine and digoxin not usually given intramuscularly? Why is diazepam not usually given by im or sc injection?

2. Bioavailability
Generate plasma concentration-time plots of 12 h duration for 10 mg and for 500 mg ampicillin given orally and by iv injection and for 10 mg of diazepam given orally and iv (96 h duration). Measure the area under the curves.

For each dose tabulate:-

i) the maximum plasma concentration achieved

ii) the time for which a therapeutic concentration was maintained

iii) the area under the curve.

Calculate the bioavailability of the oral dose forms.

a) Define bioavailability.  Explain why measurements were made over a longer period for diazepam than for ampicillin.  

b) In the light of your definition, comment on the bioavailability of the oral dosage forms at the different doses and the duration for which the therapeutic concentration is maintained.  Explain and discuss any practical or theoretical problems or inadequacies in your definition.

c) For what reasons may the bioavailability of drugs be less than 100%? Provide examples of three drugs with poor bioavailability.  What are the clinical implications of a low bioavailability?

d) Is bioavailability dependent on dose administered?

e) Why may bioavailability differ in individual patients?

3. Basic Pharmacokinetic Parameters (A)
Generate a plasma concentration-time plot of 96 h duration for 25 mg diazepam given iv in a normal subject.  Obtain the numerical data either displayed on the screen or as hardcopy from the printer.  Plot a graph of log10 plasma concentration or loge (ln; natural log) plasma concentration on the y axis against time (x axis).  Note that it makes a difference which one you choose; ln X = 2.303 log10 X.  You may use semilog paper if it is available and you are familiar with its use.

a) Label the axes correctly with scale and units and hand in your graph with your write-up.

b) Derive the volume of distribution, half-life (t1/2), rate constant of elimination and plasma clearance of diazepam from the graph.  Show how these parameters were derived from the data.

4. Basic Pharmacokinetic Parameters (B)
Generate a plasma concentration-time plot of 24 h duration for 100 mg gentamicin given iv in a normal subject and in a subject with kidney failure.  You may need to repeat the plots over a longer period to make sure plasma concentration reach very low levels (ie. all the drug removed). 

a) Derive the volume of distribution, t1/2, rate constant of elimination and plasma clearance of gentamicin in both types of subject and compare the values obtained. 

b) In the normal subject 125 ml of urine was collected over the period 4 to 8 hours after drug administration.  The concentration of drug in the urine was 220 μg/ml.  Calculate the renal clearance.

c) Compare the renal clearance calculated in (B) for the normal subject with the plasma clearance.  What does this comparison tell you about the drug?

d) What changes would you expect to see in volume of distribution and t1/2 if the dose were increased and why? 

e) Explain any differences found in the subject with kidney failure.  What measures of renal function could be used as an aid to administration of a suitable dose of drug to patients in whom renal function is abnormal?

5. Repeated Dosing (A)
Generate plasma concentration-time plots of 180 h duration for 40, 75, 150, 300 and 600 mg of quinidine given orally every 6 h and for phenytoin 20, 40, 60, 80, 100, 120, 150 mg given orally every 8 h for 240 h.  Estimate the steady-state concentration achieved and the time required to achieve it at each dose level.  Tabulate your data.

a) On a single sheet plot steady-state concentration against dose administered for both drugs.  Explain the form that this plot takes. What implication does it have for anti-epileptic therapy with phenytoin?

b) Is plasma concentration of administered drug a good index of likely therapeutic response?  Under what circumstances and for what reasons may there be a lack of correspondence?

6. Repeated Dosing (B)
Generate plasma concentration-time plots of 240h duration for oral administration of digoxin 0.5 mg every 24h, paracetamol 600 mg every 4h, diazepam 10 mg every 12h and ampicillin 500 mg every 6h.

For each drug estimate the steady-state concentration achieved, the time required to achieve it and the peak-trough variation.  Express the peak-trough variation as a percentage of the therapeutic window for each drug.  Tabulate your data.

a) Comment on the appropriateness of these dosage regimens with regard to effective drug therapy and the risks involved. 

b) What changes should be made to the regimens to improve the effectiveness of drug administration?

c) What factors govern the practical usefulness of a particular dosage regimen?

d) Would either the above regimens or those you propose as being more effective, be a practical proposition for routine use in many patients?

7. Repeated Dosing (C)
Generate plasma concentration-time plots of 120 h duration for oral administration of paracetamol every 2, 4, 8, 12 and 24 h choosing a dose for each dose interval so that the dose rate per 24 h period is the same and equal to 3600 mg per 24 h.

Tabulate for each dose interval

i) The time required to reach steady-state.

ii) The average plasma concentration at steady-state [Note that you will need to think about what to take as the average plasma concentration and to justify the way you have chosen to estimate this value].

iii) The peak-trough difference between doses at steady-state.

a) Account for the relationship between the values you have tabulated.

b) What are the advantages and disadvantages of the different regimens used?

c) Would there be practical problems in carrying out this experiment in volunteers? 

8. Loading Dose
Generate plasma concentration-time plots for digoxin 0.1, 0.2, 0.4 and 0.6 mg given every 12 h orally for 300 h.  Tabulate for each dosage regimen the steady-state concentrations achieved, the time required to reach steady-state and the time required for effective and/or toxic levels to be achieved.

a) Why would these dose regimens be thought to be unsatisfactory?

b) What criteria would you expect to be fulfilled by an acceptable oral dose regimen?

c) Investigate the effects of the use of an initial loading dose and discover a dosage regimen which fulfils your criteria.

d) Use your regimen in subjects with liver and with kidney failure and derive appropriate regimens for these subjects.  Explain the differences you have observed.

9. IV Infusions
Generate plasma concentration-time plots for an iv infusion of lignocaine at 100 mg/hr for 48 h and for administration of lignocaine 100 mg, iv every hour for 48 h.

Tabulate for each dosage regimen:-

i) The time required to reach steady-state

ii) The average steady-state plasma concentration achieved [Note that you will need to think about what to take as the average plasma concentration and to justify how you have chosen to estimate this value].

iii) (iv bolus only) the size of the peak-to-trough difference.

a) What are the advantages and disadvantages of these two types of regimen?

b) In a group of 10 subjects the volume of distribution of quinidine averaged 35±4 litres and the rate constant of elimination was 1.3±0.3 l/hr (mean±standard error).  Calculate the dose required (mg/hour) in a new subject to obtain a steady state plasma concentration of 10 ug/ml.  Test your prediction in PK-SIMS.  If differences are observed from your calculated value explain why this might have occurred.

Departmental Licence Agreement

A code of conduct for educational institutions licenced under a software licence for multiple use.

It is acknowledged that the flexibility of multiple user licences benefit the educational institution. However it is essential that the use of software dose not prejudice the suppliers' intellectual property rights nor the suppliers right to a fair return on investment. The intention of this code of conduct is to safeguard these rights.

Code of Conduct

1. The software shall be used for educational purposes only within the licenced department.

2. The users of the software will be informed of the conditions under which it is used.

3. The Department will make arrangements for back-up, copying and distribution of the software within the institution/department subject to the conditions of the licence.

4. In the event of termination of the licence, the institution/department will endeavour to remove all active copies of the software.

Educational Use

The software may be used by the licencee or persons authorised by the licencee for educational purposes (teaching, project work, research) within the department. The software must not be used for consultancy which exploits the software.
