
Introduction 
Pharmacokinetics describes the fate of the drug in the body. Kinetics will tell you something 

about the processes and the mechanisms involved. It is also used to make time profiles of 

concentrations in plasma or blood. It is a quantitative approach with mathematical functions. 

Pharmacokinetics are used to understand the relationship between the dose and the effect, 

which is determined by the kinetics and pharmacodynamics. Pharmacokinetics are described 

as the effect of the drug on the body, where pharmacokinetics is described as the effect of the 

body on the drug.  

 

𝐷𝑜𝑠𝑒 → 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑙𝑎𝑠𝑚𝑎 → 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑡𝑒 𝑜𝑓 𝑎𝑐𝑡𝑖𝑜𝑛 → 𝐸𝑓𝑓𝑒𝑐𝑡 
 

The dosage and plasma concentration are influenced by pharmacokinetics and the 

concentration at the action site (receptors) and the effect are influenced by 

pharmacodynamics. The dose – effect relationship is determined by many different factors 

sorted by dosing, plasma concentration and effect. The dosing is the amount that is dosed and 

the interval (duration). The concentration has a time profile, a minimum and maximum, an 

average level and exposure (AUC). The effect has an intensity, risk of adverse effects and 

toxicity. It is a quantitative approach and it has a time course. 

 

The fate of the drug in the body is influenced by different factors: 

- Distribution to organs, tissues and cells 

- Formation of metabolites 

- Excretion of parent and/or metabolites 

- Accumulation in the body (adipose tissue) 

- Teratogenesis 

- Excretion into breastmilk 

All these mechanisms have to be known to aid for assessment of the right dose. Further 

pharmacokinetics are important for the patients as a population, to achieve an optimal 

therapeutic effect and to optimal the balance between the desired effect and the risk of adverse 

side effects and toxicity. 

 

The therapeutic window is the range to which patients have an effect at different plasma 

concentration. When the plasma concentration is too low, there will be no effect, but when the 

concentration is too high, the patients will get intoxicated. For every patient a different 

concentration has a different effect; for one patient a certain dose may be good, when for 

another patient the same dose can be toxic or may have no effect. Because every patient reacts 

different on drugs, personalized medicine or precision medicine is very important. To achieve 

personalized medicine, pharmacokinetic models are used to describe the effect of the drug. 

This is called Therapeutic Drug Monitoring (TDM). Some drugs have a very small 

therapeutic range and the plasma concentration is very important, so TDM is needed to 

achieve the right concentration and effect. TDM is performed by dosing the patient following 

a pharmacokinetic model. Samples are taken to calculate the measured plasma concentration 

and with this information the dosing scheme can be changed to achieve the right plasma 

concentration.   

 

After absorption of the drug, the drug enters the blood. Only free drug have an effect in the 

body, the protein bound drugs don’t and aren’t excreted either. For most drugs there will be a 

steady state concentration, which will be achieved when the input of drugs is equal to the 

excretion. To achieve the right steady state concentration, you need the right loading dose, 



which depends on the volume of distribution (C = D / Vd). The maintenance dose rate 

depends on the clearance of the drug (Css = R0 / Cl).  

 

Absorption 

This is the transport of the drug from the site of administration to the systemic circulation or 

site of measurement. Two factors are important on the absorption, and that is the 

completeness of absorption (fraction of the dose that enters the circulation is called the 

bioavailability) and the rate of absorption (effects the maximum concentration). Absorption 

occurs only for extravascular administration, so no intravenous. The absorption may be 

incomplete when during the transport there is excretion or local metabolism. The 

bioavailability will then be lower. For extravascular administration the bioavailability is never 

100% (F < 1). Also the first pass effect influences the bioavailability. The bioavailability can 

be calculated by dividing the AUCoral by AUCiv. Factors that influence the bioavailability are: 

- Liberation from dosage form (pharmaceutical availability); 

- Intestinal fluid (pH, enzymes) 

- Transport through the intestinal wall (metabolism) 

- First pass effect in the liver 

During the absorption of the drug through the membrane, the lipophilic or hydrophilic 

properties of the drug are also important. The membrane is lipophilic, so lipophilic drugs are 

better absorbed than hydrophilic drugs through passive diffusion. This also influences the 

bioavailability. Also the loading of the drug is important, because positive or negative 

molecules can’t be absorbed by passive diffusion. Hydrophilic compounds can only pass the 

membrane via carriers just like endogenous compounds, like water, ions, glucose and 

aminoacids.  

 

In the membrane of the gut are also enzymes that can metabolize drugs before there is any 

uptake in de body. CYP3A4 is such enzyme, that metabolizes a lot of drugs, but also other 

molecules, in the wall of the intestine. Grapefruit is substrate for CYP3A4 and drugs that are 

metabolized by this enzyme will not be absorbed, like statins. Whether the loss of a drug 

during absorption is due to presystemic metabolism or first-pass metabolism is difficult to 

distinguish.  

 

Distribution 

The rate of distribution depends on the permeability of the membrane and the blood flow. At 

steady state concentration the distribution depends on the partition coefficient (lipid/water, log 

P), the plasma protein binding, the tissue binding and the transporters. When a drug has a 

great affinity to bind to plasma proteins, there is less free drug and the volume of distribution 

will decrease. On the other hand, saturation of plasma protein binding will increase the free 

concentration of the drug and the volume of distribution will increase. A change in protein 

binding can be influence by hypo-/hyperalbuminemia, interaction with other drugs or 

interaction with metabolites.  

Most drugs that are orally given, are lipophilic. These drugs will have affinity to lipophilic 

tissue and can therefore have a long half-time and a large Vd. This can give a hangover effect 

of drugs, for example anesthetic drugs.  

The formula for drug distribution is: 

𝐴 = 𝑉𝑝 × 𝐶𝑝 + 𝑉𝑡 × 𝐶𝑡 ×  𝐾𝑝 
Where A = amount in the body, Vp = volume of plasma, Cp = concentration in plasma, Vt = 

volume of tissue, Ct = concentration in tissue and Kp = tissue to plasma distribution constant. 

 

 



Metabolism and elimination (clearance) 

The rate of the drug elimination is proportional to the plasma concentration. This means that 

when the plasma concentration increases, the elimination rate also increases, which gives the 

formula: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑙 × 𝐶 
The clearance is described as the volume per time (L/h) and is a measure of the total 

eliminating capacity of the body, so the sum of the hepatic clearance, renal clearance, etc. 

 

The half-life (t1/2) is the time required to clear 50% of the drug. This depends on the Vd and 

the Cl. The formula for the half-life is: 

ℎ𝑎𝑙𝑓 − 𝑙𝑖𝑓𝑒 =
𝑙𝑛2

𝐾𝑒
 

where Ke is the elimination constant and -Ke is the slope of the drug concentration curve 

(semi-log plot).  

 

Biotransformation is the metabolism of drugs where changes to the molecule are made. 

Metabolism is due to enzymatic reactions and other reactive compounds. The metabolites 

made can be active or inactive. Phase I metabolism is de-alkylation or hydroxylation of the 

drug. Phase II metabolism is the conjugation of a compound to the metabolite from phase I.  

Phase II metabolism is mostly an inactivation reaction. There is a great variance in de genetics 

of these enzyme between patients, which is called polymorphism.  

 

A lot of factors influence the clearance of a drug. There can be non-linear clearance, by 

saturation of metabolizing enzymes and saturation of active renal secretion, a change in 

plasma protein binding and drug-drug or drug-food interactions, causing enzyme induction or 

inhibition.  

 

For some drugs the Area Under the Curve (AUC) is more important than the Cmax or the time 

of exposure. The AUC is a measure of the total systemic exposure, with the formula: 

𝐴𝑈𝐶 =  
𝐹 × 𝐷

𝐶𝑙
 

With this formula the AUC after a single dose can be calculated, but most drugs have a steady 

state concentration, where drug IN = drug OUT: 
𝐹 × 𝐷

𝜏
= 𝐶𝑙 × 𝐶𝑎𝑣, 𝑠𝑠 

Where Cav,ss is the average concentration at steady state.  

 

Variability and pharmacogenetics 
Every patient is different and there are numerous factors contributing to this variability in 

pharmacokinetics: 

- Age 

- Gender 

- Body weight 

- Renal/liver function 

- Cardiac output/circadian effects 

- Genetics, metabolizing enzymes, polymorphism 

- Co-medication (drug-drug interactions) 

- Environmental factors (food, smoking, pollution) 



It is expected that the way patients react to a 

drug is a normal distribution. When there is a 

polymorphism in a gene, the distribution 

won’t be normal. This is because one group 

won’t react to the drug at all, the other group 

normal and the last group will react the most.  

The cytochrome P enzymes in the liver can 

have polymorphism. This means that the 

metabolism can change causing 

interindividual variability. When a patient is a 

rapid metabolizer for an enzyme and the drug 

is a substrate, then lower concentrations of the drug will reach the circulation. Polymorphism 

will cause large differences in metabolic clearance. Genetic polymorphism isn’t only common 

in cytochrome P enzymes, but also in plasma binding proteins and transporters, which are 

effects in the pharmacokinetic part. But also pharmacodynamics are involved with 

polymorphism, due to differences in receptors, ion channels, enzymes and immune molecules, 

all causing a different effect of the drug. Polymorphism is mostly seen between different 

cultures; for example: CYP2D6 is an metabolic enzyme whereof >25% of Ethiopians are 

ultrarapid metabolizers. For drugs that are substrate to this enzyme, this is important to take in 

count when such drug is prescribed to an Ethiopian patient, because normal doses wouldn’t be 

effective. For toxic drugs these pharmacokinetics are very important, because poor 

metabolizers have a poor metabolic clearance and the drug will be in the circulation at higher 

concentrations than recommended. For example: codeine is an analgesic drug that in the liver 

is metabolized by CYP2D6 to morphine for 10% in normal metabolizers. In poor 

metabolizers, hardly any morphine is found in the plasma, but in excessive metabolizers 

higher concentrations are found.  

 

On the other hand, cytochrome P enzymes are one of the reasons of drug-drug interactions. 

Some drugs induce or decrease the enzyme activity, which means the plasma concentrations 

can increase of drop, causing an intoxication or failure of the treatment.  

 

Age, weight and gender 
For the absorption there is hardly any differences between age. The pH in the stomach is 

higher for neonates and in elderly, which can be important for drug release from the 

preparation. However, there aren’t any great changes seen in the absorption of the drug. 

 

The drug distribution however is very different per age. The Vd is dependent on the body 

composition. Newborn have more extracellular water and elderly have more fatty tissue. This 

not only differs between different ages, but also between sexes, other diseases, drug-drug 

interactions, etc. The intracellular body water is for every patient about 40% of the body 

weight. The extracellular body fluid is different per age, namely 45% for newborn, 30% for 2 

year-olds, 20% for 4 year-olds and 15% in adults. The Vd is important for the loading dose 

(=C x Vd), the half-life and the dose interval. The lean body mass (LBM) or ideal body weight 

(kg) is 0,9xheight(cm)-87 for male and 0,9xheight(cm)-91,5 for female. For elderly the body 

fat increases with 20-40% and the body water decreases with 10-15%.  

 

The drug metabolism is mostly changing in early childhood. At about 20 years the peak is 

reached and there is a gradually decline from the age of 30-50. This is related to maturation of 

the liver and the gradual decline of cardiac output. From the age of 35 all functions will 



decrease, some more than others.  Also the renal function of neonates are very bad and will 

only reach a normal creatinine clearance at the age of 20 with 120 ml/min/1,73m
2
.  

 

Allometric scaling is a method used to extrapolate pharmacokinetics and doses between 

species and between patients of different sizes. It was used to translate animal doses to human 

doses, but is now also used between humans. The idea is that drugs are more cleared in larger 

species and that this is linear. It is used to approximate the dose for children from adult 

models. This idea is from that the Vd is proportional to the body weight (or actually body 

composition), so Vd = L/kg. The clearance is also proportional to the BW
0,75

. For children the 

daily dose per kg BW is higher than in adults, so the half-life is shorter, which results in a 

shorter dosing interval or a more frequent dosing. The clearance is defined as the L/kg 

cleared, but this isn’t suitable for children. For children the body surface area (m
2
) is used. To 

compare the BSA of children with adults, the next formula is used: 

𝐵𝑆𝐴 = 1,73 ×  
𝐵𝑊

70

0,75

 

It is said that the clearance is proportional to the body weight, and for children to the BSA, so 

with this formula the clearance can be calculated: 

𝐶𝑙𝐵𝑊 =  𝐶𝑙70𝑘𝑔  ×  
𝐵𝑊

70

0,75

 

The Cl70kg is the clearance for a normal patient of 70 kg. This has to be given to calculate the 

clearance for the child. The steady state concentration is depended from the clearance, so to 

calculate the Cstst the formula drug IN = drug OUT has also got to be rewritten: 

𝐷𝑜𝑠𝑒

𝜏 𝐵𝑊
=  

𝐷𝑜𝑠𝑒

𝜏 70𝑘𝑔
 ×  

𝐵𝑊

70

0,75

 

The glomerular filtration rate (GFR) formula (140-age) is a simplification of the 

Cockcroft&Gault formula and can only be used for normal patients older than 20 years. When 

patients are very athletic, the creatinine concentration excreted in the body will by higher and 

patients who are bedridden have less muscle so less creatinine and the renal functions will be 

estimated too low. To calculate the drug clearance for a patient compared to a normal, 60 

year-old patient, the renal function is used in the formula: 
𝐷𝑜𝑠𝑒

𝜏 𝑎𝑔𝑒
=  

𝐷𝑜𝑠𝑒

𝜏 60 𝑦𝑒𝑎𝑟𝑠
 × (

140 − 𝑎𝑔𝑒

140 − 60
) 

In this case, it is expected that the normal 60 year old patient has a renal function of 80 

ml/min. If you want to correct for age and weight, than the formula has to be multiplied by 
𝐵𝑊

70

0,75
. For children with the age <20 years, fill in 20 years and the correction for body weight 

is used for children.  

  



Liver and kidney function 
 

Hepatic diseases 

Every hepatic disease is different and has a different effect on pharmacokinetics. Hepatic 

diseases can result in a decrease in albumin production  hypoalbuminemia  less plasma 

protein binding  higher concentration of free drug  increase in Vd  increase effect  

increase in clearance. Liver cirrhosis has the highest impact on the metabolism in the liver, 

because there are less hepatocytes and therefore less enzymes for metabolism. This means 

metabolic clearance will reduce and the bioavailability of metabolic cleared drugs will 

increase. In addition, patients with liver diseases can develop portal bypasses where the drug 

isn’t passing the liver and there is less first pass metabolism. For example: propranolol is 

metabolized in the liver by first pass effect. For hepatic patients the first pass effect is gone, so 

the plasma concentrations at the same dose is different from the plasma concentration in the 

healthy control group. On the other hand, different enzymes react different to hepatic 

diseases. For example: oxidative enzymes (CYP) seem to be more effected than conjugating 

enzymes (UGT). Less first pass metabolism together with a reduced systemic clearance means 

a doubled increase of plasma concentration, so the dose should be double reduced.  

 

Cardiovascular diseases result in less perfusion, which may result in a decrease of Vd, in less 

hepatic perfusion, in less drug clearance and in less drug absorption from the GI-tract. When 

the absorption is decreased because of less perfusion, it’s better to administer the drug 

intravenously.  

 

Renal diseases 

There is a difference between acute transient renal failure and chronic liver failure. ARF is 

most common with ICU patients. These patients are severely ill, which causes transient 

reduction of the renal function. Mostly treatment with dialysis is needed and chronic 

(24h/day). Chronic renal failure is mostly due to other conditions or diseases, like diabetes. 

There is chronic reduction of renal failure and when the GFR is too low, dialysis is needed. 

These patients can’t be treated with chronic dialysis, so it’s intermitted (2-4h/day, 3days/week 

or 4 nights/week). The relationship between drug clearance and renal function is expressed as 

the creatinine clearance. When at x=0 y>0, there is non-renal clearance. The total clearance is 

the clearance from the kidneys plus the clearance from the liver and other. The renal clearance 

is: 

𝐶𝑙𝑅 = 𝑓𝑟 ×  𝐶𝑙𝑐𝑟 
Where ClR is the renal clearance and Clcr is the creatinine clearance. Fr is the fraction drugs 

that is excreted by the kidneys. When fr<1 the excretion is passive and when fr>1 there is also 

active secretion. When the drug is completely eliminated unchanged via the kidneys, the dose 

correction for renal failure can be calculated from the creatinine clearance of a typical patient: 
𝐷𝑜𝑠𝑒

𝜏 𝑝𝑎𝑡𝑖𝑒𝑛𝑡

𝐷𝑜𝑠𝑒
𝜏 𝑡𝑦𝑝𝑖𝑐𝑎𝑙

= 

𝐶𝑙𝑝𝑎𝑡𝑖𝑒𝑛𝑡

𝐶𝑙𝑡𝑦𝑝𝑖𝑐𝑎𝑙
=  

𝐶𝐿𝑐𝑟𝑝𝑎𝑡𝑖𝑒𝑛𝑡

𝐶𝐿𝑐𝑟𝑡𝑦𝑝𝑖𝑐𝑎𝑙
 

For a drug that also has metabolic clearance, the another formula should be used: 

 
𝐷𝑜𝑠𝑒

𝜏 𝑝𝑎𝑡𝑖𝑒𝑛𝑡

𝐷𝑜𝑠𝑒
𝜏 𝑡𝑦𝑝𝑖𝑐𝑎𝑙

= 𝑓𝑒(𝑛) × (
𝐶𝐿𝑐𝑟𝑝𝑎𝑡𝑖𝑒𝑛𝑡

𝐶𝐿𝑐𝑟𝑡𝑦𝑝𝑖𝑐𝑎𝑙
) + (1 − 𝑓𝑒(𝑛)) × (

140 −  𝑎𝑔𝑒𝑝𝑎𝑡𝑖𝑒𝑛𝑡

140 −  𝑎𝑔𝑒𝑡𝑦𝑝𝑖𝑐𝑎𝑙
)  × (

𝐵𝑊𝑝𝑎𝑡𝑖𝑒𝑛𝑡

𝐵𝑊𝑡𝑦𝑝𝑖𝑐𝑎𝑙
)0,75 



Since liver function is proportional to body weight, the fraction not renaly cleared is corrected 

for age and body weight. The fraction renaly cleared is only corrected for renal function. The 

estimation of the renal function is based on the creatinine concentration, but there are several 

exceptions where the normal formulas can’t be applied. Creatinine is produced by the muscle 

and is completely eliminated by renal filtration. The formula is based on a steady state 

situation of the renal clearance of creatinine, so the input of creatinine from the muscle is the 

same as the output of creatinine through the kidneys. In the case of an acute renal failure there 

is no steady state and when normal formulas are used, there will be an overestimation of the 

renal function. On the other hand, a lot of patients who are bedridden lose about 1% muscle 

mass per day. This means that with the normal formula, it seems as if the renal function is 

better than it actually is. For adults the Cockcroft-Gault formula is most used and for children 

the Schwartz formula. For both these formulas the weight and height should be known, so you 

can’t make an automatic calculation. Nowadays there is a new method to estimate the renal 

function, MDRD. Weight and height aren’t needed so the calculation can be automated and 

this method is widely used in hospitals. But since weight and height aren’t used in de 

calculation, there can be a wrong estimation when the patient doesn’t have a “normal” weight 

or height. It is also important to know which method was used during the trials, so the right 

dose adjustments can be performed. There is a large interindividual variability in population 

studies, so dose adjustments of <30% aren’t necessary, unless it’s a drug with a small 

therapeutic index (<10%), like lithium, digoxin and aminoglycosides. If the fraction is hardly 

eliminated renally (<30%), dose adjustments aren’t necessary with renal insufficiency.   

 

Non-linear pharmacokinetics 
There are different explanations for non-linear metabolism: 

 

1. Saturated metabolism: 

a. At higher doses the metabolism is saturated and more drug is getting in the 

circulation and the AUC is increasing. For example: ethanol and phenytoin. 

b. Shortened infusion  loading dose. Less drug is given, but the AUC is 

increasing and no toxic effects appear. For example: fluorouracil, taxol and 

cisplatin. 

2. Saturated absorption in the GI-tract: less absorption into the circulation, means a 

decrease in the AUC. For example: methotrexate. 

3. Saturated protein binding: saturation of the plasma proteins mean a higher free drug 

concentration, which results in higher clearance. The total concentration and AUC 

decrease proportionally. For example: valproic acid. 

4. Saturated active secretion in the kidneys: when the dose is higher, less drug will be 

excreted, so the AUC is proportionally increased. For example: penicillins. 

5. Saturated reabsorption in the kidneys: when reabsorption is saturated, less drug will be 

reabsorbed and more drug will be excreted, so the AUC is proportionally decreasing. 

For example: cisplatin. 

 

The rate of non-linear elimination is = 
𝑉𝑚 ×𝐶𝑢

𝐾𝑚+𝐶𝑢
. When the unbound plasma drug concentration 

is below the Km, then it can be said that the kinetics are linear. For most drugs the kinetics are 

linear, until some point. Toxicokinetics are therefore not to compare with normal 

pharmacokinetics at normal dosing ranges. In non-linear kinetics the clearance isn’t constant, 

but concentration dependent and therefore the plasma concentration is not proportional to the 

dose. A doubling in dose won’t mean a doubling in plasma concentration. When C << Km the 

kinetics are linear, because the rate of metabolism is (almost) proportional to the drug 

concentration, so clearance = Vmax / Km. When C >> Km, the rate of metabolism is not 



proportional to the concentration, but it will approach the Vmax. Vmax is patient specific and 

will differ per person because of interindividual variability. The lower Vmax, the faster Km is 

reached and the sooner Vmax will be approached.  

 

Time dependency 
For most linear processes, it is assumed that the rate of elimination is proportional to the 

plasma concentration and therefore the half-life is independent of the dose and the time. In 

reality this is not really the case, because the plasma concentration can also be influenced by 

the time of administration. Not only day and night differences of the body can influence the 

plasma concentration, but also meals or activities.  

- Administration between meals: absorption may be faster and/or more complete in the 

absence of food, because some drugs will make complexes with food.  

- Administration during/after a meal: some drugs are administered with food to avoid 

gastrointestinal side-effects, for example with antibiotics. Also the absorption may be 

improved when administered with a fat meal, for example HIV-drugs of other 

lipophilic drugs.  

o HIV-drugs have a very small therapeutic range. When administered with a fat 

meal, the bioavailability will increase with 50%. When the patient is changing 

its diet, it is very important to check the plasma concentration, because when 

the plasma concentration is below the therapeutic range, the patient can 

become resistant to the therapy.  

The effect of food to the absorption of the drug can be very large, so for every drug this effect 

is investigated before. For most drugs the time of administration makes a lot of sense: 

hypnotics are taken before going to bed and diuretics are taken in the morning and not at 

night, because the patient would be going to the toilet all night. Chronopharmacokinetics are 

used to dose drugs at the right time in the day. This can have different reasons, like during 

meals. But there are other reasons to change the dosing regimen, like autoinduction of the 

metabolism of the toxic effects of drugs. 

- Autoinduction of metabolism: carbamazepine and rifampicin are drugs that induce 

CYP3A4 strongly and therefore therapy with other drugs that are substrate for this 

enzyme is useless.  

- Toxicity: some drugs are toxic and the body needs time to recover from the therapy to 

avoid permanent damage. For example: aminoglycoside antibiotics are nephrotoxic. 

These antibiotics are the last option, so it is not possible to avoid therapy with these 

antibiotics. Therefore these antibiotics are given at high doses, but with long pauses in 

between the dosing, so the kidneys have time to recover.  

- Circadian rhythm: for some diseases the effect is different during the day and the 

therapy is adjusted to this rhythm, for example hydrocortisone.  

o Absorption: in the night the blood flow in the body is low, so the absorption is 

less; 

o Distribution: plasma protein binding 

o Metabolism: enzyme activity is related to the blood flow, which is low at 

night; 

o Excretion: the glomerular filtration rate is also related to the blood flow. 

Also the immune system is regulated by nocturnal sleep, so immune-related drugs will 

have to be dosed higher during the night. For example: immunosuppressant drugs in 

therapy to prevent acute rejection of organs have to be dosed higher during the night, 

when the immune system is stronger.  

  

  



Drug – drug interactions 
The hepatic clearance is the rate of the hepatic elimination divided by the plasma 

concentration, so the volume of plasma cleared from drug in de liver per unit of time. This 

process is done by biotransformation of the parent drug (metabolism) and the excretion of the 

parent drug and metabolite into the bile (to the feces). The hepatic clearance is determined by 

the enzyme activity (the intrinsic clearance defined by Vmax and Km, the plasma protein 

binding (fraction unbound fu = Cu/Ctotal) and the hepatic blood flow (±25% of cardiac output). 

Only unbound drugs (fu) can be metabolized by enzymes in the liver and the enzyme activity 

is related to the hepatic blood flow. 

 

The extraction ratio (symbol E) = the fraction of unbound drug removed from the blood 

during passage of the liver. This is the hepatic clearance divided by the hepatic blood flow. 

When E = 0, there is no extraction and when E = 1 there is complete extraction. The 

extraction in the liver has influence on the bioavailability, because all the drugs that are 

excreted during the first pass effect, won’t reach the circulation. Therefore the bioavailability 

(symbol F) = the fraction of the drug reaching the systemic circulation after absorption in the 

GI-tract. This means F ≤ 1 – E. When there is no extraction, E= 0  and F = 1. 

 

When the extraction ratio is low (<0.3), the CLmet is <400 ml/min and the hepatic clearance is 

determined by the enzyme activity and the plasma protein binding. The hepatic blood flow is 

in this case nog the limiting factor and isn’t affecting the clearance. This occurs when the 

enzyme activity is low and the plasma protein binding is high. In this case the bioavailability 

will be near to 1.  

 

When the extraction ratio is high (>0,7), the CLmet is >1000 ml/min and the hepatic clearance 

is limited by the hepatic blood flow. Enzyme activity is high and plasma protein binding is 

low, so these factors aren’t limiting. In this case the bioavailability will be <<1. The first pass 

effect is high and the plasma concentrations will be low, so a higher dose is needed. When 

there is a case of drug-drug interactions and enzyme activity is inhibited or saturated, the 

bioavailability increases, or when the enzyme activity is induced, the bioavailability will 

decrease.  

 

2-Compartment models 
In this figure the two compartments are shown: the 

distribution from the central compartment to the 

peripheral compartment and the elimination. From the 

curve two straight lines can be made with both a 

formula: 

 

- Distribution: C1·e
-λ1t

 

- Elimination: C2·e
-λ2t

 

- C0 = C1+C2 

- Ct = C1·e
-λ1t

 + C2·e
-λ2t

 

 

In the two compartment model the volume of 

distribution can be calculated: V1 =  Dose / C0. These 

two-compartment models are used in physiologically-

based pharmacokinetic modelling (PBPK) and can be 

used in different organs characterized by volume, 

blood flow and partition coefficient (liver, kidneys, muscles, adipose tissue, CNS). The 

 



models are used to predict pharmacokinetics when pathophysiological conditions change or to 

predict the effect between other species. The models can be expend with more compartments.  

 

Pharmacokinetics and pharmacodynamics 
Pharmacodynamics describe the dose – response relationship and therefore concentration – 

response relationship. This can be described for individuals and for populations: in individuals 

the response is the intensity of the effect and in a population this is the percentage of patients 

responding to the treatment. Translated to individuals this means the response is the chance of 

him responding to the treatment. These models from populations are used to predict the 

individual response, so it’s not random, but individual parameters are used. Graded dose – 

response curves are made and the dose where 50% of the patients respond is calculated 

(ED50). For 25% of the patients this dose will be too high (side effects / toxic effects) and for 

25% this dose will be too low. There will always be a few patients that won’t respond at all 

(so 100% is never reached). Every patient has a different therapeutic range! 

 

Modelling of effect with the Hill equation: 𝐸 =  
𝐸𝑚𝑎𝑥 × 𝐶𝛾

𝐸50
𝛾

+ 𝐶𝛾 , where γ is the steepness of the 

curve.  

 

The PK-PD of antibiotics is based on the PK model (compartment model) and the PD model 

(growth of bacteria and killing of bacteria). For the pharmacokinetics the next formulas are 

used: 

𝐶𝑡 =  𝐶0·𝑒−𝑘𝑡 and 𝐶0 = 𝐹 ×  
𝐷𝑜𝑠𝑒

𝑉𝑑
 

These formulas describe how the body handles the drug. The Hill equation is used to describe 

how the drug handles the ‘bug’ (in case of antibiotics). The relationship between the plasma 

concentration and the effect compartment concentration is described by the Sheiner model: 
𝑑𝐶𝑒

𝑑𝑡
=  𝑘𝑒0  × (𝐶 − 𝐶𝑒) 

 

The Hill equation can be used to make the Sigmoid Emax model, where the effect of the drug 

at a certain concentration can be calculated and the E0 is in counted. The E0 is the effect of a 

drug when there is no plasma concentration, also known as the placebo effect. When γ = 1, 

the effect of a drug is proportional to the receptor occupancy. When γ > 1, then there is an ‘all 

or nothing’-effect, for example with anti-epileptic drugs.  

 

There are PK-PD models specifically for antibiotics to calculate the plasma concentration 

necessary to kill all the bacteria.  

𝑑𝑁

𝑑𝑡
= ( 𝑔𝑟𝑜𝑤𝑡ℎ − 𝐸𝑚𝑎𝑥  × (

𝐶𝑒
γ 

𝐶𝑒
γ 

+  𝐸𝐶50
γ ) × 𝑁 

Where N = number of colony-forming units per ml, t = time, growth = rate in absence of 

antibiotics, Emax = maximal killing rate of the antibiotics, Ce = antibiotic concentration at the 

site of action, EC50 = the antibiotic concentration at 50% of the Emax and γ = the steepness of 

de concentration-effect relationship. The exposure of antibiotics is very important, because 

you want to kill all the bacteria in a short amount of time to prohibit resistance. For every 

antibiotic a different therapy is used. The MIC is the minimum inhibitory concentration and 

described the minimum concentration needed to kill the bacteria. For every antibiotic the 

therapy differs: some antibiotics are concentration-dependent, time-dependent or post-

antibiotic effect. The post-antibiotic effect is the effect the antibiotic has after the plasma 



concentration is already very low, but the amount in the site of action is still effective. There 

are three ways to dose the antibiotics: 

1. Time that the concentration > MIC (% of dosing interval above MIC), for example 

beta-lactams and erythromycin. Bacterial killing is independent from the 

concentration, but is influenced by the time the concentration is above the MIC. This 

is different per antibiotic and by bacteria, since the MIC can be different due to 

resistance and selection. At one point, it doesn’t matter how high the concentration is, 

the effect will reach a maximum. For P. aeruginosa infected patients, treatment with 

piperacillin and tazobactam is started. The treatment can be extended or intermitted, 

but for patients with a severe infection, extended treatment results in a lower mortality 

rate. For beta-lactam antibiotics this means that the plasma concentration must be at 

least 50% of the dosing interval > MIC. These antibiotics also have a minimal post-

MIC effect.  

2. Cmax / MIC, for example aminoglycosides. The bacterial killing increases with 

increasing concentration. These antibiotics are last options and used for septic patients. 

These infections are very serious, so quickly starting with therapy in high 

concentrations is necessary. On the other hand, these antibiotics are highly toxic, so 

after three days of therapy, the efficacy is determined to see if the organism is 

sensitive for the therapy and if treatment needs to be continued. For optimal efficacy 

the Cmax is >8 x MIC. For micro-organisms with a MIC of 2 mg/L or more there are 

limitations due to toxicity. There is a difference in toxicity between the 

aminoglycosides, where gentamicin is the most toxic, then netilmicin and the least 

toxic is tobramycin. To increase the dosing interval, the renal toxicity is decreased. 

Aminoglycosides have a long post-MIC effect, so even when the concentration is 

below the MIC, there is still a bacteria killing effect.  

3. (24h-)AUC / MIC (unit time, time of AUC should be specific), for example 

fluoroquinolones and vancomycin. This is the relationship between the percentage of 

the clinical cure and the AUC/MIC (AUIC) of the antibiotic. For AUC/MIC also 

means that when the dose is increased, the efficacy is increased.  

 

Optimal sampling 
For the different parameters different moments after administration are important for 

sampling. There are about 7 parameters that you want to know, but you don’t want to take 

samples from the patient at 7 different moments in a day. The AUC is a measure of the drug 

exposure and many drugs are dosed at a ‘target AUC’. The AUC can be calculated from the 

average plasma concentration: Caverage = AUC / dosing interval, and can be calculated when 

the steady state has been achieved. To achieve this, frequent blood sampling an concentration 

measurements are necessary, but this is discomfort to the patient and very expensive. With 

optimal sampling the parameters are calculated with limited samples at the optimal timing. To 

know when the optimal timing is for sampling, population studies are used to predict some 

parameters. For example: the clearance is best sampled at t = 1,44 x t1/2, but the t1/2 is not 

known, but the median t1/2 can be used. This can only be used for renal cleared drugs. 

Different methods can be used. 

1. Experimental method (classical approach): this requires a rich data set for derivation 

of equations and separate data sets for validation. The rich data is collected from a 

group of patients at different time points. The patients are divides in two groups. In the 

first group the AUC is calculated from the limited samples (study group). The ‘true’ 

AUC is calculated using all the data points collected and then the relationship between 

C and AUC is calculated with multiple regression analysis. In the second group a 

selection is made of ‘optimal sampling times’ (validation group). For this group rich 



data is also collected and for each subject AUCtrue is calculated using all data points. 

Then  for each subject AUCestimated is calculated using the equation for each 

combination of data points. The Root Mean Squared Error (measure of precision) is 

then calculated, with the equation:  

𝑅𝑀𝑆𝐸 =  √
∑

𝑡=1
𝑛

(𝑥1,𝑡 −  𝑥2,𝑡)^2

𝑛
 

The lowest value for RMSE is the best predictive equation and the optimal sampling 

time. Then the minimal number of samples needed is selected with acceptable 

precision. This method has a lot of limitations, because a lot of calculations have to be 

made, which takes a lot of time, and a lot of data has to be collected from a lot of 

subjects. The measurement in subjects are replaced by data generated by the Monte 

Carlo simulations and the multiple regression analysis is replaced by the Bayesian 

estimation of PK parameters, with the ‘best’ estimation of CL and F and AUC. 

2. Monte Carlo simulation: requires pharmacokinetic population model. For this model a 

PK model and parameters are needed: the mean values, the standard deviation and the 

statistical distribution, and the residual error (assay/collecting error). This method is 

obtained from the population analysis of the data from a group of subjects (the study 

group). The generation of data: population PK parameters  individual PK 

parameters  ‘true’ plasma concentrations  ‘measured’ plasma concentrations. 

With the ‘measured’ plasma concentrations the estimated AUC is calculated and 

evaluated for mean errors (accuracy) and RMSE (precision). Accuracy is the degree of 

conformity of a measured or calculated quantity to its actual value. Precision is the 

degree to which further measurements of calculations show the same of similar results.   

 

Population pharmacokinetics 
This is a description of a pharmacokinetic behavior of a drug in a population. With these 

kinetics models are made and the goal is the achievement of the right plasma concentration of 

a drug in the individual patient. For the model parameters the central tendency (mean/median 

value), inter-individual variability (SD) and the covariance between parameters are used. 

Covariates are the descriptors affecting a pharmacokinetic parameter: creatinine clearance for 

renal clearance, BSA for metabolic clearance, LBMc for volume of distribution, age and 

gender.  

 

The creatinine clearance is used to estimate the renal function, since creatinine is only 

excreted renally. The total clearance CL = CLm + fr x CLcr. When a graph is made for the 

clearance of a drug versus the creatinine clearance, the metabolic clearance is seen at x=0 and 

y>0. For parametric methods the assumption is made that a parameter is normally distributed 

or log-normally distributed. In every method errors are made. Residual errors are analytical 

errors, errors in dosing and timing and model misspecifications (when models for children are 

used for an elderly patient). There are different assumptions on residual errors required for 

appropriate weighting of measurements, for example: independent/proportional of the 

concentration, log-normal distribution and assay error related to concentration. Fixed residual 

errors are errors related to the concentration.  

 

These errors are important to know when to decide which assay to use. Immuno-assays have 

exponential errors, because at too high and too low concentrations the standard deviation of 

the results are very high, meaning there is a great variability.  Therefore there is no straight 

line in the graph. Chromatography assays have a proportional error and is therefore a more 

specific and sensitive assay with better detection.  

 



When data needs to be collected, it is important to know if rich or sparse data is needed. 

Sparse data is data from a lot of patients/subjects, but with less data points. With these data a 

better view of the inter-individual differences is obtained. It is also easier to collect a lot of 

subjects with a few data points than a view subjects willing to give a lot of data points. Rich 

data are collected with healthy volunteers. A small number of volunteers are used to collect a 

lot of blood samples. With these data an identification of a model is made. With these data, a 

large group of patients is used to collect sparse data in a clinical environment. The aim is to 

identify model parameters and covariates for TDM.  

 

The methods that exist to model pharmacokinetics are: 

- Naïve pooling; the data of all patients are pooled and used as if it were from one 

patient. In this case the inter-individual variability is ignored and this method is not 

used anymore. 

- Standard two-stage (STS); this method exists from two steps. In step 1 the data of each 

patient is first analyzed separately and in step 2 the mean and SD of the model 

parameters are derived from step 1. This method is very simple, but the inter-

individual variability is overestimated, it is not applicable to sparse data and there are 

problems with ‘non-fittable’ patients.  

- Mixed-effect modeling (NONMEM); this is a statistically sophisticated method and 

generally accepted worldwide, but it is not user-friendly and a ‘black-box’. With this 

method the residual variability of the data points per patient are derived (residual 

noise, errors) and the between subject variability (no noise, biology/inter-individual 

variability).  

- Nonparametric methods (NPEM); in this method no assumptions on distribution of 

parameters are required, but the conversion to parametric distribution is required for 

application in MAP Bayesian fitting.  

- Iterative two-stage Bayesian (ITSB); this method is applicable to rich and sparse data, 

simple to use and it’s validated by Monte Carlo simulation. On the other hand can the 

results be less precise/less accurate in sparse data. First the assumption of a reasonable 

set of population data (means ±
 
SD, covariance matrix) and the assumption of a model 

for residual error are made. The two steps are to perform Bayesian analysis on each 

subject separately and then calculate a new set of population data with a mean ± SD, 

covariance matrix and residual error. These steps are repeated until converge is 

reached.  

 

Therapeutic Drug Monitoring 
Definition: the adjustment of the dosage regimen (dose and/or dosing interval) of a drug with 

the guidance of a measured effect or plasma concentration with the goal to improve the 

treatment of the patient (increase efficacy and/or decrease toxicity). Before TDM an 

evaluation is needed to take in count the general condition of the patient, the measurement of 

the drug effect and the measurement of the blood concentration. Drugs with a small 

therapeutic range and where the effect of wrong dosage can have severe effects, like 

antibiotics, immunosuppressive drugs, HIV-drugs, antifungal drugs, anti-TB drugs and 

antiviral drugs, but also theophylline, digoxine, antiarrhythmic drugs and psychiatric drugs. 

The initial individual dose is derived from a standard dose or a standard dose adapted to the 

individual patient data (like weight, height, age, sex, kidney function, etc.). Then the blood 

concentration of the drug is measured and the dose is adjusted when needed using MAP 

Bayesian feedback. The Bayesian feedback uses pharmacokinetic population-parameters and 

measured plasma concentrations to estimate the most likely ‘a posteriori’ pharmacokinetic 

parameters and concentration profile in the patient. The required data are the PK population 



parameters, like the mean and the standard deviation, and the concentration measurements 

with the assay error and the model misspecifications.  

 

Metabolite kinetics 
When a drug is administered, different ways of elimination and excretion are available; direct 

clearance and metabolite clearance. The formation of the metabolite is the drug in from 

clearance of the parent drug. The rate of the change of the amount of metabolite in the body = 

𝐾𝑓  × 𝐴 −  𝐾𝑚  ×  𝐴𝑚. The elimination rate = CL x C and the formation rate of the metabolite 

is CLf x C. The total amount of metabolite formed, Af  = CLf x AUC. The fraction of the dose 

that is converted to the metabolite fm = Af / dose = CLf / CL. The elimination rate of the 

metabolite = CLm x Cm.  

 

The half-life t1/2 of a metabolite is dependent of the t1/2 of the parent drug, because this 

influences the formation rate: 

 T1/2,m > t1/2, when Vd,m / CLm > V/CL, which is the case with some benzodiazepines; 

 T1/2,m = t1/2, can occur if the Vd,m / CLm ≤ V/CL or when the half-life of the parent drug 

is rate-limiting in the elimination of the metabolite and it’s often the case since 

metabolites are more polar than the parent drug. The t1/2,m can never be lower than the 

t1/2.  

 

Plasma protein binding and TDM of phenytoin 
For plasma protein binding the fraction of unbound drug is fu = Cu / Ctot. Phenytoin is an anti-

epileptic drug that is bound to plasma protein. When a patient has hypoalbuminemia, a 

shortage of plasma proteins is occurring and less drug is bound. The free concentration will 

then increase, together with the clearance and the total concentration will decrease. When a 

blood sample is taken to calculate the concentration of the drug, it seems that the 

concentration is below the therapeutic range, but the unbound concentration stays the same. 

The unbound drug concentration is the drug that has an effect and when the total 

concentration is raised, the unbound drug concentration will increase.  

 

When the dose is increased, the unbound drug concentration will not increase, because the 

clearance also increases. In this case the total drug concentration will decrease and the 

fraction unbound increases. For drugs that are bound to proteins, it is very important to also 

take the unbound concentration with your decisions.  

 

There are multiple drug-drug interactions with protein binding that can increase or decrease 

the unbound or total drug concentration. Not only by direct competition on the binding site on 

the protein, but also when the drug is inhibiting enzyme activity and therefore increasing the 

(unbound and total) concentration.  

 

There are two proteins that bind drugs: 

- Albumin: drugs with acid groups bind to this protein. The plasma concentration of this 

protein is ± 40 g/L (600 µM), but decreased in liver and renal failure.  

- Alpha-1-acid-glycoproteine: drugs with basic groups bind to this protein. The plasma 

concentration is less than albumin, about 9-23 µM, but the protein is increased in 

stress situations, like inflammation. 

The binding to plasma proteins are reversible, with the formula fu = Cu / Ctot. The unbound 

concentration is the effective concentration. These drugs are able to pass membranes, is 

filtered in the kidneys and binds to receptors. Fu can change when the total concentration of 

proteins is changing (Pt) or when there is competition on the binding site (fu,P). The unbound 



concentration is calculated from the previous formula Cu = fu x C. The bound concentration is 

then (1 – fu) x C.  

 

The elimination rate of protein binding = CL x C = CLu x Cu. When the fu is increased, but the 

unbound clearance is unchanged, then the unbound concentration is also unchanged and there 

is no need for dose adjustments. When the clearance increases, the total concentration will 

decrease, but the unbound concentration will be unchanged. If the hepatic extraction ratio is 

high, but the clearance is not increased, there will be a reduction of Ctot, but the Cu will be 

unchanged. This is only the case in oral administration, because with the high extraction ratio 

the total concentration will decrease. With intravenous administration the CL and F will be 

unchanged and therefore the total concentration will be unchanged and the Cu will increase. In 

this case a dose reduction is necessary. If the renal extraction ratio is high, the clearance is 

also not increased, the Ctot will be unchanged and the Cu will be increased. In this case a dose 

reduction is required. This is the case for beta-lactam antibiotics, because they are actively 

excreted in the kidneys. When the fu is increased because of an increase in Vd, the steady state 

concentration will be unaffected, so the dose doesn’t need to be changed.  

 

Applied pharmacokinetics 
There are different ways to dose a patient: 

1. Empirical dosing: the patient is dosed using the advised dosing, with variance in 

concentration and a higher variance in effect (inter-individual variability). 

2. Pharmacodynamic dosing: the patient is dosed using the target effect. In this case there 

is a variance in the concentration and a higher variance in the dose.  

3. Pharmacokinetic dose adaptation: the patient is dosed using the target effect. With this 

dosing method the optimal effect is reached the fastest and the variability in dose and 

effect is the lowest.  

 

Neonates have a larger Vd due to more extracellular fluids. This means a higher dose (mg/kg) 

is necessary, but also longer dosing intervals because of longer t1/2. Also ICU patients have 

different pharmacokinetics than the “population”.  

- Absorption: shock, abdominal surgery, use of vasopressor drugs, use of PPIs and 

delayed gastric emptying may influence the drug absorption. Because of uncertain 

bioavailability, drugs are administered intravenously in ICU patients.   

- Distribution: Vd is often increased in ICU patients 

o Increased total body water and edema, this effects beta-lactam antibiotics and 

aminoglycosides. Cmax is reduced, the CL is unchanged and the t1/2 is 

increased. The time until steady state is reached is increased. This means a 

decrease in efficacy for concentration dependent drugs like aminoglycosides.  

o Decreased albumin concentration can lead to saturation and therefore to an 

increase in Cu, which may cause side effect. In the end the clearance will 

increase and the total concentration will decrease, but the unbound 

concentration stays the same. When the dose is adjusted on the total 

concentration and not on the unbound concentration, the concentration will be 

too high.  

o Increased alpha-1-acid glycoprotein. In ICU patients alpha-1-acid glycoprotein 

is increased due to stress, so more basic drugs will be bound and the Cu 

decreases.  

o Alterations in blood pH 

o Septic shock  vasodilatation  increased volume.  



- Excretion: ICU patients often have acute renal failure or impairments, so excretion is 

less and the plasma concentration can increase. If an ICU patient has a good renal 

function, it is also possible that augmented renal clearance occurs (with GFR > 160 or 

>150) due to the release of inflammatory cytokines or use of drugs like 

norepinephrine.  


