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Chapter 5

Pharmacokinetic analysis

Lecture 10
1

Pharmacokinetics (PK) is the study of the processes that affect drug

distribution and the rate of change of drug concentrations within various

regions of the body.

These processes known as ADMET for drug adsorption, distribution,

metabolism, excretion, and toxicity.

Entry routes for drugs

Enteral route via the gastrointestinal tract

(GI tract).

It includes the mouth, beneath the tongue,

stomach, small and large intestines, and

rectal.

Pharmacokinetic 

Parenteral routes are all other . 2
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As the drug is absorbed into the body, its concentration in the plasma of

the blood changes.

PK modelling is used to predict and/or adjust the dosing strategy for a

particular drug.

Once the drug is absorbed from the GI tract, it enters the blood and

distributed throughout the body.

Plasma drug concentration is the total plasma concentration (𝑪𝒕𝒐𝒕𝒂𝒍)
that includes the concentration of the drug that is bound to plasma

proteins (𝑪𝑷) and that which is unbound (𝑪𝑼).

𝑪𝒕𝒐𝒕𝒂𝒍 = 𝑪𝑷 + 𝑪𝑼
3

The fraction of unbound drug or 𝒇𝑼 is:

𝒇𝑼 for a particular drug is usually constant, so either 𝑪𝑼 or 𝑪𝒕𝒐𝒕𝒂𝒍 can

be used in a PK model.

𝒇𝑼 =
𝑪𝑼
𝑪𝑷 + 𝑪𝑼

=
𝑪𝑼
𝑪𝒕𝒐𝒕𝒂𝒍

The figure illustrates typical plasma drug

concentrations as a function of time after

their introduction to the body.

4
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Curve I : The drug is slowly absorbed, resulting in increasing𝑪𝒕𝒐𝒕𝒂𝒍,
followed by a plateau, and then the𝑪𝒕𝒐𝒕𝒂𝒍decreases as the drug is

eliminated by a variety of body processes.

Curve II : Very rapid injection of the drug (IV injection), where the

drug quickly reaches its peak𝑪𝒕𝒐𝒕𝒂𝒍 near the time of injection, and then

is slowly eliminated.

Curve III: A continuous intravenous (IV)

infusion, after a short period of time, the

drug reaches a steady-state𝑪𝒕𝒐𝒕𝒂𝒍, since the

infusion rate equals the elimination rate of

the drug.

If the infusion is stopped, the𝑪𝒕𝒐𝒕𝒂𝒍falls due

to its elimination (dashed portion of the

curve). 5

PK modelling approaches

The goal is to develop mathematical models to describe profiles of 𝑪𝒕𝒐𝒕𝒂𝒍
as a function of time. 

𝑹𝒅𝒓𝒖𝒈 is the physiological response to the drug in terms of a percent

change in some parameters (body temperature, heart rate, glucose levels,

cholesterol levels, and blood pressure).

The physiological response to a particular drug saturates at high drug

concentrations (𝑪𝒕𝒐𝒕𝒂𝒍) and described as:

𝑹𝒅𝒓𝒖𝒈 =
𝑹𝒎𝒂𝒙 𝑪𝒕𝒐𝒕𝒂𝒍
𝑪𝟓𝟎 + 𝑪𝒕𝒐𝒕𝒂𝒍

𝑹𝒎𝒂𝒙 is the saturation response at high drug concentrations where

𝑪𝒕𝒐𝒕𝒂𝒍 ≫ 𝑪𝟓𝟎.

𝑪𝟓𝟎 is the drug concentration where 𝑹𝒅𝒓𝒖𝒈 = 𝟎. 𝟓𝑹𝒎𝒂𝒙.
6
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The values of 𝑪𝒕𝒐𝒕𝒂𝒍 result from measurements of the drug

concentration or from the solution to a PK model.

PK models incorporate several unknown parameters that are found by

fitting models to experimental drug concentration data.

The development of PK models followed three approaches:

1- The compartmental approach

2- The physiological approach

3- The model independent approach.

7

Compartmental PK models

It assumes the drug distributes into one or more compartments in the

body such as an organ, a group of tissues, or body fluids.

The compartments are assumed to be well

mixed, so that the concentration of the drug

within the compartment is uniform.

The movement of the drug between the

compartments is usually described by simple

irreversible or reversible first order rate

proportional to the difference in the drug

concentration between compartments.

Compartmental models are simple to use.
8
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Physiological PK models

In these models, the movement of drug is based on the blood flow rate

through a particular tissue and consider the rates of the mass transport

processes within the region of interest.

Experimental blood and tissue drug concentrations are needed to define

the model parameters.

9

Since the liver plays a major role in the metabolism and excretion of

drugs from the body, many models have been developed to describe liver

function.

Physiologically PK models can be very

complex.

For example, a model to predict plasma

cholesterol concentrations consists of

eight compartments, each is described by

a time-dependent differential equation

and 21 biochemical reactions controlling

the disposition of cholesterol.

10
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Model independent PK models

The model independent approach does not try to make any

physiological connection like the compartmental approach or the

physiological approach.

Instead, one finds the best set of mathematical equations that

describes the situation of interest.

These models are considered to be linear if the 𝑪𝒕𝒐𝒕𝒂𝒍 can be represented 

by a simple weighted summation of exponential decays.

𝑪𝒕𝒐𝒕𝒂𝒍 = 

𝒊=𝟏

𝒏

𝒂𝒊𝒆
−λ𝒊𝒕

λ𝒊 and 𝒂𝒊 are adjusted to provide the best fit to the drug concentration

data as a function of time. 11

Factors that affect drug distribution

1- Blood perfusion rate

2- Capillary permeability

3- Drug biological affinity

4- Metabolism of drug

5- Renal excretion

12
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Drug distribution volumes

Since a drug can only distribute within the fluid volumes, we call these

the true distribution volumes.

If a drug only distributes within the plasma volume of the circulatory

system, then the true distribution volume for this drug is about 3 L.

If drug penetrates the capillary walls, then it also distribute throughout

the extracellular fluid for a total volume of about 15 L.

If the drug permeate the cell

wall, then it will also be within

the intracellular fluid, giving

a total true distribution

volume of about 40 L.
13

The drug distribution rate throughout the fluid volume depends on:

If the drug is lipid soluble, then mass transfer across the capillary

wall is not rate limiting and equilibrium is quickly reached between

the amount of drug in the tissue region and that found in the blood.

In this case, the distribution of the drug in a particular tissue region

is limited by the blood flow and is perfusion rate limited.

1- The rate of drug delivery to a region of interest by the blood.

2- The tissue blood perfusion rate.

3- The rate of drug diffusion from the vascular into the

extravascular spaces.

14
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For lipid-insoluble drugs, the capillary membrane permeability

controls the rate at which the drug distributes between the blood and

tissue regions. The distribution of the drug is then said to be diffusion

rate limited.

Drugs are also capable of binding to proteins found in the plasma

and extravascular spaces.

Albumin is the most common blood protein that bind with drugs. 

Plasma proteins have a difficult time diffusing through the capillary

wall to enter the extravascular space. Therefore, a drug that binds

strongly with plasma proteins will be limited to just the volume of the

plasma, about 3 L.

15

Extravascular proteins or cell-surface receptors that bind strongly to

the drug will tend to accumulate the drug in the extravascular space at

the expense of the plasma.

Protein binding of the drug have a

significant effect on the calculated or

apparent distribution volumes.

In this case, the distribution volume of the drug can appear to be larger

than the physical fluid volumes.

16
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Apparent distribution volume

Most analytical methods measure the total drug concentration (bound 

and unbound) that is in the plasma. 

𝑨𝒅𝒓𝒖𝒈 is the total amount of drug within the body. 

Total plasma concentration (𝑪𝒕𝒐𝒕𝒂𝒍) is readily measured, the apparent 

distribution volume (𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕) of the drug is:

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 =
𝑨𝒅𝒓𝒖𝒈

𝑪𝒕𝒐𝒕𝒂𝒍

The amount of drug in the body is expressed in (mg), and the

concentration of drug in (μg/mL of plasma) or (mg/L of plasma), and the

apparent distribution volume in (L).
17

The concentration of drug within any particular tissue can vary

significantly from the concentration of the drug in the plasma.

The apparent distribution volume is a factor having units of volume

that when multiplied by the plasma drug concentration provides the

total amount of drug in the body at a particular time.

18
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The Oie-Tozer equation for the apparent distribution volume

Because of protein binding, the apparent distribution volume calculated

by ( 𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 =
𝑨𝒅𝒓𝒖𝒈

𝑪𝒕𝒐𝒕𝒂𝒍
) is different from the true volume, which is

related to the volume of the various body fluids.

Unbound drug is distributed between three

compartments: plasma (P), extracellular

fluid outside the plasma (E), and the

remainder of the body (R), where the drug is

bound to the surface of the cell by cell-

surface receptors, or internalized by the cell

by a variety of cellular transport processes.

19

A total mass balance on the drug in the body (𝑨𝒅𝒓𝒖𝒈) at any time is:

𝑨𝑷, 𝑨𝑬 , 𝒂𝒏𝒅 𝑨𝑹 are the total amount of drug in the plasma, the

extracellular fluid, and the remainder of the body, respectively.

𝑨𝒅𝒓𝒖𝒈 = 𝑨𝑷 +𝑨𝑬 + 𝑨𝑹

The amount of drug in any of these three compartments is related to

the corresponding concentration of total drug (bound and unbound)

in a given compartment:

𝑨𝑷 = 𝑪𝒕𝒐𝒕𝒂𝒍𝑽𝑷

𝑨𝑬 = 𝑪𝑬𝑽𝑬

𝑨𝑹 = 𝑪𝑹𝑽𝑹
20
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𝑪𝒕𝒐𝒕𝒂𝒍, 𝑪𝑬, and 𝑪𝑹 are the respective total drug concentration in each

compartment and 𝑽𝑷, 𝑽𝑬, and 𝑽𝑹 are the corresponding compartment

volumes.

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝑽𝑷 +𝑽𝑬
𝑪𝑬
𝑪𝒕𝒐𝒕𝒂𝒍

+ 𝑽𝑹
𝑪𝑹
𝑪𝒕𝒐𝒕𝒂𝒍

It is assumed that the unbound

concentration of the drug, 𝑪𝑼, is the

same in all of the compartments.

In the extracellular fluid compartment:

𝑪𝑬 = 𝑪𝑼 + 𝑪𝑬𝑩

𝑪𝑬𝑩 is the bound drug concentration in

the extracellular fluid.
21

Let 𝒇𝑼 =
𝑪𝑼

𝑪𝒕𝒐𝒕𝒂𝒍
, is the fraction of unbound drug in the plasma. 

𝒇𝑼𝑻 =
𝑪𝑼

𝑪𝑹
, is the fraction of unbound drug in the extracellular space. 

Both 𝒇𝑼 and 𝒇𝑼𝑻 are determined

experimentally by equilibrating a known

amount of a drug with plasma or

extracellular fluid and determining from a

drug mass balance the fraction of unbound

drug.

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝑽𝑷 + 𝑽𝑬𝒇𝑼
𝑪𝑼 + 𝑪𝑬𝑩
𝑪𝑼

+ 𝑽𝑹
𝒇𝑼
𝒇𝑼𝑻

22
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Unbound drug in the plasma and extracellular spaces can bind with

proteins in the plasma (𝑷𝑷 ) and extracellular spaces (𝑷𝑬 ) as described

by the following chemical reactions:

𝑪𝑷𝑩 and 𝑪𝑬𝑩 are the concentrations of drug-bound protein in the

plasma and extracellular spaces.

𝑪𝑼 + 𝑷𝑷 𝑪𝑷𝑩 𝑪𝑼 + 𝑷𝑬 𝑪𝑬𝑩

Assuming that the binding sites on

these proteins have the same affinity

for the unbound drug, then at

equilibrium :

𝑲𝒂 =
𝑪𝑷𝑩
𝑪𝑼 𝑷𝑷

=
𝑪𝑬𝑩
𝑪𝑼 𝑷𝑬

23

𝑲𝒂 is the equilibrium constant for the drug binding to these proteins. 

𝑲𝒂 =
𝑪𝑷𝑩
𝑪𝑼 𝑷𝑷

=
𝑪𝑬𝑩
𝑪𝑼 𝑷𝑬

The total protein concentration in the plasma (𝑷𝑷𝑻 ) and extracellular

spaces (𝑷𝑬𝑻 ) must be equal to the concentration of the proteins bound to

the drug ( 𝑪𝑷𝑩 and 𝑪𝑬𝑩) plus the concentration of proteins that are not

bound to the drug (𝑷𝑷 and 𝑷𝑬).

𝑷𝑷+ 𝑪𝑷𝑩= 𝑷𝑷𝑻

𝑷𝑬+ 𝑪𝑬𝑩= 𝑷𝑬𝑻

𝑪𝑬𝑩= 𝑪𝑷𝑩
𝑷𝑬𝑻
𝑷𝑷𝑻 24
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The total amount of drug-binding protein in the plasma and extracellular 

spaces equals 𝑷𝑷𝑻 𝑽𝑷 and 𝑷𝑬𝑻 𝑽𝑬 . 

The ratio of the total amount of drug-binding protein in the extracellular 

space to that in the plasma space is 𝑹𝑬/𝑰:

𝑹𝑬/𝑰 =
𝑷𝑷𝑻 𝑽𝑷
𝑷𝑬𝑻 𝑽𝑬

𝑪𝑬𝑩= 𝑪𝑷𝑩𝑹𝑬/𝑰
𝑽𝑷
𝑽𝑬

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝑽𝑷 + 𝒇𝑼
𝑽𝑬𝑪𝑼 + 𝑪𝑷𝑩𝑹𝑬/𝑰𝑽𝑷

𝑪𝑼
+ 𝑽𝑹

𝒇𝑼
𝒇𝑼𝑻 25

A 70 kg man that the plasma volume, 𝑽𝑷 ~3 L and the extracellular

fluid volume outside of the plasma, 𝑽𝑬 ~12 L. The intracellular fluid

volume represented by 𝑽𝑹 is in the range of 25 – 27 L. Also, the

amount of drug-binding protein in the extracellular fluid space to that

in the plasma, 𝑹𝑬/𝑰~1.4. Using these values:

This equation is known as the Oie-Tozer equation.

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝑽𝑷 𝟏 + 𝑹𝑬/𝑰 + 𝒇𝑼𝑽𝑷
𝑽𝑬
𝑽𝑷
− 𝑹𝑬/𝑰 + 𝑽𝑹

𝒇𝑼
𝒇𝑼𝑻

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝟕 + 𝟖𝒇𝑼 + 𝑽𝑹
𝒇𝑼
𝒇𝑼𝑻

26
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If a drug is only distributed within the extracellular fluid space and

cannot enter the cells, 𝑽𝑹 = 𝟎, the apparent distribution volume of the

drug then attains its smallest value and is equal to:

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝟕 + 𝟖𝒇𝑼 + 𝑽𝑹
𝒇𝑼
𝒇𝑼𝑻

If the drug is not bound to plasma proteins, 𝒇𝑼 = 𝟏, then the apparent

distribution volume of the drug is limited to 15 L, which is the

extracellular fluid volume.

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕
𝒎𝒊𝒏 = 𝟕 + 𝟖𝒇𝑼

If the drug is completely bound (𝒇𝑼 = 𝟎), then the distribution volume

is 7 L, and this corresponds to the distribution volume of albumin,

which is found in the plasma and the extracellular compartments.

27

If the drug enters the cells but is not significantly bound (𝒇𝑼 = 𝟏 and 

𝒇𝑼𝑻 = 𝟏), such as ethanol, the apparent volume of distribution is that 

of the total body water, 40–42 L. 

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝟕 + 𝟖𝒇𝑼 + 𝑽𝑹
𝒇𝑼
𝒇𝑼𝑻

as 𝒇𝑼𝑻 → 0, Equation predicts that the apparent distribution volume

will get very large and exceed that of the total body water volume of

about 40 L.

For large molecular weight drug (>60000 g/mol) it is very difficult for

the drug to diffuse across the capillary walls and leave the vascular

system; hence, the volume becomes that of the plasma volume, 3 L.

28
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Many changes can occur as a result of age, disease, injury, and

interactions with other drugs.

Distribution volumes for drugs generally scale according to body

weight, so these volumes can be increased or decreased by dividing

them by 70 kg and multiplying by the actual body weight.

29

A drug has an apparent distribution volume of 35 L and is found to be

95% bound to plasma proteins. Unbound drug is also found to freely

distribute throughout the total volume of water found in the body.

Estimate the fraction of unbound drug with the extracellular fluids, 𝒇𝑼𝑻.

Example

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 = 𝟕 + 𝟖𝒇𝑼 + 𝑽𝑹
𝒇𝑼
𝒇𝑼𝑻

𝒇𝑼 = 𝟏 − 𝟎. 𝟗𝟓 = 𝟎. 𝟎𝟓

𝒇𝑼𝑻 =
𝑽𝑹 × 𝒇𝑼

𝑽𝒂𝒑𝒑𝒂𝒓𝒆𝒏𝒕 − 𝟕 − 𝟖𝒇𝑼

𝒇𝑼𝑻 =
𝟐𝟕 × 𝟎. 𝟎𝟓

𝟑𝟓 − 𝟕 − 𝟖 × 𝟎. 𝟎𝟓
= 𝟎. 𝟎𝟒𝟖𝟗

30
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After drug absorption and distribution throughout the body,

biochemical degradation reactions begin.

Drug metabolism

These reactions, driven by enzymes, occur in a variety of organs such

as liver, kidneys, lungs, blood, and the GI wall.

The enzymatic destruction of the drug reduces its pharmacological

activity because the active site of the drug is destroyed.

Also, the metabolites that result have increased water solubility that

decreases their capillary permeability and enhances their removal from

the body via the kidneys.

Drug degradation follows the Michaelis-Menten rate model.

31

The reaction rate for drug metabolism is given by:

𝑹𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄
′′′ =

𝑽𝒎𝒂𝒙𝑪𝒕𝒐𝒕𝒂𝒍
𝑲𝒎 + 𝑪𝒕𝒐𝒕𝒂𝒍

If the drug concentration is much smaller than the value of 𝑲𝒎, then:

If the drug concentration is much larger than

𝑲𝒎 then the reaction rate is constant at:

𝑹𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄
′′′ =

𝑽𝒎𝒂𝒙𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄

𝑲𝒎
= 𝑲𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄𝑪𝒕𝒐𝒕𝒂𝒍 , 𝑪𝒕𝒐𝒕𝒂𝒍 << 𝑲𝒎

𝑹𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄
′′′ = 𝑽𝒎𝒂𝒙 , 𝑪𝒕𝒐𝒕𝒂𝒍 ≫ 𝑲𝒎

𝑹𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄
′′′ is the rate at which the drug is

degraded on a per unit volume basis. 32
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At low concentrations, the Michaelis-Menten equation simplifies

to first order kinetics, first order in the total drug concentration. 

At high concentrations, the

Michaelis-Menten equation

simplifies to zero order kinetics,

zero order in the total drug

concentration.

𝑹𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄
′′′ = 𝑲𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄𝑪𝒕𝒐𝒕𝒂𝒍

𝑹𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄
′′′ = 𝑽𝒎𝒂𝒙

33


