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Abstract: The law of superposition underpins first-order linear pharmacokinetic relationships. Most
drugs, therefore, after a single dose can be described by first-order or linear processes, which can
be superposed to understand multiple-dose regimen behavior. However, there are a number of
situations where drugs could display behaviors after multiple dosing that leads to capacity-limited
or saturation non-linear kinetics and the law of superposition is overruled. This review presents a
practical guide to understand the equations and calculations for single and multiple-dosing regimens
after intravenous and oral administration. It also provides the pharmaceutical basis for saturation
in ADME processes and the consequent changes in the area under the concentration–time curve,
which represents drug exposure that can lead to the modulation of efficacy and/or toxic effects. The
pharmacokineticist must implicitly understand the principles of superposition, which are a central
tenet of drug behavior and disposition during drug development.
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1. Introduction

Although there are some drugs that can be taken acutely as a single dose, such
as anti-migraine drugs [1–4] or hypnotics [5–8] for a limited period of time, the vast
majority of drugs, such as antibiotics [9–12], anti-diabetics [13–15], and blood pressure
medication [16–18], are designed to be repeatedly administered orally. Chronic disease
states often require a multiple-dose regimen to enable the accumulation of the drug and
attain steady-state concentrations [19–21]. The law of superposition or sometimes referred
to as the principle of superposition enables the understanding of the pharmacokinetics of
a drug after a single dose and for the accurate prediction of the steady-state conditions
to be made for repeated dosing or, potentially, vice versa [22,23]. While some scientists,
particularly in the pharmaceutical industry, may have training during pharmacy education
on pharmacokinetics, others have a varied biomedical background and are less versed
in the underlying pharmacokinetic theorems. In 21st century drug development, there
are a myriad of pharmacokinetic technology programs and simulation software that will
enable investigators to take and input single-dose pharmacokinetic concentration–time data
and predict steady-state concentrations after a specific dose regimen. Modeling programs
offer the advantages of large data handling capacities and execution speed; however, the
conceptual and mathematical limitations to this modeling and the interpretation of the
results must be clearly understood and delineated.

The law of superposition is a fundamental aspect of pharmacokinetics, and it is
often dealt with in a cursory manner in textbooks. Few articles have tried to deal with
a conceptual understanding of superposition in a practical pharmacokinetic manner to
demonstrate the application of the principle [19,22–32]. In this article, we first present a
review of the principles of superposition and then discuss its application to multiple dosing.
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Finally, we apply this principle through simulations to gain an understanding of where the
law of superposition does not hold and illustrate the non-linearity in the processes that can,
in fact, overturn this law.

Law of Superposition

Pharmacokinetically, the body can be considered to be a construct function that in
mathematical terms converts the input (dose rate) into an output or response (plasma
concentration of drug), as a function of time [32–34]. A linear system is characterized by
input–output relationships that are completely defined by one or more linear equations,
exhibiting properties of homogeneity and additivity. Linear systems applied to the field
of pharmacokinetics were explored by Cutler [24,25], where the differential equations
involved define a function. The most important feature of a linear system is that it is
additive and obeys the law of superposition, where the output of a linear system equals
the sum of the outputs of separately applied inputs [23]. The application of a linear model
is contingent upon the condition that the concentrations involved are within a range where
saturation effects are absent, indicating a limited scope of inputs [34,35]. For a specific input
range, the linearity of the system can be experimentally tested to either reject or disprove
the null hypothesis.

Simply put, the law of superposition is a mathematical concept that enables pharma-
ceutical scientists to predict concentration–time data [36,37]. It has, however, an underlying
assumption that the preceding dose of a drug and its pharmacokinetics do not alter or affect
in any way subsequent doses of a drug and the expressed pharmacokinetic profile [38–40].
In practice, the plasma concentration–time data after the first, second, or nth dose will
be superimposed by the plasma concentration reached after the (n − 1)th dose [39]. For
practical purposes, the area under the plasma concentration–time curve after a single dose
is equal to the area under the plasma concentration–time curve after multiple doses when
steady-state concentrations are attained [39] (Figure 1).
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The law of superposition allows the pharmacokineticist to project the plasma drug
concentration–time curve of a drug after multiple consecutive doses, based on the plasma
drug concentration–time curve obtained after a single dose [39,40]. It is important in
a clinical setting to have the patient exposed to the target drug concentration without
excessive fluctuation and drug accumulation outside of the therapeutic window [37].
Following a single dose, the extent of overall drug exposure over time can be quantified by
estimating the area under the concentration–time curve from zero to infinity (AUC0−∞).
During multiple dosing, the area under the concentration–time curve over a steady-state
dosing interval (AUC0−τ) serves as a measure of overall drug exposure. When the clearance
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(CL), the aggregate of all the elimination processes, remains constant (i.e., it does not change
with increasing drug concentrations), the AUC0−τ at the steady state will be equivalent to
the AUC0−∞ following a single-dose administration [39,41].

In the analysis of AUC data in pharmacokinetics, the law of superposition provides a
simple test for detecting the presence of non-linear processes that do obey the law, i.e., pro-
cesses that are first-order processes [34]. Practically, a greater than or less than response,
in terms of the area under the drug concentration–time curve (AUC) with repeated doses
is the expressed result of the involvement of zero-order processes [39]. AUC equivalence
presumes that the dose administered as a single dose matches the dose given in a multiple
dose. This is useful for determining pharmacokinetic parameters [23,27,42]. For exam-
ple, after a single IV bolus dose, the total body clearance (CL) can be computed using
Equation (1).

CL =
Dose

AUC0−∞
(1)

AUC equivalence enables the estimation of clearance under steady-state conditions
using the same equation, but using AUC0−τ instead of AUC0−∞. The latter clearance
estimate is often referred to as the steady-state clearance (CLss). In the case of a single
oral dose, the AUC is calculated taking into consideration the bioavailability (F) of the
drug when using CLtotal (Equation (2)) or taking into consideration the fraction unbound
in blood (fu) when using the intrinsic clearance (CLint) [22] (Equation (3)).

AUC =
F × Dose

CLtotal
(2)

AUC =
F × Dose
fu × CLint

(3)

It becomes readily apparent in Figure 2 that in multiple dosing the concentrations
oscillate at steady state between a minimum concentration at a steady state (CSSmin) and
a maximum concentration at a steady state (CSSmax) and that an average steady-state
concentration Cav,SS can be calculated [19].
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The drug clearance can be determined by dividing the dose by either of the afore-
mentioned two AUC values, or by dividing the dosing rate by the average steady-state
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concentration (Cav,ss). The Cav,ss is calculated by dividing either of the two AUC values by
the dosing interval (Tau, T) [27]. Thus, the average steady-state plasma level (Cp,ss) can by
calculated by Equation (4).

Cp,ss =
AUC0−∞

T
(4)

Superposition is based on mathematical equations describing linear processes [34,35].
Both experimental data and drug development results can uphold or refute the mathe-
matical relationship [43]. Pharmaceutical development that relies solely on equations or
theoretical superposition can be misleading or incorrect. There are observational limits to
when superposition occurs and when it may deviate from linearity. Ab initio superposition
involves multiple untested assumptions that might not hold for a particular drug in a
particular disease state, as discussed in further detail below. Modeling approaches required
for predictive analytics, including superposition, can utilize simple inductive reasoning and
are only sometimes correlative with observational findings [30]. Further, a causality-based
understanding of drugs is achieved through deductive reasoning and the application of a
scientific method.

The law of superposition would predict that for a drug, the AUC after a single dose is
equal to the AUC at the steady state. Therefore, Equation (5) would hold true.

AUCSingleDose

AUCSS
= 1 (5)

This is independent of a compartmental model and is simply a function of linearity.
Furthermore, the CL (after IV administration) or CL/F (after oral administration) following
a single dose, will equal the clearance values at the steady state. In the case of oral
administration, the bioavailability remains constant between a single dose and the steady
state. The AUC at the steady state (AUCSS) can be defined as in Equation (6).

AUCSS = lim
n→∞

∫ tn+1

tn
Cn(t)dt (6)

Non-linearity can cause the AUCSS to differ from the AUCSingle Dose [32,43], this will be
discussed later in the section on breaking the law of superposition. Most drugs will exhibit
some deviation from the ideal accumulation, as described [37]. Nevertheless, comprehend-
ing the principle of superposition permits reasonable predictions of the pharmacokinetic
behavior of drugs under repeat-dose conditions for a broad range of compounds. This
understanding proves especially beneficial when transitioning from single-dose studies
to repeat-dose studies during the initial stages of drug development. Additionally, this
knowledge facilitates the design of repeat-dose regimens that achieve the desired drug
concentrations efficiently and reliably within a clinically acceptable timeframe. When
determining multiple-dose regimens, it is crucial to assess whether successive doses will
impact the effects of previous doses. The principle of superposition assumes that earlier
doses do not influence the pharmacokinetics of later doses. As a result, the blood levels
following the second, third, or nth dose will overlay those achieved after the (n − 1)th

dose [39]. In addition, the AUC0−∞ following single-dose administration is equal to the
steady-state area between doses (Figure 1). The disposition processes after an oral dose are
absorption, distribution, metabolism, and excretion (ADME). Therefore, the superposition
principle is applicable when the ADME processes exhibit linear or first-order kinetics. With
this approach, the concentrations after multiple doses can be determined by summing up
the concentrations from each dose [24,25,42]. Furthermore, doubling the dose will result in
proportional doubling of the concentrations for each time. However, this principle does
not apply when any of the disposition processes are non-linear [24,25,34].

Mathematically a single-dose concentration–time curve C(t) is denoted as a function
over time f(t) [42]. Multiple dosing occurs when the administered doses remain constant
over time, where the drug is administered at fixed time intervals (tau) (Figure 3). The
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concentration at time t after n doses is equal to the sum of the concentration at t after n − 1
doses and the single-dose concentration at t − tn (from the last dose) [22]. Therefore, the
contribution of the last dose can be superimposed to that of the first n − 1 doses [22]. The
concentration–time curve Cn(t) is described in Equations (7) and (8).

Cn(t) = Cn−1(t) + f(t − tn) (7)

Cn(t) =
n

∑
i=1

f(t − ti) (8)
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2. Modeling a Hypothetical Drug “Canadamycin”
2.1. Pharmacokinetics after a Single Intravenous Dose

For practical purposes, we named our hypothetical drug Canadamycin, which was
to be administered via the intravenous (IV) route at a dose of 100 mg. It has a volume of
distribution of 5 L, a half-life of 4 h, and dosing interval (tau) of 8 h. Therefore, a typical
three times daily dosing (TID) is required. The C0 was estimated to be 20 mg/L (µg/mL),
after dividing the dose by the volume of distribution (100 mg/5 L).

A direct intravenous bolus injection into a vein results in the near instantaneous
achievement of C0, followed by a first-order reduction in the concentration. This route
is frequently employed for drugs administered in hospital clinics or emergency settings,
where a quick onset of action is critical. Pharmacokinetics textbooks typically utilize this
approach to elucidate key concepts associated with drug accumulation [37,39]. Regardless
of the administration route, as the number of doses progressively increases during a thera-
peutic drug regimen, drug concentrations within the dosing intervals (tau) will eventually
stabilize, forming a plateau [42]. This phenomenon consistently occurs under the law of
superposition, when conditions exhibit constant total clearance. At this plateau, the rate
of drug administration matches the rate of drug elimination. When this equilibrium is
achieved, plasma concentrations are considered to be at a steady state [42].

After a single IV bolus dose administration, the concentration of the drug will begin
to decline and will be removed (cleared) and eliminated by the body. The concentration
will decrease over time in terms of the half-life (the time required for the concentration to
decline by 50%). Canadamycin has a half-life of 4 h, meaning that 8 h post-dose we would
observe a concentration of 5 mg/L, a concentration of 1.25 mg/L at 16 h post-dose, and
a concentration of 0.3124 mg/L at 24 h post-dose, etc. (Table 1). If no further doses are
administered, the concentration will continue to decline by an additional 50% every 4 h. In
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this scenario, each subsequent dose is given before the previous dose is fully cleared from
the body. As a result, the concentration at the beginning of the next dose is the sum of the
drug amount remaining in the body (Cmin, denoted as Cτ above), plus the Cmax from a
single IV bolus dose (or C0). This cumulative effect of drug concentrations from previous
doses and additional doses is the principle of superposition, which implies that each dose
will additively influence the overall concentration.

Table 1. Concentration of Canadamycin (a hypothetical drug) in mg/L before each subsequent
multiple dose is administered.

Dose Canadamycin
(mg/L)

Start
Multiple

Trough
End (r) Time (h) Concentration Lost during

Dosage Interval

1 20.00 20.00 5.0 8 15.00
2 5.00 25.00 6.25 16 18.75
3 1.25 26.25 6.56 24 19.69
4 0.3125 26.56 6.64 32 19.92
5 0.078125 26.64 6.66 40 19.98
6 0.01953125 26.66 6.67 48 19.99
7 0.004882812 26.67 6.67 54 20.00
1 20.00 20.00 5.0 8 15.00

Drug accumulation has a limit because, as the plasma concentration increases, the
amount of drug eliminated (1 − r) during the dosing interval also grows. This is due
to the fact that the elimination rate is directly proportional to the drug amount in the
body, multiplied by the rate constant for first-order elimination [21,42]. As seen above,
accumulation will occur if the dosing interval is less than 6 half-lives. Accumulation is
inversely proportional to the fraction of the dose lost during an interval. The accumulation
factor is equal to 1 over the fraction of the dose lost during a dosing interval = 1/(1 − fraction
remaining) [21,42]. If a drug is given once every half-life, in the case of Canadamycin every
4 h, the accumulation of the dose is 2 [1/(1 − 0.5)]. If Canadamycin is administered every
8 h (or 2 half-lives), the accumulation factor is 1.33 [1/(1 − 0.25)], since there would be 25%
of the drug remaining.

When a drug is administered at a fixed dose and a regular interval, as in multiple-dose
regimens, the amount of drug in the body will increase and then plateau at a mean plasma
level higher than the peak concentration (C0). If the second dose is administered before
the previous dose is entirely eliminated, drug accumulation will occur. This accumulation
is quantified by the R index and is influenced by the elimination constant and the dosing
interval, but it is independent of the dose itself [21,42]. For a drug administered in repeated
oral doses, the time required to reach the steady state depends on the elimination half-life
of the drug. This time is independent of the size of the dose, the length of the dosing
interval, and the number of doses [39]. For instance, if the dose or dosing interval of a drug
is modified, the time needed to reach the steady state remains unchanged, but the final
steady-state plasma level adjusts proportionately. Consequently, the blood concentration
after the second, third, or nth dose will superimpose the blood concentrations attained after
the (n − 1)th dose.

The principle of superposition allows for the prediction of the plasma drug concentration–
time profile after multiple consecutive doses, by utilizing the plasma concentration–time
data from a single dose. This method is based on two key assumptions: that the drug
follows first-order elimination kinetics, and that its pharmacokinetics remain unchanged
with repeated dosing. As a result, the plasma concentration after multiple doses can be
forecasted from those observed after an initial dose. The first-order pharmacokinetics can
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apply to multiple dosing; consider Equation (9) to describe the plasma concentration at any
time after a single IV bolus drug administration dose that follows linear pharmacokinetics.

C(t) =
n

∑
1

Aie−t/τj =
m

∑
1

Aie−ajt (9)

where Ai is the concentration coefficient, τj is the time constant, and aj is the rate constant
(aj = 1/τj).

The concentration at the end of the first dosing interval (tau) is described in Equation (10).
Equation (11) describes the concentration at the start of the second interval, while Equation (12)
describes the concentration at the end of the second dose interval.

Cτ
p1 = C0

p1e−kelt (10)

C0
p2 = Cτ

p1+C0
p1 = C0

p1e
−kelt + C0

p1 (11)

Cτ
p2 =

[
C0

p1e
−kelt + C0

p1

]
e−kelt (12)

As described in Table 1, there is a fraction of the initial plasma concentration remaining
at the end of the dosing interval. Intuitively there is both a fraction lost (R) and a fraction
remaining in the body (1 − R) for every dosing interval. The remaining fraction in the body
before the next dose depends only on the first-order rate constant of elimination and the
time after the dose, as described in Equation (13).

R = e−kelt (13)

Thus, replacing R in Equation (12) to describe the concentration at the end of the
second dose interval is shown in Equation (14). Equation (15) describes the concentration
at the start of the third dose interval.

Cτ
p2 = C0

p1R + C0
p1R2 (14)

C0
p2 = C0

p1 + C0
p1R + C0

p1R2 (15)

These fractions of the drug that remain in the body before the next dose mathematically
form a geometric series of remaining concentrations, with each term R times the preceding
term. This leads to drug accumulation. In the case of multiple dosing, it appears that
the concentration profiles of the individual doses can be totaled or summed up over time
(Figure 4). The steady state can then be calculated by the addition of areas, without the
need to use any pharmacokinetic model, provided that first-order linearity holds [34].
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2.2. Pharmacokinetics after Multiple Intravenous Dosing

In linear pharmacokinetic systems, the drug concentration achieved by a second dose
is comparable to that produced by the first dose. For instance, when a second 100 mg
IV dose of Canadamycin is administered at the 8-h mark, 5 mg/L of the drug remains
from the first dose, as shown in Table 1. Consequently, the plasma concentration (Cp)
immediately after the second dose would be 25 mg/L, consisting of the 5 mg/L remaining
from the initial dose and an additional 20 mg/L from the new dose. This results in a
combined concentration of 25 mg/L. In linear systems, each subsequent 100 mg dose
will generate a concentration similar to that of the first dose. However, the resulting
concentration will be the sum of the residual concentrations from all prior doses and
the concentration from the most recent dose. For example, administering a third dose at
the 24-h mark will also produce an initial concentration of 20 mg/L. The concentration
remaining from the second dose would be 15 mg/L, and the concentration remaining from
the first dose would be 2.5 mg/L. When these concentrations are combined, the observed
total concentration will be approximately 26.25 mg/L, calculated as 20 mg/L (from the
third dose) + 3.75 mg/L (remaining from the second dose) + 1.25 mg/L (remaining from
the first dose). This additive process of combining concentrations from multiple doses to
determine the observed concentration exemplifies the principle of superposition [21,42].
The described pattern of superposition assumes that each dose behaves similarly, despite
an increasing concentration. While simple additive superposition is generally applicable
to most drugs, it is important to note that the superposition of exposures can become
more complex if the pharmacokinetic behavior of each dose changes with an increasing
concentration. This complexity arises in drugs with saturable clearance, such as phenytoin,
where the pharmacokinetics do not remain consistent as the concentration increases [44].
For the remainder of this review, the simple additive superposition scenario will be used.

Consecutive multiple doses of a drug will lead to an increasing concentration in the
body until a plateau, known as the steady state, is reached. At a steady state, the amount of
drug administered with each dose is balanced by an equivalent amount of drug eliminated
from the body between doses, resulting in a constant rate of drug input and output (rate
in = rate out) [39]. For the majority of drugs, reaching a steady state typically takes about
five half-lives. The time required to attain a steady state in a repeat-dose regimen is
governed exclusively by the half-life of the drug and the dosing interval, as accumulation
and the remaining fraction are influenced by specific pharmacokinetic equations. Although
changing the dose or dosing interval can influence the concentration at the steady state,
it does not affect the time needed to reach the steady state. Some drugs have prolonged
half-lives, ranging from days to weeks or even longer. In such cases, waiting for five
half-lives to achieve the desired steady-state concentration may not be necessary. When
time is critical, as in the administration of antibiotics for critically ill patients, a loading
dose can be used to reach the steady state more quickly [39].

For our hypothetical drug, Canadamycin, the Cmax and Cmin values using
Equations (16) and (17), respectively, can be estimated taking into consideration the follow-
ing calculations:

Cmax =
C0

p1

(1 − R)
=

20
(1 − 0.257)

= 26.92 mg/L (16)

Cmin =
C0

p1R

(1 − R)
= CmaxR = 26.92 × 0.257 = 6.92 mg/L (17)

Dose = 100 mg
Vd = 5 L
t½ = 4 h
τ = 8 h
C0 = 20 mg/L
kel = 0.693/t½ = 0.693/4 h = 0.17 h−1

R = e−kelt = e−0.17×8 = 0.257
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Therefore, the plasma concentration will fluctuate between 26.92 mg/L and 6.92 mg/L
during each dosing interval when the steady state is reached.

2.3. Pharmacokinetics after Multiple Oral Dosing

For oral dosing, the equations are more complex, but it is possible to model and predict
the concentration with repeated doses and to estimate the plasma concentration and dosing
regimens using superposition. The Cmax value corresponds to the concentration at the peak
time (tpeak) after reaching the steady state. In this case, Cmin is estimated based on the
assumption that the plasma concentration has peaked and e−ka t is close to zero and that
the next dose is administered once the absorption phase is complete, which is described in
Equation (18) and a simplified version is represented by Equation (19).

Cmin =
F × Dose × ka

V × (ka − kel)

[
e−kelτ

1 − e−kelτ

]
(18)

Cmin = A
[

R
1 − R

]
(19)

The relationship between the loading dose and maintenance dose and, thus, drug
accumulation during multiple-dose administration can be examined by analyzing the ratio
between the minimum concentration at the steady state and the concentration during one
dosing interval (τ) after the first dose, as demonstrated in Equation (20).

Cmin

Cτ
p1

=
1

1 − e−kelτ
=

1
(1 − R)

(20)

Equations have been developed that facilitate the calculation of the plasma concentra-
tion achieved following multiple oral administrations. To start, the plasma concentration
achieved following a single oral dose that does not have flip-flop kinetics [45] can be
described by Equation (21).

Cp =
F × Dose × ka

V × (ka − kel)

[
e−kelτ − e−kaτ

]
(21)

An intriguing outcome of this equation is that the average plasma concentration
remains the same whether the dose is given as a single dose every dosing interval (τ) or
divided into shorter dosing intervals.

For multiple oral dosing, we will use our hypothetical drug, Canadamycin, with an
oral dose of 300 mg every 12 h, a bioavailability (F) of 100%, a volume of distribution of
30 L, and a half-life of 6 h.

Dose = 300 mg
Vd = 30 L
t½ = 6 h
τ = 12 h
kel = 0.693/t½ = 0.693/6 h = 0.116 h−1

We will estimate the required dose (maintenance dose) to be administered every 12 h
to achieve an average plasma concentration of 15 mg/L using Equations (22) and (23).

Cp =
F × Dose

V × kel × τ
(22)

Dose =
Cp × V × kel × τ

F
=

15 × 30 × 0.116 × 12
1

= 624 mg (23)

The loading dose can be calculated using Equation (24), with the use of the R value.
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R = e−kelt = e−0.116×12 = 0.25

Loading Dose =
Maintenance Dose

1 − R
=

624
1 − 0.25

= 832 mg (24)

To estimate the fluctuations in the plasma concentration, the Cmin can be calculated
using Equation (25).

Cmin =
F × Dose

V

[
e−kelτ

1 − e−kelτ

]
=

1 × 624
30

[
0.25

1 − 0.25

]
= 6.93 mg/mL (25)

Therefore, the plasma concentration would likely fluctuate between approximately 7
and 23 mg/L, with an average concentration of around 15 mg/L. In this case, the average
concentration can be estimated using an approximation of Cmax = [Cav + (Cav − Cmin)] or
[23 = 15 + (15 − 7)].

Alternatively, half the maintenance dose (312 mg) could be administered more fre-
quently (half the original tau), every 6 h, as calculated using Equation (26).

Cmin =
F × Dose

V

[
e−kelτ

1 − e−kelτ

]
=

1 × 312
30

[
0.5

1 − 0.5

]
= 10.4 mg/mL (26)

Thus, the plasma concentration would fluctuate between about 10.4 to 20 with an
average of 15 mg/L.

3. Breaking the Law of Superposition

The law of superposition applies when all the disposition processes are linear or first order,
this includes absorption, distribution, metabolism, and elimination (ADME) [23,32,34,42,43].
Thus, the concentration after multiple doses can be calculated by adding together the
concentrations from each dose. The assumptions underlying the law of superposition are
as follows:

1. The dosing is in a range where the pharmacokinetics are linear and dose proportional;
2. The rate and extent of absorption and average clearance are the same for each

dosing interval;
3. Each dose acts independently from one another, and the sum of all these dosing events

provides the total concentration of the drug in circulation.

There are many situations, however, in which the superposition principle does not
apply. In these cases, the pharmacokinetics of the drug change after multiple dosing due to
various factors, including the changing pathophysiology of the patient, the saturation of the
drug carrier system, enzyme induction, and enzyme inhibition [43]. Drugs that follow non-
linear pharmacokinetics generally do not have predictable plasma drug concentrations after
multiple doses, according to the superposition principle. When the law of superposition
is broken, the prediction of the pharmacokinetics, efficacy, and toxicity can become more
complicated [23,32,34,42,43]. As described above, the underlying theorem is that the
AUC for a single dose will equal the AUC at the steady state. However, the AUC after
an oral dose can be affected not only by absorption, but also by protein binding and
elimination [43]. Therefore, the AUC at the steady state (AUCSS) can either be higher or
lower than the AUC after a single dose (AUCSingle Dose). Figure 5 demonstrates the linearity
of pharmacokinetics and the validity of superposition, as well as in instances where non-
linearity in pharmacokinetics causes the breakdown of the superposition principle. An
overview of possible causes related to various ADME processes, along with examples, is
provided in Table 2.
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Table 2. Primary potential causes for deviations from the law of superposition in various ADME
processes, with examples.

ADME Process Main Related Causes of Non-Linearity Examples

Absorption

Carrier-mediated transport Gabapentin [46],
Metformin [47]

Saturable pre-systemic loss
Gut metabolism Verapamil [48]

First-pass metabolism Propranolol [49]

Distribution
Saturable plasma protein binding Paclitaxel [50]

Saturable tissue binding Imipramine [51]

El
im

in
at

io
n Metabolism

Saturable metabolism Theophylline [52]

Enzyme induction Carbamazepine [53]

Excretion
Saturable renal excretion

Saturable active secretion Zidovudine [54]

Saturable reabsorption Methotrexate [55]

Saturable biliary excretion Tetracycline [56]

3.1. Less than Proportional Increase in AUC (AUCSS < AUCSingle Dose)

We first consider saturable processes such as absorption, distribution, and elimination.
There are at least three processes that can affect drug absorption, namely the saturate–
dissolution rate, the GI transit time, and the ability or inability of drugs to cross intestinal
barriers [43]. While most drugs are absorbed through passive diffusion, some utilize
specific transport processes in the small intestine. When passive diffusion plays a minor
role, a less than proportional increase in the area under the curve (AUC) may occur due
to the saturation of the active transport process. Drug absorption can be described by a
combination of Michaelis–Menten kinetics and first-order kinetics [23,32,34,42,43]. This
situation does not always hold. It remains that the absorption of most drugs follows linear
kinetics, and the pharmacokinetic parameters describing the absorption of a drug do not
change over the therapeutic dose range. However, there are cases where transporters are
involved in absorption and, when high doses are utilized (or in overdose situations), the
linear range may be exceeded [43]. Sorafenib is an oral tyrosine kinase inhibitor that has
been approved for treating advanced renal cell carcinoma and hepatocellular carcinoma. It
has been found that the administration of sorafenib at doses exceeding 800 mg/day would
result in a less than proportional increase in the area under the curve (AUC) of sorafenib
with respect to repeated doses. This phenomenon was attributed to the saturation of the
absorption of sorafenib at higher doses. This study has systematically considered and
excluded all plausible contributing factors. It has also been demonstrated that partitioning
of the daily dose into three discrete administrations would ameliorate the absorption



Biomedicines 2024, 12, 1843 12 of 19

saturation and lead to higher drug exposure at higher drug doses, compared with once or
twice daily doses at which the absorption saturation was more notable [57].

Since the concentration of a drug after oral dosing depends on both absorption and
elimination, the area under the curve (AUC) represents the combined outcome of these
processes. Elimination (clearance) influences this relationship, as a less than proportional
increase in AUC at the steady state may result from both increased elimination and de-
creased absorption. It is generally accepted that only the unbound drug can diffuse across
membranes, enabling distribution between the vascular and tissue compartments. Accord-
ingly, changes in drug–protein binding in plasma and tissues can impact the distribution
of drugs within the body [32,34,43]. Drug distribution is often measured by the volume
of distribution, usually defined as the ratio of the amount of drug in the body to the
plasma concentration. The most basic quantitative expression relating to the volume Vd of
distribution to binding in plasma and tissue is provided by Equation (27).

Vd = Vp + ∑ Vt
fu

ft
(27)

where Vd is the volume of distribution in plasma, Vp is the plasma volume, Vt is the
tissue volume, and fu and ft are the fraction of the unbound drug in the plasma and
tissue, respectively.

It is clear that the volume of distribution depends on plasma protein binding, but also
on tissue binding. For drugs with low clearance, protein binding significantly influences
drug elimination, and total body clearance is directly proportional to the unbound fraction
in plasma [23,34,39,43]. A drug can exhibit concentration-dependent protein binding, with
the unbound fraction changing [43]. A less than proportional increase in the AUC due
to the saturation of protein-binding sites in plasma may result in an increase in the free
fraction, which will result in enhanced clearance. The AUCSS would be increased less than
proportionally, and the bioavailability reduced; thus, the AUCSS would be less than the
AUCSingle Dose. Assuming a drug binds to n discrete sites on a protein molecule, with all
sites having the same affinity for the drug and acting independently, the fraction of the
unbound drug, fu, can be described by Equation (28).

fu =
Kd + Df

npt + Kd + Df
(28)

where Kd is the dissociation constant at the equilibrium, Df and pt are the concentration
of the unbound drug and total protein (bound and unbound), respectively, and n is the
number of binding sites on the protein molecule. The binding of a drug to a protein is
determined by four factors: the drug concentration, the protein concentration, the number
of binding sites per protein molecule, and the dissociation constant [43]. Irrespective of the
affinity, the maximum possible binding capacity is the product of the molar concentration of
the protein and the number of binding sites per protein molecule. Mathematically, it can be
observed that with multiple dosing, an elevated unbound fraction in plasma, fu, becomes
apparent in plasma. This results in an increased volume of distribution, lowered plasma
concentrations, and a less than proportional increase in the AUC. Vismodegib (Erivedge™,
GDC-0449; Genentech, South San Francisco, CA, USA) is an approved drug in the United
States for the treatment of advanced basal cell carcinoma (BCC). An evaluation of the
intravenous pharmacokinetic (PK) parameters, following both single and multiple oral
dosing regimens, showed increased clearance and an increased volume of distribution, with
values 81% and 63% higher, respectively, following repeated dosing. Moreover, a significant
reduction in bioavailability (77% lower) was observed with multiple doses. Intriguingly,
continuous daily dosing of vismodegib led to a 2.4-fold increase in the unbound fraction
compared to a single dose [58].

In tissues, drugs can bind to non-specific binding proteins, enzymes, and receptors [43].
Enzymes and receptors are particularly important pharmacologically, as they contribute
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to the therapeutic effect. However, distinguishing these from non-specific binding sites
is challenging because the binding capacity of enzymes and receptors are often low and
overshadowed by non-specific binding. Similar to plasma protein binding, tissue protein
binding can become saturated as drug concentrations increase over time, resulting in
changes in the volume of distribution. However, the saturation of tissue binding and of
plasma protein binding can occur simultaneously [43]. The volume of distribution is directly
related to plasma protein binding and inversely related to tissue binding, so changes in one
type of binding can counterbalance the other. This complexity is further compounded by
the fact that different tissues may not become saturated to the same extent. Consequently,
the volume of distribution of a drug may not be significantly affected by changes in
tissue binding, depending on the degree of non-linear tissue binding. Thus, it is essential to
evaluate the non-linearity of tissue binding by examining the ratio of the drug concentration
in a given tissue to that in plasma. At equilibrium, the tissue/plasma concentration ratio
should match the ratio of the unbound fraction in plasma to the unbound fraction in a
non-eliminating tissue [43]. In eliminating tissues, it is more complex; the ratio may be
influenced by blood flow to the tissue and the eliminating process. Moreover, elimination
could also be impacted by changes in intrinsic clearance (CLint’). Enzyme autoinduction is
a time-dependent phenomenon, where the elimination of a drug increases with multiple
doses [43]. Thus, an AUCSS less than the AUCSingle Dose may be observed. One such
example is the anticonvulsant carbamazepine (CBZ), that is known to auto-induce its own
metabolism. Throughout the course of multiple 200 mg doses of CBZ, the daily trough
CBZ levels consistently declined, reaching their lowest point after two weeks. Notably,
the observed CBZ concentration was only 53.9% of what had been predicted under the
assumption of no autoinduction. Furthermore, the total CBZ clearance following multiple
doses was higher than after a single dose. Digging deeper into CBZ pharmacokinetics,
considerable increases in the AUCs of CBZ metabolites during multiple-dose administration
were noted. These changes were accompanied by increased urinary excretion of these
metabolites compared to CBZ, all due to the phenomenon of autoinduction [59].

Phenytoin serves as another illustrative case, akin to carbamazepine. Like carba-
mazepine, phenytoin, an antiepileptic medication, also exhibits violation of the law of
superposition due to enzyme autoinduction. In the case of phenytoin, after the third dose,
the calculated AUC was found to be statistically significantly smaller than that observed
after the initial dose. This phenomenon was attributed to the ability of phenytoin to in-
duce its own metabolism. Consequently, this autoinduction led to an increased rate of
elimination, which in turn resulted in a reduction in the AUC following multiple doses [60].

3.2. More than Proportional Increase in AUC (AUCSS > AUCSingle Dose)

A pharmacokinetic situation in which an increase in the AUC at the steady state is
greater than after a single dose is also possible. In this case, a lack of proportionality is more
likely due to a decrease in elimination than to an increase in absorption [43]. However, in
certain instances, absorption can increase with higher doses, due to specific mechanisms.

The more than proportional increase in the AUC is likely due to non-linear clearance.
This disproportionate increase in the AUC is most likely attributable to decreased elim-
ination clearance after multiple doses [32,43]. For drugs with a high level of extraction
in the liver, a significant first-pass effect occurs. If this first-pass effect diminishes with
multiple dosing, it can lead to a disproportionate increase in the AUC. This increase is due
to both a decrease in elimination and an increase in bioavailability, the latter resulting from
the saturation of hepatic metabolism during the initial passage of the drug through the
liver [43]. The disproportionate increase in the AUC with multiple oral doses can be linked
to enhanced bioavailability resulting from a reduced first-pass effect. The effects of capacity-
limited metabolism are more apparent under steady-state conditions than after a single
dose. This is exemplified by the relationship between the plasma phenytoin concentration
at the steady state and the administered dose. At the steady state, the plasma concentration
of phenytoin increases more than proportionally in terms of the rate of the input [29,44].
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Verapamil, a drug used to treat cardiovascular conditions, exhibits low oral bioavailability,
primarily due to extensive pre-systemic (first pass) liver elimination. When the pharma-
cokinetics of verapamil were assessed, it was observed that the AUC at the steady state
(1999 ± 435 ng/mL h) exceeded that recorded after the initial dose (788 ± 224 ng/mL h).
That increase in AUC was attributed to the saturation of the first-pass effect that occurred
with multiple dosing. As the first-pass effect became saturated, a greater proportion of the
drug managed to evade pre-systemic elimination. That, in turn, led to the accumulation of
verapamil and an increase in the AUC with multiple doses [61,62].

Drugs are eliminated from the body through various processes, including biotransfor-
mation and excretion. The efficiency with which the body eliminates a drug is commonly
expressed as the total clearance, which is the sum of the individual clearances of differ-
ent organs, occurring simultaneously. CLint is the intrinsic clearance, a measure of the
intracellular removal of a drug, described by the Michaelis–Menten equation, where V is
the capacity of the enzyme or carrier systems, K is the Michaelis constant, and C is the
unbound drug concentration [39]. It is evident that the CLint remains constant when the
concentration is lower than K, with a limited value of V/K. However, non-linearity arises
when the drug concentration approaches the value of K. Since drug elimination typically
involves multiple processes, determining whether elimination is linear or non-linear be-
comes increasingly complex as the number of these processes increases [43]. Depending on
the relative contribution of saturable pathways to overall elimination, non-linearity may
not be easily discernible.

When saturation occurs, the accumulation of the drug will be greater at the steady state
than predicted from a single dose [21,42,43]. Drug elimination often exhibits zero-order
kinetics at high concentrations and first-order kinetics at low concentrations, a phenomenon
known as concentration-dependent kinetics. At multiple doses, which lead to a higher
plasma concentration, zero-order kinetics are observed. Conversely, at lower doses, the
kinetics are linear, or first order. This pattern is particularly common with drugs that are
extensively metabolized [43]. A typical characteristic of enzymatic reactions and active
transport is their limited capacity. The liver has a finite amount of enzymes, establishing a
maximum rate at which metabolism can occur. Additionally, the rate of metabolism can be
further constrained by the limited availability of co-substances or co-factors necessary for
the enzymatic process [43].

Most of our understanding of enzyme kinetics comes from in vitro studies, where
the concentrations of the substrates, enzymes, and co-factors are meticulously controlled.
Numerous factors are involved in in vivo studies, making it difficult to isolate each one
and assess it in detail. Nevertheless, the fundamental principles of enzyme kinetics are
applicable to pharmacokinetics. At single dose concentrations, where Km > Cp, Km + Cp is
approximately equal to Km, as described in Equation (29).

∂Cp

∂t
=

Vm

Km
Cp (29)

where Vm/Km is a first-order elimination rate constant and the whole equation now looks
like that for first-order elimination.

Therefore, at a low plasma concentration following a single dose, first-order kinetics
would be expected. This is a typical situation for most drugs, as the Km is usually larger
than the plasma concentration achieved. However, a high concentration at multiple dosing
is achieved, that is Cp > Km, then Km + Cp is approximately equal to Cp leading to a
zero-order elimination process, as described in Equation (30).

∂Cp

∂t
=

Vm × Cp

Cp
= −Vm (30)

At high steady-state plasma concentrations, zero-order or concentration-independent
kinetics occur. The presence of saturation kinetics can be significant when multiple doses of
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certain drugs are given, or in cases of overdose. At the steady state, the effective elimination
rate constant is reduced, leading to excessive drug accumulation if the saturation kinetics
are not properly understood.

The renal excretion of drugs usually involves three processes: glomerular filtration,
renal tubular secretion, and reabsorption from the renal tubular lumen [43]. Glomerular
filtration is a passive process that depends on the unbound concentration of a drug in
plasma. The relationship between renal clearance CLR and these processes is described in
Equation (31).

CLR = fu × GFR + CL (31)

where GFR, CL, and CLR are the glomerular filtration rate, secretion clearance, and re-
absorption clearance, respectively, and fu is the unbound fraction of the drug in plasma.
When the CLR and GFR of a drug are much greater than one, it indicates that renal tubular
secretion of the drug is occurring [43]. Conversely, when the ratio is much less than one,
it suggests reabsorption of the drug from the tubular lumen. Renal tubular secretion is a
specialized and saturable process, whereas tubular reabsorption can occur through passive
diffusion or active transport, while active reabsorption is also saturable [43]. In addition,
there are processes whose rates are affected by pharmacological actions of the drug itself.
Elimination could also be affected through changes in intrinsic clearance (CLint’). Enzyme
inhibition can be a time-dependent phenomenon, in which the elimination clearance of
a drug decreases following multiple doses and the decrease in clearance is significant
compared to a single dose [43]. Thus, the AUCSS would be higher than the AUCSingle Dose.
Propranolol and itraconazole provide examples of how changes in intrinsic clearance
(CLint’) can affect elimination. When administered in multiple doses, these drugs have been
found to inhibit their own metabolizing enzymes. That inhibition resulted in a decrease in
their hepatic clearance and led to an increase in the AUC at the steady state [63,64].

3.3. Other Factors Affecting Adherence to the Law of Superposition

The reasons discussed in the previous two sections pertain to situations where the
law of superposition may not accurately characterize drug behavior due to drug-related
factors. However, in other instances, a variety of factors can play a role. Patient-related
causes that can lead to deviations from the law of superposition include non-compliance,
irregular dosing schedules, and inconsistent dosing amounts [19,20,65]. If the patient does
not take the prescribed dosing amount or does not adhere to the dosing schedule, the drug
concentration–time curve can exhibit an increase in fluctuation. Similarly, variations in
the dosage amount taken by the patient may result in varying drug levels in the body,
which can impact the pharmacokinetic behavior of some drugs. Inconsistent dosing sizes
may result in varying drug levels in the body, which can lead to the appearance of the
superposition principle not being upheld. In all the described cases, the variability in drug
administration may cause deviations from the expected linear pharmacokinetic behavior
described by the law of superposition.

When patients take medications, some drugs may interact with specific components in
the food they ingest or those released during the digestive process, leading to a reduction
in the anticipated absorption [66,67]. When patients deviate from prescribed dosage
instructions, these interactions can impact the expected pharmacokinetic behavior of drugs,
especially when multiple doses are involved. The impact of meals on drug absorption is
multifaceted. In particular, the concurrent administration of certain drugs with food has
been shown to enhance their absorption. This phenomenon is particularly relevant for
drugs that rely on surfactants to facilitate their absorption [66]. Also, lipophilic drugs when
taken with a fatty meal can follow another absorption pathway, bypassing the traditional
portal vein route and instead entering the systemic circulation via the lymphatic system,
alongside absorbed dietary fats [68,69].

Drug–drug interactions stand as another influential factor that can disrupt the adher-
ence to the law of superposition for certain drugs. When certain drugs are co-administered
with others, several intricate interactions can come into play, ultimately impacting their
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pharmacokinetic behavior. One common scenario involves competitive interactions, where
co-administered drugs may compete for the same transporters responsible for drug absorp-
tion or elimination [70]. This competitive struggle for transporters can lead to deviations
from the expected linear pharmacokinetics of the involved drugs. Furthermore, drug inter-
actions can also affect metabolizing enzymes [71]. Some drugs may induce or inhibit these
enzymes, which play critical roles in processes like pre-systemic first-pass metabolism and
overall liver clearance [72,73]. These enzyme-related changes can significantly influence the
pharmacokinetic profile of drugs, causing it to deviate from the anticipated linear behavior
described by the law of superposition. Another intricate effect arises from the interaction
between co-administered drugs with high plasma protein-binding affinity [74,75]. When
two drugs that both extensively bind to plasma proteins are taken together, they can engage
in what is known as protein-binding substitution. This process can influence the distribution
and clearance of both drugs, as they essentially compete for available protein-binding sites.

4. Conclusions

The pharmacokinetics and area under the concentration–time curve of the majority of
drugs after administration of a single dose can be described by first-order or linear processes
and can be used to predict a similar steady-state area under the concentration–time curve
exposure and, thus, follow the law of superposition. However, there are a number of
scenarios and situations where drugs could display behaviors after multiple dosing that
leads to capacity-limited or saturation non-linear kinetics and the law of superposition
is overruled and not followed. As a consequence, when ADME processes are saturated,
the AUC at the steady state may result in substantial changes to the plasma concentration,
possibly leading to changes in the pharmacodynamics effect or a toxic effect. Thus, a sound
understanding of the principles and influence of dosing (single or multiple dosing) on
pharmacokinetics is important in the analysis of pharmacokinetic data by analysts during
drug development.
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