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CLeff: efflux transporter clearance 
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CLint: in vitro intrinsic clearance 

CLH: hepatic clearance 

CLmet: metabolic clearance 

CLP: plasma clearance 

CLS: systemic clearance 

CLS,av: average systemic clearance 

CLSS: steady-state clearance 

DM: dispersion model 

fum: fraction unbound in the microsomal incubation 

IVIVE: in vivo in vivo extrapolation 

k: first order rate constant 

Kp: partition coefficient 

Papp: apparent permeability 

PBPK: physiologically based PK 

PK: Pharmacokinetics 

PTM: parallel tube model 

Q: flow rate 

t½: half-life 

V: volume 

Vm/Km: the constant maximum velocity over Michaelis-Menten constant 

WSM: well-stirred liver model 

X: amount of drug in compartment 
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Abstract  

Clearances are important parameters in pharmacokinetic (PK) models. All clearances in PK models are either 

process clearances that include diffusion, transport and metabolism clearances, or system clearances that 

include organ and systemic clearance. Clearance and volume of distribution are two independent parameters 

that characterize drug disposition in both individual compartments and systems of compartments. In this 

minireview, we show that systemic and organ clearances are net clearances that can be easily derived by 

partition analysis. When drugs are eliminated from the central compartment by first order processes, systemic 

clearance is constant. When drugs are eliminated from a peripheral compartment, instantaneous systemic 

clearance will vary with time. However, average clearance and clearance at steady state will be constant and 

will equal dose divided by area under the curve. We show that peripheral elimination will not have a large 

impact on most pharmacokinetic analyses and that standard models of organ and systemic clearance are useful 

and appropriate.  

 

Significance Statement  

There are two basic kinds of clearances used in pharmacokinetic models, process and system clearances. We 

show that organ and systemic clearances are net clearances with blood or plasma as the driving concentration. 

For linear pharmacokinetics, clearance is constant for elimination from the central compartment but varies with 

time for peripheral elimination. Despite the different kinds of clearance parameters and models, standard 

clearance models and concepts remain valid. 
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Introduction 

Pharmacokinetic (PK) models are critical to characterize drug disposition in drug discovery and development, 

and are essential to clinical therapeutics. Clearance as a key primary PK parameter has been very clearly 

defined since the inception of the field  (Wagner, 1981; Wilkinson, 1987). Unfortunately, the term “clearance” 

is convoluted in two ways: 1) Clearance is used to describe both elimination and transfer. Elimination is the 

irreversible loss of drug from a system, whereas a transfer describes the movement of drug from one part of the 

system to another. Systemic, organ, and metabolic clearances are examples of elimination clearances, while 

diffusion and transporter clearances are transfer clearances. 2) Clearances are used to describe both systems of 

processes (e.g. systemic and organ clearances) and the individual processes themselves (e.g. diffusion, 

metabolism, transporter, etc). There has been some recent discussion on the validity of clearance parameters in 

PK models (Jusko et al., 2020; Benet et al., 2021; Benet and Sodhi, 2022; Kochak, 2022; Rowland and Pang, 

2022; Rowland et al., 2022). For example, it was recently stated (Benet et al., 2021): “There is only one valid 

mechanistic definition of clearance. Clearance is driven by exposure proximate to the elimination machinery 

and is always model dependent.” This statement does not recognize that the term clearance is used in different 

ways in PK. It has also been stated (Benet and Sodhi, 2022): “If organ clearance is model independent, then 

organ exposure is model independent, and therefore it would not be possible to evaluate the relationship 

between organ exposure and pharmacodynamics.” Below we show that different liver models can show 

differences in organ exposure but organ clearance is model independent. 

 

Clearances are normally combined using rate equations to generate pharmacokinetic models. It has been 

suggested recently that clearance relationships can be modeled as resistances (or conductances) instead of the 

normal methods of deriving rate equations (Pachter et al., 2022). We have recently published the use of 

Cleland’s partition analysis (Cleland, 1975) to easily derive net clearance terms in the context of a new 

physiologically based PK (PBPK) framework (Korzekwa et al., 2022a; Korzekwa et al., 2022b).  In the 

published report we state that resistances cannot be used to model physiological clearances and we have 

expanded this discussion in the present manuscript.  
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Although clearance concepts have been used and validated for many years, it is apparent that certain aspects of 

clearance concepts are worth emphasizing. In this commentary, we review the definitions of clearance, and 

describe the use of partition analysis to derive clearance equations. Next, we discuss these clearance concepts 

and methods in compartmental PK models with central and/or peripheral elimination. We also examine organ 

clearances in PBPK models. Finally, we consider the current use of clearance concepts in drug discovery and 

development.  

 

Definitions of Clearance 

PK models are usually constructed with compartments, and parameters to transfer drug in and out of these 

compartments. There are two general types of PK models. Compartmental PK models use combinations 

(usually 1, 2, or 3) of mathematical compartments. These compartments have no physiological meaning but are 

used to reproduce the concentration-time (C-t) profiles of drugs. PBPK models use compartments to represent 

organs that are connected by blood flow. One of the primary parameters used in PK models is clearance. In 

1987, Wilkinson stated (Wilkinson, 1987): “The most general definition of clearance (CL) is that it is a 

proportionality constant describing the relationship between a substance’s rate of transfer, in amount per unit 

time, and its concentration (C), in an appropriate reference fluid.” Clearance parameters are used in two ways in 

PK models. First, a process clearance (a biological parameter) is used to represent the transfer of drugs into, 

between and out of compartments. Second, a system clearance (a PK parameter) is used to describe the 

removal of drug from a system such as an organ or the body.  

 

A Process Clearance is a Primary Physiological Parameter 

As shown in Fig. 1a, most of the physiological processes that determine drug pharmacokinetics are driven by 

drug concentration. Fig. 1 represents a compartmental model for an organ with two compartments, and 

processes include: (1) and (2) flow in and out of the compartment, (3) passive diffusion between the 

compartments, (4) active transport, and (5) metabolism. For all these processes, the amount of drug entering or 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 9, 2023 as DOI: 10.1124/dmd.122.001060

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 7

leaving the compartment depends on drug concentration. The amount of drug entering by (1) is the flow rate 

(Q) times C0 (the concentration of the fluid entering the compartment) and leaving by (2) is (Q) times C1 (the 

concentration in compartment 1). For passive diffusion, the rate of transfer between compartments (e.g. crossing 

a membrane) is the driving concentration of drug times the permeability surface area product (Papp∙S). In Fig. 

1a, both active transport (4) and metabolism (5) are depicted as saturable processes with Michaelis-Menten 

kinetics. At low substrate concentrations, these functions reduce to a constant (Vm/Km) times the driving drug 

concentration (C1 or C2). All process clearances in Fig. 1a have units of volume time-1 (flow rate) which when 

multiplied by concentration gives units of amount time-1. Although Q in (1) and (2) is still called a flow rate, the 

other processes are usually defined as clearances. Therefore, for the nth process that removes drug from 

compartment i: 𝐶𝐿  𝐶 =           Eq. 1 

and  

𝐶𝐿  = 𝐶           Eq. 2 

where CLn is a particular clearance out of compartment i and Xi is the amount of drug in compartment i. 

 

For a process by which a drug enters a compartment, the amount of drug entering is the clearance (or flow rate) 

multiplied by the concentration in the driving compartment, e.g., Q∙C0 in Fig. 1a. Thus for Fig. 1a, the change in 

the amount of drug in compartment 1 (i.e., rate in – rate out) is: = 𝑄 𝐶 − 𝑄 + 𝑃  𝑆 + 𝐶 + 𝑃  𝑆𝐶      Eq. 3 

or = 𝑄 𝐶 − 𝑄 + 𝐶𝐿 + 𝐶𝐿  𝐶 + 𝐶𝐿 𝐶       Eq. 4 

And the change in the amount of drug in compartment 2 is: = 𝑃  𝑆 + 𝐶 − 𝑃  𝑆 + 𝐶     Eq. 5 
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or = 𝐶𝐿 + 𝐶𝐿 𝐶 − 𝐶𝐿 + 𝐶𝐿 𝐶      Eq.6 

 

where CLdif is the passive diffusional clearance, CLeff is the efflux transporter clearance, and CLmet is the 

metabolic clearance. 

 

The term ‘clearance’ has an obvious meaning for removal of drug from a compartment since it can be thought 

of as the volume of the compartment that is cleared of drug per unit time (e.g., mL/min). For all process 

clearances, it is the volume of the driving compartment that is cleared per unit time. Thus, a process clearance is 

the term that when multiplied by the concentration in the driving compartment results in the amount transferred 

per unit time (e.g., Eqs. 1 and 2).   

 

 

A Systemic Clearance is a Primary PK Parameter 

Process clearances are clearly defined as the rate of change of drug amount in a compartment divided by the 

concentration of drug driving that specific process (e.g. Eq. 2). System clearances are combinations of process 

clearances and include whole body clearance (systemic clearance) and organ clearance. Systemic clearance 

(CLS, CLb, CLp, or just CL) is defined as the rate of elimination of drug from the system divided by the 

concentration of drug in the blood or plasma (Gibaldi and Perrier, 1982; Jusko and Li, 2022). For plasma 

clearance: 

𝐶𝐿 = 𝐶𝐿  = 𝐶        Eq. 7 

where  is the total amount of drug irreversibly leaving the body and Cp is the plasma concentration. System 

clearances differ from process clearances since the concentration in the blood or plasma may not be the 

concentration driving physiological elimination processes. For example, a metabolic (process) clearance is 
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driven by unbound drug concentration at the enzyme site, whereas a hepatic (system) clearance is driven by 

drug concentration in the blood. This concept can be visualized by comparing Fig. 1a with Fig. 1b. In the 

absence of any mechanistic information (process clearances) within the organ, the rates in and out of the organ 

will define the organ clearance. Therefore, an organ clearance, e.g. CLH = Q (Cin-Cout)/Cin in Fig. 1b, is 

independent of the mechanistic processes within the organ. 

 

Using Clearances or Rate Constants in PK Models 

If all clearances into and out of compartments are defined, volumes (Vi) of the compartments will completely 

define the concentration-time (C-t) profiles of the compartments, since Xi/Vi = Ci. The volumes needed may not 

be physical volumes but instead, distribution volumes, since drugs can partition into membranes, bind to plasma 

proteins, etc. One can work in amounts instead of concentrations using rate constant k (units = time-1). Thus, kn 

can be calculated from CLn/Vi. Changes in amount per unit time in compartments ( ) can be calculated by 

kn∙Xi, but concentrations will not be known without volume terms. It is important to note that CLn and Vi are 

independent, primary parameters and kn is a secondary parameter.  

 

The liver microsomal stability assay is an in vitro experimental system that provides a useful example of a 

process clearance. This assay measures the metabolism of a compound in the presence of microsomal enzymes 

and the resulting in vitro metabolic clearance can be scaled up to predict in vivo hepatic clearance (in vivo in 

vivo extrapolation, IVIVE) (Obach, 2011). With this assay, the rate of substrate disappearance is used to 

calculate the rate constant kinc and the incubation half-life (t½, inc) is 0.693/kinc. The rate constant is then 

multiplied by the incubation volume (Vinc) to calculate an in vitro intrinsic clearance (CLint). When used to 

predict in vivo hepatic clearance the in vitro intrinsic clearance is divided by the fraction unbound in the 

microsomal incubation (fum). In reality, it is the experimental incubation volume that must be divided by fum to 

calculate the volume of distribution of the drug in the incubation (Vd,inc). Dividing Vinc by fum is the same as 

multiplying by (1+Kp) where Kp is the partition coefficient for microsomal partitioning. Therefore 
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Vinc∙(1+Kp)∙kinc is the correct in vitro CLint for the in vitro system. Again, Vd,inc and CLint are the two 

independent parameters that equally determine kinc and t½, inc. 

 

Deriving Net Clearances 

Systemic and organ clearances are net clearances. Any number of compartments and any number of process 

clearances can be combined to build systemic and organ clearances. We have shown recently that partition 

analysis (Cleland, 1975) can be used to simplify derivation of PK models (Korzekwa et al., 2022b). In Figure 2, 

the net clearance from 1 to 3 is calculated as the clearance from 1 to 2 times the fraction that moves from 2 to 3: 𝐶𝐿 , =         Eq. 8 

Use of a net clearance removes V2 and maintains the combined effect of the clearances. If compartment 3 is 

eliminated drug, CLnet1,3∙C1 will give the rate of drug elimination. For the process clearance CL23 the driving 

concentration is C2 but for the net clearance CLnet1,3, C1 is now the driving concentration for drug elimination 

from compartment 1 to 3. The resulting equation will be valid at steady state (when there is no net transfer of 

drug) or if V2 is small and can be ignored in the model. Using partition analysis, complex schemes can be 

simplified, and the resulting net clearances can be used to model steady state elimination and distribution. Net 

clearances can also be derived from rate equations with steady state assumptions, but partition analysis greatly 

simplifies model derivation.  

 

Kirchhoff’s Law Should Not be Used to Derive Rate Equations in Pharmacology 

It has been reported that Kirchhoff’s Law, i.e. sums of resistances for processes in series, with clearance being 

conductance (1/resistance), can be used in pharmacology (Pachter et al., 2022). For the model in Fig. 2, if we 

consider the resistances between 1 and 2 and used to derive  as shown Eq. 9.  "𝐶𝐿 , " = =     Eq. 9 

A “net clearance” derived from Eq. 9 is only valid when clearances across a barrier are reversible and 

symmetrical, i.e. CL12 = CL21. If the model in Fig 2. is a hepatic clearance model, and CL12 = CL21= Q, then 
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CLnet1,3 = CLH = Q CLint/(Q = CLint), where CLint = CL23. If CL12 ≠ CL21, then Eq. 8 and 9 are not equal, i.e. ≠ . The Pachter review uses Kirchhoff’s law to derive a CLH equation with clearances 

between the blood and liver modeled as parallel processes in the opposite direction (“CLinflux-CLefflux”). The 

resulting equations 6, 10, and 11 in that report give CLH = 0 when (“CLinflux” = “CLefflux” and a negative CLH 

when (“CLinflux” < “CLefflux”. Both results are physiologically impossible for a clearance organ. Although Eq. 9 

may be useful for the special case of passive diffusion across a series of barriers, any directional transport 

cannot be modeled as sums of resistances. Use of partition analysis to derive net clearances is exemplified in 

compartmental as well as PBPK models below. 

 

Compartmental PK Models 

Compartmental PK models use mathematical compartments to reproduce plasma C-t profiles. For these models 

a central compartment contains the blood or plasma and all spaces in rapid equilibrium with the blood or 

plasma. If distribution is slow relative to elimination, one or more peripheral compartments are reversibly 

linked to the central compartment (mamillary models). For these models, 0, 1, and 2 peripheral compartments 

result in mono-, bi- and triexponential decay C-t profiles respectively after an IV bolus injection with first order 

elimination. A two-compartment model is shown in Fig. 3a, and X1 and X2 are the amounts of drug in the 

central and peripheral compartments, respectively, k12 and k21 are the transfer rate constants in and out of the 

peripheral compartment, and k10 is the first-order elimination rate constant from the central compartment. With 

this model, the amounts of drug in each compartment (X1[t] and X2[t]) are determined by the dose and the 

parameters k12, k21, and k10. However, since sampling (reference fluid) occurs from the central compartment, the 

volume of the central compartment is also necessary to generate C-t profiles.  

 

The rate constants and amounts in Fig. 3a can be converted to clearances and concentrations in Fig. 3b using the 

relationships CL = k∙V and C = X/V. Since V1 is known, C1 and CL12 are known. However, C2 is generally not 
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known and both V2 and k21 cannot be determined. For any CL21 parameter estimate there is a V2 parameter 

estimate, such that: 𝐶𝐿 𝐶 = 𝑉 𝐶 = 𝑘 𝑋       Eq. 10 

The model in Fig. 3c assumes that C1 = C2 at steady state, and therefore, CL12 = CL21. This clearance is referred 

to as a distribution clearance (CLd) (Gillespie and Veng-Pedersen, 1985). This assumption will be true if C1 and 

C2 are the unbound drug concentrations and if the free drug hypothesis is valid for this drug. If correct, then the 

concentration in the tissue at steady state is the same as the concentration in the reference fluid (C1), V2 is the 

distribution volume of the peripheral compartment, and V1+V2 is the volume of distribution of the system at 

steady state (Vss): 𝑉 = 𝑉 + 𝑉 = 𝑉 1 +       Eq. 11 

The compartments in compartmental models have no precise physiological meaning other than the blood and 

plasma (reference fluids) are in the central compartment. The model can be equally described by rate constants 

and the volume of the sampling compartment (Fig. 3a) or by clearances and volumes if concentrations are 

known or if assumptions are made (Fig. 3b and 3c).  

 

Systemic clearance in compartmental models - For the two-compartment models in Figs. 3 and 4a, elimination 

occurs from the central compartment. When process clearances are constant at relevant drug concentrations, 

elimination is first order and systemic clearance is constant. For saturable elimination processes, this occurs 

when drug concentrations are well below the relevant binding constants (e.g., C1 << Km in Fig. 1a). Integration 

of Eq. 7 shows that CLs = dose/AUC, where AUC is the area under the blood or plasma concentration-time 

curve. Constant intrinsic clearance results in “linear kinetics” where the AUC is proportional to the dose, i.e. 

doubling the dose doubles the AUC. 

 

In Fig. 4b, elimination occurs from both the central and peripheral compartments. Given the definition of 

systemic clearance, [ ] /𝐶 , it can be seen that CLs is not constant over time: 
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[ ] = [ ] + [ ] = 𝐶𝐿 𝐶 [𝑡] + 𝐶𝐿 𝐶 [𝑡]    Eq. 12 

 𝐶𝐿 [𝑡] = [ ] [ ][ ] = 𝐶𝐿 + 𝐶𝐿 [ ][ ]     Eq. 13 

Since the reference fluid is in the central compartment, the contribution from CL10 is constant. However, the 

contribution from CL20 changes with time (Källén, 2008). For example, immediately after an IV bolus, C1 is at 

the maximum concentration and C2 = 0. The contribution of CL20 to systemic clearance will be zero at t = 0 and 

will increase over time. Fig. 4c shows CLs as a function of time. Clearance at t = 0 is CL10 (0.25 L/min) and 

CL20 is 0 L/min. CL20 increases over time and reaches a plateau. However, the exposure-averaged clearance 

(CLav) is still dose/AUC, since the integral of all elimination pathways must always equal dose, and AUC is the 

integral of the C-t profile of the reference compartment, AUC= 𝐶𝑑𝑡. Therefore, AUCs are dose proportional 

and linear kinetics are maintained if all elimination processes are first order. The consideration of the 

instantaneous clearance as a function of time is analogous to volume of distribution as a function of time in 

multicompartment models (Niazi, 1976; Gibaldi and Perrier, 1982).  

 

The average systemic clearance will be the sum of the intrinsic clearance from the central compartment and the 

net clearance from the central compartment to elimination from the peripheral compartment (Korzekwa et al., 

2022b) (0.5 L/min in Fig. 4c). This will also be the clearance at steady state (CLss):  

 𝐶𝐿 , = [ ] [ ][ ] = 𝐶𝐿 + = 𝐶𝐿 =     Eq. 14 

The impact of peripheral elimination on systemic clearance has been discussed previously (Källén, 2008; 

Korzekwa et al., 2022b). 

 

For compartmental models, characterization of the eliminating compartments is likely unnecessary. 

Concentrations are only known in the central compartment, and the eliminating compartment cannot be known 

without additional data. This can be seen from the simulations in Fig. 5. In Fig 5a, elimination occurs from the 

peripheral compartment and simulated plasma central and peripheral concentrations are shown in Fig. 5b. 
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Peripheral volume and concentrations are only available by assuming values for the distributional clearances in 

and out of the peripheral compartment (CLd in Fig. 5). With these assumptions, simulations show that 

peripheral concentrations are always below central compartment concentrations since drug is being cleared 

from the peripheral compartment. At steady state, the rate into the peripheral compartment C1 CLd is equal to 

the rate out C2(CLd+CL20), and C2 = C1 CLd /(CLd+CL20). If a model with central elimination (Fig. 5c) is fit to 

the simulated data from peripheral elimination (Fig 5b), a model with identical goodness-of-fit will be obtained 

(Fig. 5d). For pharmacokinetic models, there is no model identifiability with respect to the elimination 

compartment or compartments, when only plasma or blood data is available. As seen in Fig. 5, there are 

differences in all parameters except V1. As described above, systemic clearance is constant with central 

elimination and varies with time for peripheral elimination but dose/AUC and clearance at steady state (CLss) 

will be the same for both models.  

 

Although CLSS will be the same for Figs. 5a and 5c, the volume of distribution at steady state (VSS) will differ 

between models (Berezhkovskiy, 2004; Källén, 2008; Berezhkovskiy, 2016). For peripheral elimination, the 

drug in the peripheral compartment that will be eliminated cannot be observed from the central compartment 

and the residence time for the drug molecules in the peripheral compartment will be underestimated. For Fig. 

5a, VSS = V1+V2∙CLd/(CLd+CL20) = 40 L (Källén, 2008), and for Fig. 5c VSS = V1+V2 = 27.5 L. The 

implications for this (or lack thereof) will be discussed below. 

 

As can be seen in Figs. 5b and 5d, concentrations in the central compartment are identical but concentrations in 

the peripheral compartment are different. In reality, concentrations in the peripheral compartment are unknown 

(typically not measured). PKPD models are concerned with concentrations at the target, but most approaches do 

not assume clearances to obtain these concentrations. Instead, they use link models, delay compartments, lag 

times, etc. to relate target concentrations to plasma (central compartment) concentrations. If actual tissue 

concentrations are desired, PBPK approaches should be used. There are many examples of the PBPK/PD 

approach (Chetty et al., 2014; Kuepfer et al., 2016; Kovar et al., 2020; Rox et al., 2021; Murphy et al., 2022; 
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Zhou et al., 2022) and its use is increasing due to its utility in regulatory decision making (Zhang et al., 2020; 

Loisios-Konstantinidis and Dressman, 2021).   

 

It can be seen in Fig. 5 that systemic clearance for a compartmental model is a net clearance. In Fig. 5a, the net 

clearance from compartment 1 to elimination from compartment 2 is: 𝐶𝐿 , , = = 𝐶𝐿 , = 𝐶𝐿      Eq. 15 

The rate of elimination at steady state is CLSS C1. The concentration in the central compartment is the driving 

concentration (reference fluid) for this model. In general, blood or plasma concentration is the driving 

concentration for systemic and organ clearances, even though individual processes within these models may 

have different driving concentrations. 

 

 

 

PBPK Models  

In contrast to compartmental models which use mathematical compartments to reproduce C-t profiles, PBPK 

models use a system of compartments and processes to represent physiological drug disposition (Jones et al., 

2015). Specifically, organs composed of one or more compartments, are connected by blood flow to create a 

whole-body model. Distribution volumes are calculated using physiological volumes and partition coefficients 

to include binding and partitioning processes. PBPK models include full body models in which all organs are 

explicitly modeled, lumped models where organs with similar kinetic properties (e.g. blood flow) are combined 

(Nestorov et al., 1998; Pilari and Huisinga, 2010), minimal PBPK models where compartments are linked by 

blood flow (Cao and Jusko, 2012), and hybrid PBPK-compartmental models (Liu et al., 2005) where 

physiological organ models are combined with a compartmental model.  

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 9, 2023 as DOI: 10.1124/dmd.122.001060

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 16

Organ clearance models – The most common organ clearance model is the well-stirred liver model (WSM, Fig. 

6a) (Wilkinson and Shand, 1975; Pang and Rowland, 1977c; Pang and Rowland, 1977b). This model 

incorporates liver blood flow and an intrinsic clearance, allowing for hepatic clearance to be restricted by liver 

blood flow: 

𝐶𝐿 =   ,,         Eq. 16 

where fub is the fraction unbound in blood and CLint,H is the unbound intrinsic clearance for the liver (not 

restricted by blood flow). Intrinsic clearance as originally defined is the sum of the hepatic processes 

responsible for drug elimination. Fig. 6b shows an extended clearance model (Gillette and Pang, 1977; de 

Lannoy and Pang, 1986; Sato et al., 1986; Yamazaki et al., 1996; Sirianni and Pang, 1997) where drug in liver 

blood must cross a membrane by passive diffusion (CLdif) or by active uptake (CLup) and is eliminated by 

metabolism (CLmet) or by biliary excretion (CLbile). Hepatic clearance for this model is calculated as: 

𝐶𝐿 =         Eq. 17 

If other process clearances are important, such as basolateral efflux, they can be easily added to the model.  

 

For both Fig. 6a and b, there are no explicit distribution compartments. For Fig. 6a, the driving concentration 

for the process clearance is the blood concentration and therefore, CLH is constant. For Fig. 6b, the driving 

concentration for the elimination process clearances is the liver concentration. This concentration can be 

calculated from the unbound blood concentration times the ratio of clearances into and out of the liver. Since 

there is no distribution compartment, this concentration is reached instantaneously, and CLH is constant. These 

CLH values are actually net clearances from blood to elimination and these models will be valid at steady state 

when there is no net distribution. Adding one of these models to a compartmental model (with blood flow 

coming from the central compartment, Fig. 6c) will provide a hepatic clearance that is limited by hepatic blood 

flow. In this hybrid model, distribution is modeled by the compartmental model and clearance is modeled by a 

blood flow limited liver. 
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Fig. 6d includes a distribution compartment (phospholipids) and hepatic clearance is no longer constant since 

the liver compartment must equilibrate with the phospholipid compartment. However, CLSS and CLav will be 

identical to the clearance in Fig 6b, and if the liver is the only eliminating organ, this clearance will also equal 

dose/AUC. Organ models can be made more complex, with additional compartments such as capillaries, 

interstitial spaces, lysosomes, etc., and additional processes such as active transport, recycling, etc. The driving 

concentration for organ models is arterial blood (except for venous blood for the lung) but the driving 

concentrations for the process clearances in the tissue may or may not be blood concentrations. 

 

Systemic clearance in PBPK models – PBPK models include eliminating and non-eliminating organs. Since 

tissues are represented by volumes and partition coefficients, non-eliminating organs are involved in 

distribution only, whereas eliminating organs contribute to both distribution and clearance. Therefore, 

elimination occurs from a “peripheral” compartment for most PBPK models, i.e., a compartment distinct from 

the blood. In a compartmental model, organs that are in rapid equilibration with the blood are in the central 

compartment, but in a PBPK model, equilibration of all organs requires a finite amount of time. Therefore, by 

the strict definition of systemic clearance (Eq. 7) CLS will be a function of time since concentrations in all organ 

compartments after IV bolus dosing is 0 at t = 0.  

 

The magnitude and duration of the deviation of CLS[t] from CLSS (or dose/AUC) is dependent on the 

concentration difference between the driving concentration in the organ and the blood concentration. Figures 7 

and 8 show simulations of CLS[t] for a low permeability, low partitioning drug (terbutaline) and a high 

permeability, high partitioning drug (verapamil), using a permeability and perfusion limited PBPK model 

(Korzekwa et al., 2022a). This model uses apparent permeability (Papp) and microsomal partitioning (fum) to 

calculate clearances in, out, and across membranes. Tissue partition coefficients (Kp) are determined by fum 

whereas diffusion rates across membranes (CLmem) are modeled with Papp. In Figs. 7a, 7b, 8a, and 8b Papp and 

fum are varied and hepatic elimination is assumed.  Figs. 7c, 7d, 8c, and 8d show CLS[t] simulations if 

elimination occurs from a low perfusion compartment consisting of skin and muscle. 
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As can be seen in Figs. 7 and 8, a poorly permeable drug with an artificially high simulated partition coefficient 

gives CL[t] profiles with the greatest deviation from CLS,av (Fig 7a, fum = 0.8). In reality, most small molecule 

drugs with poor permeability do not partition extensively into tissues. Highly permeable drugs with high Kp 

values also show deviations from CLS,av at early time points, but for hepatic elimination, clearance values 

approach CLS,av for the terminal elimination phase after an IV bolus (Fig. 8a). For elimination from the 

muscle/skin compartment, the deviation from CLS,av remains throughout the C-t profile. Since this compartment 

is kinetically distinct from the blood, the CL[t] profile looks like peripheral elimination in a compartmental 

model (Fig 4c above). Overall, Figs. 7 and 8 show relatively minor differences between CL[t] and CLS,av. 

Again, for all cases, CLav = dose/AUC. A similar discussion and plot was published by Källén previously 

(Källén, 2008). 

 

Beyond WSM: parallel tube model (PTM) and dispersion model (DM) for hepatic clearance - Although well 

stirred liver models are the most common models for hepatic elimination, more physiological models are 

available. The liver blood from the portal vein and hepatic artery enters a lobule, transverses a network of 

sinusoids, and exits through the hepatic vein. Since blood is exposed to hepatocytes along the sinusoid, models 

that consider flow in the liver may be more physiological.  Two general approaches that consider liver 

physiology are the parallel tube model (PTM) (Winkler et al., 1973; Bass et al., 1976; Pang and Rowland, 

1977a) and dispersion model (DM) (Roberts and Rowland, 1986). As shown by Kwon and Morris (Kwon and 

Morris, 1997) and Pang et al. (Pang et al., 2007), these models can be easily extended to include any 

complexities between the blood and elimination processes (e.g., diffusion, transport, etc.).  

 

Net clearances (Korzekwa et al., 2022b) from the blood to elimination can be easily substituted into the basic 

PTM and DM equations to model these complexities. The use of these models have been recently discussed at 

length (Pang et al., 2019; Jusko and Li, 2022; Rowland et al., 2022), and there remains considerable 

disagreement on the appropriate model to use for in vitro in vivo extrapolation (IVIVE) (Rowland and Pang, 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 9, 2023 as DOI: 10.1124/dmd.122.001060

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 19

2022). However, systemic clearance (CLS, CLS,av, CLss) is model independent and is equal to dose/AUC. 

Irrespective of the elimination model used, the number of eliminating pathways, and the number of eliminating 

organs, the integral of Eq. 7 from t = 0 to infinity will always equal dose/AUC.  

 

Organ clearance models, like systemic clearance models, are based on inlet blood concentrations. Fig. 9a shows 

a liver model used in a permeability and perfusion limited PBPK model (Korzekwa et al., 2022a). If hepatic 

clearance (CLH) is known, the net clearance from liver blood to metabolism (CLnet,b,met) and liver blood flow 

can be used to calculate the metabolic clearance (CLmet) needed to reproduce the observed average systemic 

clearance (dose/AUC). For the WSM CLH is simply the net clearance from blood entering the liver to 

metabolism (Korzekwa et al., 2022b): 𝐶𝐿 = , ,, ,         Eq. 17 

where CLnet,b,met is the net clearance from liver blood to metabolism. Within the liver WSM, the concentration of 

liver blood (Cb,out) is the driving concentration for drug leaving the capillaries.  

 

For the PTM, CLH is calculated with the standard PTM clearance equation and the net clearance from liver 

blood to metabolism: 

𝐶𝐿 = 𝑄 1 − 𝑒 , ,
      Eq. 18 

Within the liver PTM, the log mean concentration of liver blood, (Cb,in - Cb,out)/Ln(Cb,in/Cb,out), can be used as 

the driving concentration for drug leaving the capillaries. For both the WSM and PTM, the calculated CLmet and 

appropriate driving liver blood concentration will produce the correct CLS,av for the complete PBPK model 

(Figs. 9b and c). As seen in Fig. 9d CL[t] varies minimally for the two models for a low clearance drug. In Fig 

9e, there is a difference in CL[t] for the two models but there is no difference in the resulting C-t profiles (Fig. 

9e, inset).  There is a difference in the CLmet needed to reproduce CLS,av: WSM 0.143 L/min vs. PTM 0.132 

L/min for terbutaline; WSM 80.7 L/min vs. PTM 20.4 L/min for verapamil. This difference would impact 
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IVIVEs since the in vitro clearance is extrapolated to in vivo (Naritomi et al., 2001; Hallifax et al., 2010), but 

there is no model identifiability based on C-t profiles alone. As expected, for all models, CLS,av = CLSS = 

dose/AUC is identical. Again, since blood is the reference fluid for CLS, the organ clearance is independent of 

the mechanistic model used within the organ. The basic DM model is intermediate between the PTM and the 

WSM, and similar results are obtained (data not shown).  There are several other models and modifications of 

the models above (Pang et al., 2007), but to date, no model has been shown to outperform the others on a 

consistent basis (Pang et al., 2019). 

 

Clearance in Drug Discovery and Development 

The experimental datasets obtained in most clinical PK studies are plasma C-t profiles and urinary excretion 

data. Plasma C-t profiles from IV and oral studies are used to determine three independent PK parameters: 

systemic volume of distribution, clearance, and bioavailability. Volume of distribution is the volume of plasma 

(or blood) necessary to convert the (unmeasurable) amount of drug in the body to the measured plasma 

concentration. Systemic clearance defines how much of this volume of the plasma (or blood) is cleared per unit 

time. Volume(s) and clearance are orthogonal, independent parameters that characterize the C-t profile.  

Systemic clearance CLS is a particularly important parameter since linear kinetics (constant CLSS) is identified 

in dose escalation studies by a constant dose normalized AUC. Most decisions during clinical drug development 

studies are based on the primary PK parameters, t½, and C-t profile metrics such as Cmax, and AUC, and this is 

unlikely to change as we gain further insight into important processes. 

 

In the absence of a model for organ elimination, central elimination is assumed and CLS is therefore constant 

with time for linear pharmacokinetics. One implication of CLS varying with time due to peripheral elimination 

is that the predicted concentration in the eliminating organ will not be equal to plasma concentration. The data 

in Figs. 6 and 7 suggest that this difference will be small (CL[t] is proportional to hepatic drug concentration) 

and would only be observable with a physiological organ model. Although this difference may be important for 

drugs targeting the liver, it is unlikely that this variation in clearance will impact the development of most 
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drugs. Similarly, Berezhkovskiy showed that the impact of peripheral elimination on volumes of distribution is 

minimal (Berezhkovskiy, 2016). Models with central versus peripheral elimination are non-identifiable (Fig. 4) 

when based on plasma concentrations of parent drug alone. If one is concerned with the effect of peripheral 

elimination on target concentrations, a physiological model will provide these concentrations. Again, the 

standard clearance concepts that have been foundational in PK remain appropriate and useful. 

 

One of the major problems in drug discovery and development is the underprediction of hepatic clearance from 

in vitro data (Pang et al., 2019; Benet and Sodhi, 2022; Jusko and Li, 2022; Rowland and Pang, 2022). Hepatic 

clearances are usually estimated from systemic clearance and urinary excretion data. Renal clearance is readily 

calculated as the fraction of drug excreted unchanged times the systemic clearance. Hepatic clearance is usually 

assumed to be the remaining non-renal clearance. More invasive studies such as tissue concentrations are 

restricted to preclinical species. Due to the high cost and poor correlation between metabolism in human and 

preclinical species, perfused liver studies have largely been limited to basic research on model development 

(Pang and Gillette, 1978; Yu et al., 1982; Pang et al., 1984; Xu et al., 1990; Pang et al., 1994; Geng et al., 1995; 

Geng et al., 1998). With the limited amount of organ perfusion data available, there is no indication that current 

organ clearance models (WSM, PTM, DM and others (Pang et al., 2007)) are responsible for the poor IVIVE 

predictions (Naritomi et al., 2001; Hallifax et al., 2010; Jusko and Li, 2022; Rowland and Pang, 2022; Rowland 

et al., 2022). As stated by Jusko and Li, “In spite of these complexities and uncertainties, the basic hepatic 

models offer highly useful starting points in PK and PBPK in considering tissue distribution and clearance 

processes for drugs.” 

 

Conclusions 

The definition of clearance by Wilkinson (Wilkinson, 1987): “The most general definition of clearance (CL) is 

that it is a proportionality constant describing the relationship between a substance’s rate of transfer, in amount 

per unit time, and its concentration (C), in an appropriate reference fluid” is correct. Here we describe two 

general kinds of clearances used in PK: a) process clearances, that characterizes the rate of change of drug 
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amount in a compartment with respect to the driving concentration for the process eliciting that change; and b) a 

system clearance which is the rate of drug elimination from the system divided by the concentration of drug in 

the blood or plasma. Biological processes such as diffusion, transport and metabolism are process clearances 

and systemic and organ clearances are system clearances. For processes clearances, the concentration in the 

reference fluid is the concentration where the process occurs, e.g. hepatocyte cytosol concentration for hepatic 

clearance, and is usually a calculated concentration unless it is the blood or plasma. For system clearances the 

reference fluid concentration is the blood or plasma concentration which may (renal clearance) or may not 

(hepatic clearance) be the driving concentration for the processes involved. Partition analysis is a facile method 

to generate net clearances such as systemic and organ clearances. Kirchhoff’s law cannot be used to derive 

accurate rate equations when any of the reversible processes are not symmetrical.  

 

When all process clearances are first order and elimination occurs only from the central compartment, systemic 

clearance is constant. When all process clearance pathways are first order and elimination occurs from a tissue 

with distribution, instantaneous systemic clearance will be a function of time, since tissue concentration will not 

always equal blood concentration. However, CLS,av = CLSS = dose/AUC and Wilkinson and Shand state: “In 

particular, clearance is independent of either the descriptive compartmental model, or the manner of the 

intravenous administration, and the clearance estimation is valid even if elimination occurs outside the sampling 

compartment.” CLS,av and CLSS will always be equal to dose/AUC. 

 

A C-t profile can be equally fit to central and peripheral elimination models. Peripheral elimination can only be 

inferred or determined by additional measurements. For both compartment-based models and systemic models, 

volume(s) and clearances are independent and orthogonal parameters. Together they describe the C-t 

characteristics of the system. For drug discovery and development, any nuances that arise from peripheral 

elimination are unlikely to affect any program decisions. Finally, standard PK models including compartmental 

models, organ models including WSM, PTM, DM liver models, and PBPK models have been derived with 

reasonable assumptions and correct equations. Standard clearance concepts were defended recently by Rowland 
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et al. (Rowland et al., 2022) and we agree with their opinion that “There is no need for additional clearance 

terms, which are confusing and offer no material benefit.” 
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Figure Legends: 

Figure 1. (a) A two compartment organ model with the following process clearances: (1) flow in, (2) flow out, 

(3) passive permeability, (4) active efflux and (5) metabolism. (b) An organ clearance model (system clearance) 

with blood as the reference fluid. 

Figure 2. Partition analysis to calculate a net clearance. 

Figure 3. Two compartment models with elimination from the central compartment using (a) rate constants, (b) 

clearances, and (c) clearances assuming C1 = C2 at steady state (CL12 = CL21). 

Figure 4. Two compartment models with elimination from the (a) central compartment and (b) central and 

peripheral compartments. 

Figure 5. Two compartment models with (a) peripheral compartment elimination, (b) Simulated C-t profiles for 

central and peripheral compartments, (c) Central elimination, (d) C-t profiles for the fit to the simulated 

peripheral elimination dataset. C1 C-t profiles are identical to (b). 

Figure 6. Hepatic clearance models. (a) the simple well-stirred model, (b) the extended clearance model, (c) a 

2-compartment model with a well-stirred model attached to the central compartment, (d) the extended clearance 

model with a distribution compartment (phospholipids). 

Figure 7. Simulations of a low permeability, low partitioning drug (terbutaline) using the PermQ model 

(Korzekwa et al., 2022a). All drug elimination was modeled from either the liver or from a muscle/skin lumped 

compartment. (a,c) varying fum, (b,d) varying Papp, with (a,b) hepatic elimination, (c,d) clearance from a 

muscle/skin lumped compartment. 
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Figure 8. Simulations of a high permeability, high partitioning drug (verapamil) using the PermQ model 

(Korzekwa et al., 2022a). (a,c) varying fum, (b,d) varying Papp, with (a,b) hepatic elimination, (c,d) clearance 

from a muscle/skin lumped compartment. Decreasing clearance was necessary for (c,d) due to low blood flow. 

Figure 9. WSM and PTM simulations using the PermQ model (Korzekwa et al., 2022a). (a)The PermQ liver 

model. Unbound fractions and pH partitioning has been excluded from the figure for simplicity. (b,c) Equations 

to calculate CLmet and the rate of transfer from blood to interstitial space for the WSM and PTM, respectively. 

(d,e) CL[t] profiles for the WSM and PTM for terbutaline (low clearance) and verapamil (moderate clearance), 

respectively. Inset (e) overlayed C-t profiles for WSM and PTM. 
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